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   Preface   

 Food proteomics constitute at this moment one of the most relevant and fast devel-
oping areas in food science. This is a very dynamic  fi eld, developing and changing 
very rapidly in recent years. This book provides readers with the recent advances 
and state of the art in food proteomics. 

 To achieve this goal, the book is divided into two approaches containing a total 
of 28 chapters. The  fi rst part deals with the principles of proteomics, especially 
focused to understand the proteome, the extraction and fractionation techniques for 
proteins and peptides, followed by separation techniques such as 2-D electrophoresis 
and chromatography and the mass spectrometry applications and search in protein 
databases. The second part is focused on the applications in foods. This part deals 
with quality issues related to post-mortem processes in animal foods and quality 
traits for a wide variety of foods such as meat,  fi sh, dairy, eggs, wine, beer, cereals, 
fruits, and vegetables, but also for the identi fi cation of bioactive peptides and pro-
teins which are very important from a nutritional point of view. Furthermore, con-
sumers are now extremely susceptible towards food safety issues and proteomics 
can help in assuring different safety aspects including food authenticity, detection of 
animal species in the food, markers of pathogen microorganisms, or identi fi cation 
of prions. All these issues are considered in this book. 

 This book is written by 72 distinguished international contributors from 15 coun-
tries with solid experience and reputation, bringing together the existing knowledge 
with the current and future potential applications of proteomics in food science and 
technology. We wish to thank the production team at Springer and to express our 
gratitude to Susan Safren (Senior Editor) and Rita Beck (Assistant Editor) for their 
kind assistance in this book. 

 Valencia, Spain Fidel Toldrá, Ph.D. 
 Ghent, Belgium Leo M.L. Nollet, Ph.D.   
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    Part I 
  Principles of Proteomics         



3F. Toldrá and L.M.L. Nollet (eds.), Proteomics in Foods: Principles and Applications, 
Food Microbiology and Food Safety 2, DOI 10.1007/978-1-4614-5626-1_1, 
© Springer Science+Business Media New York 2013

          1.1   Introduction 

 The term “proteome” was suggested by Wilkins et al., in 1996, to meet the need for 
a new terminology that could re fl ect the growing interest in studying the entire pro-
tein complement expressed by a genome (Wilkins et al.  1996  ) . This new term was 
presented in the shadows of the race for mapping the human genome, and may be 
seen as a re fl ection of a new post-genome way of understanding and approaching 
not just protein sciences but indeed all descriptive biological sciences. The post-
genomic era presented new opportunities for developing better tools for investigat-
ing the molecular mechanisms of biological systems, and thereby led the way to 
discovery-based approaches that promised to give a more accurate picture of the 
impact of speci fi c genes and proteins on health and disease. During the late nineties 
the biomedical research communities had adapted the idea of using the global 
“omics” technologies including genomics, proteomics, transcriptomics, and metab-
olomics, and these global approaches became preferred over the more reductionist 
approaches used in classic biochemistry and molecular biology. From the genome 
sequencing projects we learned that the human as well as most mammalian genomes 
include approximately 20,000 genes, meaning in principle that mammalian pro-
teomes consist of 20,000 proteins. This is in striking contrast to the fact that pro-
teome methods typically have the analytical power to display at best between 500 
and 5,000 proteins in a single analytical comparison. Moreover, it also rapidly 
became clear that proteomes are far more complex than the genomes they re fl ect, 

    E.   Bendixen   (*)
     Department of Molecular Biology and Genetics ,  Aarhus University ,
  Aarhus ,  Denmark    
e-mail:  emoke.bendixen@agrsci.dk   
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mainly caused by post-translation modi fi cation (PTM) of proteins and by expression 
of alternative gene variants. This knowledge has over the past decades created 
awareness that speci fi c and alternative methods for investigating parallel subsets of 
the proteome must be developed. The past decades have indeed seen the develop-
ment of diverse and speci fi c technologies and approaches that allow increasingly 
larger fractions of the proteome to be investigated, and although it is clear that we 
are still far from realizing the original aim to analyze “the complete protein output 
of a genome,” the technological pace allows us to study increasingly larger subsets 
of proteomes, on increasingly accurate levels of detail and with rapidly increasing 
speed. Hence, proteomics have within the past three decades become a powerful 
approach to studying the role of proteins in all areas of biological sciences, includ-
ing human medicine, animal sciences, veterinary medicine, and not the least within 
food sciences, which is the topic of this book. The aim of this introductory chapter 
is to present some basic concepts and principles of proteomics, and to provide an 
overview of the most common technologies and experimental approaches used to 
characterize the roles of proteins in food and nutritional sciences. 

 Chapter   2     re fl ects on the complexity of proteomes, and provides examples of 
how this relates to understanding food proteomes . Chapter   3     reviews the progress 
of technological developments, and introduces some of the most commonly used 
methods in food proteomics, and Chap.   4     provides a window to the future, discuss-
ing some aspects of food production where understanding proteomes is expected to 
be essential for production, quality, and safety of human food in the future.  

    1.2   How Complex Is the Proteome? 

 According to the very de fi nition of the term, and according to common perception, 
the proteome is a re fl ection of the genome from which it is translated. However, a 
proteome is indeed a lot more complex than the genome it re fl ects, in molecular 
variation as well as regarding the diversity of technologies and methods needed for 
its complete characterization. Even before genome sequencing revealed to a great 
extent the complexity of genomes and proteomes, it was clear that the proteome is 
not just a parallel output of one protein per gene. On top of the complexity caused 
by the large diversity and variation in protein structures, added levels of complexity 
originate from the fact that although the genome of any individual is a constant 
feature, present in identical copies in every cell of an organism, and in principle 
remaining unchanged during its lifetime, the proteome is a dynamic entity. Unique 
subsets of proteomes are differentially expressed in cellular space and time and by 
different cells and tissue types. Cells particularly express the speci fi c subset of pro-
teins needed for their speci fi c functions in any speci fi c tissue type, and the quantities 
and patterns of expression  fl uctuate in order to meet the challenges imposed on cells 
and tissues within the organism. In this sense, any proteome analysis should be 
thought of as a snapshot of the proteome of a speci fi c cell type from a given organism 
at a given time, and not as a diagnostic blueprint of the protein status of any speci fi c 

http://dx.doi.org/10.1007/978-1-4614-5626-1_2
http://dx.doi.org/10.1007/978-1-4614-5626-1_3
http://dx.doi.org/10.1007/978-1-4614-5626-1_4


51 Understanding the Proteome

condition or disease under investigation. Understanding the many factors that cause 
these  levels of complexity and variation is a crucial part of characterizing and under-
standing proteomes. This chapter aims to introduce some important factors that con-
tribute to the vast variation in forms, functions, and expression levels of proteins, 
and provide some examples of how these alternative protein forms in fl uence the 
 production and quality of food. 

    1.2.1   Post-Translational Modi fi cation (PTM) 

 PTM of proteins and peptides covers a wide range of covalent molecular changes 
imposed on the protein and peptide sequences. In particular, side chains of cysteine, 
asparagine, serine, threonine, tyrosine, and lysine can be modi fi ed by the addition 
of a wide range of molecules, most commonly including carbohydrates, lipids, 
phosphate, methyl, or nitrate groups. PTM is a major contributor to the diversity of 
protein structures. The fact that many proteins can harbor combinations of several 
types of modi fi cations gives rise to a seemingly endless diversity of protein struc-
tures. Moreover, the modi fi cation of amino acid side chains is often associated with 
the introduction of altered functions of the protein, and certain types of modi fi cations 
act as dynamic switches to modulate activation and deactivation of speci fi c protein 
functions. Our comprehensive knowledge and annotation of the many different pos-
sible modi fi cation forms that proteins appear in is still far from complete, as is our 
understanding of the diversity of functional roles these speci fi c modi fi cations may 
play. An estimate of the diversity and frequency of PTMs was recently presented by 
Khoury et al.  (  2011  ) . As of this writing, a subset of 431 different types of 
modi fi cations were annotated in this database, and their relative abundances were 
estimated statistically, suggesting that glycosylation affects approximately 25% of 
all proteins and that phosphorylation may be an even more common event. A fre-
quently updated count of PTM forms is available at   http://selene.princeton.edu/
PTMCuration    . 

 The apparent importance of PTMs for controlling and modulation functions of 
proteins has resulted in much effort to develop speci fi c methods that can be used for 
their further characterization. The following text provides a short introduction to the 
most prominent PTM forms, and presents a few examples as to how these variants 
may in fl uence protein functions in food. 

    1.2.1.1   Glycosylation 

 Glycosylation is one of the most common forms of modi fi cation, affecting virtu-
ally all secreted proteins and membrane proteins whereas glycosylation of cyto-
plasmic and nuclear proteins has been observed, but to a much less frequent extent. 
Complex carbohydrates are assembled and appended by the concerted action of 
substrate-speci fi c glycosyl transferases during synthesis and processing of proteins 

http://selene.princeton.edu/PTMCuration
http://selene.princeton.edu/PTMCuration
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in RER and Golgi. Correct glycosylation is important for protein stability, cell–cell 
 interactions, cell–protein interactions, and protein–protein interactions in live tis-
sues (Spiro  2002  )  and is well known to play an important role in the solubility and 
structure of proteins (D’Ambrosio et al.  2008  ) . It is therefore highly relevant for 
the production and processing of proteins for human consumption and particularly 
so for milk proteins. The vast abundance of milk proteins is indeed actively secreted 
by mammary gland cells, and therefore extensively glycosylated (Spiro  2002  ) . 
Milk is a body  fl uid with a uniquely high concentration of proteins, designed for 
nourishing the newborn mammal, and the extensive glycosylation of milk proteins 
is likely to be important for supporting their solubility in this very dense body 
 fl uid. Caseins account for 80% of the entire load of milk proteins and are the main 
constituent of cheese. The glycosylation patterns of caseins play an important role 
in the stability and solubility of caseins during cheese production, and have there-
fore been studied in great detail in order to investigate their potentially functional 
roles in the production of cheese and yogurt (Robitaille et al.  1993 ; Kreuss et al. 
 2009  ) . These studies are discussed in greater detail in Chaps.   16     and   17     which are 
dedicated to dairy production. Differential glycosylation of milk proteins may also 
in fl uence allergenic properties of milk and dairy products (D’Alessandro and Zolla 
 2012  )  and in fl uence the bioactive properties of proteins and peptides in milk 
(Panchaud et al.  2012  ) . 

 Characterization of protein glycosylation is greatly complicated by the fact that 
glycan chains are widely heterogenic and glycosylation dramatically changes size, 
charge, and hydrophobicity of proteins, often causing unknown glycosylated forms 
to escape detection by standardized methods. Therefore enrichment steps combined 
with speci fi c mass spectrometric methods are needed to characterize these biologi-
cally and functionally important protein isoforms from complex food matrices such 
as milk and cheese (Hernandez-Hernandez et al.  2010  ) .  

    1.2.1.2   Phosphorylation 

 Phosphorylation of serine, threonine, and tyrosine side chains is also a very com-
mon form for modi fi cation. Phosphorylation of speci fi c amino acid positions is 
tightly controlled by kinase and phosphatase proteins that mediate the addition (by 
kinases) and removal (by phosphatases) of phosphate groups. Phosphorylation pro-
vides a dynamic switch between activated and deactivated forms of many proteins, 
including enzymes in metabolism and in cellular signaling pathways in all eukary-
otes (Larsen et al.  2006  ) . Hence understanding the roles of speci fi c phosphorylation 
events of speci fi c proteins plays a crucial role in understanding proteomes of all 
crops and farm animal species important for the primary production of human foods. 
Phosphorylation of proteins can be challenging to analyze, partly because the 
modi fi ed sites are dynamically altered, and also because the addition of phosphate 
groups changes both charge and molecular mass of proteins and peptides, often 
causing phosphorylated proteins and peptides to escape analysis in LC-MS/
MS-based methods. On the other hand, differentially phosphorylated isoforms of a 

http://dx.doi.org/10.1007/978-1-4614-5626-1_16
http://dx.doi.org/10.1007/978-1-4614-5626-1_17
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protein may be readily distinguished using 2DE gels. Methods for capturing 
 phosphorylated proteins and peptides through af fi nity puri fi cation have been devel-
oped (Carapito et al.  2009  ) , (Larsen et al.  2005  ) , and phospho-proteome mapping 
has been presented from a wide range of species and tissues including milk, meat, 
wheat, rice, and maize (Mamone et al.  2009  ) . 

 Examples of the importance of phosphorylation in food proteins include their 
relevance to muscle growth, where phosphorylation is indeed a key regulator of 
metabolism, growth, and development and diversity of muscles, hence their charac-
terization has been studied in order to understand their impact on growth and yield 
of muscles (Wang et al.  2012  ) , and on the roles phosphorylation may play in post-
mortem metabolism and meat quality (Lametsch et al.  2011 ; Huang et al.  2011  )  
Also within milk and cheese production phosphorylation plays an important role, 
both for yield and quality of cheese and for the allergenic properties of milk and 
dairy products (Cases et al.  2011  ) . Within crops, phosphorylation of proteins related 
to growth and stress in rice have been characterized (Mamone et al.  2009  ) .  

    1.2.1.3   Controlled Degradation 

 Controlled degradation of proteins is a frequent biological event, and an important 
mechanism in controlling protein activity both in living organisms, and also dur-
ing industrial processing of foods. Full-length proteins often support very differ-
ent functions from those of its speci fi c peptides, hence proteome methods suf fi cient 
for accurate characterization of exact length, sequence, and potential cleavage 
sites in proteins and peptides are key to understanding functional properties of 
proteins. Proteolysis is well known to play fundamental roles for developing opti-
mal  fl avor, texture, and yield during storage and ripening of meat and cheese 
products (Sentandreu and Sentandreu  2011 ; Jardin et al.  2012 ; (Cunsolo et al. 
 2011  )  and for unleashing peptides with speci fi c bioactive roles, primarily known 
from milk (Panchaud et al.  2012  ) . The importance of analyzing the proteome at 
individual peptide levels is highlighted by the fact that many bioactive roles of 
proteins are activated only when speci fi c peptides are released. Although much 
focus has already been given to studying bioactive peptides in milk, the exact 
mapping of speci fi c cleavage sites and the extent to which these are processed 
within the complex protein matrices of meat and milk indeed remain challenging 
tasks (Panchaud et al.  2012  ) . Important examples of the role of proteolysis for 
food quality include the production of cheese and yogurt, where the speci fi c cleav-
age of K-casein initiates the formation of the cheese curd, hence properties inter-
fering with control of cleavage sites greatly affects yield in cheese production 
(Leiber et al.  2005  ) . 

 In meat the extent of post-mortem proteolysis of muscle proteins is believed to 
play an important role for development of meat tenderization, thus they may be used 
as quality markers during industrial processing of meat (Pomponio et al.  2008  ) . This 
area is the topic of Chap.   10     where potential markers of tenderness in three beef 
breeds are discussed.  

http://dx.doi.org/10.1007/978-1-4614-5626-1_10


8 E. Bendixen

    1.2.1.4   How PTM Interferes with Detection of Proteomes 

 PTM introduces changes in molecular weight as well as charge and hydrophobicity 
of proteins, and therefore interferes with most separation and detection methods. 
Hence PTM-mediated diversity is a common cause of considerable error in the 
interpretation of protein abundance data. Because modi fi ed proteins often escape 
detection by standardized methods, detection of PTM–protein isoforms typically 
requires speci fi c adjustments of the puri fi cation and detection steps, or even new 
methods to be developed in order to characterize speci fi c PTM variants of proteins, 
as reviewed by Carapito et al.  (  2009  ) .   

    1.2.2   Homologous Proteins 

 Polymorphic genes and mutations, as well as alternative RNA processing, are also 
contributors to variation in the structure and function of proteins. All these events 
result in expression of protein isoforms that share long stretches of identical 
sequences, and therefore may not be possible to distinguish by common proteome 
methods, although these isoforms may indeed have very different functional proper-
ties. One important example includes the many parallel gene variants that code for 
gluten proteins in wheat (Muccilli et al.  2011  ) . Because the different variants have 
very different impacts on baking quality, much effort has been made to distinguish 
and characterize the many protein isoforms in great detail by proteomic methods 
(Mamone et al.  2009  ) . Also major muscle proteins such as troponin and myosin are 
differentially expressed in many variable but homologous isoforms to provide varia-
tion in form and function of different muscle types. The different muscle types have 
a great deal of variation in metabolic rates and growth phenotypes that eventually 
in fl uences meat quality properties (Rehfeldt et al.  2011  ) . Also the major proteins of 
milk, the caseins, appear in a variety of allelic and spliced isoforms (Ferranti et al. 
 1997  ) , which may in fl uence their properties related to cheese production and to 
allergenic properties of dairy products. Distinguishing homologous protein isoforms 
is a challenging task, because full sequence coverage is very rarely obtained in pro-
teome studies. For the analyses of these protein families, it is necessary to cover the 
few unique sequences that distinguish the different isoforms, and this can in many 
cases only be achieved by targeted SRM (selected reaction monitoring) -based 
methods, (Calvo et al.  2011  )  which is a relatively new approach to mass spectral 
proteomics, and is discussed below.  

    1.2.3   Functional Protein Complexes 

 The ultimate aim of characterizing proteomes is to understand the functions of pro-
teins in living organisms. However, the speci fi c function of a protein often depends 
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on its interaction with other proteins. Hence understanding protein function includes 
characterizing the functional consortiums (interactomes) in which proteins operate 
in vivo. This adds an extra level of complexity to proteome studies, as in principle a 
quantitative analysis of global proteome patterns cannot directly assign the role of 
any given speci fi c protein just by estimating its abundance or differential expres-
sion, unless the stoichiometry of interacting proteins can be determined. Approaching 
this level of complexity requires isolation of the entire functional protein complexes, 
as seen in recent successful examples of characterizing proteomes of multimeric 
protein complexes (Przybylski et al.  2010  ) .   

    1.3   Observing the Proteome: Developing Methods 
and Increasing Understanding of Proteomes 

 As discussed above, we are far from understanding the extent of variation of forms 
that proteins can appear in, and we still lack methods that can provide analyses of 
complete proteomes in a single analytical event, but the speed, accuracy, and level 
of detail with which proteomes are currently being characterized have taken a quan-
tum leap over the past decades. For an excellent review of technological develop-
ments readers are referred to Malmstrom et al.  (  2007  ) . Proteomics is a 
technology-driven research  fi eld in the sense that the interplay of developing better 
methods and achieving increased understanding of proteomes is the underlying 
dynamic duo that drives progress in this  fi eld of research. Achieving exact knowl-
edge of the many forms and variations proteins may take is important for enhancing 
the methods needed for characterizing them. This chapter discusses the advances 
and progress in proteome research as they have unfolded over the past three decades. 
The most common technologies are introduced and discussed in the context of how 
these technological advances have in fl uenced the shifting trends and approaches 
within proteome characterizations. Figure  1.1  summarizes this progression and 
illustrates how technological progress and scienti fi c focus have worked in parallel 
to support our understanding of proteomes in ever-increasing detail.  

    1.3.1   Developing Proteomics Technology 

 The proteome of any biological sample is a complex matrix typically containing 
thousands of different protein molecules, each expressed in the adequate copy num-
bers needed to sustain their speci fi c functions. Hence, characterizing proteomes 
includes analyzing each protein in its form and abundance within a complex protein 
matrix. As discussed in the previous section, any proteome appears in a near-endless 
variation, and proteomics is a technology-driven area of research where analyzing 
complete proteomes still remains to be realized. All proteome analyses rely, however, 
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on the basic steps of extraction, separation, molecular characterization, and 
quanti fi cation of each protein, hence integrating many different types and levels of 
data is needed in order to extract information from these individual but closely cor-
related analytical methods. Discussing these methods in detail is the aim of indi-
vidual Chaps.   2    ,   3    ,   4    ,   5    ,   6    , and   7     of this book. Here these methods are introduced 
with the aim of providing an overview of how the most important technological 
advances have in fl uenced experimental approaches and scienti fi c progress over the 
past three decades.  

    1.3.2   Two-Dimentional Electrophoresis (2DE): A First Approach 
to Proteome Mapping and Biomarker Discovery 

 Although biochemical methods have provided much knowledge of the structure 
and function of individual proteins, the invention of SDS-PAGE for separating 
proteins according to their molecular weight was indeed a major breakthrough 
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  Fig. 1.1     Timeline of technological advance and scienti fi c progress in proteomics.  This timeline 
summarizes in parallel some key technological advances, listed above the line, and major scienti fi c 
achievements closely associated with progress in proteomics listed under the line. Many of the 
technologies and methods that paved the way for proteome characterizations were already devel-
oped decades before the concept of proteomics was suggested in 1994. Abbreviations:  ESI  electro-
spray ionisation,  MALDI  Matrix Assisted Laser Desorption Ionization,  SRM  Selected Reaction 
Monitoring       
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in protein sciences, and offered for the  fi rst time a display method allowing 
many proteins to be analyzed by a single analytical event within complex bio-
logical samples (Laemmli  1970  ) . It was, however, the introduction of 2DE that 
truly raised awareness that for understanding biological mechanisms, proteomes 
rather than proteins should be investigated, and that this could be achieved 
through display methods (Gorg et al.  2000  ) . By adding a separation step based 
on isoelectric mobility prior to the SDS-PAGE separation, 2DE offered a display 
method that supported investigation of hundreds and even thousands of indi-
vidual proteins in parallel from a single biological sample, with 2DE providing 
a separating matrix from which protein spots could be identi fi ed by western 
blotting, and later by mass spectrometry (Katayama et al.  2001 ; Jensen et al. 
 1998  ) . 2DE technology was rapidly implemented in all areas of life sciences, 
 fi rst within human medicine, and with little delay to food and agricultural sci-
ences (Lametsch et al.  2003  ) . 2DE-based mapping of proteomes provided a  fi rst 
approach to discovery-based mapping of the concerted actions of proteins and 
pathways, and seemed promising for providing biomarkers that could prove use-
ful in diagnostics as well as in understanding the functional roles of proteins in 
food and other biological samples. This  fi rst enthusiasm gave rise to many pub-
lications, regarding both mapping individual protein cells, tissues, and body 
 fl uids and to numerous biomarker studies, and indeed also served to reveal in 
more exact detail the complexity of proteomes. However, during two decades of 
2DE-based proteomics it became increasingly clear that the extent of variation, 
and particularly the very broad range of protein copy numbers spanning from a 
few to several million copies per cell were incompatible with the relatively nar-
row analytical power of 2DE (Pedersen et al.  2003  ) . It was clear that parallel 
methods with stronger analytical power were needed in order to map entire pro-
teomes. By the turn of the century the mass spectrometry-based proteomics had 
become a new and promising alternative to the gel-based approaches (Haynes 
and Yates  2000  ) , but 2DE has nevertheless remained a cornerstone in proteom-
ics, partly because it still provides unmatched separation of full-length proteins 
and of proteins with post-translational modi fi cations such as glycosylation and 
phosphorylation, and this classical method should be regarded as an important 
tool in the large toolbox needed for understanding entire proteomes, as well as 
for future proteome studies.  

    1.3.3   Mass Spectrometry-Based Proteomics: The Second 
Generation of Global Proteomics 

 Mass spectrometry (MS) became applicable for analyzing proteins and peptides 
with the invention of electrospray ionization (ESI) (Fenn  2003 ; Fenn et al.  1989  )  
and matrix-assisted laser desorption ionization (MALDI) (Hillenkamp et al.  1991  )  
in the late eighties. These are both soft ionization techniques that allowed mole-
cules with the mass range of tryptic peptides and small proteins to be analyzed by 
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mass spectrometry. For an excellent review of MS-based proteomics see Domon 
and Aebersold  (  2006  ) . At the same time EST and genome sequencing projects 
started to provide access to well-covered protein sequence databases from a wide 
range of species, which greatly reduced the complexity of interpreting mass spec-
tral data, as these could be directly aligned to global sequence databases (Nesvizhskii 
et al.  2003  ) . MALDI–TOF methods provided a robust, fast, and affordable 
identi fi cation of proteins from 2DE gels by peptide mass  fi ngerprinting (Jensen 
et al.  1998  )  but could not be interfaced easily to liquid chromatography (LC) sepa-
ration. ESI on the other hand was easily coupled to LC-based separation systems, 
and in combination with tandem mass spectrometers became the cornerstone of a 
next generation of global proteome display technology that, just as with the 
2DE-based approaches, aimed to provide discovery-based comparisons of com-
plex proteomes, partly for investigating the protein diversity of biological samples, 
but also for discovering biomarkers for a wide range of applications within the 
medical and food sciences (Domon and Aebersold  2006  ) . LC-MS/MS-based meth-
ods offered far more reproducible, informative, and sensitive analyses of complex 
proteomes than 2DE, and moreover provided peptide sequence information. 
Quanti fi cation could be made by multiplexed studies using differential heavy-iso-
tope labeling or tagging of comparable samples, or by adding isotope-labeled stan-
dard peptides. This second generation of global and discovery-based proteomics 
renewed the enthusiasm for mapping entire proteomes, and indeed, the almost 
complete proteomes of small organisms such as yeast have been achieved (Nagaraj 
et al.  2012  )  and also a far more detailed mapping of the proteome parts-lists of 
biological samples was covered by LC-MS/MS. However, as with 2DE technology 
a decade earlier, it became clear that proteomes are indeed more complex and vari-
able than what can be fully covered by any single global mapping technology 
known so far (Meyer et al.  2011  ) . Nevertheless, data created through a decade of 
LC-MS/MS-based proteomics laid the foundation for developing targeted pro-
teome methods. This technological approach can be seen as a reversal from the 
discovery-based to a more hypothesis-based proteome approach, and may be 
regarded as the next upcoming generation of global proteomics, and is discussed 
in the following.  

    1.3.4   Targeted Proteomics: The Return to Hypothesis-Based 
Research 

 As discussed above, three decades of proteome sciences have greatly improved our 
knowledge about the relative abundance and functional roles of proteins, in medi-
cine as well as within food sciences, but have also provided the insight that global 
proteome approaches alone are not suf fi cient for understanding proteomes in their 
full complexity (Meyer et al.  2011  ) . This insight has caused the move towards more 
targeted proteomics approaches, where speci fi c subsets rather than entire  proteomes 
are investigated using methods speci fi cally adapted to that subset of proteins. Being 
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hypothesis-based rather than discovery-based, targeted proteomics differ  essentially 
from global proteomics in that they make use of a priori  information about the 
proteins to be targeted, and this information to a wide extent is the result of the vast 
amount of data created from three decades of discovery-based proteomics 
(Pan et al.  2009  ) . The currently favored method is termed selected reaction moni-
toring (SRM), and relies on using triple-quadrupole mass spectrometers in a highly 
selective mode, detecting only a few unique peptides from each speci fi c targeted 
protein and only in selected time and mass windows during the instrument runtime 
(Calvo et al.  2011  ) . SRM has proven successful in detecting speci fi c proteins from 
complex samples over the entire dynamic range of protein abundance in yeast, 
down to as low as subfemtomolar levels, or corresponding to 50 copy numbers of 
a protein within a yeast cell (Picotti et al.  2009  ) . SRM hereby offers a very promis-
ing approach for verifying potential biomarker candidates that have emerged from 
discovery-based studies (Huttenhain et al.  2009  ) . SRM-based proteomics can fur-
thermore be combined with af fi nity-based methods that allow pre-fractionating 
subproteomes to reduce the complexity of the biological sample considerably. This 
has proved particularly useful for characterization of PTM proteins (Chiou et al.  2010  ) . 
Another promising approach is provided by antibody-based sorting 
(Whiteaker et al.  2010  ) , and is particularly interesting in the light of recent progress 
in developing large-scale production of protein- and peptide-speci fi c antibodies for 
all individual human proteins recognized so far. This effort is undertaken by the 
Human Protein Atlas project (  http://www.proteinatlas.org/    ) and the Human 
Proteome Initiative (Uhlen et al.  2012 ; Paik et al.  2012  ) . These approaches even 
seem to promise to mature into global-scale proteome mapping approaches, if and 
when thousands of proteins can be targeted in a display-like manner 
(Gillet et al.  2012  ) .   

    1.4   The Importance of Understanding the Proteomes of Food 

 Understanding the biology, and also the proteomes of the many animal, plant, and 
bacterial species involved in the production of food is of key importance for human 
life. 

 On the other hand, understanding the structure and function of proteins present 
in the individual raw food materials and in the end products is essential for optimiz-
ing food-processing methods because proteins play important functional roles for 
texture, yield,  fl avor, and nutritional value of virtually all food products. In western 
societies, milk and meat are by far the most important sources of dietary proteins, 
hence farm animals have since prehistoric times been selectively bred for increas-
ingly high yields of meat and milk. From the perspectives of food production, farm 
animals may be seen as species optimized to produce proteins, and the dairy and the 
meat-processing industries have indeed based their technologies on creating a vari-
ety of protein-based food products through directly modulating meat and milk 

http://www.proteinatlas.org/
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 proteomes at industrial scales. Moreover, protein-based foods are high-cost  products, 
hence optimizing outcome and reducing waste during these protein-altering 
processes needed for turning milk into cheese and muscles into a variety of meat 
products has always been of great importance for success in these industries. 

 As such, it is not surprising that characterizing meat and milk proteomes has 
already gained so much attention (Bendixen et al.  2011  ) . This book presents indi-
vidual chapters dedicated to reviewing the many speci fi c  fi elds and applications of 
food proteomics. Here, the following sections serve to provide a window to the 
future by highlighting selected areas of food research where the understanding of 
proteomes is key to solving challenges in future food production. 

    1.4.1   Food Production 

 The key challenge of global food production is to supply enough food for a grow-
ing population, and under rapidly accelerating climate changes. The production of 
proteins of animal origin is limited due to large economic and environmental 
resources required for their production. Proteome studies have already been 
applied to investigate traits related to milk production, muscle growth, and feed 
conversion in most farm animals, but future studies that may help to further 
improve alternative production forms of meat without causing unacceptable harm 
to the environment and animal welfare are in great demand. Also improving yield 
and quality of crops is important, partly because of the more cost-ef fi cient alterna-
tives presented by plants as protein resources. More intensive production of both 
animal- and plant-based proteins can be achieved through understanding molecu-
lar mechanisms related to differences in metabolism of the different species, 
strains, and cultivars, hence the integration of proteome, genome, and metabolom-
ics studies is widely expected to be a key to continuously enhance global food 
production. In particular, traits related to enhanced resistance to pathogens and to 
environmental factors including climate change and pollution are important to 
understand at the molecular level, and will greatly increase ef fi ciency and quality 
in food production.  

    1.4.2   Understanding the Interplay of Food and Health 

 Foods that are important sources of bioactive components have gained much atten-
tion over the past decade because it is widely believed that foods may have preven-
tive roles in human health (Senechal and Kussmann  2011  ) . In some instances, even 
healing effects are anticipated (Thapa  2005  ) . Nevertheless, our knowledge of the 
bioactive roles of foods is still very limited, and often scienti fi c evidence as to their 
healing and health-improving properties remains to be validated. Bioactive proteins 
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and peptides in milk have attracted particular attention, and have already been 
mapped in great detail by several research groups (Panchaud et al.  2012  ) . Milk is 
evolutionary adapted food, rich in bioactive components and designed to nourish 
the neonate mammal. The importance of tightly controlled expression of the bioac-
tive components in milk is clearly illustrated in the dramatic shifts in the  proteomes 
of colostrum and milk over the timeline from birth to weaning (Hansson et al.  2011  ) . 
The milk proteome is  fi nely tuned to maintain the biological events of the speci fi c 
developmental steps of early infancy. Mapping time-dependent  fl uctuations of bio-
active components is an important  fi eld of research that still needs to be mapped in 
closer detail, and which will surely provide knowledge of growth, development, and 
nutritional needs of humans, as well as providing important knowledge for optimiz-
ing health in farm animals. 

 Plants are also rich in molecules with bioactive roles and of great importance for 
human health. Plant metabolites are relevant both for their medical as well as for 
their bene fi cial roles in human nutrition (Esfahani et al.  2011 ; Bach-Faig et al. 
 2011  ) . Moreover, plant metabolites and proteins may have toxic and allergenic 
properties. Proteome studies are important for characterizing these properties in 
relation to human health, and are likely to play a key role in uncovering the molecu-
lar machinery needed for their biosynthesis. This knowledge is needed in order to 
cultivate plants with better and higher yields of preferred and bene fi cial metabolites 
while avoiding production of plants with inappropriate levels of toxic or allergenic 
properties. Finally, within nutrigenomics, the  fi eld of research aimed at understand-
ing how the interplay of genes and nutrients acts on human health, proteomics will 
surely continue to be a key technology, providing knowledge of how structures, 
modi fi cations, and genetic variants of proteins interact with human health and 
biology.  

    1.4.3   Food Safety 

 Proteomics are expected to play a pivotal role in a wide range of aspects related to 
food safety, as recently reviewed by D’Alessandro and Zolla  (  2012  ) . These include 
characterizing food allergens, which very often are protein-based. Protein-based 
allergens may be eliminated or modulated by food-processing technologies if 
knowledge of their nature is available at molecular levels; for example, the struc-
tural differences between allergenic and nonallergenic isoforms are characterized. 
Also regarding adulteration of food, such as mixing cheaper products into more 
expensive ones as seen in mixing buffalo milk into cow milk and the cheaper chicken 
meat into beef and pork meat products can be detected by mass spectrometry-based 
methods (D’Alessandro and Zolla  2012  ) . Other examples include documenting ori-
gin of foods, and contamination with food pathogens, which will likely be increas-
ingly feasible with the development of more sophisticated and targeted mass 
spectrometry methods.  
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    1.4.4   Food Quality and Food Technology 

 The importance of understanding proteomes in order to understand quality and pro-
cessing of food is very clear, and is discussed throughout many of the separate 
chapters in this book. Here it should just be mentioned that although a vast  abundance 
of meat, milk, cheese, and grain proteomes have already been studied in great details 
as to their quality traits (Mamone et al.  2009  ) , it is clear that there is still even more 
knowledge that remains to be uncovered, and which can be applied to improve qual-
ity of food. The variables involved in controlling food quality are indeed many and 
complexly interacting, including biological factors such as genetics, age, and growth 
conditions, just to mention a few. On the other hand, industrial food processing is to 
a very large extent relying on processes that modify proteins, as when tenderizing, 
curing, fermenting, and heat-treating meat, and when precipitating milk proteins to 
produce cheese, and when fermenting grains for beer, wine, and baked goods. When 
considering the complexity of proteomes as discussed above, it is clear that future 
progress in understanding food proteomes will highly depend on the variety of 
technologies available, and on the dynamic tailoring of methods needed for investi-
gating individual aims, biological samples, pathways, and selective subsets of food 
proteomes.   

    1.5   Concluding Remarks 

 Understanding production and quality of protein-based foods such as meat, milk, 
eggs, and beans greatly depends on our ability to characterize the biological pro-
cesses in the animals and plants used for the production of these raw materials. One 
important aspect of understanding proteomics is to bear in mind that this relatively 
young  fi eld of research is still technology-driven in the sense that no single display 
method can fully cover the entire variation of proteomes. The sixteenth-century 
understanding of science as vocalized by Galileo Galilei, “to measure what is mea-
surable and make measurable what cannot be measured,” summarizes the current 
state of proteomics sciences very precisely. 

 The aim of all proteomics studies is to understand the roles of proteins and their 
concerted actions in controlling the intricate molecular systems of living organisms. As 
we have seen, all proteomes are far more complex than the genomes they re fl ect. 
Understanding proteomes of foods and food production primarily relies on the ability 
to choose, combine, and optimize the very large collection of tools and methods within 
proteomics, and to integrate these methods to achieve suf fi cient in-depth understand-
ing of the roles of individual proteins for the production, quality, and safety of food. 

 The aim of this book is to present the many technological opportunities avail-
able, as well as the many different aspects and challenges within food proteomics. 

 Although it is clear that no single universal method can yet provide an in-depth 
understanding of the near-endless complexity of food proteomes, the available 
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methods afford a rapidly increasing speed and accuracy by which these proteomes 
can be characterized.      
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          2.1   Introduction 

 The use of proteomics approaches is a powerful tool in food science in terms of process 
optimization and monitoring, quality, traceability, safety, and nutritional assessment 
(Pedreschi et al.  2010  ) . Proteins, together with peptides, are one of the major groups 
of food components, and they are found in many different organisms of both vegetal 
and animal origin. Peptides are also obtained during technological processes such as 
fermentation and storage of foods. Moreover, many experiments involve enzymatic 
hydrolysis of proteins from food resources such as milk, meat,  fi sh, eggs, or plants to 
produce a variety of peptides (Minkiewicz et al.  2008  ) . 

 The study of the food proteome at any speci fi c time is extremely complex and 
diverse. The major limitations of proteome analysis are, in general, associated with 
the heterogeneity of proteins and peptides in terms of physicochemical properties 
and the vast differences in abundance. A typical proteomics work fl ow consists of 
(1) protein extraction, (2) protein or peptide separation and quanti fi cation, (3) pro-
tein identi fi cation, and (4) data analysis and interpretation (Carpentier et al.  2008  ) . 
Sample preparation has a profound effect on the  fi nal outcome of protein and pep-
tide separation and their subsequent analysis. These procedures need to be compat-
ible with posterior analysis by two-dimensional electrophoresis (2DE) and/or liquid 
chromatography tandem mass spectrometry (LC-MS/MS). Therefore, sample 
 preparation should include the steps needed to isolate and fractionate proteins and 
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 peptides ensuring an unbiased reliable map that gives an accurate representation of 
all proteins and peptides initially present in a particular food. 

 A wide variety of extraction and fractionation tools for proteins and peptides are 
available based on their physicochemical and structural characteristics such as solu-
bility, hydrophobicity, molecular weight, isoelectric point (pI), and so on. Figure  2.1  
shows an integrated view of extraction and fractionation techniques for proteins and 
peptides used in food proteomics studies. Generally, different technologies focused 
on cell disruption, solubilization/precipitation, and enrichment systems are needed to 
obtain the protein fraction of interest. Removal of interfering compounds (mainly 
lipids, nucleic acids, phenolic compounds, carbohydrates, proteolytic and oxidative 
enzymes, and pigments) is crucial. These procedures need to be optimized to mini-
mize proteins´ modi fi cations and proteolysis, as well as to be compatible with subse-
quent analysis.  

 This chapter describes the state-of-the-art of extraction and fractionation tech-
niques for food proteins and peptides as a  fi rst step prior to proteome studies. The 
 fi rst part is dedicated to classical and novel extraction and fractionation techniques 
for food proteins, followed by a brief description on protein enzymatic digestion. 
The second part provides information about several extraction/fractionation tech-
niques mainly used for food peptides.  

Foods

Lipids
Carbohydrates
Nucleic acids

Phenolic
Proteins
Peptides
Minerals
Vitamins

Extraction/Fractionation Techniques

Proteins

Peptides

Hydrolysis

Protein enrichment methods

Mechanical homogenization Ultrasonic homogenization

Pressure homogenization

Temperature treatmentsOsmotic and detergent

Solubilization/Precipitation

Organic solvents

Aqueous solutions

Premiminary Sample Cleanup and
Fractionation

Methods of cell disruption

Low Pressure Liquid Chromatography

Ultrafiltration Solid-Phase Extraction

Precipitation Centrifugation

Elecrophoretic
methods

Chromatographic
methods

Enzymes Subcritical
water

  Fig. 2.1    Scheme illustrating integrated extraction and fractionation techniques for proteins and 
peptides employed on proteomics in foods       
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    2.2   Food Protein Extraction and Fractionation 

    2.2.1   Cell Disruption Methods 

 The preparation of any biological material as a sample for proteomic analysis 
requires homogenization. Plants are generally more problematic for protein extrac-
tion because tissues are rich in proteases and other interfering compounds (Wang 
et al.  2008a  ) . Proteins are usually contained in protein bodies inside cell walls so 
cell disruption is required before they can be totally solubilized and extracted. The 
general procedure for sample preparation in this case strongly depends on the plant 
type, its fragment (leaf, fruit, seed, etc.), or even the stage of plant development. 
Generally, disruption of the cell wall and protein release is crucial for analytical 
success. Various chemical and physical techniques can be used to destroy the cell 
wall. These techniques can be grouped into  fi ve major categories: mechanical 
homogenization, ultrasound homogenization, pressure homogenization, tempera-
ture treatments, and osmotic and chemical lysis. A summary of these methods with 
their applications in different food matrices is shown in Table  2.1 .  

    2.2.1.1   Mechanical Homogenization 

 Mechanical homogenization can be realized by at least two types of devices: so-
called rotor–stator homogenizers and open blade mills. Rotor–stator homogenizers 
are one of the best homogenizing tools applied in laboratories. To homogenize dry 
samples using mechanical processing, open blade homogenizers, also called blend-
ers, are used (Bodzon-Kulakowska et al.  2007  ) . In the case of plant tissues, where 
cells are covered with strong cell walls, mechanical homogenization seems to be 
one of the best methods for disruption (Van Het Hof et al.  2000  ) . Anderson and 
Guraya  (  2001  )  evaluated the use of colloid milling and homogenization to effect 
bran breakdown and extract rice protein. They demonstrated that the shearing 
actions of colloid milling and homogenization did not result in any signi fi cant dena-
turation of the proteins. Sometimes, a combination of mechanical homogenization 
with buffers is used. Examples of this are found in rice (Fukuda et al.  2003  )  and in 
olive tree seeds (Alche et al.  2006  ) . 

 Wet-milling is a physicochemical separation of the components of grain, namely 
germ, bran,  fi ber, starch, and protein. Chemicals and enzymes can be added to the 
steeping water to facilitate the separation of grain components and increase starch 
recovery. Sulfur dioxide, sodium metabisul fi te, sodium bisul fi te, or sodium hydro-
gen sul fi te, with variable effective concentrations, are typically added to solubilize 
the protein matrix enveloping the starch granules in the endosperm (De Mesa-Stonestreet 
et al.  2010  ) .  
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    2.2.1.2   Ultrasonic Homogenization 

 In recent years, some researchers have used the ultrasonic method for protein pellet 
homogenization. The energy is produced by an acoustic transducer coupled with the 
pellet in the microtube, which is carried out manually in small batches. Toorchi 
et al.  (  2008  )  have attempted to use a high-performance, single-tube sample prepara-
tion device (Covaris) for the noncontact disruption and uniform preparation of three 
different plant tissues from soybean (root, hypocotyl, and leaf) and rice (root, leaf 
sheath, and leaf). 

 Many researchers have investigated the advantages of ultrasonic-assisted extraction 
compared with the conventional method. Chittapalo and Noomhorm  (  2009  )  reported 
that protein yield increased using ultrasound and that this process can enhance existing 
extraction processes and enable new commercial extraction opportunities.  

    2.2.1.3   Pressure Homogenization 

 The use of high-pressure homogenization (HPH) for the extraction of food proteins 
has been investigated. Higher pressures (40 and 80 MPa) produced approximately 
double protein extraction compared to atmospheric pressure. Dong et al.  (  2011  )  
have suggested that HPH treatment could increase the susceptibility of peanut pro-
teins to proteolytic enzymes such as alcalase. The increase may be related to the 
denaturation, unfolding, or dissociation of the proteins into monomers, allowing the 
accessibility of enzyme to the binding sites. HPH revealed no alteration of protein 
solubility when compared with the raw protein with pH adjusted in rapeseed protein 
concentrates (Barbin et al.  2011  ) .  

    2.2.1.4   Temperature Treatments 

 Temperature treatments include the use of freeze–thaw and heat treatments. Freeze–
thawing uses the effect of ice crystal formation in the tissue during the freezing 
process. Lysis of the cells or tissues is usually achieved by  fl ash-freezing the cells in 
liquid nitrogen and homogenizing in a mortar with a pestle. Examples of this pro-
cess are found in the analysis of leaves (Wang et al.  2003  ) , fruits (Song et al.  2006  ) , 
and seeds (Liang et al.  2006 ; Méchin et al.  2007  ) . Vincent et al.  (  2006  )  developed a 
very ef fi cient cell disruption method for grape berry clusters, which were pulverized 
frozen with dry ice using a stainless steel blender. 

 The use of heat is common in protein processing. Heating protein solutions usually 
improves their solubility, emulsifying, and foaming properties, but it makes protein 
extraction more dif fi cult as reported in rice bran (Tang et al.  2002 ; Khan et al.  2011  ) . 
Another approach is the application of heat during the wet-milling process. Steeping 
experiments have been done on temperature and holding time on sorghum grain 
(De Mesa-Stonestreet et al.  2010  ) .  
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    2.2.1.5   Osmotic and Chemical Lysis 

 Cell permeabilization or cell lysis can be performed by osmotic shock or chemi-
cal treatment. The use of osmotic shock implies cell suspension in a gently 
shaken hypertonic solution. Chemical treatment can include antibiotics, chelat-
ing agents, detergents, and solvents capable of disintegrating the cells. This pro-
cedure relies on the selective interaction of the chosen chemicals with 
components of the membrane and allows proteins to seep through the cell wall. 
The application of two or more procedures combined with the cell-wall disrup-
tion is also reported (Klimek-Ochab et al.  2011  ) . These procedures are used in 
cell cultures of bacteria, yeast, or fungi. Doolan and Wilkinson  (  2009  )  have 
compared the effects of various chemicals on cell permeability in  Lactococcus 
lactis  strains with the aim of selectively releasing important intracellular ripen-
ing enzymes. Their  fi ndings permit a better understanding of methods affecting 
cell permeability and can allow development of food-grade technologies for 
protein released from cells.   

    2.2.2   Protein Solubilization/Precipitation 

 Protein solubilization is considered one of the key steps in proteomic sample prepa-
ration procedures. It is generally employed to separate proteins in the sample selec-
tively from different substances that may interfere in the proteomic assay (Berkelman 
and Stenstedt  1998  ) . The solubilization/precipitation process strongly affects the 
quality of the  fi nal results and thus determines the success of the entire experiment. 
Taking into account the immense variety of proteins and the huge number of inter-
fering contaminants present in food-derived extracts, simultaneous solubilization of 
all proteins remains a great challenge. 

 Each food sample requires a speci fi c protocol that needs to be optimized to 
minimize proteolysis and modi fi cation of proteins (Bodzon-Kulakowska et al. 
 2007  ) . For animal tissues, which have higher protein yields, various protein solubi-
lization buffers, including the use of chaotrophic agents, detergents, reducing 
agents, buffers, and ampholites are used (Pedreschi et al.  2010  ) . The proper use of 
these additives avoids protein modi fi cations, aggregation, or precipitation that may 
result in the occurrence of artifacts and the subsequent lowering of protein yield 
(Gorg et al.  2004  ) . 

    2.2.2.1   Organic Solvents 

 The main organic solvents and additives used to extract proteins from food sources are 
shown in Table  2.2 . Many studies performed in the last few years aimed to compare 
different protein solubilization methods suitable for proteomic analysis 
(Jiang et al.  2004 ; Natarajan et al.  2005 ; He and Wang  2008  ) . The most common 
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method used for the extraction of plant proteins is tricholoracetic acid (TCA)/acetone 
precipitation as proposed by Damerval et al.  (  1986  ) . This method has been used to 
extract proteins from different tissues of cereals, legumes, and fruits. The extreme pH 

   Table 2.2    Examples of organic solvents and additives used to extract proteins from food sources   

 Solvent (s)  Food  Tissue  Reference 

 Acetic acid/urea/cetyltrim-
ethylammonium bromide 

 Rice  Bran  Hamada  1997  

 Aqueous ethanol  Distiller’s grain  Grain  Cookman and Glatz 
 2009  

 Aqueous isopropanol  Soybean  Seed  Natarajan et al.  2009  
 Rapeseed  Seed  Barbin et al.  2011  

 Ethanol   Saccharina japonica   –  Kim et al.  2011  
 Glacial acetic acid  Sorghum  –  de Mesa-Stonestreet 

et al.  2010  
 Phenol  Tomato  Pollen grain  Sheoran et al.  2009  

 Potato  Tuber  Delaplace et al.  2006  
  Aloe vera   Leaf  He and Wang  2008  
 Soybean  Seed  Natarajan et al.  2005  

 Phenol/ammonium acetate  Barley  Root  Hurkman and Tanaka 
 1986  

 Avocado/tomato/
orange/banana 

 Fruit  Saravanan and Rose 
 2004  

 Banana  Leaf  Carpentier et al.  2007  
 Grape  Fruit  Vincent et al.  2006  
 Pear  Fruit  Pedreschi et al.  2007  
 Apple/strawberry  Fruit  Zheng et al.  2007  

 Phenol/methanol-ammonium 
acetate 

 Coniferous  Seed  Zhen and Shi  2011  
 Banana/apple/potato  Tissues  Carpentier et al.  2005  

 Sodium dodecyl sulphate/
acetone 

 Coniferous  Seed  Zhen and Shi  2011  
 Potato  Tuber  Delaplace et al.  2006  

 Sodium dodecyl sulphate/
TCA/acetone 

 Apple/banana  Tissue  Song et al.  2006  

 TCA  Bean  Anther  Wu and Wang  1984  
 TCA/acetone  Citrus  Leaf  Maserti et al.  2007  

 Soybean  Seed  Natarajan et al.  2006  
 Soybean  Leaf  Xu et al.  2006  
 Coniferous  Seed  Zhen and Shi  2011  
 Tomato  Pollen grain  Sheoran et al.  2009  
  Aloe vera   Leaf  He and Wang  2008  
 Apple/banana  Tissues  Song et al.  2006  

 TCA/acetone/phenol  Olive  Leaf  Wang et al.  2003  
 Bamboo/grape/lemon  Leaf  Wang et al.  2006  
 Apple/orange/tomato  Fruit  Wang et al.  2006  

 Thiourea/urea  Soybean  Seed  Natarajan et al.  2005  
 Apple/banana  Tissues  Song et al.  2006  

 Tris–HCl buffer  Tomato  Pollen grain  Sheoran et al.  2009  
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and negative charge of TCA and the addition of acetone realizes an immediate dena-
turation of the protein, along with precipitation, thereby instantly arresting the activity 
of proteolytic and other modifying enzymes. However, a disadvantage of TCA-
precipitated proteins is that they are dif fi cult to redissolve (Nandakumar et al.  2003  ) . 
Sample solubility can be improved by using an appropriate mixture of chaotropic 
agents (urea or thiourea), and new ef fi cient detergents (such as sodium dodecyl sul-
phate, SDS). In the last decade, the phenol extraction procedure has been widely used 
because of its high clean-up capacity. In contrast to its strong solvent action on pro-
teins, phenol has little predisposition to dissolve polysaccharides and nucleic acids. 
However, phenol shows the disadvantages of being more time consuming than other 
sample precipitation procedures and of being toxic.  

 The alcoholic extraction process after dehulling and conventional deoiling has a 
high ef fi ciency of protein recovery. Aqueous alcohols (ethanol, isopropyl alcohol, 
butanol) are widely used on a commercial scale to remove phenolics, oligosaccha-
rides, or inhibitors from defatted meals and seeds (Moure et al.  2006  ) . However, as 
a result of the extraction with these alcoholic solvents, protein structures can be 
coagulated and therefore show reduced functional properties. To avoid these prob-
lems and to obtain protein concentrates or isolates with good functionality and suit-
able as food ingredients, mechanical and thermal treatments are applied (Moure 
et al.  2006 ; Barbin et al.  2011  ) . Recently, extractions with different organic sol-
vents, such as n-hexane, 2-methyl pentane, diethyl ether, acetone, 2-propanol, and 
ethanol were compared regarding effectiveness, suitability, and protein solubility of 
the full-fat and defatted lupin (Bader et al.  2011  ) .  

    2.2.2.2   Aqueous Solutions 

 In recent years, because of the growing environmental concerns over the use of 
organic solvents to extract oil/protein from oil-bearing food materials, aqueous 
extraction is gaining attention. Water is also operationally advantageous over alco-
hols because it is non fl ammable and neither explosive nor toxic. Commercially, the 
production of protein concentrates (48–70% protein) or isolates (85–90% protein) 
consists of an aqueous solubilization of protein and carbohydrates at acid, neutral, 
or alkaline pH and the selective recovery of the solubilized protein, separation, and, 
optionally, washing and neutralization before drying. The protein extraction yield 
and properties are in fl uenced by the type of extraction process and by different fac-
tors such as pH, salts concentration, the ionic strength of the medium, net charge, 
and electrostatic repulsions (Tan et al.  2011  ) . 

 A number of acid and alkaline protein extraction protocols have been published 
from various plant and animal tissues. In the last decade, different studies have 
focused on evaluating the effect of extraction methods on the functional and rheo-
logical properties of proteins recovered from by-products of the meat and  fi sh indus-
try (Liang and Hultin  2003 ; Chaijan et al.  2006 ; Hrynets et al.  2010,   2011 ; Moayedi 
et al.  2010 ; Omana et al.  2010  ) . In the case of plant proteins, the ideal extraction 
method is particularly challenging due to the metabolic and structural characteristics 
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of plant tissues, including the cell wall matrix. The majority of alkaline extraction 
protocols are based on the so-called Osborne method (Osborne  1924  ) , but each 
method is optimized according to the aim of the study and the type of vegetal pro-
tein source. Recent studies report the use of mainly sodium and calcium salts to 
extract proteins from different vegetal foods (Ghaly and Alkoaik  2010 ; Horax et al. 
 2010 ; Lestari et al.  2010 ; Karaca et al.  2011 ; Nadal et al.  2011  ) . These extraction 
methods are simple because the agents required are easily available. However, as a 
result of the degradation at high pH conditions, the protein yield is generally low. 
Also, the protein quality can be altered by alkaline processing due to undesirable 
reactions involving racemization of amino acids, formation of toxic compounds 
such as lysinoalanine, reduction of digestibility, loss of essential amino acids, and 
decrease in nutritive value. Furthermore, the remaining alkali needs to be washed 
thoroughly from the  fi nal product, leading to generation of a large amount of waste-
water (Sereewatthanawut et al.  2008  ) . To optimize protein precipitation recovery 
different strategies have been developed. Use of additives, such as TCA or car-
boxymethylcellulose is generally accepted (Massoura et al.  1998  ) . Extraction and 
further formation of protein micelles have also been proposed (Krause et al.  2002 ; 
Murray  2003 ; Ser et al.  2008 ; Green et al.  2010  ) . This method has been demon-
strated to reduce the concentration of problematic antinutritional or toxic factors, 
including the glucosinolates and their degradation products during canola protein 
extraction (Tan et al.  2011  ) .  

    2.2.2.3   Aqueous Enzymatic Extraction 

 An alternative approach combining aqueous and enzymatic extraction is attracting 
attention. Studies using this extraction process are shown in Table  2.3 . Enzymes can 
aid in the extraction of proteins in several ways. Carbohydrases, which can attack 
the cell wall components, may increase protein yield by liberating more protein 
from the matrix source (Ansharullah et al.  1997 ; Wang et al.  1999 ; Tang et al.  2002  ) . 
A combination of cell wall-hydrolyzing enzymes (i.e., Viscozyme L) has been used 
to cleave linkages within the polysaccharide matrix effectively and hence, liberate 
more intracellular protein from oat bran (Guan and Yao  2008  ) . In the last few years, 
different proteases, alone or in combination, have been used to partially hydrolyze 
proteins to peptides, increasing their solubility and making them more easily extract-
able. Recently, De Moura and co-workers  (  2011  )  developed a two-stage countercur-
rent aqueous enzymatic extraction process for soybean, signi fi cantly reducing the 
amount of water used. They achieved slightly higher oil and protein extraction 
yields than those from standard single-stage aqueous enzymatic extraction.  

 Aqueous enzymatic protein extraction has been de fi ned as an environmentally 
friendly, safe, and cheap alternative to extract oil and protein simultaneously (Latif 
and Anwar  2009  ) . Moreover, this process avoids serious damage to the proteins 
produced by the re fi ning steps, improving their nutritional and functional properties 
(Domínguez et al.  1994 ; Moure et al.  2000  ) . However, and although the enzymatic 
extraction process produces no toxic chemicals, it shows some disadvantages, such 
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as the long time required and the high cost of enzymes that makes this strategy 
uneconomical. The use of immobilized enzyme in protein extraction may reduce the 
overall cost by allowing the reuse of enzymes.  

    2.2.2.4   Subcritical Water 

 Recent studies demonstrate the use of water at subcritical conditions as an environ-
mentally friendly reaction medium to extract proteins from different food sources. 
Subcritical water is water that maintains its liquid state in the temperature range of 
100–374°C under pressurized conditions. Its unique properties, such as a lower 
relative dielectric constant and a higher ion product than ambient water, make sub-
critical water a promising extraction solvent for various compounds, including pro-
teins (Hata et al.  2008  ) . Ho et al.  (  2007  )  used pressurized low-polarity water to 
extract proteins from defatted  fl axseed meal. A number of studies have demon-
strated the ability of water at subcritical conditions to extract proteins from rice bran 
and soybean meal with high protein yields and good functional properties 
(Watchararuji et al.  2008 ; Fabian and Ju  2011  ) .   

    2.2.3   Protein Enrichments Methods 

 Once the protein fraction has been isolated from the rest of the constituents and the 
interference substances have been eliminated, there are still some other steps that 
are needed prior to the analysis of the sample by mass spectrometry (MS). Despite 
the last technological developments, no single analytical method exists covering the 
protein concentration range present in a speci fi c sample. Sometimes the total pro-
tein content is very low or the objective is the determination of minor proteins with 
post-translational modi fi cations (e.g., phosphorylation). 

 In many cases the methods described in this part are comparable (if not the same) 
to those previously seen in this chapter during protein extraction. However, this sec-
tion is focused more on those steps to be applied once the protein fraction has been 
separated from other interfering components. As a matter of fact, the purpose of 
fractionation and enrichment methods is to obtain distinguishable fractions and 
increase the concentration of the proteins of interest. 

    2.2.3.1   Centrifugation 

 The use of centrifugation is one of the simplest methods used for isolation and 
enrichment/fractionation of proteins. Centrifugation can be used for different pur-
poses. It can be a  fi rst step to separate different cell substructures where our proteins 
of interest are locally concentrated, for instance, mitochondria, membrane, or 
nucleus. This process involves multiple centrifugation steps and, as a result, the 
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 cellular homogenate is separated into different layers based on the molecular weight, 
size, and shape of each component. Afterwards, solubilization steps, as explained 
above, and enrichment and fractionation steps should be carried out to isolate the 
protein fraction from the selected layer prior to MS analysis. 

 Apart from its use separating crude mixtures of cell components, centrifugation 
is also commonly used to fractionate a protein mixture into different fractions. 
The separation takes place based on the coef fi cient of sedimentation of the pro-
teins. This coef fi cient is usually expressed in  Svedberg units  (S), and the smaller 
the S value, the slower a molecule moves in a centrifugal  fi eld. Separation will 
depend on the mass, the shape, and the protein density. Numerous examples are 
found in the literature using the differential coef fi cient of sedimentation of the 
proteins to carry out fractionation (Sharma et al.  2010 ; Jiang et al.  2011  ) . 
The ef fi ciency of this fractionation step can be enhanced using gradient centrifu-
gation, where the centrifuge tube is  fi lled with a solution of sucrose, forming a 
density gradient.  

    2.2.3.2   Precipitation 

 It is recognized that among the different precipitants the most widespread is ammo-
nium sulphate (Bodzon-Kulakowska et al.  2007  ) . The addition of high amounts of 
this salt or other such as sodium chloride into a protein solution provokes an increase 
of protein interactions followed by protein aggregation and  fi nally precipitation. 
This is known as a salting-out process and, as the salt concentration needed for 
protein precipitation varies from one protein to another, it allows selective protein 
separation. An alternative salting-out method using decreasing solutions of salt can 
also be used to enrich previously precipitated protein fractions. This salting-out 
approach has been used to separate the main storage soybean proteins, glycinin and 
 b -conglycinin (Deak et al.  2006  ) . 

 Another type of protein enrichment is immunoprecipitation, based upon the 
binding of the antigen to its speci fi c antibody to form the antigen–antibody com-
plex. In general it offers high recoveries of the proteins and it is widely used for food 
allergens (Pastorello and Trambaioli  2001  ) .  

    2.2.3.3   Electrophoretic Methods 

 Electrophoresis separates mixtures of proteins based on charge, charge/mass 
ratio, size, or shape. This technique is mainly used as an analytical and 
 preparative tool, especially one-dimensional separation, often employed as a 
pre-fractionating technique (Guttman et al.  2004 ; Jorgenson and Evans  2004  ) . 
Often, laboratories dedicate one-dimensional gel electrophoresis (1DE) to 
evaluate the outcome of protein puri fi cation preceding the analysis by (2DE) 
(Chen et al.  2007  ) . 
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 Electrophoretic pre-fractionation methods include electrokinetic methodologies 
performed in free solution, essentially all relying on isoelectric focusing (IEF) 
steps. Puri fi cation using IEF is especially advantageous when protein activity must 
be maintained. Bioactivity is maintained because the proteins remain in solution in 
their native conformation. Based on the IEF principle, different instruments have 
been developed such as the Rotofor, a multicompartmental device with focusing 
chambers that allows the fractionation of volumes of sample (12–60 mL) contain-
ing micrograms to grams of protein (Hey et al.  2008  ) . Another well-known device 
is the so-called “Off-Gel IEF” (Keidel et al.  2011  ) . Upon application of an electric 
 fi eld perpendicularly to the liquid chamber, the current lines penetrate into the 
chamber and extract charged proteins from the solution into the IEF gel. In its mul-
ticompartment format, the protein fractions are separated by ranges of pI depend-
ing on their positioning over the IEF gel strip. Other instruments of interest are the 
Octopus, a continuous- fl ow device for isoelectric focusing in an upward  fl owing 
liquid curtain, and the Gradi fl ow, where different pI cuts are obtained by a multi-
step passage through two compartments buffered at different pH values (Righetti 
et al.  2003  ) . 

 Depending on the complexity of the samples, the separated fractions can be ana-
lyzed directly by MS or in some cases they may undergo a subsequent separation 
step in a second dimension, generally SDS-PAGE, to separate the proteins accord-
ing to their molecular weight. In the  fi rst case, the possible presence of ampholytes 
may imply an extra step to remove them and avoid disturbance in MS.  

    2.2.3.4   Chromatographic Methods 

 Liquid chromatography (LC) techniques are the most commonly used in proteome 
pre-fractionation prior to in-depth analysis. The separation of the different proteins 
is achieved according to their charge, hydrophobicity, size, or speci fi city. In some 
cases, chromatographic methods can also be used to eliminate some interference 
substances (e.g., salts) coming from previous enrichment steps. 

 Among LC fractionation methods, ion-exchange chromatography (IEX) is prob-
ably the most used, with proteins being separated according to their pI. Acidic pro-
teins are usually fractionated by anion-exchange chromatography whereas basic 
proteins are fractionated by cation-exchange chromatography. IEX has been often 
used to separate milk proteins as reported by Gómez-Ruiz et al.  (  2007a  ) , who used 
cation-exchange chromatography to separate sheep milk caseins. 

 Reverse phase LC (RP-LC) separates proteins according to their hydrophobicity. 
Proteins are adsorbed on a stationary phase carrying hydrophobic groups, and are 
eluted with increasing concentration of an organic solvent, generally acetonitrile. 
RP-LC is widely used in proteomics in combination with IEX and MS analysis, 
usually in shotgun multidimensional strategies that are used as an alternative to 
2-D-PAGE technology. A special case of chromatography based on hydrophobic 
interactions uses a high concentration of lyotropic salts (frequently ammonium sulphate) 
to expose the hydrophobic parts of proteins towards the hydrophobic patches of 
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solid-phase sorbents. Desorption is promoted by using a decreasing concentration 
of the lyotropic salts. 

 Pre-fractionation with chromatographic methods is also used to investigate post-
translational modi fi cations such as glycosylation or phosphorylation, to cite perhaps 
the two most important. These modi fi cations are mainly studied using af fi nity chro-
matography (AC). This chromatography utilizes highly speci fi c biological interac-
tions (i.e., antigen–antibody, receptor–ligand, enzyme–substrate/inhibitor, etc.). 
AC results are quite adequate for accessing low concentrated proteins in complex 
samples, in some cases through the depletion of high abundance proteins that remain 
bound to the column. Examples of AC are heparin chromatography, broadly used 
for studying microbial proteins, or lectin chromatography that is specially used for 
glycoproteins (Lee and Lee  2004 ; Azarkan et al.  2007  ) . Immobilized metal af fi nity 
chromatography (IMAC) is used to enrich phosphoproteins. This chromatography 
is based on formation of coordinate bonds between basic groups on protein surface 
and metal ions. The major drawback is that little or no binding to Fe(III) or Ga(III) 
charged resins is observed at neutral pH, and using low-pH buffers may provoke 
protein denaturalization or precipitation in the column (Schmidt et al.  2007  ) . 

 Some other techniques such as size-exclusion chromatography (SEC) separate 
proteins according to their molecular mass, as the second dimension of 2-D-PAGE. 
However, unlike 2-D-PAGE this chromatography can be used under nondenaturing 
conditions allowing the study of protein complexes. As an example, SEC has been 
used for the evaluation of the bread-making quality of hard spring wheat  fl ours 
(Ohm et al.  2009  ) . Additional methods based on the use of chip-based arrays are 
gaining importance recently, with surface-enhanced laser desorption/ionization 
(SELDI) one of their maximum exponents (Righetti et al.  2005  ) . Unlike chromatog-
raphy separation, here only retained proteins are eventually studied and the other 
proteins are removed by one or more washing steps. Subsequently, the use of a pulse 
of laser light provokes the desorption of the proteins of interest which are converted 
into gaseous ions and analyzed by MS, typically using time of  fl ight (TOF) 
analyzers.    

    2.3   Protein Digestion 

 Once the proteins have been isolated from interfering compounds (other food com-
ponents such as lipids, nucleic acids, phenolic compounds, or carbohydrates) they 
are usually analyzed by 1D or 2-D SDS-PAGE, depending of the complexity of the 
sample. Gel electrophoresis analysis is typically followed by protein digestion, 
a key procedure prior to the identi fi cation of proteins by MS. However, in some 
cases digestion is carried out without electrophoretic separation. For instance, direct 
digestion of a mixture of proteins is adequate when a broad survey of the identi fi able 
protein components is desired or to minimize the loss of peptides by binding to the 
polyacrylamide when characterizing post-translational modi fi cations (Kinter and 
Sherman  2005  ) . 
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 Different proteolytic agents are used for protein digestion, including enzymes 
such as trypsin, different endoproteases (Lys-C, Arg-C, Asp-N, Glu-C), or chy-
motrypsin, as well as chemical reagents such as hydroxylamine or cyanogens 
 bromide. The speci fi city of the amide bond or bonds cleaved by these reagents 
allows the obtaining of speci fi c peptides that facilitate the interpretation of their 
mass spectra and database search. Trypsin is certainly the most popular reagent 
because it shows many advantages compared to other enzymes and chemical 
reagents, in addition to its relatively low cost of production and high purity. This 
enzyme cleaves amide bonds at the C-terminal side of Lys and Arg residues except 
when these bonds are to Pro. Apart from this selectivity, Arg and Lys are common 
amino acids distributed through most proteomes such that tryptic cleavage yields 
 peptides with an average length suitable for MS. Finally, trypsin cleavage yields 
peptides containing a strongly basic residue (Lys or Arg) at the C-terminal, a fact 
that facilitates the interpretation of collision-induced dissociation (CID) mass 
spectra (Couto et al.  2011  ) . 

 When talking about protein digestion in proteomic studies we mainly think of 
two types of digestion: “in-gel” digestion and “in-solution” digestion. Most pro-
teomic studies perform in-gel digestion of proteins previously separated by their 
charge and/or their molecular weight (1D or 2-D SDS-PAGE). Identi fi cation of pro-
teins from polyacrylamide gels offers a number of important advantages compared 
to gel-free approaches, such as higher dynamic range of analysis of protein mixtures 
(ratio of lowest to highest abundance protein detectable) or removal of low molecu-
lar weight impurities before the MS analysis. In-gel protein digestion was  fi rst 
established by Rosenfeld et al.  (  1992  ) . The typical steps of the method have remained 
the same since then, although small variations have been introduced to improve its 
performance. Destaining, reduction, and alkylation of Cys, enzymatic cleavage of 
proteins into peptides, and extraction of peptides from the gel are described as 
essential steps in obtaining high-quality mass spectra. Analysis by electrospray 
(ESI)-MS, less tolerant to salts, requires an additional desalting step which is 
optional for MALDI-MS (Granvogl et al.  2007  )  

 Despite its widespread use, conventional tryptic digestion is very time consum-
ing, with a typical digestion time in the range of several hours to half a day (Park 
and Russell  2000  ) . This is a clear limitation to the production of high-throughputs 
in proteomic analysis. Therefore, in recent times many efforts have been focused 
on developing ef fi cient and fast protein digestion methods. Several alternatives to 
the standard protocol have been proposed, many of them based on the use of elec-
tromagnetic waves (i.e., electromagnetic radiation), such as microwaves, infrared 
(IR) radiation, and ultraviolet (UV) light to accelerate protein digestion (Chen et al. 
 2011 ; Dycka et al.  2012  ) . Among these strategies, the use of IR-assisted digestion 
seems to be the most promising approach due to its safety compared to the other 
electromagnetic waves. Other alternatives are the use of modi fi ed trypsin, for 
instance, by reductive methylation which decreases autolysis and shifts its optimal 
catalytic temperature to 50–60°C. This modi fi ed trypsin allows the reduction of 
digestion times from 16 h to 30 min without losing ef fi ciency. For in-solution 
digestion, immobilized trypsin systems as part of a microchip bioreactor offer a 
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very ef fi cient alternative to conventional methods. As an example, the use of a 
 fi ber-based microchip bioreactor provides on-chip digestion in less than 5 s with 
similar tryptic digests to those obtained by the conventional in-solution tryptic 
digestion (Fan and Chen  2007  ) . 

 During each step along the protein digestion experiments extreme care is neces-
sary to avoid contamination that can compromise MS analyses and the outcome of 
the study. In some cases the contamination refers to low molecular weight com-
pounds (from either the polyacrylamide gel or the subsequent digestion of speci fi c 
bands) that will not provoke erroneous protein identi fi cation but will complicate 
peptide detection due to higher noise levels. The use of high-purity reagents through-
out the experiment, especially for gel-electrophoresis and digestion can signi fi cantly 
minimize this type of contamination. On other occasions, contamination with kera-
tins, proteins derived from skin and hair, is the main problem. In this case wearing 
gloves and an adequate handling of the laboratory consumables (e.g., pipette tips) 
and reagents will limit this contamination.  

    2.4   Food Peptide Extraction and Fractionation 

 Generally, food peptide content is not as abundant as would be desirable. In addition 
to this, the presence of nonpeptidic constituents (i.e., lipids, sugars) may also inter-
fere in peptide analysis. Therefore, in practice it is dif fi cult to analyze food peptides 
with good accuracy without performing a sample preparation step. This sample 
preparation can comprise diverse procedures for isolation, puri fi cation, and pre-
concentration of the analyte, more than one step being required in many cases 
(Poliwoda and Wieczorek  2009  ) . 

 RP-LC and capillary electrophoresis (CE), are the basic analytical methods 
used for chemometrical analysis of food peptidome (Minkiewicz et al.  2008  ) . In 
relation to CE and capillary electrochromatography (CEC), restrictions come 
from the small sample volume applied (nano- to picolitre) that necessitates the 
application of pre-concentration and pre-separation steps in samples with low 
peptide concentration or complex mixtures (Kasicka  2012  ) . 

 In general, food samples are  fi rst subjected to a preliminary sample cleanup step 
to remove interfering substances and then, different fractionation steps are applied, 
as has been widely revised (González de Llano et al.  2004 ; Asensio-Ramos et al. 
 2009 ; Hernández-Ledesma et al.  2012  ) . Several options that are summarized in 
Table  2.4  may be taken. Direct peptide analysis on food samples without any prepa-
ration treatment is not often reported in the literature (Cheison et al.  2010  ) .  

 Peptide derivatization may be necessary in some analyses for better detection 
(Wang et al.  2011  ) . Most derivatizations are developed with  fl uorescent labels to 
become detectable with  fl uorescence detection whose limit of detections (LODs) is 
about two to three orders of magnitude lower than common UV-absorption detec-
tions (Kasicka  2012  ) . An example may be found in the determination of glutathione 
in must and white wine during alcoholic fermentation (Lavigne et al.  2007  ) . 
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    2.4.1   Extraction and Preliminary Sample Cleanup 

 Hydrophilic peptides are generally extracted with homogenization in water or in 
solutions of organic acids whereas organic solvents are used to obtain highly hydro-
phobic peptides. Homogenization in a mixture of organic solvents (chloroform/
methanol) can be used for peptide extraction as well as for the removal of sample 
interferences after producing a biphasic system. By using this method, Kostyra et al. 
 (  2003  )  studied the opioid activity of cheese and fermented milk samples, On the 
other hand, homogenization in water has been widely applied on cheese,  fi sh, meat, 
and cereals samples as shown in Table  2.4 . Typically, the ratio of water to cheese 
used was 2:1 in the homogenization process, followed by an incubation step of an 
hour at 60°C (Gómez-Ruiz et al.  2002 ; Meyer et al.  2009  ) . 

 Peptide extraction is usually followed by a preliminary sample cleanup for removal 
of other food components (i.e., proteins, lipids). Deproteinization, the most important 
preliminary cleanup procedure in peptide analysis, is carried out by precipitation of 
protein using several agents. Deproteinization could also act as a fractionation proce-
dure for peptides because their solubility depends on the precipitant agent and its 
proportion (Cheng et al.  2010a,  b  ) . After precipitation, centrifugation and  fi ltration 
methods are used to separate proteins from soluble peptides. In addition, the applica-
tion of heat treatments or ultracentrifugation steps at high speed to eliminate the 
proteins has been reported (Gómez-Ruiz et al.  2007b ; Ho et al.  2010  ) . 

 The selectivity of precipitation directly depends on the type of precipitating 
agent applied. In addition to the use of organic solvents such as ethanol, methanol, 
or acetone, solutions containing acids such as TCA or tri fl uoroacetic acid (TFA) are 
classical protein precipitants (Juan-García et al.  2009 ; Escudero et al.  2010  ) . Salting-
out precipitation, based on polarity, with high concentrations of salts or precipita-
tion by adjusting the pH to the pI of protein (Contreras et al.  2010 ; Pihlanto et al. 
 2010  )  are other options. A representative example is found in the isolation and 
identi fi cation of an angiotensin I-converting enzyme (ACE) inhibitory peptide from 
whole buckwheat seeds after consecutive cleanup steps of diethyl ether extraction in 
order to remove most of the fat content and deproteinization by adjusting the pH to 
the pI of buckwheat protein (Ma et al.  2006  ) . 

 In some cases, the application of homogenization and/or deproteinization 
is enough to proceed with peptide analysis (Contreras et al.  2010  ) . Unfortunately, 
most of the samples need additional steps to achieve suitable peptide isolation and 
concentration levels before the analysis.  

    2.4.2   Fractionation 

    2.4.2.1   Ultra fi ltration 

 Ultra fi ltration is mainly useful for fractionating peptides as well as the removal of 
proteins and other macromolecules based on their molecular size. Dedicated 
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 membranes are mostly made of polysulfone or cellulose derivatives. Cellulose 
membranes have excellent hydrophilicity, which is very important in minimizing 
fouling, but they possess low chemical resistance and poor mechanical strength. 
However, polysulfone membranes provide high rigidity but foul earlier because of 
their hydrophobicity (Doyen et al.  2011  ) . Commercially, membranes offer a wide 
range of cutoffs (500–100 kDa) and different formats including centrifugal units 
or cassettes for peristaltic lab systems. Fractionation of peptides has been achieved 
in food samples by applying ultra fi ltration with more than one cutoff membrane. 
As an example, Samaranayaka et al.  (  2010  )  searched the presence of antioxidant 
and ACE inhibitory peptides in a hake protein hydrolyzate using an ultra fi ltration 
unit with different molecular mass cutoff membranes (10, 3, and 1 kDa). In sum-
mary, ultra fi ltration presents some advantages as the sample is not diluted or 
organic solvents are not required. Therefore, in some cases after the ultra fi ltration 
step no additional fractionation processes are applied before analysis, such as in 
cheese (Bütikofer et al.  2008  )  or champagne wine samples (Person et al.  2004  ) . 
Nevertheless, samples often need further pre-treatment procedures that mainly 
improve the analyte concentration. 

 A recent technology named electrodialysis with ultra fi ltration membranes 
(EDUF) has been developed to fractionate peptides from complex mixtures on 
the basis of their electrical charge, size, or molecular weight. A conventional 
electrodialysis is used but some ion exchange membranes are replaced by 
ultra fi ltration ones. This equipment has been employed for the concentration and 
selective separation of bioactive peptides from an alfalfa white protein hydrolyz-
ate (Firdaous et al.  2009  ) . A successful use of these membranes has also been 
reported, isolating an antihypertensive peptide from a tryptic hydrolyzate of 
 b -lactoglobulin (Poulin et al.  2007  ) .  

    2.4.2.2   Low-Pressure Liquid Chromatography 

 Low-pressure size exclusion chromatography (SEC) fractionates peptides on the 
basis of their molecular size. This technique separates analytes through a bed of 
porous beads where they can either enter or be excluded from the internal space of 
the beads based on their size. Elution occurs from the largest to the smallest analyte 
over time (Ly and Wasinger  2011  ) . Several resins with different pore sizes are com-
mercially available. Cross-linked dextran (Sephadex) resins are mostly used but 
polyacrylamide (BioGel P) or divinylbenzene polymers are also available as sta-
tionary phases (Poliwoda and Wieczorek  2009  ) . Depending on the resin composi-
tion, peptides are eluted with water, organic acids, ammonia, or ammonium salts, 
even as alcoholic solutions that reduce potential hydrophobic interactions. For 
instance, Mora et al.  (  2011  )  applied SEC to fractionate peptides released during 
dry-cured ham processing in a Sephadex G25 column under isocratic conditions in 
0.01 N HCl. Other uses have been reported, for instance, to identify ACE inhibitory 
peptides in white and red wines (Pozo-Bayón et al.  2007  ) . 
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 Low-pressure ion exchange chromatography (IEX) constitutes another technique 
for peptide fractionation in food analysis. In this case, peptides are fractionated 
according to their net surface charge/polarity. Porous or nonporous matrices with 
hydrophilic materials such as cellulose, cross-linked dextrans, polystyrene poly-
mers (Dowex resins), or Bio-Rex membranes are very useful as anion or cation 
exchange stationary phases. These matrices are substituted with functional groups 
that determine the charge of the medium (e.g., quaternary ammonium, diethylam-
inoethyl, sulfopropyl, carboxymethyl, etc.). The ionic strength increases as the elu-
tion method can carry a large amount of salts in the elution buffer that makes samples 
incompatible with techniques such as MS (Ly and Wasinger  2011  ) . 

 Off-line combination of IEX and SEC has been reported in some food peptide 
analyses. A representative example is found in the work of Liu et al.  (  2010  ) , who 
fractionated an egg white protein hydrolyzate by SEC with Sephadex G-25 resin 
followed by IEX (Sephadex C-25 column) of those fractions with the highest 
ACE inhibitory activity. A similar fractionation strategy has also been used in the 
study of antioxidant peptides in a  fi sh protein hydrolyzate (You et al.  2010  ) , and 
for the evaluation of the peptide contribution to the umami taste of soy sauces 
(Lioe et al.  2006  ) .  

    2.4.2.3   Solid-Phase Extraction 

 Solid-phase extraction (SPE) is based on the same principle of af fi nity-based sepa-
ration as liquid chromatography. SPE enables retention and elution of analytes from 
complex mixtures, removal of interfering compounds, and sample concentration. 
SPE is available in normal phase, reverse-phase, and ion exchange modes, reversed-
phase being one of the most used formats (Kole et al.  2011  ) . Based on the wide 
range of physicochemical properties of the analytes, several commercial sorbents 
(e.g., C 

18
 , C 

8
 , C 

2
 , phenyl, cyanopropyl, and ion exchange bonded materials, among 

others) are supplied to improve the versatility of SPE. Regarding this, in the pepti-
domic characterization of beer, Picariello et al.,  (  2011  )  applied the samples directly 
onto the C 

18
  pre-packed cartridges and eluted with acetonitrile/TFA to RP-LC. In 

other examples, Hernández-Ledesma et al.  (  2005  )  treated the water-soluble extract 
of fermented milk with a Sep-Pak C 

18
  cartridge and acetonitrile elution, and a simi-

lar extraction step was used by Muguruma et al.  (  2009  )  to desalt SEC-eluted frac-
tions from porcine myosin B. 

 Based on similar principles of SPE techniques, innovative size-reduced devices 
have recently appeared for concentration, puri fi cation, and desalting of peptides 
prior to analysis by MS. These devices support a membrane or microcolumn that can 
be of diverse nature (polar, nonpolar, and ion exchange) and feature an optimized 
procedure for sample preparation. For instance, in the study of trout peptidome 
changes during storage, Bauchart et al.  (  2007  )  used a C 

18
  membrane device prior to 

MALDI-TOF analysis with the aim of removing the perchloric acid used in the pre-
vious extraction. Another case is found in the study of beer peptidome in which 
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residual interfering sugars are removed by applying the sample on C 
18

  Zip-Tip 
microcolumns and peptides eluted with acetonitrile/TFA (Picariello et al.  2011  ) .    

    2.5   Future Perspectives 

 Current efforts are mainly focused on the improvement and development of auto-
mated systems as today sample preparation implies several labor-intensive and 
time-consuming handling steps. Despite the generalized use of 2-D electrophoresis, 
this technology has limitations mainly when dealing with proteins at varying expres-
sion levels. An alternative could be the use of automated pre-fractionation methods 
such as electrokinetic methodologies performed in free solution combined with 
one-dimensional PAGE and capillary LC-MS/MS. Recent technologies such as 
SELDI also imply minimal requirements for puri fi cation and separation of proteins 
prior to their analysis by MS. For the investigation of post-translationally modi fi ed 
proteins the future approach seems to be the combined use of af fi nity-based enrich-
ment and extraction methods and multidimensional separation technologies prior to 
MS analysis. A persisting challenge is still the development of appropriate enrich-
ment/fractionation techniques to facilitate MS analysis of membrane proteins.      
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          3.1   Introduction 

 A typical work fl ow (Fig.  3.1 ) in proteomics involves: (1) protein extraction, 
(2) protein/peptide separation and quanti fi cation, (3) protein identi fi cation/
quanti fi cation, and (4) data analysis and interpretation. Protein/peptide separation 
can be either gel-based or gel-free. They differ in the way proteins are isolated, 
separated, and detected. A gel-based approach relies on 2DE for protein separation 
and quanti fi cation whereas a gel-free approach relies on LC for separation of either 
entire proteins or peptides. This chapter focuses on protein separation and 
quanti fi cation using two-dimensional electrophoresis (2DE).   

    3.2   Standard 2DE 

 Two-dimensional electrophoresis dates back to 1975 when it was introduced for the 
 fi rst time by O’Farrell (O’Farrell  1975  ) . Standard 2DE is carried out under denatur-
ing conditions. This is accomplished by the use of disulphide-reducing (e.g., dithio-
threitol, mercaptoethanol), chaotropic (urea, thiourea), and thiol alkylating additives 
(e.g., iodoacetamide). It involves separation of proteins in two dimensions using 
different protein properties. The complete work fl ow involves several steps:  fi rst-
dimension separation or isoelectric focusing of proteins (IEF), second-dimension 
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separation or Dalt separation of proteins, protein staining and visualization, image 
analysis, data pre-processing, and statistical analysis to account for differentially 
expressed proteins that will be further sent for mass spectrometry identi fi cation. 

 The  fi rst-dimension separation or IEF consists of using the differences in the 
electric charge of proteins, taking advantage of their amphoteric character. 
Depending on the pH of the environment, proteins change their charge. Separation 
is accomplished by applying an electric current to an IPG (immobilized pH gradi-
ent) strip. Thus, if a protein is in a pH region below its isoelectric point (pI), it will 
be positively charged and will migrate towards the cathode. When proteins reach 
their pI, they will stop migrating and be “focused.” Thanks to the introduction in the 
middle 1990s of IPG gels with a plastic backing, so-called strips instead of tubes of 
carrier ampholites, superior reproducibility, resolution, and loading capacity are 
possible (Penque     2009 ). The commercial availability of precast IPG gels from nar-
row to broad IPG ranges allows a wide range of choices. For extensive and detailed 
information on IEF and IPG technology, the reader is referred to Righetti and Bossi 
 (  1997  )  and Görg et al.  (  1999,   2000  ) . 

 In the second dimension, the IPG strip with the separated proteins via IEF is used 
as the starting point for second-dimension separation. Molecular weight-based pro-
tein separation is carried out in sodium dodecyl sulphate (SDS) polyacrylamide 
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  Fig. 3.1    Gel-based ( a ) 
versus gel-free ( b ) typical 
protein analysis work fl ows. 
In a gel-based approach, 
proteins are separated 
using 2-DE. After image 
analysis proteins can be 
relatively quanti fi ed and 
then selected proteins are 
further digested for 
identi fi cation via mass 
spectrometry. In a gel-free 
approach, protein digests 
(peptides) are separated via 
LC and further identi fi ed 
via mass spectrometry 
analysis. Label free 
quanti fi cation or absolute 
quanti fi cation using stable 
isotope peptides is feasible       
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(PAGE) gels better known as SDS-PAGE. Before this second separation is  performed, 
proteins on the IPG strip are equilibrated in an SDS excess in order to eliminate the 
intrinsic charges of proteins. Thus, secondary and tertiary structures of proteins are 
eliminated and after reduction of disulphide bridges between cysteins, the electro-
phoretic mobility of proteins is solely dependent on molecular weight. Given the 
different particle sizes of the separating acrylamide gel, smaller proteins will move 
faster than larger molecules. A two-dimensional gel containing hundreds to thou-
sands of proteins can be resolved on a single run (Fig.  3.2 ).  

 Once the separation is accomplished, proteins need to be visualized. A wide 
range of visualisation strategies exists for quantitative analysis of the separated pro-
teins. The most commonly used are colloidal coomassie blue (CCB) (Neuhoff et al. 
 1988  ) , silver staining (Blum et al.  1987  ) , radiolabeling (Patton  2002  ) , and 
 fl uorescence (Chevalier et al.  2004  ) . For more extensive and detailed information 
about the different staining strategies, the reader is referred to Miller et al.  (  2006  ) . 
Before a staining strategy is chosen, the different limitations and advantages of each 
should be evaluated. The different staining strategies (e.g., colloidal coomassie blue 
vs. silver) differ in achievable detection limits (8–10 ng for CCB vs. 0.1–1 ng for silver), 
dynamic range (10 3  for CCB vs. 10 2  for silver), and reproducibility. Classical 2DE 
comparative analysis presents the limitation of high gel to gel variation which ren-
ders quantitative or differential analysis dif fi cult because technical and biological 
variability can be confused with true treatments. Differential gel electrophoresis 
technology known as DIGE was developed (Ǘnlü et al.  1997  )  to circumvent the 
inherent variability of classical 2DE, thus increasing con fi dence in terms of detec-
tion and quanti fi cation of differences in protein abundance and reducing the number 
of gels needed in an experiment (Alban et al.  2003 ; Timms and Cramer  2008 ; 
Minden et al.  2009  ) . 

    3.2.1   Difference Gel Electrophoresis (DIGE) 

 Differential in gel electrophoresis combined with 2DE is well suited to separate and 
account for differential protein analysis. DIGE was introduced to overcome the poor 
reproducibility of 2DE. Compared to classical staining (e.g., silver, CBB), proteins 
present in a sample are labeled with spectrally resolvable  fl uorescent dyes: NHS-Cy2 
(MW: 550.6 Da, excitation: 480 nm, emission: 530 nm), NHS-Cy3 (MW: 582.8 Da, 
excitation: 540 nm, emission: 590 nm), and NHS-Cy5 (MW: 580.7 Da, excitation: 
620 nm, emission: 680 nm) prior to 2DE separation. The sensitivity of DIGE is 
extremely high: <1  f mol of protein and a dynamic range of 10 5  (Lilley et al.  2002 ; 
Viswanathan et al.  2006  ) . 

 The use of labels that have different wavelengths for detection allows the co-
separation of two or more differentially labeled samples on the same gel (Timms 
and Cramer  2008  ) . These reagents react with primary amine groups (N-terminal 
 a -amino and lysine  e -amino groups) in the protein sample through nucleophilic 
substitution. This is known as “minimal labeling” because two different species per 
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  Fig. 3.2    ( a ) Schematic representation of a two-dimensional electrophoresis separation. Proteins are 
separated based on isoelectric point (pI) and molecular weight (MW). ( b ) Two-dimensional electro-
phoresis (2-DE). Proteins are separated based on isoelectric point (pI) on the horizontal direction and 
based on molecular weight (MW) on the vertical direction. A representative gel for pear tissue stored 
under optimal conditions. Proteins were separated via 2-DE (24 cm gel, pI 5–8, 12.5% acrylamide) 
and the gel was visualized with silver staining. A total of 35  m g protein was loaded on the gel       
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protein are created representing the labeled ones 1–2% and the unlabeled ones 
98–99% (Hrebicek et al.  2007  ) . Protein samples are labeled in denaturing 2DE lysis 
buffer at an optimal pH 8.0–8.5 in the absence of primary amines (e.g., buffers and 
carrier ampholites) and other reducing reagents that show reactivity (Timms and 
Cramer  2008  ) . The labeling reaction is stopped with an excess of primary amine 
(free lysine) and then samples are reduced. These dyes are pKa matched with the 
 e -amino group of lysine to avoid a pI shift upon derivatization (Hrebicek et al. 
 2007  ) . Depending on the dye, the molecular weight increase of proteins is between 
434 and 464. The dye effect is supposed to have little impact on most proteins, 
except for proteins of low molecular mass (Hrebicek et al.  2007  ) .    

 Equal protein amounts of differentially labeled samples with NHS-Cy3 and 
NHS-Cy5 are mixed and 2DE run. A third sample or “pooled internal standard” 
labeled with NHS-Cy2 consisting of an equal mixture of all test samples to ensure 
complete representation of all protein species can be introduced. The main advan-
tage of multiplexing samples is that the pooled internal standard is used to normal-
ize protein abundance across multiple gels. Thus, each gel will contain an image 
with a highly similar spot pattern so improved con fi dence will be attained for 
 inter-gel spot matching and quanti fi cation. The complete DIGE process can be 
 summarized as: labeling reaction, 2DE, acquisition of separate images for each 
sample, and software-aided analysis of the images for assessment of differences in 
expression (Fig.  3.3 ).  

 “Saturation” labeling is also possible with DIGE; it includes cysteine-reactive 
labels (Cy3 and Cy5 maleimide derivatives). It can be an interesting option when 
the protein amount is scarce. Fewer cysteine residues than lysine residues exist 
in proteins, so theoretically a higher stoichiometric labeling of protein cysteines 
can be obtained without any compromise in sample solubility (Timms and 
Cramer  2008  ) .  

    3.2.2   Image Analysis 

 After classical staining or DIGE 2DE, the different gels corresponding to the different 
treatments need to be submitted to image analysis to account for differences in pro-
tein expression. The performance of image and data analysis to assess differences in 
expression is dependent on the quality of the raw data which will have a huge impact 
on the  fi nal conclusions. Thus, it is essential that experimentally caused artifacts are 
reduced or eliminated and that the scanning devices are con fi gured in an optimal 
manner (Berth et al.  2007  ) . Image and data analysis involves: image acquisition, 
image warping, spot detection and editing, quanti fi cation and normalization, 
application of a consensus spot pattern (optional), spot matching, and statistical 
analysis. There are several commercially available software packages for 2DE and 
DIGE image analysis such as: PDQuest, Decyder 2-D, ImageMaster Platinum, and 
Progenesis SameSpots among others (Berth et al.  2007  ) . For detailed information, 
the reader is referred to Berth et al.  (  2007  ) . 
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 The  fi rst step involves the acquisition of the gel images with scanners coupled to 
charged couple devices (CCD), or camera-based or laser imaging devices. During 
this step, quantitative information from the gel will be transformed into computer-
readable data. The next step is the removal of variations in spot positions known as 
“warping.” There are two main ways commercial software performs the work of 
analyzing gel images to match the same spots on different gels: (1) one involves 
image warping and the creation of a fusion gel before spot detection. The fusion gel 
contains all spots from all images. Thus, the boundaries of all spots from the fusion 
gel are transferred back to the other images, so no missing values are generated 
(Albrecht et al.  2010  ) . However, there are technical issues such as gel distortions, 
incorrect merging/splitting, and others that need to be corrected; (2) the second 
approach consists of detecting spots on every single gel before spot matching across 
the different gels. The image containing the maximum number of spots is usually 
chosen as the master gel and the different other images are matched to it. Differences 
in spot positions across different gels will be corrected as it is extremely important 
for accurate spot matching and further construction of expression pro fi les. The dif-
ferences observed in the position of proteins on 2DE from separation to separation 
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  Fig. 3.3    Difference in gel 
electrophoresis (DIGE) 
2-DE work fl ow. Up to 
three samples can be run 
on a single run after 
labelling with NHS-Cy 
dyes. In a 3 dye approach, 
samples are labelled with 
Cy3 and Cy5 and a pooled 
standard (mix of equal 
amounts of each sample 
analyzed) is labelled 
with Cy2       
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are due to variations in the pH value of the running buffer, incomplete  polymerization 
of the gel matrix, or interference of high abundant proteins with the pH gradient in 
the IPG gel, among others (Berth et al.  2007  ) . This procedure generates missing 
data which are discussed further. These variations can be circumvented up to a cer-
tain point by multiplexing samples (DIGE) because multiple samples are run on the 
same gel, but biological replicates are still run per treatment in a randomized form, 
in practice meaning that multiple gels are run. 

 The next step involves spot detection and normalization of spot quantities. 
Normalization deals with the mitigation of systematic differences between images 
due to protein loading, imaging exposure time, and dye/staining ef fi ciency. During 
this step raw spot volumes are related to spot volumes on the same (vertical) and 
other gels (horizontal). The DIGE setup uses a horizontal normalization. The Cy2 
channel is loaded with the common internal standard (composed of equal amounts 
of all the samples used in the experiment). Spot intensities in the other channels 
(Cy3 and Cy5) are normalized by dividing them with the corresponding one on the 
Cy2 channel on the same gel. The last step before comparison of expression pro fi les 
is spot matching or the comparison of spot intensities over the complete experiment 
(each spot needs to be mapped to corresponding spots in the other gels). This pro-
cess is not trivial due to differences in migration in spot patterns across different 
gels, spots being in the threshold of detection, badly resolved spot clusters. Whatever 
the reason, problems related to spot matching will have a huge impact on the subse-
quent statistical analysis because they will generate missing values or wrong values 
that need to be manually corrected and treated as missing values. How missing val-
ues are tackled and handled will have a signi fi cant impact on the statistical 
analysis.  

    3.2.3   Data Analysis 

 Gel-based proteomics that rely on 2DE generate huge amounts of data which if 
improperly handled can bias conclusions. Thus, a good experimental design is 
the starting point to limit systematic errors, improve performance and precision 
of any statistical test used, and reduce or limit the number of false positive 
calls. 

 A good experimental design demands careful assessment of the sources of varia-
tion which can be classi fi ed either as technical or biological. Technical replicates 
are repeated measures from the same biological sample whereas biological repli-
cates are different replicate samples from the same treatment group (Karp et al. 
 2005 ; Hollywood et al.  2006  ) . It is very important to be aware of the differences in 
the sources of variation, because the type of replicate will limit the statistical test 
that can be used and the conclusions that can be drawn. 

 Systematic errors due to unknown sources of variation can be prevented by ran-
domization, facilitating the comparison of treatments and precision in the estima-
tion of the results (Chich et al.  2007  ) . 



58 R. Pedreschi

    3.2.3.1   Data Pre-processing Steps 

 The statistical analysis of 2DE experiments demands some pre-processing steps 
beforehand. The normalization of the spot volumes to remove effects related to 
 differences in loading and staining is one step as previously discussed in the image 
analysis section. Many statistical tests are based on the normal distribution assump-
tion. It might be necessary to apply some type of data transformation (e.g., logarith-
mic, sinh transformation gives the hyperbolic sin) to stabilize the variance (e.g., highly 
abundant proteins have larger variance than low abundant proteins) and thus ful fi ll 
the second assumption of “homoscedasticity” of parametric statistical methods 
(Urfer et al.  2006 ; Jung et al.  2006  ) . 

 Missing values, typical of 2DE-generated data should be handled with extreme 
care (Krogh et al.  2007 ; Pedreschi et al.  2008  ) . Particular interest should be given to 
the potential causes of missing data, because how they are handled will have a huge 
impact on the making of further conclusions. The main causes of missing value 
occurrence are (1) spots below a threshold of detection limit, (2) mismatches caused 
by distortions in protein patterns, (3) spot absence due to bad transfer from the  fi rst 
to the second dimension, or (4) truly absent spots from the samples (Pedreschi et al. 
 2008  ) . 2DE data can present up to 50% missing data (Krogh et al.  2007  ) . How gel 
images are analyzed by commercial software (refer to Sect. 4.1.2) will determine 
the presence of missing data. Regardless of the approach used: warping and genera-
tion of a fuse gel (supposedly no missing data) or spot detection in all gels and 
matching of gels to the master, pros and cons are encountered (Karp et al.  2008 ; 
Silva et al.  2010  ) . Several methods are proposed to deal with and/or impute missing 
data: row average method,  k -nearest neighbor (KNN), singular value decomposition 
(SVD), impute algorithm (Troyanskaya et al.  2001 ), Bayesian principal component 
analysis (BPCA), missing value estimation method (Oba et al.  2003 ; Pedreschi et al. 
 2008  ) , and maximum likelihood algorithm (Krogh et al.  2007  ) , among others. The 
performance of the methods is dependent on the structure of the data. The missing 
data problem is being acknowledged and several approaches to deal with it have 
been proposed (Pedreschi et al.  2008 ; Rosenberg et al.  2010 ; Miecznikowski et al.  2010 ; 
Li et al.  2011  ) .  

    3.2.3.2   Univariate Data Analysis: Hypothesis-Driven Methods 

 Probably the most common scenario in 2DE studies is the comparison of two 
treatment groups (e.g., diseased condition) versus a control group (e.g., healthy 
condition). 2DE experiments will generate hundreds or thousands of proteins to be 
compared across different treatments. Univariate statistical tests will compare pro-
tein by protein looking for signi fi cant differences in expression between the treat-
ment and control group. This is an hypothesis-driven scenario in which the null 
hypothesis will test for no signi fi cant differences. A signi fi cance level  a  is chosen 
and if the  p -value of the test is lower than the  a -value, then the null hypothesis is 
rejected. 
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 Parametric univariate tests such as the  t -test (to compare two treatments) and 
analysis of variance, ANOVA (to compare more than two treatments), and post 
hoc tests (e.g., Duncan, Tukey, etc.) are powerful but require that the normal 
distribution assumption be ful fi lled as well as the homoscedasticity and indepen-
dent sampling assumptions. The main problem with univariate statistical tests 
for 2DE data is the multiple testing scenario which can generate a large number 
of false positives. Thus, it is important to control the number of false positives 
but still be able to detect true differences or the so-called “power.” The power of 
the test needs to be chosen in order to determine an appropriate sample size. The 
power is also dependent on the variance of the data, signi fi cance level  a , the 
magnitude of the expression change to be detected, and the type of test procedure 
(Urfer et al.  2006  ) . To anticipate and accept a certain amount of false positives, 
the false discovery rate approach (FDR) seems a reasonable procedure (Karp 
et al.  2007  ) . In FDR,  q - and  p- values are in play. The  q -value is the adjusted 
 p -value for each test. Thus, the number of false positives is controlled in those 
tests that were signi fi cant. It is less conservative than the Bonferroni approach 
and has greater ability to  fi nd truly signi fi cant differences (Karp et al.  2007 ; 
Berth et al.  2007  ) . 

 Nonparametric statistical tests are needed when the normality assumption is not 
ful fi lled. They do not assume any distribution of the data but have less power than 
parametric tests. However, other assumptions still hold (e.g., independent sampling, 
continuous data). The Kolmogorov–Smirnov test is equivalent to the  t -test in the 
case of comparing two treatments and the Kruskal–Wallis test is the equivalent to 
ANOVA when comparing more than two treatments. Technical replicates should be 
clearly differentiated from biological replicates in order to apply any statistical test 
correctly. In the case where technical and biological replicates are available, a nested 
ANOVA is able to assess that the variance due to treatments is greater than the vari-
ance related to technical aspects (Karp et al.  2007  ) .  

    3.2.3.3   Multivariate Data Analysis: Hypothesis-Independent Methods 

 Hypothesis-independent methods allow the analysis of high-dimensional data such 
as 2DE data (Berth et al.  2007 ). Meaningful and useful information such as similari-
ties and correlations can be extracted by exploiting the high-dimensional character 
of 2DE data. Multivariate statistical techniques will treat the variables (proteins) as 
a group of correlated variables rather than focusing on one protein at a time as uni-
variate statistics does. It should not be forgotten that proteins are part of the same 
pathways and/or are interconnected with other pathways. The strong correlation 
that exists among the different variables can be used and extracted by utilizing mul-
tivariate statistical tools such as hierarchical clustering, principal component analy-
sis (PCA), or partial least squares discriminant analysis (PLS-DA) (Karp et al.  2005 ; 
Pedreschi et al.  2008,   2010  and others). 

 Hierarchical clustering allows the grouping of expression pro fi les (gels/proteins) 
by similarity. It can be used for outlier detection and to identify structures in the data 



60 R. Pedreschi

(e.g., cluster composition allows identi fi cation of the structure of the experiment so 
replicates from the same sample/treatment should end up in the same cluster) 
(Beth et al.  2007 ). 

 Principal component analysis is an unsupervised technique also referred to as 
explorative data analysis (Carpentier et al.  2008  ) . New variables (principal compo-
nents) that are linear combinations of the original variables are obtained and thus 
the essential data patterns of the original data are captured in a reduced form. PCA 
is recommended as a useful technique to examine datasets with multiple collinearity 
(e.g., proteins that exert functions in concert with other proteins) and to get insight 
into patterns and trends (Karp et al.  2005  ) . PCA will display score plots showing the 
distribution of the samples (gels) allowing, for example, the identi fi cation in a  fi rst 
instance of outliers through the Hotelling  T  2  ellipse. In addition, loading plots will 
show the distribution of the different variables (proteins). The further the variable 
from the origin, the more in fl uential is the variable in explaining relationships in the 
dataset. The superimposition of both the score and loading plots will yield a biplot 
in which discrimination between treatments/samples and relevant proteins can be 
assessed directly. 

 Partial least squares discriminant analysis (PLS-DA) is a supervised bilinear 
regression model that creates prediction models of one or several responses from a 
set of factors (Wold et al.  1987  ) . In PLS-DA latent variables (LV) are constructed in 
such a way that a maximum separation is obtained among them. In addition to PCA, 
PLS-DA is useful for correlating variables in a dataset with membership (Karp et al. 
 2005  )  and selecting important variables involved in class discrimination. Score and 
loading plots are obtained and can be interpreted the same way as in PCA. Other 
plots such as variable importance (VIP), model coef fi cients, residuals, distances to 
model plots, and validation plots exist (Danvind  2002  ) . 

 It might be technically and economically infeasible to try to identify (e.g., 
through mass spectrometry) all proteins from a 2DE experiment even though it 
might be biologically relevant not only to look for differentially expressed proteins 
but also for the ones that do not change. In addition, treatment distinction might be 
due to subtle changes in protein expression. The variable importance procedure has 
been suggested as a practical approach to identify the variables that are more 
important in class distinction (Karp et al.  2005  )  and it seems reasonable to use it 
when the number of proteins to be identi fi ed is dependent on budget limitations, to 
get a general snapshot, and so on (Pedreschi et al.  2007  ) . In this procedure, the VIP 
coef fi cient of a protein is calculated as a weighted sum of the squared correlations 
between the PLS-DA components and the original variables. The weights corre-
spond to the percentage variation explained by the PLS-DA component in the 
model. The number of terms in the sum is dependent on the number of PLS-DA 
components found to be necessary to allow class discrimination (Fig.  3.4 ). 
Exclusion of many variables from the model should receive special attention, 
because important explanatory information can be lost. This approach has been 
used with 2DE data and combined with visualization tools (Karp et al.  2005 ; 
Pedreschi et al.  2007  )  (Fig.  3.5 ). For more details about PLS and VIP, the reader is 
referred to Norden et al.  (  2005  ) .     
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  Fig. 3.4    Partial least square discriminant analysis (PLS-DA) of samples representing three differ-
ent treatments (A, B, C). Discrimination among the treatments can be observed. The  small dots  
represent all the proteins separated on 2-DE gels (variables). ( a ) PLS-DA based on all variables 
(proteins). ( b ) After the VIP procedure was applied. The most representative proteins of each treat-
ment are represented (Reproduced from [Pedreschi et al.,  2010  ]  with permission from [Copyright 
© 2010, Taylor & Francis])       
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    3.2.4   The Pros and Cons of 2DE 

 2DE turns dif fi cult for very acidic or very hydrophobic proteins. However, it is 
possible to deal with these proteins with special characteristics up to a certain 
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  Fig. 3.5    Heat map of the correlation loading plot of a PLS-DA analysis after the VIP procedure. 
The correlation of 43 proteins can be observed in the plot. The colour on the  left  goes from  black  
‘1’ indicative of positive correlation to  blue  ‘-1’ indicative of negative correlation. LC-MS/MS 
identi fi cation of the different correlated proteins showed that many belong to similar pathways or 
interconnected pathways (Reproduced from [Pedreschi et al.  2009 ] with permission from 
[Copyright © 2009, American Chemical Society])       
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extent by introducing variants in gel media composition or by using alternative 
surfactants and solvents (Miller et al.  2010  ) . Extremely basic proteins are prob-
lematic during 2DE because of hydrolysis of acrylamide at pH >10 (Carpentier 
et al.  2008  ) . Modi fi cations in gel composition have been introduced in order to 
obtain reproducibly and commercially available basic IPG strips (Görg et al. 
 1997  ) . Membrane proteins, for example, are problematic for 2DE but they are key 
players in cell biology (   e.g., signal transduction, stress sensors, cell–cell commu-
nication, cellular and organellar traf fi cking and transport, and formation of elec-
tron transfer chains in the mitochondria and plastids; Carpentier et al.  2008  ) . They 
can represent up to 30% of the total proteome (Santoni et al.  2000  ) . This category 
of proteins is very important in food applications such as those involving tempera-
ture reduction (Gómez-Galindo et al.  2007 ; Pedreschi et al.  2010  ) . Alternative 
techniques to 2DE that involve use of different ionic detergents and acrylamide 
concentrations are recommended (Buxbaum  2003 ; Rais et al.  2004  )  to deal with 
these problematic proteins. 

 Proteins with high (>150 kDa) or low (<10 kDa) molecular mass cannot be 
resolved with 2DE. High molecular weight proteins are poorly transferred from 
the  fi rst to second dimension whereas the classical Laemmli SDS-PAGE system 
lacks resolving power below 10 kDa (Carpentier et al.  2008  ) . For high molecular 
weight proteins, different strategies to optimize separation mainly focused on 
speci fi c matrices are discussed and detailed by Miller et al.  (  2010  ) . The incorpo-
ration of DIGE in 2DE analysis might introduce some shifts in molecular weight 
especially in the low molecular range. During minimal labeling, the additional 
mass of the dye will cause labeled proteins (1–2%) to migrate more slowly than 
the unlabeled part. This difference in migration might be an issue after image 
analysis of differentially expressed proteins sent for identi fi cation. Thus, it is rec-
ommended to post-stain the DIGE gels and align the  fl uorescent and post-stained 
images to assure accuracy in spot picking (Timms and Cramer  2008  ) . Protein-
speci fi c dye bias during DIGE labeling for certain proteins complicates 
quanti fi cation. This issue cannot be corrected by global normalization. Thus, 
there is need for this type of protein either to apply alternative normalization 
strategies or validate the differentially expressed proteins by more speci fi c meth-
ods. Mass spectrometry analysis unless based on high resolution mass spectrom-
etry faces a similar problem (Timms and Cramer  2008  ) . The assumption that in 
spots where co-migration of proteins (con fi rmed through mass spectrometry 
tools) is observed the most abundant protein species in that spot is responsible for 
the difference in spot abundance might be and is often wrong. When this problem 
is encountered, validation is needed. Approaches that can be used to counteract 
this problem are the use of narrow-range IPG strips, introduction of sample frac-
tionation methods, different sample preparation methods, and modi fi cations dur-
ing 2DE (Hunsucker and Duncan  2006  ) . 

 Despite all the limitations listed above, 2DE seems to be the most logical choice 
for the separation of entire proteins from nonmodel organisms such as would be the 
case for many food proteomes. 2DE has the advantage in contrast to other proteom-
ics techniques that base the quantitative protein analysis on peptide and not at the 
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protein level, losing important information on isoform speci fi c expression and 
 post-translational modi fi cations (Timms and Cramer  2008 ; Carpentier et al.  2008  ) . 
Modi fi cations introduced, for example, during food processing might be potentially 
noticed by 2DE (Pischetsrieder and Bauerlein  2009 ; Pedreschi et al.  2010  ) . 2DE is 
dif fi cult to automate and operator skills have a great in fl uence on control of techni-
cal variation. 

 Standard 2DE as mentioned before is not suitable for the study of hydrophobic 
(e.g., membrane proteins) (Vertommen et al.  2011 ; Kota and Goshe  2011  )  or native 
proteins, and protein complexes (e.g., electrophoresis needs to be run under 
 nondenaturing conditions). For a complete overview of alternative approaches to 
2DE, the reader is referred to Miller et al.  (  2010  ) . Variants to standard 2DE proto-
cols can be divided into (1) run under native conditions during one or both  
 electrophoretic runs and (2) run under nonreducing conditions during one or 
both electrophoretic runs.   

    3.3   2DE Under Native Conditions 

 IEF followed by gradient gel electrophoresis (GGE) is suitable, for example, to 
resolve proteins based on native pI and native molecular weight. In this case, the 
separation is done in the  fi rst and native in the second dimension. Thus, the native 
structure is preserved and it  fi nds applications, for example, in the study of protein–
protein interactions (Miller et al.  2010  ) . It is possible instead of IEF in the  fi rst dimen-
sion, to perform separation based on charge density (agarose electrophoresis). 

 For the analysis of protein complexes in vitro, running native in the  fi rst dimen-
sion and denaturing in the second dimension is being used. It is based on the assump-
tion that proteins that form complexes with speci fi c ligands migrate at a different pI 
than their unbound counterparts (Miller et al.  2010  ) . Native one-dimensional elec-
trophoresis makes use of nonionic detergents both in the sample as well as in the gel 
phase. Both unfolding and dissociation of interacting proteins is prevented. The two 
protocols more extensively mentioned are clear native electrophoresis (CNE) and 
blue native electrophoresis (BNE).  

    3.4   2DE Under Nonreducing Conditions 

 Nonreducing conditions in both dimensions  fi nd useful applications with samples 
that generate spot aggregation in gels (e.g., biological  fl uids). By using nonreducing 
conditions, image analysis, quanti fi cation, spot analysis, and MS analysis are 
favored (Miller et al.  2010  ) . Nonreducing conditions in the  fi rst dimension and 
reducing conditions in the second dimension (known as diagonal electrophoresis) 
are useful. For more speci fi c details on the available protocols, the reader is referred 
to Miller et al.  (  2010  ) .      
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          4.1   Introduction 

 Once the peptides are extracted from the food sample, or the peptides are obtained 
after enzymatic digestion (described in Chap.   2    ), further fractionation and/or con-
centration of the peptides must be achieved for their subsequent mass spectrometry 
(MS) analysis. Foods and especially food hydrolyzates, may contain a large amount 
of peptides that require primary separation prior to MS identi fi cation. On the other 
hand, some target peptides might be present in very low concentration, requiring a 
pre-concentration of the sample before MS. So, the  fi nal quality of the analysis will 
be conditioned by a good pre-fractionation and/or concentration of the peptide 
extract. 

 Physical and physicochemical properties of the peptides are considered in their 
fractionation. The molecular size (using ultra fi ltration membranes and/or size exclu-
sion chromatography) is the most used characteristic as a  fi rst approach. In some 
cases, molecular size is combined with charge in electrodialysis with ultra fi ltration 
membranes (Doyen et al.  2011  )  or 2-D- or 1D-electrophoresis. Electrophoresis as 
the primary peptide separation is dealt with in chapter 3. 

 The peptide puri fi cation process should be as simple as possible and may contain a 
minimum number of steps. A combination of at least two complementary methods 
operating via different chromatographic principles, such as ion exchange chromatogra-
phy and/or gel permeation chromatography and reversed phase or hydrophilic 
 interaction chromatography result in powerful puri fi cation processes. This chapter is 
focused on the chromatographic methods used in the primary separation of peptides.  
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    4.2   First Fractionation 

 Whether the samples consist of food (solid or liquid) or food hydrolyzates, high 
amounts of other compounds such as salts or even proteins coexist with the peptides 
and should be removed to avoid ionization suppression in subsequent steps of mass 
spectrometry. Adequate methods are described in the literature and include 
(1) ultra fi ltration with molecular weight cutoff (MWCO) membranes; (2) protein 
precipitation with acids, organic solvents, concentrated saline solutions, or heat; and 
(3) chromatographic methods such as ion exchange chromatography (IEC) and/or 
gel  fi ltration chromatography (GFC). 

 There are many types of ultra fi ltration MWCO membranes with controlled pore 
size disposable for the deproteinization of biological samples. Adequate membranes 
are those that do not interact with peptides reducing the recoveries. Materials such as 
cellulose, esters, or polyethersulfone, are the most used. Among them, polyethersul-
fone membranes exhibit no hydrophobic or hydrophilic interactions and are usually 
preferred for their low fouling characteristics, exceptional  fl ux, and broad pH range 
compatibility. These membranes can contain trace amounts of additives (glycerin, 
sodium azide, etc.) that could interfere with analysis and that must be removed by 
rinsing with buffer solution or deionized water through the concentrator. Also the 
pretreatment of the device overnight with a passivation solution, such as 5% SDS, 
Tween® 20, or Triton® X in distilled water would optimize the peptides’ recovery. 

 This method has also been used to obtain a solution rich in peptides under a cer-
tain molecular size (Ghassem et al.  2011 ; Molina et al.  1999 ; Sommerer et al.  1998 ; 
Moreno Arribas et al.  1998  ) . It is also often used as a  fi ltration technique in a series 
with  fi lters of decreasing pore size (some among 10, 5, 3, 1 KDa) to obtain fractions 
with different molecular size peptides (Ko et al.  2012 ; Cho et al.  2004 ; Lioe et al. 
 2004 ; Park et al.  2001 ; Kaiser et al.  1992  ) . 

 Other methods of deproteinization by using concentrated saline solutions 
(Cheng et al.  2010a  ) , the adjustment of pH to 5.4 (Matoba et al.  1970  ) , strong 
acids such as 5–10% trichloroacetic acid (TCA), perchloric acid (PCA) (Stoeva 
et al.  2000 ; Cambero et al.  1992 ), or organic solvents such as methanol or ethanol 
(Mora et al.  2010 ; Flores et al.  1997 ; Combes et al.  2001 ; Moreno Arribas et al. 
 1998  ) , allow an easy handling of larger sample volume with less expense. As with 
ultra fi ltration, these protein denaturing agents have been used to fractionate 
 peptide extracts only by  fi nely controlling their concentration as in cheese 
extracts with 2% and 12% TCA or 70% ethanol (Rohm et al.  1996 ; Kuchroo and 
Fox  1982  ) . 

 Enzymatic hydrolyzates are often submitted to heat treatment in order to stop the 
hydrolytic reaction by enzyme denaturation. This denatured enzyme is afterwards 
removed from the sample by centrifugation (Ko et al.  2012  ) . Ammonium sulfate 
precipitation was used by Cheng et al.  (  2010a  )  to fractionate potato protein 
 hydrolyzate, when searching for antioxidative peptides. 

 Many investigations have used semi-preparative low-pressure chromato-
graphic methods based on ion exchange (IEC) or size exclusion chromatography 
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(SEC) as a primary isolation or fractionation of the peptidic material. Also 
 solid-phase extraction has been used as a pre-fractionation method of peptide 
extracts. These three methodologies, described below, can be used alone or com-
bined in series. 

    4.2.1   Ion-Exchange Chromatography (IEC) 

 Ion-exchange chromatography uses the differential charge of peptides with respect 
to other sample compounds to isolate them. Some researchers prefer to use the IEC 
as a primary method for peptide fraction extraction (Suetsuna and Chen  2002 ; Park 
et al.  2001 ; Suetsuna et al.  2000 ; Lee et al.  1999  )  but others use IEC for selected 
fractions after GFC (Kim et al.  2001  )  or solid-phase extraction methods. Ion-
exchange chromatography in HPLC columns has also been used when better resolu-
tion is required and often combined with other methods as shown in Fig.  4.1  
(Kim et al.  2001 ; Flores et al.  2000 ; Sommerer et al.  1998  ) .  

 Ion-exchange resins have a high loading capacity and therefore they have been 
used in the initial stages of peptide analysis and puri fi cation. This chromatography, 
when used in these early steps, is mainly performed under low pressure. Separation 
is achieved through electrostatic interaction between charged amino acid side chains 
and the surface charge of the ion-exchange resin. Two types of interactions give 
name to two types of IEC: in anion exchange, amine groups on the resin interact 
with aspartic or glutamic acid side chains; in cation exchange, acid groups on the 
surface of the resin interact with histidine, lysine, and arginine. 

 The types of matrices used as support for stationary phases in ion chromatogra-
phy are shown in Table  4.1 . Functional groups are attached to these matrices 
(except in the hydrous oxides group that is used without modi fi cation) constituting 
the stationary phases. The most common functional groups are based on sulfonic 
acids (S, SP) and carboxymethyl- (CM) for strong and weak cation exchange, 
respectively, or in quaternary amine (Q, QAE) and tertiary amine (diethylamino-
ethyl-, DEAE) for strong and weak anion exchange, respectively. Ion-exchanger 
functional groups can function as such only when they are ionized, therefore they 
are classi fi ed into strong acid or base and weak acid or base types accordingly. The 
strong acidic or basic functional groups are ionized over a wide pH range, in con-
trast to the weak acidic or basic functional groups, which are ionized over a limited 
pH range.  

 Most of the IE separations of peptides perform on strong anion-exchanger 
(SAX) or strong cation exchangers (SCX). The normal procedure is to adjust the 
pH of the sample so that the peptides are charged and thus retained in the column, 
and other noncharged contaminants are eluted. Afterwards, peptides are eluted by 
changing the pH or increasing the ionic strength by means of the eluant. In gen-
eral, columns don’t need to be very long because the resin only has to retain and 
release the peptides when the composition (ionic strength) of the eluant is 
adequate.  
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    4.2.2   Molecular Exclusion Chromatography 

 Molecular exclusion or size exclusion chromatography refers to a chromatographic 
separation based on size. SEC, which is also known as gel  fi ltration chromatography 
(GFC), is widely used as an initial step for food peptide analysis and is often per-
formed under low pressure. This technique fractionates peptides according to their 
molecular size and this is a good and intuitive starting point before further resolutive 
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techniques are used. This separation technique is performed under atmospheric 
pressure or in HPLC, depending on the stationary phase characteristics (particle size 
and thus, pressure resistance). 

 Stationary phases used to be hydrophilic cross-linked structures and the most 
used are shown in Table  4.1 . Each stationary phase is available with a variety of dif-
ferent ranges of pore size in beds, allowing the separation of peptides of different 
size. 

 Manufacturers provide tables for selecting the most appropriate gel for a speci fi c 
application, in which the fractionation range is shown. The upper limit is the exclu-
sion limit, which coincides with the column void volume. Operating conditions and 
gel selection depend on the application and the desired resolution. The use of CFG 
can have two different objectives of fractionation or group separation, this last 
including desalting and buffer exchange. In desalting, the molecule of interest is 
eluted in the void volume and smaller molecules are retained in the gel pores. To 
obtain the desired separation, the gel should have an exclusion limit smaller than the 
molecule of interest. In fractionation, molecules of different molecular weight are 
separated within the gel matrix. With this method, the molecules of interest should 
fall within the fractionation range of the gel. A gel with a smaller range of pore sizes 
will give a higher resolution; a gel with a wider range will give lower resolution, but 
will permit fractionation of a wider range of sizes. The particle size of the gel beads 
(the mesh size classi fi ed as super fi ne,  fi ne, medium, coarse) also affects resolution; 
smaller beads permit higher resolution, but a lower  fl owrate through the column 
(and hence a slower separation). Other factors to take into account for the selection 
of the more appropriate stationary phase are the range of pH, the compatibility with 
salts or denaturing reagents, and the mechanical strength among others. 

 The stationary phase is supplied either swollen (ready to use) or as a dry powder 
that has to be swollen by following the manufacturer’s instructions. Prepared media 
will preferably be packed in a glass column. The resolution in gel  fi ltration increases 
as the square root of column length but limitations due to pressure limits given by 
the stationary phase manufacturers should be taking into account. Twenty- fi ve cm 
for a Bio-Gel P2 (Ghassem et al.  2011  )  or 140 cm for Sephadex G-25 (Chen et al. 
 2003  )  columns are two extreme examples of length. Column diameter of 1.5 cm for 
Bio-Gel P2 and 2.6 cm for Sephadex G-25 are good options for the majority of 
applications. In the case of Sephadex, narrower columns may give slight wall effects, 
whereas wider columns imply excessive dilution. 

 GF columns for HPLC (TSK gel 2000 from Tosoh, Shodex Protein KW-802.5 
from Waters, Superdex peptide from Amersham Bioscience, or Bio-gel P-2 from 
Bio-Rad, etc.) have also been used to fractionate peptide extracts (Yuk et al.  2000  )  
but their main use is for peptide molecular mass determination (Gu et al.  2011 ; 
Ghassem et al.  2011 ; Cheng et al.  2010b , Rodríguez-Nuñez et al. 1995). 

 The selected eluant should provide adequate stability to the solutes. The ionic 
strength should be at least 20 mM to eliminate the effect of small amounts of nega-
tively charged groups on the gel. The use of organic solvents, additives such as salts 
or denaturing reagents, and pH must be tested for adequate compatibility with the 
gel. Some usual eluants used for peptide separation are water, 0.05–0.1% ammonium 
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bicarbonate, diluted ammonia, diluted (0.01 N) hydrochloric acid, 0.1% 
tri fl uoroacetic acid, 5% formic acid, 30% acetic acid, pyridine-acetic acid buffers, 
sodium phosphate buffer, or Tris-K buffer. 

 Fractions from GFC are collected and may be submitted to either sensory tests 
(Toelstede and Hofmann  2008 ; Salles et al.  1995  )  or bioactivity (Mora et al.  2010 ; 
Suetsuna et al.  2000  )  evaluation. Selected fractions from these assays are usually 
submitted to further peptide fractionation prior to MS analysis although, in some 
cases, lyophilized fractions from GFC have been analyzed directly by MS using a 
tandem liquid chromatography (LC)-MS system (Schindler et al.  2011  ) . These pro-
cedures are schematized in Fig.  4.2 .   
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  Fig. 4.2    Scheme for the analysis of food peptides with inhibitory action against the angiotensin 
I-converting (ACE) enzyme. For abbreviations see text       
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    4.2.3   Solid-Phase Extraction (SPE) 

 Solid-phase extraction (SPE), thanks to the rapid development of disposable car-
tridges, has been successfully applied to the isolation and fractionation of pep-
tides. This technique is versatile, permitting orthogonal strategies of fractionation 
by combining two or three methods of chromatographic separation: polar interac-
tion (normal-phase), hydrophobic interaction (reversed-phase), and ion exchange 
(SCX and SAX). Some examples of these procedures have been used to fraction-
ate peptides from meat (Moya et al.  2001 ; Flores et al.  2000  ) , milk (Catalá-Clariana 
et al.  2010 ; Voirin et al.  1991  ) , cheese (Toelstede and Hofmann  2008 ; Singh et al. 
 1994  ) , and vegetables (Huan and Aluko  2010  )  among others. One example of 
recent combined use of SPE for the characterization strategy of an antihyperten-
sive peptide from mushroom, a reversed phase (C 

18
 )- and SCX solid-phase car-

tridges were successively used to purify active fractions obtained from a 
gel- fi ltration column (Jang et al.  2011  ) . 

 An example of SPE used for the study of peptides from pork meat in search of 
biochemical markers of quality (Moya et al.  2001 ; Flores et al.  2000  )  is shown in 
Fig.  4.1 . Meat extract was fractionated using a C 

18
  SPE cartridge. Mineral salts, very 

polar substances including amino acids, some peptides, and proteins were eluted in 
the washings and peptides of interest were retained. A  fi rst peptide fraction was col-
lected by elution using 15% acetonitrile and a second fraction containing the most 
hydrophobic peptides was eluted from the cartridge using 50% acetonitrile in 0.1% 
TFA. Both fractions were submitted to further puri fi cation as shown in the  fi gure 
and discussed below.   

    4.3   Second Fractionation 

 After a  fi rst peptide fractionation, it is very often recommended to proceed to a 
precise separation of the peptides of interest, prior to the analysis by MS. 

 This stage is mainly achieved by HPLC methods, with reversed phase (RP) the 
most used. Lately, hydrophilic interaction chromatography (HILIC) has also shown 
satisfactory results when connected directly to MS analyzers for very short, polar 
peptide analysis. Also, both methods are useful for desalting the samples because 
nonvolatile salts used in the previous preparative chromatographies (IEC and GFC) 
are not compatible with MS. 

    4.3.1   RP- HPLC 

 This method is the most used to resolve peptide mixtures based on differences in 
polarity, prior to analysis by mass spectrometry. The most common method is 
based on octadecyl-hydrophobic chains (C 

18
 ) as a stationary phase and an acidic 
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mobile phase mixed with organic solvent, preferably acetonitrile for its spectral 
 characteristics and low viscosity. 

 The use of tri fl uoroacetic acid (TFA) as acidic modi fi er in the mobile phase has 
been generally adopted for RP-HPLC peptide analysis because it acts as an ion pair 
improving peptide resolution (Cliffe et al.  1989  )  and its volatility allows for evapo-
ration prior to MS analysis. However, TFA should be avoided if the RP-HPLC col-
umn is connected directly to the MS detector using electrospray ionization (ESI) 
because TFA inhibits the signal (Eshraghi and Chowdhury  1993  ) . In such cases, 
mainly formic or acetic acids should be used (Ghassem et al.  2011  ) . As an excep-
tion, Gartenmann and Kochhar  (  1999  )  found that if the peptides were precolumn 
derivatized with 9- fl uorenysmethyloxycarbonyl  fl uoride (Fmoc), an improvement 
was obtained in the ionization even in the presence of TFA, and better bene fi t 
achieved (even with the peptides derivatized) from the chromatographic separation 
in relation to that obtained using formic acid. 

 In contrast, TFA works very well with matrix-assisted laser desorption/ionization 
(MALDI) and its use at 0.1% is recommended in this MS equipment, where 
hepta fl uorobutyric (HFBA), acetic, and formic acids do not work properly 
(Mora et al.  2010 ; Escudero et al.  2010a ). 

 The use of commercially available C18 stationary phases assembled in tips is a 
very frequently used option before MS analysis when ionization sources are both 
ESI and MALDI. These tips permit the elimination of possible contaminants or 
ionization inhibitors prior to MS analysis as well as concentrate the sample. The 
C18  fi lling of the tip acts as a RP column and their use is very simple and reliable, 
similar to SPE cartridges. 

 Figures  4.1  and  4.2  show how RP-HPLC is used as the last puri fi cation step prior 
to MS analysis. In Fig.  4.1  the fraction eluted from a C 

18
  SPE cartridge using 15% 

acetonitrile (from Flores et al.  2000  )  was submitted to an intermediate fractionation 
step using a strong cation exchange column (Spherisorb S10SCX 10 × 250 mm, 
Waters Corp., MA, USA) and a gradient of NaCl in 0.1 N HCl and 20% acetonitrile. 
The fraction eluted between a NaCl concentration of 0.28–0.35 M was collected, 
concentrated, and reinjected in a RP-HPLC column (Symetry C18, 4.6 × 250 mm, 
from Waters) for a better peptide isolation, using an acetonitrile gradient in 0.1% 
TFA. Meanwhile the fraction eluted from the cartridge with 50% acetonitrile (from 
Moya et al.  2001  )  was readily separated in the RP-HPLC column and also using an 
adequate acetonitrile gradient in 0.1% TFA. Fractions (numbered peaks in the 
 fi gure) are thus ready for further analysis by MS, if required. Figure  4.2  shows how 
after a GFC (Sephadex G25, 60 × 2.5 cm) as the prefractionation method for a 
deproteinized meat extract, RP-HPLC was used as the last puri fi cation step prior to 
MS analysis. In this example, fractions from GFC were tested for inhibitory action 
against ACE activity and those of interest were taken to dryness after being submit-
ted to the second step puri fi cation by RP-HPLC. Fractions were again tested for 
activity and those of interest were lyophilized and submitted to MS analysis. 

 The development of monolithic stationary phases, and especially those based on 
poly(styrene-divinylbenzene) (PS-DVB) has constituted a novelty that is worth-
while exploring. These columns (mainly capillary columns) work in reversed-phase 
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mode and are suitable for robust and high-resolution separations of peptides at 
 elevated temperatures using TFA, HFBA, and formic acid as mobile phase additives 
but also they are stable at elevated pH using basic volatile buffers such as trieth-
ylamine, tetrabutylamine, or decyltrimethylamine and obtaining a different selectiv-
ity to that working at acidic pH (Melchior et al.  2010 ; Toll et al.  2005  ) .  

    4.3.2   Hydrophilic Interaction Chromatography (HILIC) 

 HILIC is a special case of normal-phase chromatography because the stationary 
phase is more polar than the mobile phase. It is used primarily for separation of 
very polar compounds with a negative log P (1-octanol/water partition coef fi cient) 
factor. Some small polar peptides satisfy this condition and consequently could be 
correctly separated by HILIC (Mora et al.  2007  ) . The HILIC method has solved the 
problems related to the analysis of very polar, even ionic, compounds with compa-
rable ef fi ciency to that of RP-HPLC, without the need of either derivatization or 
adding nonvolatile ion pairs or other additives to improve the separation. 

 HILIC employs semi-aqueous mobile phases in which peptides are soluble, and 
thus it is more convenient than normal-phase chromatography for this analysis. 
Typical eluents for HILIC consist of 40–97% acetonitrile in water or in a volatile 
buffer (below 20 mM ammonium salts of acetate or formate) or organic acid (acetic 
or formic acids), making this technique compatible with subsequent MS analysis. 

 Columns for HILIC are hydrophilic, made of either bare silica, silica, or poly-
mers with attached charged (in a range of pH) molecules of a different nature 
(hydroxyl, amine, or zwitterionic molecule). The presence of water in the mobile 
phase is necessary because, in some way, water takes part of the stationary phase 
creating a water-enriched liquid layer. The retention process in HILIC is the result 
of two combined forces: hydrophilic partitioning and electrostatic interaction with 
either positive or negative charges. The retention is controlled by the constituents of 
mobile phase. Thus, the organic/water ratio controls the hydrophilic partitioning 
and the acid or saline buffer controls the electrostatic interaction. 

 HILIC separations can be easily combined with several detection techniques such as 
ultraviolet absorbance,  fl uorescence, light scattering, refractive index, and MS. HILIC 
methodology used with electrospray ionization and coupled with MS detection results 
in higher sensitivity compared to RP-HPLC, probably due to the high content of organic 
solvent in the mobile phase, which simpli fi es the drop formation during the spray pro-
cess (Mora et al.  2011  ) . Indeed, two types of MS techniques, using atmospheric pres-
sure ionization (APCI) and electrospray ionization (ESI), can handle a wide range of 
 fl owrates and low polarity to ionic compounds, which make them appreciable for the 
analysis of low-molecular-weight compounds in biological samples, as is the case of 
some peptides. Some researchers have used these combined techniques in the study of 
small peptides (di- or tri-peptides) related to taste (Schindler et al.  2011 ; Dunkel and 
Hofmann  2009 ; Toelstede and Hofmann  2008 ; Andersen et al.  2008  ) , or antioxidants 
(Broncano et al.  2012  )  activity. 
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 As mentioned above, RP-HPLC or HILIC are used for the last separation of 
peptides prior to MS detection and/or peptide sequencing. Two working procedures 
are the most usual: to collect fractions from the chromatography column, choose 
those that are of interest (bioactivity, taste, quality markers, etc.), lyophilize them, 
resuspend, and analyze with the MS (Ko et al.  2012 ; Mora et al.  2010 ; Escudero 
et al.  2010a  ) , or directly connect both pieces of equipment. In the case of direct con-
nection, a split for reducing the incoming ef fl uents to the MS-ionization source can 
be necessary when using chromatographic columns of standard diameters (Toelstede 
and Hofmann  2008  ) . The use or micro- or better nano-LC columns avoids the neces-
sity of splitting (Ghassem et al.  2011 ; Schindler et al.  2011 ; Escudero et al.  2010a,   b  )  
having a double advantage: it has permitted the direct connection between the exit 
of the column and the MS entrance for a more ef fi cient analysis (even high-through-
put screenings) and secondly, the analyses are more environmentally friendly. 

 The rapid development experienced in recent years by “omics” techniques, such 
as proteomics or peptidomics (Toelstede and Hofmann  2008  ) , has driven the devel-
opment of chromatographic columns capable of very rapidly resolving complex 
peptide mixtures in low sample loads with a low amount of solvents (mobile phase), 
while maintaining good sensitivity and reliability. The column modi fi cations lead-
ing to these advances include the reduction of the column dimensions with regard to 
diameter, length, and particle size.       
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    5.1   Proteomics and Mass Spectrometry 

 Over the last decades, food safety and quality control in all production processes 
have attracted a great deal of attention. Food safety itself might be implicit in the 
broader concept of food security, de fi ned as a situation in which all people at all 
times have physical and economic access to suf fi cient, safe, and nutritious food to 
meet their dietary needs and live an active healthy life (World Food  1996  ) . 

 In recent years, food safety is an increasingly broad concept that encompasses 
mainly three main areas: (1) food quality (food composition), (2) traceability 
(food origin), and (3) food safety per se (absence of allergens, pathogens, or other 
contaminants) (D’Alessandro and Zolla  2012  ) . Early attempts to individuate qual-
ity standards through biomolecules mainly relied on rough biochemical parame-
ters, such as product composition (e.g., through labeling of percentages of lipids, 
carbohydrates, proteins, and vitamins). Recent advancements in the  fi elds of bio-
chemistry and molecular biology allowed us to look for actual biomarkers to be 
potentially exploited as indicators of product quality and traceability 
(Cairns  2011  ) . In this frame, proteomics have already contributed to accumulating 
a relevant body of knowledge that might result not only in improving food safety 
through enhancing selection of food quality and traceability markers but also in 
providing the end-user consumer with a unique tool to make a fully aware alimen-
tary choice (D’Alessandro and Zolla  2012  )  
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 The history of proteomics dates back to the discovery of two-dimensional gels in 
the 1970s, which provided the  fi rst feasible way of displaying hundreds or thou-
sands of proteins on a single gel (Klose  1975 ; O’Farrell  1975  ) . Identi fi cation of the 
spots separated on these gels remained laborious and was limited to the most abun-
dant proteins until the 1990s, when biological mass spectrometry had developed 
into a suf fi ciently sensitive and robust technique. 

 Mass spectrometry was restricted for a long time to small and thermostable com-
pounds because of the lack of effective techniques to softly ionize and transfer the 
ionized molecules from the condensed phase into the gas phase without excessive 
fragmentation. The development in the late 1980s of two techniques for the routine 
and general formation of molecular ions of intact biomolecules (electrospray 
ionization, ESI) (Fenn et al.  1989  )  and matrix-assisted laser desorption/ionization 
(MALDI) (Karas and Hillenkamp  1988  )  dramatically changed this situation and 
made polypeptides accessible to mass spectrometry analysis. 

 In recent years, mass spectrometry has evolved into an indispensable tool for 
proteomics research. Coupled with an isolation technique to purify a speci fi c pro-
tein complex of interest, MS can rapidly and reliably identify the components of 
complexes. For MS experiments, consideration should be given to the type of instru-
mentation, fragmentation method, and analysis strategy best suitable to an individ-
ual sample (Aerbersold and Goodlett  2001  ) . 

 The strategy followed to characterize protein complex composition using MS 
has been well schematized by Gingras et al.  (  2005  ) : a protein complex to be ana-
lyzed is  fi rst puri fi ed using an appropriate approach. The puri fi ed protein may then 
be separated using techniques such as SDS-PAGE, isoelectric focusing, or various 
two-dimensional separation methods. Individual proteins may then be visualized by 
staining, and recovered for analysis. Isolated protein can be proteolytically digested 
(most often using trypsin) to generate a mixture of peptides that can be identi fi ed by 
MS. The proteins present in the sample are deduced by recombining the identi fi ed 
peptides, using suitable informatics tools. 

 Currently, the uses of MS in proteomics are in three major areas. MS is the pre-
ferred technique in the  fi eld of biotechnology for characterization and quality con-
trol of recombinant proteins and other macromolecules. It is also commonly used 
for protein identi fi cation, either in classical biochemical projects or in large-scale 
proteomics ones. Finally, since MS measures the molecular weight of a protein, it is 
the method of choice for the detection and characterization of post-translational 
modi fi cations and potentially can identify any covalent modi fi cation that alters the 
mass protein (Mann et al.  2001  ) . 

 Different strategies can be followed to carry out a proteomic study including 
“top-down proteomics” (MS is carried out in the form of whole-protein analysis) 
and “bottom-up proteomics” (protein identi fi cation is carried out by the analysis 
of enzymatically or chemically produced peptides) (Han et al.  2008  ) . In the  fi rst 
one, MS analysis can provide accurate molecular mass measurement of intact 
proteins as large as 100 kDa or more. Highly accurate protein mass measurements 
generally are of limited utility, because they often are not suf fi ciently sensitive 
and because net mass often is insuf fi cient for unambiguous protein identi fi cation. 
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In the second one, MS analysis can provide accurate mass measurements of peptides 
from proteolytic digests. In contrast to whole protein mass measurements, peptide 
mass measurements can be done with higher sensitivity and mass accuracy 
(Liebler and Yates  2002  ) . 

 There are four basic types of mass analyzer currently used in proteomic 
research; ion trap, time-of- fl ight, quadrupole, and Fourier transform analyzers. 
They are very different in design and performance, each with its own strength 
and weakness. These analyzers can be standalone or in some cases put together 
in tandem to take advantage of the strengths of each (Aebersold and Mann 
 2003  ) . 

 The aim of this chapter is to review the major types of MS instruments, both cur-
rently in use and under development, and to discuss strategies for the analysis of 
intact proteins or for the analysis of peptides obtained after enzymatic degradation 
of the protein. Finally, application of mass spectrometry to three areas related to 
food safety such as the detection of micro-organisms, the determination of 
modi fi cations induced by food processing, and the identi fi cation of protein compo-
nents responsible for food allergy and intolerance are summarized. 

 However, it is important to keep in mind that proteomics still remain a multifac-
eted, rapidly developing, and open-ended endeavor. Although they have enjoyed 
tremendous recent success, proteomics still face signi fi cant technical challenges; 
each breakthrough that either allows a new type of measurement or improves the 
quality of data made by traditional types of measurements expands the range of 
potential application of MS to molecular and cellular biology. Indeed, this  fi eld is 
already too extensive for a comprehensive single review; thus it has been impossible 
to include all the achievements in MS-based proteomics.  

    5.2   Ionization Techniques 

 Ionization techniques are critical to convert molecules into ions that can then be 
manipulated within electric or magnetic  fi elds. The challenge with biological 
molecules such as peptides and proteins is to convert polar molecules into gas-
phase ions without degradation or fragmentation (Yates  2004  ) . The development 
of ESI and MALDI solved this dif fi cult problem of generating ions from large 
nonvolatile analytes such as protein and peptides without signi fi cant analyte 
fragmentation. 

 ESI gained immediate popularity because of the ease with which it could be 
interfaced with popular chromatographic and electrophoretic liquid-phase separa-
tion techniques and quickly supplanted fast atom bombardment as the ionization 
method of choice for protein and peptide samples dissolved in a liquid phase. This 
technique creates ions by spraying an electrically generated  fi ne mist of ions into the 
inlet of a mass spectrometer at atmospheric pressure (Fenn et al.  1989  ) . Steady 
advances in the application of ESI to the analysis of peptides and proteins have been 
made. The most notable improvements have come from reduction in the  fl owrate of 
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the liquid used to create the electrospray and thus more ef fi ciently create ions 
(Emmet and Caprioli  1994 ; Smith et al.  1990  ) . Furthermore, due to the propensity 
of ESI to produce multiple charged analytes, mass analyzers with limited  m/z  range 
could be used to detect analytes with masses exceeding the nominal  m/z  range of 
instruments (Aerbersold and Goodlett  2001  ) . 

 For different but no less compelling reasons, MALDI also rapidly gained popu-
larity. In this technique, a pulsed laser is used to deposit energy into the matrix, 
causing rapid thermal heating of the molecules to desorb molecules and ions into 
the gas phase. Because a pulsed laser is used, this ionization technique produces 
ions in packets rather than a continuous beam and thus requires a mass spectrometer 
that can either measure a complete mass spectrum without scanning a mass range or 
trap of all the ions for a subsequent mass analysis (Yates  2004  ) . 

 MALDI mass spectra are simple to interpret due to the propensity of the 
method to generate predominantly singly charged ions. The method is relatively 
resistant to interference with matrices commonly used in protein chemistry 
(Aerbersold and Goodlett  2001  ) . However, preparation of reliable sample spots 
onto the MALDI target demands a homogeneously applied peptide sample at 
the region upon which the laser shots will take place. Several factors affect the 
ef fi cacious preparation of a MALDI target. These factors include the accurate 
application of matrix (pipette tip must not excessively touch the steel target but 
yet apply the full liquid volume), sample, and recrystallization solutions onto 
the steel plate spots, and the use of freshly prepared matrix and recrystallization 
solutions (Garbis et al.  2005  ) .  

    5.3   Mass Spectrometers for Protein and Peptide Analysis 

 MS has played a pivotal role in proteomics research, with mass analyzers being 
central to the technology, and has proved to be a powerful analytical technique for 
both protein and peptide analysis (Chen  2008  ) . Tandem MS (MS/MS) consists of 
either the fragmentation of a selected precursor peptide ion to generate speci fi c 
fragment ions for sequence elucidation (data-dependent acquisition), or uncoupled 
acquisitions of intact and fragment masses with retrospective reconstitution of the 
parent–daughter ion context (data-independent acquisition) (Sénéchal and Kussmann 
 2011  ) . By using tandem MS, a complete sequence of the peptides of interest is often 
achieved. To identify these peptides, spectra are scanned against protein-sequence 
databases using search algorithms (Lane  2005  ) . 

 The most popular analyzers in proteomics are ion traps, triple quadrupoles, time-
of- fl ight tubes, orbitrap, and Fourier transform ion cyclotron resonance, with their 
speci fi c advantages: high sensitivity and multiple-stage fragmentation for ion traps, 
high selectivity for triple-quadrupoles, high sensitivity and speed for time-of- fl ight. 

 Figure  5.1  depicts the principal ionization sources and principal mass spectrom-
eters used in proteome research.  
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    5.3.1   Time-of-Flight (TOF) Mass Analyzer 

 In theory the time-of- fl ight mass spectrometer is the simplest mass analyzer. Mass-
to-charge ( m/z ) ratios are determined from the  fl ight times of analyte ions traveling 
through a  fi eld-free region or a  fl ight tube. At a constant accelerating voltage, the 
 fl ight time for an ion is proportional to the square of the  m/z  ratio. The lighter ions 
(with lower  m/z  values) have a higher velocity and are recorded on a detector earlier 
than the heavier ones (higher  m/z  values), thus producing the TOF spectrum as a 
function of time (Shen and Noon  2004  ) . The biggest drawback to TOF analyzers is 
their inability to perform true MS/MS. However, in 1993 the tandem time-of- fl ight 
(TOF/TOF) mass spectrometer was introduced (Cornish and Cotter  1993a,   b  ) with 
two re fl ectron mass analyzers separated by a mass-selector gate and collision region 
into which a collision gas was pulsed once each mass recording cycle. These TOF/
TOF instruments incorporate a collision cell between two TOF sections. Ions of one 
 m/z  ratio are selected in the  fi rst TOF section, fragmented in the collision cell, and 
the fragments are separated in the second TOF section (Guerrera and Kleiner  2005  )  

 The scanning mass analyzers such as TOF are usually interfaced with MALDI 
to perform pulsed analysis. In fact MALDI-TOF or MALDI-TOF/TOF are rela-
tively simple and robust to operate, have good mass accuracy, and high resolution 
and sensitivity. They are widely used in proteomics to identify proteins from sim-
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  Fig. 5.1    The  left  and  right upper  panels depict the ionization and sample introduction process in 
electrospray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI). The differ-
ent instrumental con fi gurations ( a – f ) are shown with their typical ion source (Reproduced from 
Aerbersold and Mann  (  2003  )  with permission from Nature Publishing Group)       
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ple mixtures by a process called peptide mass  fi ngerprinting. In this approach, 
proteins of interest are digested with a sequence-speci fi c enzyme such as trypsin 
and the generated peptides are analyzed by MS. The determined masses, usually 
in the range of 800–3,000  m/z , are then compared against a database comprising 
peptide masses from a virtual digest of all proteins from a given organism with the 
same sequence-speci fi c protease (Cottrell  1994  ) . 

    5.3.1.1   Drawbacks 

 The major drawbacks of this method are that (1) hydrophobic proteins such as 
membrane proteins, very basic proteins, and low abundant proteins are not well 
represented on the gels and (2) the procedure has low throughput and is dif fi cult to 
standardize and automate. 

 A limitation of MALDI-TOF is the identi fi cation of low molecular mass proteins, 
which deliver few peptides, and the identi fi cation is often based on a low number of 
matches (Fountoulakis et al.  1998  ) . In that case, it should be con fi rmed that the 
matching peptides are simultaneously the major peptides, and in general, identi fi cation 
of small proteins by MALDI-TOF-MS is not ef fi cient, and the application of MS/MS 
technologies such as TOF-TOF, Qq-TOF, or LC–MS may be more advantageous. 

 Moreover, the MALDI-TOF-based protein identi fi cation approach cannot iden-
tify multiple components of a mixture. In most cases, in 2-D gels, the major compo-
nent of a protein mixture is identi fi ed by MALDI-TOF from one spot. A spot often 
contains more than one protein and two or more additional proteins can be identi fi ed 
from the same spot as well, but they are usually highly homologous, and the soft-
ware cannot distinguish between the identi fi cation hits. If experimentally derived 
peptide masses for a given mass accuracy tolerance correspond to more than one 
protein, the resulting search score becomes low (Westermeier and Marouga  2005  ) . 
This problem is further aggravated when the number of experimentally derived pep-
tides is small and the intensity of the peptide signal is weak. Additional proteins can 
be identi fi ed from spots by tandem mass spectrometry if a suf fi cient number of 
peptides have been analyzed in the MS/MS mode. 

 In most analyses, only a subset of the predicted masses is actually observed. 
Such a limitation is the result of multiple contributing factors including loss of pep-
tides during the sample handling process, as described before, ion suppression 
effects due to the presence of tri fl uoroacetic acid, surfactant residues and salts, the 
selective ionization of certain peptide species over others depending on their amino 
acid sequence, which typically exhibit poor ionization potential, and small peptide 
masses that are beyond the optimum mass range of the MALDI-TOF instrument.   

    5.3.2   Ion Trap 

 In the IT analyzers ions are trapped and can therefore be accumulated over time in 
a physical device. These ions are then subjected to an additional electric  fi eld, which 
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ejects one ion species after another from the trap, and are detected, to produce a 
mass spectrum. The IT technology is characterized by MS/MS capabilities with 
unmatched sensibility and fast data acquisition. Used in conjunction with data-
dependent acquisition, IT technology allows high-throughput (Domon and 
Aaebersold  2006  ) . 

 Many proteomic studies use linear ion trap mass spectrometers to analyze com-
plex peptide mixtures derived from proteolytic digestion of protein samples via 
online microcapillary liquid chromatography ( μ LC) and tandem mass spectrometry 
(MS/MS). Compared to earlier ion trap instruments, the trapping of ions in an axial 
fashion in the linear ion trap provides signi fi cant improvements, increasing ion 
capacity, scan rate, and improved detection and trapping ef fi ciency. Consequently, 
these instruments identify proteins by MS/MS from complex biological mixtures 
with unsurpassed sensitivity, which, combined with their low maintenance, ease of 
use, and relatively low cost, have made linear ion traps the instrument of choice for 
a wide variety of proteomic studies. (Grif fi n et al.  2007  ) . 

    5.3.2.1   Drawbacks 

 When only low-resolution spectrometers and low-energy fragmentation techniques 
are available the MS/MS-based identi fi cation of nontryptic peptides becomes a very 
hard task. In this case even more re fi ned programs developed for peptide 
identi fi cation, such as those also exploiting relative abundances produced at differ-
ent levels of the procedure (Eng et al.  1994 ; Narasimhan et al.  2005  ) , may not be 
able to provide a unique reliable result   . 

 Another limitation of linear ion traps, commonly known as the “one-third rule,” 
arises from decreased stability of fragment ions with  m/z  values less than 30% of the 
 m/z  for the precursor peptide selected for fragmentation by collision-induced dis-
sociation (CID) during automated MS/MS analysis. For example, fragment ions 
from an ion at  m/z  1,500 will not be detected below  m/z  500, a signi fi cant limitation 
for the de novo sequencing of peptides.   

    5.3.3   Triple Quadrupole 

 ESI-MS with quadrupole instruments has been demonstrated to be a powerful 
tool for mass determination of food proteins and for detection of protein 
modi fi cations induced by processing (Careri et al.  2002  ) . The quadrupole is a 
mass  fi lter consisting of four rods to which an oscillating electric  fi eld is applied 
and which lets only a certain mass pass through. The triple quadrupole is com-
posed of two of these quadrupoles; these are separated by a somewhat different 
quadrupole which serves as a collision cell leading to peptide ion fragmentation 
(Mann et al.  2001  ) . 
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 One of the  fi rst people to exploit the triple quadrupole for protein sequencing by 
tandem mass spectrometry was Don Hunt (Hunt et al.  1986  ) . Hunt championed the 
use of low-resolution parent ion selection and daughter ion detection to maximize 
sensitivity, and chemical modi fi cation (peptide methylation and acetylation) to aid 
the determination of ion series for interpretation. 

 Triple quadrupoles were the original instruments used for tandem MS in pro-
teomics studies. The accuracy of quadrupole mass analyzers allows selection of 
speci fi c peptide ions and analysis of fragment ions from MS-MS to within at least 
±0.5 amu of their true  m/z  values. This degree of mass accuracy is suf fi cient to allow 
direct interpretation of amino acid sequences from peptide MS-MS data obtained 
with this mass spectrometer (Liebler and Yates  2002  ) . 

    5.3.3.1   Drawbacks 

 To apply a “top-down” approach, selected reaction monitoring (SRM) using triple-
quadrupole mass spectrometers has been developed (Ji et al.  2003  ) ; in this mode, 
the “parent” ion and its principal obtained fragments are selected. Although SRM 
detection provides excellent selectivity and duty cycle, it also has some inherent 
disadvantages in fragmentation-dependent MS detection. As the molecular weight 
of a protein increases, the fragmentation ef fi ciency of the protein through the SRM 
process often decreases. Even when the protein is fragmented, the charges are more 
evenly distributed into many fragments rather than concentrated onto a few major 
fragments as with small molecules. Furthermore, the electrospray ion source com-
monly used on triple-quadrupole MS tends to ionize a protein into different charge 
states. SRM can only detect the one particular fragment transition from a precursor 
ion at a speci fi c mass-to-charge ratio, whereas the majority of the ions in all the 
other charge states cannot be utilized at the same moment (Ruan et al.  2011  ) .   

    5.3.4   Orbitrap 

 As its name suggests, orbitrap is an ion trap. But it is not a conventional ion trap; 
there is neither RF (radio frequency) nor a magnet to hold ions inside. Instead, 
moving ions are trapped in an electrostatic  fi eld (Makarov  2000  ) . The electro-
static attraction towards the central electrode is compensated by a centrifugal 
force that arises from the initial tangential velocity of ions, very much like a satel-
lite in orbit. The electrostatic  fi eld that ions experience inside the orbitrap forces 
them to move in complex spiral patterns. The axial component of these oscilla-
tions is independent of initial energy, angles, and positions, and can be detected 
as an image current on the two halves of an electrode encapsulating the orbitrap. 
A Fourier transform is employed to obtain oscillation frequencies for ions with 
different masses, resulting in an accurate reading of their  m/z  (Scigelova and 
Makarov  2006  ) . 
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 The orbitrap is a high mass accuracy detector. High and accurate mass 
 measurement has led to new proteomic methodologies; the better characterization 
of the intact protein state and on the other hand the use of accurate mass tags for 
digested proteins minimizes the need for time-consuming MS/MS-based peptide 
identi fi cation and can, in principle, improve throughput. Protein quanti fi cation is 
also improved by accurate mass analysis (Marshall and Hendrickson  2008  ) . In fact, 
the literature supports claims of routine mass measurement accuracies of less than 
2 ppm for the analyses of complex peptide mixtures (Yates et al.  2006  )  and even 
intact proteins (Macek et al.  2006  ) .  

    5.3.5   New Types of Mass Spectrometers: The Hybrid Instruments 

 The general goal in the design of a hybrid instrument is to combine different perfor-
mance characteristics offered by various types of analyzers into one mass spectrom-
eter. These performance characteristics may include mass resolving power, the ion 
kinetic energy for collision-induced dissociation, and speed of analysis (Glish and 
Burinsky  2008  ) . Table  5.1  summarizes the performance parameters for the various 
analyzers.  

 For example, as commented before, the biggest drawback to the TOF analyzers 
is their inability to perform true MS-MS, however, developed TOF-TOF instru-
ments have overcome this problem. These TOF-TOF instruments incorporate a col-
lision cell between two TOF sections; ions of one  m/z  ratio are selected in the  fi rst 
TOF section, fragmented in the collision cell, and the fragments are separated in the 
second TOF section (Guerrera and Kleiner  2005  ) . 

 The combination of triple-quadrupole and ion-trap mass spectrometer function-
ality inherent in the QTRAP™ instruments means that highly selective scan modes 
for analyte identi fi cation can be combined with very sensitive scans for structural 
identi fi cation on a chromatographic timescale (Hager  2004  ) . 

 The unique scanning capabilities of a hybrid linear ion trap (Q TRAP) mass 
spectrometer are described with an emphasis on proteomics applications. The com-
bination of the very selective triple-quadrupole-based tandem mass spectrometry 
scans with the very sensitive ion trap product ion scans allows rapid identi fi cation 
of peptides at low concentrations derived from post-translationally modi fi ed pro-
teins on chromatographic timescales. The Q TRAP instrument also offers the oppor-
tunity to conduct a variety of ion processing steps prior to performing a mass scan. 
For example, the enhancement of the multiple-charge ion contents of the ion trap 
can be performed resulting in a survey mass spectrum dominated by double- and 
triple-charge peptides. This facilitates the identi fi cation of relevant biological spe-
cies in both separated and unseparated peptide mixtures for further MS/MS experi-
ments (Le Blanc et al.  2003  ) . 

 In addition, highly resolved and accurate orbitrap measurements for the parent 
ions are complemented with tandem mass spectra detected in a linear ion trap with 
high speed and sensitivity. LTQ orbitrap hybrid instruments offer the additional 
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option of transferring the product ions (created in the linear trap) to the orbitrap 
mass analyzer for analysis with high resolution and high mass accuracy. An orbitrap 
mass analyzer is the most recent addition to the set of tools that can be applied to 
identi fi cation, characterization, and quantitation of components in biological sys-
tems. With its ability to deliver low-ppm mass accuracy and extremely high resolu-
tion, all within a timescale compatible with nano-LC separations, the orbitrap has 
become an instrument of choice for many proteomics applications since its com-
mercial introduction in 2005 (Scigelova and Makarov  2006  ) . 

 More recently the Q-Exactive instrument has appeared, which features high ion 
currents because of an S-lens, and fast high-energy collision-induced dissociation 
peptide fragmentation because of parallel  fi lling and detection modes. In this mass 
analyzer the orbitrap is coupled with a quadrupole and the image current from the 
detector is processed by an “enhanced Fourier transformation” algorithm, doubling 
mass spectrometric resolution. This is demonstrated in a multiplexed single ion 
monitoring mode, in which the quadrupole rapidly switches among different narrow 
mass ranges that are analyzed in a single composite MS spectrum. Similarly, the 
quadrupole allows fragmentation of different precursor masses in rapid succession, 
followed by joint analysis of the higher energy collisional dissociation fragment 
ions in the orbitrap analyzer. 

 More than 2,500 proteins can be identi fi ed in standard 90-min gradients of tryp-
tic digests of mammalian cell lysate, a signi fi cant improvement over previous orbi-
trap mass spectrometers. Furthermore, the quadrupole orbitrap analyzer combination 
enables multiplexed operation at the MS and tandem MS levels. The high perfor-
mance together with the ability to perform complex multiplexed scan modes makes 
the Q Exactive an exciting new instrument for proteomics (Michalski et al.  2011  ) .   

    5.4   Mass Spectrometry for Proteomics: Major Application 
in Food Safety and Quality 

 The development of molecular medicine is associated with the development of pro-
teomics. In fact, proteomic analyses of early-stage cancers have provided new 
insights into the changes that occur in the early phases of tumorigenesis and repre-
sent a new resource of candidate biomarkers for early-stage disease. Studies that 
pro fi le proteomic patterns in body  fl uids also present new opportunities for the 
development of novel, highly sensitive diagnostic tools for the early detection of 
cancer (Wulfkuhle et al.  2003  ) . 

 This is the most relevant and well-known application of proteomics. However, 
the tremendous improvement in proteomics sensitivity and speci fi city due to the 
progress of mass spectrometric methodologies has reached the scienti fi cally and 
economically important food management chain. The search for markers of 
authenticity, quality, and safety of food, as well as the discovery of signature pep-
tides in allergonomics and fraud detection has  fl ourished in the last 10 years 
(Aiello et al.  2011  ) . 
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    5.4.1   Detection of Food Allergens 

 Food allergies are an increasingly emergent issue in food science and technology 
due to the marked increase in these allergies recorded among the population. 
Allergenic food proteins are numerous and heterogeneous, with a genetic polymor-
phism resulting in several variants for each protein (Picariello et al.  2011 ; Monaci 
and Visconti  2009  ) . Up to now, the bottom-up and middle-down (using limited 
digestion to produce larger peptides) strategies are the most widely used methods 
for the detection of allergens in food. 

 Mass spectrometry has allowed the identi fi cation of either genes for allergic dis-
eases or allergenic proteins. In this way, MALDI-TOF-MS has been used to quantify 
gluten gliadins in both processed and unprocessed foods (Camafeita et al.  1997a,   b  ) ; 
the procedure is rapid and sensitive with good correlation with data from an immuno-
logical assay method. MALDI-TOF-MS can be used as a rapid screening technique 
for (a) the presence of gliadins in foods by monitoring the occurrence of the proto-
nated gliadin mass pattern in the mass range from 25,000 to 40,000 and (b) the pres-
ence of other toxic gluten cereal prolamins fractions, such as barley hordeins, rye 
secalins, and oat avenins (Camafeita and Mendez  1998  )  and (Camafeita et al.  1998  ) . 

 Although MALDI-TOF-MS (Ferranti et al.  2007  )  and LC-QTOF-MS (Monaci 
et al.  2010a,   b  )  are widely used instruments for this purpose, other mass analyzers 
have been applied. For example, Heick et al.  (  2011  )  have developed a method based 
on liquid chromatography–triple-quadrupole mass spectrometry in selected reac-
tion monitoring (SRM) mode for the simultaneous detection of seven allergens in 
milk, egg, soy, hazelnut, peanut, walnut, and almond. The method was based on 
extraction of the allergens from the food matrix, followed by an enzymatic digestion 
with trypsin. The MS method was used to detect all seven allergens from an incurred 
bread matrix. 

 In light of the bibliography, proteomics MS-based methods for allergenic protein 
identi fi cation, characterization, and quanti fi cation deserve a great deal of attention. 
New MS analyzers such as orbitrap instruments are being focused on analysis of 
intact protein or the use of accurate peptide mass for high-throughput analysis 
(Monaci et al.  2011  ) .  

    5.4.2   Detection of Pathogens 

 The  fi rst attempts to identify microorganisms using mass spectrometry were per-
formed as early as 1975 (Anhalt and Fenselau  1975  ) . However, these experiments 
suffered from irreproducible results due to the variabilities caused by growth condi-
tions and media. Only with the discovery of MALDI-TOF MS in the 1980s did the 
analysis of relatively large biomolecules, including larger ribosomal proteins, 
become possible (Hillenkamp and Karas  1990  ) . The latter are less in fl uenced by 
culture conditions allowing MALDI-TOF MS to be consistently used to differentiate 
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bacterial species. In recent years, MALDI-TOF MS has been implemented in  routine 
laboratories and utilized as a completely new approach for the identi fi cation of bac-
teria and yeast (Wieser et al.  2012  ) . 

 Regarding other mass analyzers, Sospedra et al.  (  2012  )  have developed a simple, 
rapid, economic, and effective procedure for the simultaneous analysis of two 
staphylococcal enterotoxins using a triple-quadrupole instrument. The authors con-
cluded that this detector has many advantages over traditional techniques such as 
avoiding the necessity of preliminary steps to isolate the bacteria from food, possi-
bility of quanti fi cation, and lower limits of detection; moreover, under the proposed 
conditions, SEA and SEB (enterotoxins A and B) could be directly detected from 
milk and other food samples. 

 Melanson et al .   (  2006  )  have reported the  fi rst application of the MALDI-QqQ to 
validate an important virulence biomarker of  Candida albicans  employing an 
amine-speci fi c isotopic labeling approach; the technique was validated using stan-
dard peptides differentially labeled at known concentrations.  

    5.4.3   Food Processing 

 Proteins are largely responsible for the characteristics of many food products during 
the manufacturing process: physicochemical properties, such as viscosity, thermal 
conductivity, and vapor pressure, but also nutritional and sensory properties depend 
on their protein composition and content. This manufacturing process induces 
signi fi cant changes including chemical modi fi cation, heat-shock protein responses, 
and proteolytic degradation (Gašo-Sokač et al.  2010  ) . 

 As an example, many different thermal treatments are used in milk products, 
typically for the improvement of shelf life, which can, however, potentially affect 
the nutritional and functional qualities of milk proteins. Structurally sensitive tech-
niques must rely on the detection of intact proteins by MS; for example, MALDI-
ToF-MS has been applied to unfractionated milk for the characterization of 
milk-processing history with some success (Holland et al.  2011  ) . In this work 2DE 
coupled with MALDI-TOF MS was used to examine the effects of storage at ele-
vated temperature on UHT milk. 

 Zhang et al.  (  2012  )  developed a reliable LC-triple quadrupole method based on 
tryptic product peptides for determination of total  α -lactalbumin in infant formulas 
and whey protein concentrates. The quantitation of the  α -lactalbumin content was 
carried out by digesting the infant formula or whey protein concentrates followed 
by MRM-based LC–MS/MS analysis at the peptide level. An additional advantage 
of the current method was a measure of the whole bovine  α -lactalbumin including 
the native form and thermally induced denatured form. Finally, it was successfully 
applied to determine bovine  α -lactalbumin in 21 different infant formulas and eight 
whey protein concentrates. Because the established method could determine native 
and thermal denatured bovine  α -lactalbumin, as well as soluble and therefore 
 functional bovine  α -lactalbumin, its application promoted the development of nutrient 
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investigation and quality control of infant formulas and other dairy products 
 containing  α -lactalbumin. 

 Protein composition of other foods such as meat and meat products are more 
complex, and the change of physicochemical properties during processing depends 
on more than one highly abundant protein (Lametsch et al.  2002  ) . When looking for 
meat quality indicators, researchers often wonder which compounds can best be 
used to represent them. Inasmuch as proteins make up a considerable part of the 
meat basic composition and changes are associated with its quality, it is not surpris-
ing that these compounds are frequently looked to as a source of possible indicators/
markers of meat quality (Bendixen  2005  ) . 

 Bernevic et al.  (  2011  )  reported the identi fi cation and structural characterization 
of post-mortem degradation and oxidation of myo fi brillar proteins using high-
resolution mass spectrometric proteomics. The combination of 2D-PAGE and 
FTICR-MS was found to be a powerful approach for identi fi cation of muscle pro-
tein degradation products, providing identi fi cation of several truncation forms of 
creatine kinase and troponin T.  

    5.4.4   Food Adulteration 

 Proteomics approaches have also been applied to assess other important points 
included in food quality, because protein pro fi ling can give useful information on food 
origin or adulteration. Protein pro fi ling with MS can search for biomarkers that permit 
the characterization of food samples according to their origin (Herrero et al.     2012 ). 

 In this sense, Di Girolamo et al.  (  2012  )  analyzed honeys of different origin (from 
chestnut, acacia, sun fl ower, eucalyptus, and orange) for their proteome content, in 
order to see if any plant proteins present would allow the proteo-typing of these dif-
ferent varieties. All bands visible in the SDS-PAGE pro fi le of each type of honey 
were eluted, digested, and identi fi ed by mass spectrometry in a hybrid LTQ-orbitrap 
instrument. It turned out that all proteins identi fi ed were not of plant origin but 
belonged to the  Apis mellifera  proteome. Among the total proteins identi fi ed (eight, 
but only seven as basic constituents of all types of honey)  fi ve belonged to the fam-
ily of major royal jelly proteins, and were also the most abundant ones in any type 
of honey. It thus appears that honey has a proteome resembling the royal jelly pro-
teome (but with considerably fewer species), except that its protein concentration is 
lower by three to four orders of magnitude as compared to royal jelly. Attempts at 
identifying additional plant (pollen, nectar) proteins via peptidome analysis were 
unsuccessful. 

 The study of proteins can be also useful to detect adulterations in food products; 
the aim of these applications usually is the detection of proteins that are not a part 
of the proteome of the studied product. An example of this approach was the study 
of Angeletti et al. that examined the capabilities of MALDI-TOF-MS for the char-
acterization of water-buffalo milk and mozzarella cheese to detect possible fraudu-
lence in mozzarella cheese production (Angeletti et al.  1998  ) . 
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 Another example was the development of an untargeted LC-QTOF-MS method 
for protein analysis in skimmed milk powder (Cordawener et al.  2009  ) . The 
signi fi cantly lower price of other vegetable-protein preparations induces the partial 
adulteration of the dairy product with soy or pea proteins. It was demonstrated that 
this procedure detected the presence of adulterations in the milk powder based on 
differential peptide pro fi ling.   

    5.5   Mass Spectrometry-Based Proteomics Future Perspectives 

 Nutrition is still an expanding  fi eld for proteomics compared to well-established 
clinical and medical applications. The success of proteomics in nutrition will depend 
on multiple factors; one of them concerns the analytical strategies. 

 In proteomics, MS as a standalone technique or combined with LC has become 
widespread. However, there is an evident need to develop improved technologies to 
become a reality for the routine analysis for proteome research, including improve-
ments in the resolution of peptides to provide increased protein coverage. In any 
case, MS will continue being essential for the systematic investigation in proteom-
ics; in this sense, conventional mass spectrometers as quadrupoles or ion traps are 
replaced by the more sophisticated and compact mass spectrometers, most of them 
hybrid instruments in a combination of two or more analyzers. 

 New applications of proteomics technologies are expected in food safety and 
quality; as an example, although MS-based proteomics have proven to be a very 
useful tool for the identi fi cation, characterization, and detection of food allergens, 
there are still some issues that have not been successfully resolved, such as the 
development of MS-based methods for the simultaneous determination of multiple 
food allergens in food products and commodities.      
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          6.1   Introduction 

 Skeletal muscle is the most abundant tissue in animals; on average, 30–40% of the 
live weight or 40–60% of the carcass of domestic animals consists of muscular tis-
sue (Lawrie and Ledward  2006  ) . In living animals, contractile  fi bers of skeletal 
muscle tissues constitute the cellular units that support coordinated excitation–con-
traction–relaxation cycles for movements and postural control (Gordon et al.  2000  ) . 
Nutritionally, muscle is a great source of essential amino acids, and to a lesser 
extent, of other important nutrients such as minerals, vitamins, and fatty acids, so 
that muscle could provide the majority of the nutrients required for human health. 
From the food science perspective, due to the high abundance and nutritional value, 
skeletal muscle is one of the most important food resources for consumers. 

 Variation in meat quality traits is a well-known problem in the meat industry. 
Although extensively studied, the underlying mechanisms contributing to different 
meat quality traits are not fully understood which is essential in order to improve 
meat quality. Hence, new tools and strategies must be applied in meat research. 
Proteomics is one of these tools and has been shown to be a powerful tool to inves-
tigate post-mortem protein changes. 

 In proteomics it is possible to separate and quantify hundreds of proteins in 
one analysis. A major advantage of proteomics is that it is possible to carry out 
a detailed characterization of the single proteins and identify cleavage sites and 
protein modi fi cations such as protein oxidation and phosphorylation. The use of 
proteomics in meat research has a large potential and will lead to a much more 
detailed  characterization of the post-mortem protein changes. Proteomics can 
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also be applied in other aspects of meat research and become a valuable tool in 
the investigation of protein changes during meat processing, effects of meat 
packaging, animal growth, and genetic variation. Hence, proteomics can pro-
vide valuable information on the mechanisms in fl uencing the different quality 
traits to gain a better understanding of these mechanisms. This information can 
be used to optimize meat production and improve meat quality. This chapter 
focuses on the challenges regarding muscle proteomic study, the technologies 
used in proteomics, and the recent results obtained with proteomics in meat 
research.  

    6.2   The Challenges Regarding Proteomic 
Analysis of Skeletal Muscle 

 Skeletal muscle proteomics aims at the global identi fi cation, characterization of 
the entire protein complement in muscle under normal or abnormal development, 
or different treatments. Over the past decade, the rapid developments in mass spec-
trometry and bioinformatics tools have driven the remarkable progress of pro-
teomic science. However, proteomics study in skeletal muscle is still a very 
challenging task because of the wide-ranging biochemical heterogeneity of the 
muscle proteins. 

 Muscle proteome is notorious for its high dynamicity and diversity 
(Ohlendieck  2010  ) . The amount of protein expression varies greatly in muscle. 
Myosin heavy chain, actin, titin, and nebulin account for the majority of muscle 
proteins whereas the other proteins are only present in relatively low amounts, in a 
large dynamic range on the order of 10 6  magnitude. The wide and dynamic expres-
sion range of proteins makes it impossible to separate and detect all protein species 
with current techniques because the extremely intensive signals from high abundant 
proteins often overlap or cover the signals from other low abundant proteins during 
separation and MS identi fi cation. In addition, skeletal muscle is heterogeneous in 
composition. Aside from the multiple  fi ber types, such as slow oxidative (type I), 
moderately fast oxidative glycolytic (type IIa), and fast glycolytic (type IIb)  fi bers, 
muscle also contains connective tissues, capillaries, and nerve cells. 

 The complex tasks of muscles are performed by numerous muscle proteins 
with specialized functions, structures, and interactions. A considerable amount 
of muscle proteins are integral membrane proteins and high molecular mass 
complexes. It is a notable feature of contractile  fi bers that some of the largest 
protein species are highly expressed in skeletal muscle, such as nebulin of 600–
800 kDa and titin with a molecular mass exceeding 1,200 kDa (Ottenheijm and 
Granzier  2010a,   b  ) . Supramolecular membrane assemblies are also highly pres-
ent in muscle, such as the abundant actomyosin machinery with its regulatory 
troponin–tropomyosin system, the ryanodine receptor Ca 2+  release channel of 
the triad junctions, the dystrophin–glycoprotein complex of the sarcolemma, 
and the respiratory chain of muscle  mitochondria (Ohlendieck  2011  ) . The large 
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number of membrane-associated  proteins, the high molecular mass of many 
muscle components, and extensive post-translational modi fi cations in various 
muscle proteins and their assembly in highly complex supramolecular struc-
tures make it extremely dif fi cult to carry out conventional biochemical studies 
of muscle. All these analytical facts have to be considered when one performs a 
skeletal muscle proteomic study. Standard proteomic methods such as gel elec-
trophoresis and liquid chromatography are not capable of separating all muscle 
proteins in one run. Some sample fractionation and subcellular proteomic strat-
egies can be employed to analyze membrane proteins and proteins from subcel-
lular organelles (Ohlendieck  2011  ) .  

    6.3   Approaches for Proteomic Study of Muscle Food 

 For muscle food, mass spectrometry-based large-scale proteomic studies have 
already provided a plethora of new information by comparison of different meat 
quality, processing condition, and genetic backgrounds in most farm animals 
(Bendixen  2005 ; Bendixen et al.  2011 ; Hollung et al.  2007  ) . Methodologically, pro-
teomics routinely employ diverse separation techniques including gel-based 
approaches (one and two-dimensional gel electrophoresis) and gel-free approaches 
(different chromatographic methods), in combination with advanced mass spectro-
metric methods for the identi fi cation of peptides and proteins of interest (Baggerman 
et al.  2005 ; Falk et al.  2007  ) . The proteomic data are interpreted by diverse bioinfor-
matics tools and can be veri fi ed by using immunoblotting, activity assays, or other 
methods. 

    6.3.1   Gel-Based Proteomic Approaches 

 Gel-based proteomic (one-dimensional gel electrophoresis (1DE), two-dimensional 
polyacrylamide gel electrophoresisis (2DE)) comprise the most classic and versatile 
methods for global protein separation and quanti fi cation (Baggerman et al.  2005  ) . 
They can screen the protein expression at large scale with lower cost as compared 
with gel-free proteomics. Despite the apparent advantages of 2DE for separation of 
complex protein mixtures, the technique suffers from a number of major drawbacks. 
The proteins identi fi ed from 2-D gel are mainly high abundant proteins; the low 
abundant proteins are not easily detected by gel-based approaches. Some pre-
fractionation methods can be used to overcome this drawback to some extent. 
Proteins with high (>150 kDa) and low (<10 kDa) molecular weight and proteins 
with extreme isoelectric points, in particular basic proteins, are usually not detected 
in standard 2DE. Another drawback concerns the hydrophobic proteins that are not 
soluble in the buffers used for sample loading or precipitate during the electropho-
resis process (Lescuyer et al.  2004  ) . These limitations of the 2DE make it very 
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dif fi cult to investigate many of the structural proteins in muscle as discussed before. 
2DE also has some technical limitations. Brie fl y, the process is time consuming, 
labor intensive, and requires signi fi cant technical expertise to generate reproducible 
gels (Rabilloud  2002  ) .  

    6.3.2   Gel-Free Proteomic Approaches 

 The limitations of gel-based approaches have promoted the development of alterna-
tive gel-free proteomic approaches. In these approaches, complex protein mixtures 
are digested in solution. The resulting peptide mixture is fractionated by one or 
several steps of chromatographic methods and analyzed in a data-dependent manner 
by LC-MS/MS for separation, quanti fi cation, and identi fi cation of the proteins 
(Aebersold and Mann  2003 ; Yates  2004  ) . However, no single chromatographic 
method is capable of separating the complex proteome of a cell or tissue. Hence, it 
is necessary to use a combination of different separation steps such as ion exchange, 
size exclusion, and reverse-phase chromatography. The gel-free methods have the 
advantage over 2DE in that they allow examination of high or low abundance pro-
teins in the same analysis and are unbiased with respect to molecular weight, iso-
electric point, and hydrophobicity of the proteins. Furthermore, all steps may be 
automated for high-throughput analysis. 

 The development in LC-MS/MS methods in proteomics is enormous and many 
new and smarter methods are constantly being introduced. However, the methods 
all have some common limitations. For instance, the use of LC-MS/MS in the high-
throughput gel-free approaches results in an enormous data fl ow and thousands of 
spectra are generated during the MS analysis; a very strong bioinformatics platform 
is required to analyze the raw data. Datasets from different LC-MS/MS runs can be 
combined, but there is a high likelihood that different sets of peptides will be 
identi fi ed in each experiment, so how to interpret the preliminary results is also a 
big challenge. Another limitation is that only a few samples can be analyzed in each 
LC-MS/MS run; this makes comparison of multiple samples dif fi cult to undertake. 
Lastly, in order to get satisfactory results, the requirement for advanced equipment 
and experienced personal is also very high and expensive.   

    6.4   Application of Proteomics in Early Post-Mortem Meat 

 The quality of raw pig meat is in fl uenced by changes in the muscle/meat proteome 
caused by different factors such as animal growth, age, rate of glycolysis, and post-
mortem protein degradation (Hopkins and Thompson  2002 ; Rosenvold and Andersen 
 2003  ) . Meat scientists have performed a substantial amount of research on their fac-
tors, which has led to considerable quality and compositional improvements. 
However, the underlying biochemical and physicochemical mechanisms behind the 
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in fl uence of these factors on meat are to some extent still not fully understood. The 
recent application of proteomics in the  fi eld of meat science has provided some 
interesting and promising results. Early post-mortem protein changes in muscle 
have been investigated with proteomics in several studies (D’Alessandro et al.  2011 ; 
Jia et al.  2007 ; Lametsch et al.  2003 ; Promeyrat et al.  2011  ) . The studies revealed 
that a large part of the proteome changes post mortem. The post-mortem changes in 
pig LM during the  fi rst 48 h after slaughter were monitored with 2DE and more than 
600 protein spots were separated and quanti fi ed; more than 100 proteins were found 
to change post mortem as illustrated in Fig.  6.1  (Lametsch and Bendixen  2001  ) . The 
mechanism behind these post-mortem changes are to some extent still unclear. 
However, the main cause of post-mortem protein changes is probably protein deg-
radation, as many of the identi fi ed changes are protein fragments that increase in 
spot intensity post mortem (Lametsch et al.  2002  ) . It has been suggested that protein 
stability is changed post mortem leading to precipitation and aggregation 
(Bjarnadottir et al.  2010  ) . But changes in protein modi fi cation such as phosphoryla-
tion or oxidation that change the isoelectric point of the proteins or release from 
protein complexes have also been found to contribute to post-mortem protein 
changes (Lametsch et al.  2011 ; Lund et al.  2007  ) . Even protein expression may to 
some extent cause some changes post mortem, however, it is unlikely that protein 

  Fig. 6.1    Postmortem protein changes. The spot intensity at 4, 8, 24 and 48 h postmortem of more 
than 600 individual spots are plotted against the spot intensity at slaughter. If the spot intensity 
does not change postmortem it is plotted on the diagonal. If the spot intensity increases it is plotted 
above the diagonal and vice versa       
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expression causes major changes once the muscle has entered the state of rigor 
mortis because protein expression is an energy-requiring process and the energy is 
nearly depleted after reaching rigor mortis (Henckel et al.  2002  ) .   

    6.5   Future Perspectives 

 The proteomics studies made on the post-mortem changes in meat clearly illustrate 
their large potential in meat research. Proteomics have especially proven to be a 
powerful tool to investigate post-mortem protein degradation in meat because they 
provide valuable information about the complex mechanisms behind post-mortem 
proteolysis. Proteomics can provide information on the cleavage sites and post-
mortem degradation pattern of the proteins. Furthermore the resulting protein frag-
ments may be used as biomarkers to measure the activity of speci fi c proteolytic 
enzymes. Such biomarkers could be applied in breeding or to optimize animal 
slaughter and meat processing to gain more tender meat. Proteomics can also be 
applied to study post-mortem metabolism to provide further knowledge of undesir-
able meat characteristics such as PSE. Proteomics will also be an effective research 
tool to investigate the relation between meat quality and post-mortem protein 
modi fi cations such as protein oxidation. However, it is important to emphasize that 
the proteome of a muscle cell or a meat product is extremely complex and that none 
of the proteomic methods is able to pro fi le a complete proteome. Moreover, all 
methods in proteomics are very complicated and time consuming and only a limited 
number of samples can be analyzed in each experiment. Hence, it is often necessary 
to perform several different proteomics studies to reveal a speci fi c mechanism.      
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          7.1   Introduction 

 During the post-mortem (PM) conversion of muscle into meat, a signi fi cant series 
of events occurs in response to the stoppage of the respiratory system and blood 
circulation; the metabolism in the muscle is known to be changed substantially 
(Schef fl er and Gerrard  2007  ) . The rate and extent of post-mortem metabolic pro-
cesses could greatly in fl uence many important meat quality properties such as ten-
derness, water-holding capacity, and color. Underlying these processes, muscle 
proteins are the fundamental targets and factors contributing to the above-mentioned 
changes and properties. In PM muscle, proteins are subjected to a series of protein 
modi fi cations, such as reversible phosphorylation, oxidation, degradation, and 
denaturation, and all these modi fi cations are critical for the formation of different 
meat quality traits. Protein modi fi cations could fundamentally affect the biological 
and chemical properties of proteins, and thereby they can be involved in all aspects 
of meat quality development. 

 In recent years, protein modi fi cations have been studied by several research 
groups that have looked at the potential effects on muscle foods. They revealed that 
muscle protein modi fi cations could signi fi cantly affect meat quality development. 
Oxidation of proteins in processed meat products leads to poor meat quality and 
lesser nutritional value (Lund et al.  2007 ; Morzel et al.  2006 ; Rowe et al.  2004  ) . 
Protein phosphorylation in PM meat was supposed to regulate the activity of 
enzymes and rigor mortis development, consequently affecting pH decline rate and 
meat quality development (Huang et al.  2011 ; Lametsch et al.  2011 ; Muroya et al. 
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 2007  ) . It is generally accepted that degradation and denaturation of proteins in PM 
meat are responsible for the tenderness development of meat (Koohmaraie  1996  ) . 
Oxidation, phosphorylation, and degradation are the three protein modi fi cations 
mostly studied in muscle foods, and proteomics are the key tool for analysis of these 
muscle protein modi fi cations. 

 Proteomics are the systematically unbiased study of entire protein complements 
expressed by the genome of an organism (proteome) for the high-throughput dis-
covery of protein alterations. Mass spectrometry (MS) -based proteomics are dedi-
cated to the global analysis of protein composition, modi fi cations (PTMs), and the 
dynamic range of expression levels (Aebersold and Mann  2003 ; Yates et al.  2009  ) . 
In the meat science area, proteomics were con fi rmed to be a powerful tool for stud-
ies with regard to different qualities or processing parameters, as described in sev-
eral reviews (Bendixen  2005 ; Bendixen et al.  2011 ; Hollung et al.  2007  ) . Proteomics 
can provide valuable information for a better understanding of the mechanisms 
in fl uencing the different quality traits. This information can be used to optimize 
meat production and improve meat quality. Advanced MS-based proteomics are 
also a central tool for detection, site mapping, and quanti fi cation of modi fi cations 
on proteins (Witze et al.  2007  ) . Both gel-based and gel-free proteomic approaches 
were developed for the analysis of different protein modi fi cations in biological sam-
ples, and these approaches were also employed for studying the protein modi fi cations 
in muscle food, mainly focusing on protein oxidation, phosphorylation, and 
degradation. 

 This chapter outlines current achievements in the study of protein modi fi cations 
in muscle food using proteomic approaches. First we describe the general knowl-
edge of protein modi fi cations and then the development of gel-based and gel-free 
proteomic approaches for the characterization of such modi fi cations. Finally, we 
elucidate the effects of protein modi fi cations on muscle foods and devote our main 
attention to the application of proteomic approaches for the analysis of these 
modi fi cations.  

    7.2   Protein Modi fi cations 

 Most proteins are subjected to some form of protein modi fi cations that can occur on 
protein both in vivo as post-translational modi fi cations and in response to different 
environmental factors. Protein modi fi cations increase the diversity of proteins 
because many types of modi fi cations are usually covalently present at different 
amino acid residues of the protein. The heterogeneous modi fi cations at distinct 
amino acid residues lead to further complexity at the protein level (Jensen  2006  ) . 
Protein modi fi cations can be divided into two categories according to their 
modi fi cation forms: covalent modi fi cation of a nucleophilic amino acid side chain 
by an electrophilic fragment of a cosubstrate, and cleavage of a protein backbone at 
a speci fi c peptide bond (Walsh et al.  2005  ) . 
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 The most widely studied protein modi fi cations in biological science include pro-
tein phosphorylation, acylation, glycosylation, ubiquitination, acetylation, oxida-
tion, and so on. One protein is often subjected to several modi fi cations at a time. 
However, PTMs are usually present at substoichiometric levels, because a protein 
modi fi cation at a given site is often present in a small fraction of the protein. PTMs 
can affect the activity, structure, location, and lifetime of proteins, thereby playing 
essential roles in most cellular processes such as the maintenance of protein struc-
ture and integrity, regulation of metabolism and defense processes, cell signaling 
pathways, and protein spatial–temporal distribution (Jensen  2006  ) . 

 Protein modi fi cations can affect many food properties such as shelf-life, nutritional 
value, digestibility, health bene fi ts, and consumer appeal (Kerwin and Remmele 
 2007  ) . For instance, thermal treatment is widely used in processing and manufactur-
ing steps for many foods and ingredients, including dairy, meat, and cereal products. 
However, thermal treatment can lead to protein oxidation, the Maillard reaction, pro-
tein aggregates, and cross-linking modi fi cations that have been implicated in quality 
deterioration, nutritional damage, and adverse health effects (Promeyrat et al.  2010 ; 
Silvestre et al.  2006  ) .  

    7.3   Proteomic Approaches for Detection 
of Protein Modi fi cations 

 Compared to the total proteins, the proteins with site-speci fi c modi fi cations are only 
present at substoichiometric levels, and it is therefore a great analytical challenge in 
proteomics to analyze the speci fi c modi fi cations. In the past two decades, many 
proteomic strategies were developed for the analysis of protein modi fi cation in 
complex samples ranging from the traditional gel-based Western-blot to the high-
throughput advanced MS-based proteomic strategies. Typically, the identi fi cation 
and characterization of protein modi fi cation are achieved by combining protein-
extraction methods, af fi nity enrichment, and chromatographic and/or electropho-
retic separation with peptide-mass determination and amino acid sequencing by 
high-performance MS (Jensen  2006 ; Witze et al.  2007  ) . 

    7.3.1   Gel-Based Proteomic Approaches 

 Western-blot analysis is a widespread and traditional method for analyzing protein 
modi fi cations. Western-blot can be speci fi c and relatively quantitative, and speci fi c 
antibodies can be utilized to study the modi fi ed forms of proteins, such as protein 
cleavage and post-translational modi fi cations. However, Western-blot analysis relies 
heavily on prior knowledge of the type and position of speci fi c modi fi cations in 
proteins and is limited by the availability and speci fi city of antibodies. 
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 One- and two-dimensional gel electrophoresis (1DE and 2DE) -based proteomic 
strategies are widely used for the detection of variation in protein modi fi cation, 
because such modi fi cations can result in the shift of the isoelectric point or molecu-
lar weight of protein. Protein phosphorylation could affect the isoelectric point, as 
neutral hydroxyl groups on serines, threonines, or tyrosines are replaced with nega-
tively charged phosphates, and cause the protein to shift towards the acid end of the 
2-D gel creating the “beads-on-a-string” look for multiple phosphates. If the pro-
teins are modi fi ed by degradation and/or glycolyzation, the molecular weight of the 
resulting fragments will change and migrate differently in the second dimension. 
Therefore, the proteins with modi fi cations would show a different mobility pattern 
on a 2-D gel, and different isoforms of the same protein can be visible as different 
spots on the 2DE gel. 

 Different types of nonradioactive  fl uorescence staining dyes have been devel-
oped for the in-gel detection of proteins with speci fi c modi fi cations. The  fl uorescent 
dyes have a good dynamic range of quanti fi cation and good compatibility with sub-
sequent protein characterization and identi fi cation (Patton  2002  ) . Pro-Q Diamond 
phosphoprotein stain (Molecular Probes) was developed for the detection of phos-
phoserine-, phosphothreonine-, and phosphotyrosine-containing proteins on 1D and 
2-D gels, electroblots, and protein microarrays (Steinberg et al.  2003  ) . Recently, it 
was shown that a combination of one- and two-dimensional gel electrophoresis 
stained with Pro-Q Diamond could be used to detect changes in protein phosphory-
lation in PM porcine meat samples (Huang et al.  2011,   2012  ) . This strategy can be 
applied for semi-quantitative analysis of protein phosphorylation changes in multi-
ple samples (Fig.  7.1 ). Protein oxidation can be analyzed by detection of carbonyl 
derivatives which involves a pre-derivatization of the carbonyl groups with 
 dinitrophenylhydrazine (DNPH) prior to electrophoresis, followed by immunoblotting 
with an anti-DNP antibody (Nakamura and Goto  1996  ) . Many protein oxidation 
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  Fig. 7.1    The scheme for gel-based phosphoproteomic analysis of postmortem porcine muscle       
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assay kits are commercially available, such as the OxyBlot Protein Oxidation 
Detection Kit. After modi fi cation-speci fi c staining and imaging, the same gel will 
be subjected to total-protein stains, such as SYPRO Ruby Fluorescent dye; the 
images from both modi fi cation staining and total protein staining can be obtained 
with gel scanners with multiple laser excitation sources and analyzed with pro-
teomic image software. Changes at the protein modi fi cation level can be semi-
quanti fi ed by comparing the intensity of the protein in the modi fi cation staining 
image and its intensity in the total protein image.  

 After gel separation, the proteins will usually be cut off from the gel and sub-
jected to ingel digestion and MS identi fi cation. From the MS data it is possible to 
identify the protein modi fi cation sites and type (Jensen  2004  ) . It is also possible to 
predict the cleavage site using tandem MS if the protein is degraded (Lametsch et al. 
 2002 ; Larsen et al.  2001  ) .  

    7.3.2   Gel-Free Proteomic Approaches 

 Compared to gel-based approaches, gel-free liquid chromatography coupled with 
tandem mass spectrometry (LC-MS/MS) approaches seems to be much more power-
ful for high-throughput modi fi cation-speci fi c proteomics, inasmuch as many speci fi c 
techniques for modi fi ed proteins or peptides can be incorporated prior to LC-MS/MS 
analysis, and it is also possible for quantitative study by introducing different isoto-
pic labelings into the protein or peptides. For noncomplicated samples, it is possible 
to detect the protein modi fi cation with shotgun sequencing. The protein samples are 
treated with multiple proteases to generate complementary and redundant sets of 
overlapping peptides, and then subjected to shotgun sequencing by LC-MS/MS; 
 fi nally extensive data analysis is needed. This strategy is suitable for subproteomes 
(Wu et al.  2003  ) , simple protein mixtures, and protein complexes. However, for most 
of the complicated biological samples, it is dif fi cult to detect and characterize protein 
modi fi cation using common global proteomics strategies. A key to protein 
modi fi cation-speci fi c proteomics approaches is to enrich and purify protein or pep-
tide species with speci fi c modi fi cation prior to characterization by MS/MS. 

 Different enrichment methods for speci fi c modi fi cation in combination with LC/
MS/MS approaches are the most popular strategy for high-throughput protein 
modi fi cation-speci fi c proteomics. The enrichment of modi fi ed proteins or peptides is 
often achieved by using af fi nity chromatographic techniques. Immunoprecipitation 
with modi fi cation-speci fi c antibodies is highly helpful for enriching the correspond-
ing modi fi ed proteins. Commercially available phosphotyrosine (pTyr)-speci fi c anti-
bodies are widely used for cell-signaling study (Rush et al.  2005  ) . Phosphopeptides 
can also be enriched by immobilized metal af fi nity chromatography (IMAC) (Ficarro 
et al.  2002 ; Posewitz and Tempst  1999  ) , or by titanium dioxide (TiO 

2
 )  columns 

(Larsen et al.  2005 ; Thingholm et al.  2006  )  prior to MS/MS analysis. Strong cation 
exchange and anion exchange chromatography can be used to reduce peptide com-
plexity (Beausoleil et al.  2004 ; Nuhse et al.  2003  ) . Glycoproteins can be enriched by 
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using sugar-speci fi c antibody lectins (Gabius et al.  2002 ; Yang and Hancock  2004  )  
and TiO 

2
  columns (Larsen et al.  2007  ) . Glycosidase D/H treatment and MS/MS 

facilitated protein identi fi cation and assignment of glycosylation sites (Hagglund 
et al.  2004  ) . Acetylated peptides can be enriched by using resin-coupled antibodies 
to acetyllysine (Kim et al.  2006  ) . Chemistry-based methods for modi fi cation-speci fi c 
covalent capture of proteins and/or peptides are another choice for characterization 
of protein modi fi cation. These methods are often based on  b -elimination/Michael 
addition chemistry, phosphoramidate chemistry, or other PTM-speci fi c chemistries. 
The targeted PTMs can be converted to stable and manageable status and then 
identi fi ed by MS/MS sequencing (Oda et al.  2001 ; Wells et al.  2002  ) . 

 Most modi fi cations can result in a mass increment or a mass de fi cit relative to the 
nascent unmodi fi ed protein, as summarized by Jensen (Jensen  2006  ) . For example, 
the phosphorylation of a Tyr residue can increase its mass from 163 Da to 243 Da 
by the addition of an HPO 

3
  group (80 Da). After enrichment and pre-fractionation, 

the modi fi cation site can be assigned through the observation of a discrete mass 
change of the peptide in MS or of the residue in MS/MS (Larsen et al.  2006  ) . The 
data acquisition software can then be programmed to monitor and sequence all of 
the pre-de fi ned candidate modi fi ed peptides. Huge amounts of data are normally 
generated from LC-MS/MS; how to extract the useful information and interpret the 
data is also a great challenge. The integration of computational tools into 
modi fi cation-speci fi c proteomics studies is a prerequisite for the interpretation of 
large-scale datasets into meaningful biological information; the explosive accumu-
lation of large-scale data and development of a PTM database will strongly acceler-
ate this step (Jensen  2006 ; Witze et al.  2007  ) .   

    7.4   Impacts of Protein Modi fi cations on Muscle Food Quality 

 During the conversion of muscle into meat, the occurrence of distinct protein 
modi fi cations is also involved in the whole process of meat quality development. 
Protein modi fi cations in meat are in fl uenced by conditions prior to and after animal 
slaughter. Prior to slaughter, physiological reactions to stress may in fl uence the rate 
and extent of PM pH decline and alter the protein modi fi cation pattern, thereby 
affecting meat quality traits (Ferguson and Warner  2008  ) . Shortly after slaughter, 
drastic metabolic changes can result in the activation of different protein modi fi cation 
mechanisms (mainly PTMs) to regulate the activity of enzymes and structural pro-
teins in response to the shortage of ATP and the development of rigor mortis. For 
example, the phosphorylation levels of many muscle proteins were known to change 
signi fi cantly during PM 1–24 h, and the reversible phosphorylation can indirectly 
affect the pH decline rate and the development of rigor mortis (Huang et al.  2011,   2012 ; 
Lametsch et al.  2011  ) . Protein oxidation occurs during meat processing and has 
numerous negative effects on meat quality and it is therefore important to control 
this oxidation (Lund et al.  2011  ) . The Maillard reaction occurring during the cook-
ing of meat is important for the development of meat  fl avor and color.  
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    7.5   Proteomic Analysis of Protein Modi fi cations 
in Muscle Food 

 In muscle, intensive studies were performed using proteomic approaches for 
studying protein modi fi cations of muscle protein, such as oxidation (Feng et al. 
 2008  ) , phosphorylation (Hojlund et al.  2009  ) , nitration (Kanski et al.  2005  ) , and 
glycosylation (Martin-Rendon and Blake  2003  ) . These modi fi cations were found 
to play essential roles in metabolism regulation and muscle contraction. Whereas 
until recently protein modi fi cations were largely unexplored in muscle food sys-
tems, more attention was drawn to characterizing protein modi fi cations in meat 
during intensive exploration of the mechanisms of regulating meat quality devel-
opment and storage. Speci fi cally, researchers focus much more on oxidation and 
phosphorylation. Meanwhile, protein degradation has also been intensively stud-
ied in the meat science area, as it plays a key role in regulating the development of 
meat tenderness. 

    7.5.1   Protein Phosphorylation 

 Reversible protein phosphorylation is one of the most widespread regulatory 
mechanisms in nature. Phosphorylation and dephosphorylation of proteins regu-
late critical biological processes including metabolism, signaling transduction, 
proliferation, and differentiation (Graves and Krebs  1999 ; Hunter  2000  ) . In recent 
years, with the development of phosphoproteomic methods, protein phosphoryla-
tion has been comprehensively studied in various muscle samples (Gannon et al. 
 2008 ; Hojlund et al.  2009 ; Hou et al.  2010  ) . Many sarcoplasmic and myo fi brillar 
proteins were identi fi ed to be phosphorylated, and the phosphorylation could 
affect the metabolism and contraction of muscle. In PM muscle, enzymes catalyz-
ing the glycolysis reactions affect the rate and extent of pH decline (Schef fl er and 
Gerrard  2007  ) . Most of the glycolytic enzymes are phosphoproteins; several stud-
ies that focused on individual or few glycolytic enzymes indicated that protein 
phosphorylation plays critical roles in several key steps of glycolysis in PM mus-
cle. Phosphorylase kinase can phosphorylate glycogen phosphorylase b on serine 
14, change the structure, and transform it into the active form (Johnson  1992 ; 
Sprang et al.  1988  ) . Phosphorylation of pyruvate kinase could result in an addi-
tional, more acid stable enzyme isoform and maintain high activity in PSE meat 
(Schwagele et al.  1996  ) . The phosphorylation status of AMP-activated protein 
kinase (AMPK) could indirectly in fl uence the  glycolysis and pH decline in PM 
muscle (Shen and Du  2005  ) . It has also been reported that myosin regulatory light 
chain 2 (MyLC2) became doubly  phosphorylated during rigor formation in bovine 
longissimus (Muroya et al.  2007  ) . Studying the dynamic changes of protein phos-
phorylation in PM meat can lead to the identi fi cation of candidate regulatory pro-
teins from a new perspective. 
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 A combination of one- and two-dimensional gel electrophoresis (1DE and 
2DE) coupled with Pro-Q Diamond-SYPRO Ruby staining and tandem MS 
strategy was employed to semi-quantitatively analyze the protein phosphoryla-
tion changes of sarcoplasmic proteins (Fig.  7.1 ) (Huang et al.  2011,   2012  ) . The 
staining method showed high speci fi city for both phosphoprotein and total pro-
tein in 1DE and 2DE (Fig.  7.2 ). The results revealed that the fast pH decline 
group had the highest global phosphorylation level at PM 1 h, but lowest at 
24 h, whereas the slow pH decline group showed the reverse case. The phospho-
rylation levels of many proteins were signi fi cantly affected by the synergy 
effects of pH and time ( p  < 0.05). Most of the phosphoproteins were identi fi ed 
as glycometabolism-related enzymes. The phosphorylation of pyruvate kinase 
and triosephosphate isomerase-1 were shown to be related to the PM muscle pH 
decline rate. It was suggested that the phosphorylation level might indicate the 
activity of corresponding proteins in PM muscle. A similar study was also per-
formed for the myo fi brillar proteins, MyLC2, troponin T, and tropomyosin, and 
several other structural proteins were identi fi ed as highly phosphorylated and 
changed with PM time. Interestingly, unlike the sarcoplasmic proteins, the 
phosphorylation pattern of myo fi brillar proteins in PM muscle is mainly changed 
with PM time, but only to a minor extent in fl uenced by the rate of pH decline, 
suggesting the phosphorylation of myo fi brillar proteins may be related to the 
meat rigor mortis and quality development (Huang et al.  2012  ) .  

 PM changes in porcine muscle protein phosphorylation in relation to the RN −  
and normal genotypes have also been investigated (Lametsch et al.  2011  ) . 
Glycogen phosphorylase, phosphofructokinase, and pyruvate kinase were found 
in protein bands affected by the RN -  genotype, the protein phosphorylation level 
of the muscle proteins could be interpreted as a global metabolic  fi ngerprint 
containing information about the activity status of the enzymes in the PM 
metabolism. Another related study used this approach to analyze the response of 
sarcoplasmic proteins in PM bovine longissimus muscle to electrical stimula-
tion and its effects on meat tenderization; the proteomic analysis showed that 
ES resulted in lower ( p  < 0.05) phosphorylation levels of creatine kinase M 
chain, fructose bisphosphate aldolase C-A,  b -enolase, and pyruvate kinase at 
PM 3 h (Li et al.  2011  ) .  

    7.5.2   Protein Oxidation 

 Protein oxidation in muscle foods results in the loss of meat product quality, such 
as reduced water-holding capacity (WHC), tenderness, and juiciness (Lund et al. 
 2007 ; Rowe et al.  2004  ) . Oxidation of proteins may affect the susceptibility of pro-
tein substrates to proteolytic enzymes and result in low digestibility and poor nutri-
tional value (Morzel et al.  2006  ) . Oxidation of numerous amino acids leads to the 
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formation of carbonyl groups and other derivatives, and causes a depletion of essen-
tial amino acids in muscle foods. 

 Direct oxidation of the side chains from lysine, threonine, arginine, and proline 
has been highlighted as the main route for protein carbonylation and the main 
mechanism that has been proved to yield carbonyls from meat proteins (Estevez 
 2011  ) . The 2,4- dinitrophenylhydrazine (DNPH)-method (Oliver et al.  1987  )  com-
bined with proteomic approaches has been widely used for evaluating protein car-
bonylation in multiple muscle foods. A combined immunologic and 1D and 2-D 
proteomic approach was employed to address protein oxidation in chicken muscles 
(Stagsted et al.  2004  ) . Speci fi c proteins containing carbonyls and/or 3-nitroty-
rosine (3-NT) were detected by the DNPH method and antibody against 3-NT. It 
was found that enolase was the predominant carbonyl-reactive species among the 
water-soluble muscle proteins, and several other proteins (actin, heat shock protein 
70, and creatine kinase) also contained carbonyls and/or 3-nitrotyrosine. 
Additionally, the effect of feed on protein oxidation was checked as well. A similar 
study used DNPH and anti-DNP antibody to detect oxidized myo fi brillar proteins 
from PM porcine muscle on 2-D gel and identi fi ed about 70 oxidatively modi fi ed 
proteins (Bernevic et al.  2011  ) . Another study employed 2DE combined with 
DNPH and  fl uorescent thiosemicarbazide (FTSC) staining and MS/MS to detect 
the protein carbonyls from bonito muscle during storage; the oxidation status of 
enolase, aldolase, and L-lactate dehydrogenase A chain (LDH-A) were identi fi ed 
as changing during storage (Kinoshita et al.  2007  ) . Signi fi cant correlations 
( p  < 0.05) were observed between the level of carbonyl groups and the intensities 
of 52 proteins on the 2-D electrophoresis of PM porcine sarcoplasmic proteins 
(Promeyrat et al.  2011  ) . 

 In addition to the gel-based approaches, some recent studies started to perform 
LC-MS/MS-based proteomics to analyze oxidation in meat. Researchers used 
LC-MS/MS to characterize the interesting protein spots cut from 2-D gel, which led to 
the identi fi cation of several unique oxidation sites on creatine kinase, actin, and tri-
osephosphate isomerise (Bernevic et al.  2011  ) . Myoglobin (Mb) redox status affects 
meat color and is destabilized by lipid oxidation products. Researchers utilized 
LC-ESI-MS/MS and other proteomic methods to investigate oxymyoglobin (OxyMb) 
oxidation in Mb from pork and beef; they identi fi ed several adducted histidine (HIS) 
residues (more in beef), and revealed that HNE-induced HIS residues adduction 
occurred in a species-speci fi c preferential manner, Preferential HNE adduction at HIS 
93 was exclusively observed in bovine OxyMb (Suman et al.  2007  ) .  

    7.5.3   Protein Degradation 

 Tenderness has been considered as the most important quality attribute of meat; it is 
well established that PM proteolysis is mainly responsible for meat tenderization 
(Koohmaraie and Geesink  2006  ) . Proteomics has been widely used to investigate PM 
protein degradation and has provided global insight into the process of proteolysis. 
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 Using the classic 2-D method, many proteins were found to be fragmented as a 
consequence of protein degradation in PM pork; identi fi ed proteins included struc-
tural proteins (such as actin, myosin heavy chain, troponin T, etc.) and sarcoplas-
mic proteins (such as creatine kinase, carbonate dehydratase, triosephosphate 
isomerase, pyruvate kinase, etc.) (Hwang et al.  2005 ; Lametsch et al.  2002  ) . 
Moreover, the actin and the myosin heavy chain fragments have been found to cor-
relate signi fi cantly with meat tenderness (Hwang et al.  2005 ; Lametsch et al.  2003  ) , 
indicating that the PM degradation of structural proteins contributes to meat ten-
derization. It is speculated that myosin heavy chain degradation leads to disruption 
of the myosin–actin interaction, and has an effect on the integrity of the thin 
 fl ament, which results in meat tenderization. Recently, the combination of 2DE and 
FTICR-MS was utilized for the identi fi cation of muscle protein degradation prod-
ucts in pork (Bernevic et al.  2011  ) , and several truncation forms of creatine kinase 
and troponin T were identi fi ed and con fi rmed the former results. PM proteolysis in 
muscle has also been analyzed using proteomics in beef. In  M. longissimus dorsi  
(LD) and  M. semitendinosis  (ST) muscle from 0 to 24 h, the intact form of co fi lin, 
lactoylglutathione lyase, and substrate protein of mitochondrial ATP-dependent 
proteinase SP-22, HSP27, and HSP20 were detected as decreasing (Jia et al.  2006  ) . 
It was also found that the abundance of fragments of actin, creatine kinase, HSP27, 
and crystallin increased, whereas the amount of intact molecules decreased over 14 
days of cold storage (Morzel et al.  2008  ) . The fragmentation of creatine kinase and 
other proteins was also observed in a proteomic study of  fi sh (carp) during cold 
acclimation (McLean et al.  2007  ) .   

    7.6   Conclusion 

 Even though it is still a very challenging task to characterize the protein modi fi cations 
in complex food and biological systems, over the past 10 years development in the 
areas of  fl uorescent detection, af fi nity-enrichment techniques, and quantitative pro-
tein and advanced MS greatly accelerate the application of modi fi cation-speci fi c 
proteomics (mainly PTMs) to reveal the molecular features and functions of pro-
teins in life science. The global and systematic characterization and interpretation 
of protein modi fi cations can be performed through the integration of computational 
tools into large-scale high-throughput modi fi cation-speci fi c proteomics studies, and 
will offer meaningful information of biological events. Compared to the life science 
area, protein modi fi cations in food science are rarely explored. The application of 
proteomic approaches to analyze food protein modi fi cation is predicted to become 
increasingly important in the area of general food science, quality assurance, and 
product differentiation. The knowledge and approaches of modi fi cation-speci fi c 
proteomics developed in the life sciences area can be referenced and will contribute 
to the knowledge development of protein modi fi cations in food sciences. 

 The proteins in PM muscle are subjected to both post-translational modi fi cations 
and extracellular modi fi cations. Importantly, these protein modi fi cations mainly 
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determine the biochemical and physical properties of meat proteins and thereby 
affect  fi nal meat quality. Until now, protein modi fi cation studies in meat science are 
mainly limited to phosphorylation, oxidation, and degradation, and to some extent, 
knowledge of these modi fi cations in meat is still at the preliminary level. We can 
expect that high-throughput modi fi cation-speci fi c proteomics will be employed to 
systematically analyze the qualitative and quantitative differences of these protein 
modi fi cations in meat concerning the development, genetic background, process-
ing, and storage, which will greatly contribute to our understanding of the mecha-
nisms underlying meat quality difference. In addition, it is also of great interest to 
explore the potential roles of other important protein modi fi cations in meat systems 
using modi fi cation-speci fi c proteomics.      
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          8.1   Introduction 

 Managing beef quality and offering a high and consistent sensorial quality to consum-
ers is a challenge in the meat industry. Consumers are looking for tender meat as a  fi rst 
quality among  fl avor, juiciness, and color, and this quality is one of most important 
social and economic challenges for beef producers and retailers (Hocquette et al.  2005  ) . 
In order,  fi rst, to understand how meat quality traits, particularly tenderness, are bio-
logically characterized and, second, to guarantee meat quality as desired by consumers, 
scienti fi c programs have been conducted for many years. These  programs looking for 
meat quality traits have focused on different breeds (Drans fi eld et al.  2003  )  and differ-
ent muscles (Bernard et al.  2007  ) , and have used different approaches ranging from 
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histologically based experiments, enzymatic activities, and SNP screening, to genom-
ewide techniques (Andersson and Georges  2004 ; Hocquette et al.  2007b  ) . Concerning 
meat tenderness and despite these efforts, only a small part of meat tenderness can be 
explained by biochemical muscle traits (Renand et al.  2001  ) . Thus the need remains to 
 fi nd relevant biological markers of meat quality traits for French breeds to complement 
the genetic markers already found in meat science worldwide (Hocquette et al. 
 2007b  ) . 

 High-throughput “omics” sciences are the golden tools for the discovery of new 
indicators of beef quality. More particularly, proteomics have now become a mature 
science which has already led to new insights in animal and meat science (Mullen 
et al.  2006  ) . One of the main limitations of using omics experiments in meat science 
is that meat quality is often classi fi ed according to its appearance (color, texture, 
taste) (Bendixen  2005  ) , whereas meat quality is known to be characterized by a 
larger number of parameters and a larger number of biological interactions and 
complex environmental factors (Hocquette et al.  2007a  ) . 

 In this context of continuing investigations into meat quality, the Qualvigène  program 
(Allais et al.  2010  ) , a French genomic program based on a thorough analysis of more 
than 3,300 young bulls from the three main French beef breeds, aims (1) to analyze the 
genetic variability of cattle, (2) to look for functional and genetic markers of meat  quality 
traits, and (3) to con fi rm published and patented markers of meat quality. 

 Results from proteomic analyses are presented here, based on the Qualvigène 
system, leading to the discovery of original biological markers for three main French 
beef breeds. This work is de fi ned by three main originalities. The  fi rst one lies in the 
thorough characterization of animals from a large cohort of more than 3,300 
 individuals. All animals in this cohort were characterized according to 30 different 
parameters representative of beef traits, muscle characteristics, and meat qualities. 
The second originality of our work is that the choice of animals was made thanks to 
the creation of a synthetic index of meat tenderness combining (1) sensorial  analysis, 
reported by a trained panelist, and (2) the mechanical shear force score (Warner–
Bratzler shear force). Animals were ranked according to this synthetic index and 
grouped in tender or tough meat-producing animal groups for each breed. The third 
and last originality lies in the choice of animal de fi ning the groups and comparing 
in tenderness. Thus, for the  fi rst time, the choice of animal and muscle sample was 
made according to tenderness of the meat and with no signi fi cant differences for the 
other parameters measured (i.e., selection on meat tenderness  ceteris paribus ). 

 This proteomic comparison leads to a list of proteins differentially abundant between 
tough and tender meat. This work also leads to new insights concerning the contribution 
of the HSP (heat shock protein) family to meat tenderness by the study of multi-isoforms 
and post-translational modi fi cations of chaperone protein HSP27.  

    8.2   Methodology for Sample Choice and Preparation 

 This work is part of a large research program (Qualvigène program, French national 
agency number ANR-06-GANI-001) based on the observation and deep analysis of 
3,349 young beef bulls, the progeny of 114 sires (Allais et al.  2010  ) . A total of 981 
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young Blond d’Aquitaine breed bulls, 1,114 young Charolais breed bulls, and 1,254 
young Limousin breed bulls were slaughtered in different industrial slaughterhouses 
(depending on the regions in France where reared) using strictly the same protocol. 
Young Charolais bulls were slaughtered at constant weight (730 kg) whereas young 
Blond d’Aquitaine and Limousin bulls were slaughtered at constant age (14 months 
and 16 months, respectively). 

 Each animal was genotyped for two mutations (Q204× and nt821) in the   myostatin  
gene on chromosome 2. A consistent phenotypic database was built using characteris-
tics from the slaughtered animals. In fact every animal was characterized by 30 different 
parameters representative of beef traits (carcass composition and conformation, 
growth potential, internal fat deposition), muscle characteristics ( fi ber section area, 
soluble and insoluble collagen content, intramuscular lipid content, pH), and meat 
qualities (sensory analysis of tenderness by a trained panelist, speci fi cally trained 
for each breed, and mechanical tenderness using Warner–Bratzler shear force). 

 In order to select two samples of 10 young bulls in each breed with the most 
extreme tenderness attribute  ceteris paribus  the following selection process was 
implemented in each breed: (1) young bulls with excessive pH value were discarded 
(two of them with pH value of 6.15 and 6.4, i.e., above 5 standard deviations); (2) a 
logarithm transformation of the shear force measurements was computed in order to 
obtain a more normal distribution; (3) tenderness scores and transformed shear 
force values on the one hand, and intramuscular and insoluble collagen contents and 
muscle  fi ber section area were analyzed in a linear model and adjusted to the effect 
of contemporary slaughter groups; (4) a tenderness synthetic index was computed 
that combined the standardized normal values of the tenderness scores and of the 
logarithm of shear force measurements with weights +1 and −1, respectively; (5) 
bulls with a mutated copy in the  myostatin  gene or with one of the muscle charac-
teristics exceeding 0.89 residual standard deviation from the breed average were 
discarded; (6) bulls were ranked according to their tenderness synthetic index and 
the 10 bulls ranking  fi rst and last were selected. 

 For each breed, the  Longissimus thoracis  (LT) muscle was excised 24 h after 
slaughter. A portion of this muscle was directly frozen in liquid nitrogen to perform 
biochemical measurements and proteomic analysis. The other portion of the LT was 
aged for 14 days at 4 °C and kept for panelist tasting and sensorial analysis as 
reported previously (Drans fi eld et al.  2003  ) .  

    8.3   Meat Tenderness Using 2DE and MS Approach 

 Figure  8.1  displays the population of young bulls according to the two components 
of the synthetic index: Warner–Bratzler shear force (logarithm) in the abscissa and 
the panelist’s tenderness score in the ordinate, both components adjusted to the 
contemporary group means and standardized. The candidate animals for proteomics 
analysis (i.e., the 20 selected young bulls presenting extreme scores in the synthetic 
index) are represented either by a triangle (young bull with tender meat) or square 
(young bull with tough meat).  
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 The standard deviations in the whole population and the contrasts between the 
selected extreme samples are reported in Table  8.1 . Large differences were gener-
ated between extreme samples for tenderness score and shear force: 3.1 to 3.9 stan-
dard deviations, and for the synthetic index: 3.8 to 4.7 standard deviations, and these 
extreme samples did not differ for intramuscular lipid and collagen content, and 
muscle  fi ber cross-section area.  

    8.3.1   General Proteomics Observations 

 For the purpose of evaluating the protein pro fi le of muscle using 2-D gels, muscle 
proteins were extracted, as described in Bouley et al .   (  2004  ) . For each breed, each 
tenderness group was represented by 10 different 2DE of the 10 different animals. 
Proteins were separated using 2DE ( fi rst-dimension IEF range pH 4 to 7, second 
12% acrylamide SDS-PAGE) and visualized using colloidal Coomassie blue stain-
ing. A one-way ANOVA of computed gels was processed under SameSpots to 
 highlight spots differentially expressed between groups presenting meats differing 
in their tenderness, with  p  < 0.05. 

  Fig. 8.1    Assessment in the difference of animal groups, compared in the proteomic analysis. Meat 
tenderness of each young bull was appreciated using a combination of sensorial analysis and 
mechanical analysis. Animals presenting signi fi cant differences in meat tenderness  ceteris paribus  
are indicated either with a  triangle  (tender meat) or a  square  (tough meat)       
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   Table 8.1    Variability and selection differential in each breed   

 Charolais n = 1,114  Limousin n = 1,254 
 Blonde d’Aquitaine 
n = 981 

 Trait  RSD *   Diff/RSD  RSD *   Diff/RSD  RSD *   Diff/RSD 
 Synt. index  1.71  +4.1  1.65  +4.7  1.68  +3.8 
 Tend. score  7.5  +3.2  7.3  +3.9  10.8  +3.1 
 Shear force (ln)  0.17  −3.8  0.16  −3.8  0.22  −3.3 
 Intramuscular lipids  0.81  +0.4  0.48  +0.3  0.36  +0.1 
 Insoluble collagen  0.037  +0.3  0.037  +0.1  0.049  +0.1 
 Muscle  fi bre section area  746  −0.1  622  +0.1  541  −.05 

   RSD  *  residual standard deviation 
 Diff/RSD: tender – tough groups contrast, divided by the residual standard deviation  

 Identi fi cation of proteins was performed using a MALDI-TOF peptide mass 
 fi ngerprint (PMF) strategy of trypsin-digested spots. PMF were compared to the Bos 
taurus Swiss Prot 51.6 database (October 2008, 257964 seq) or to another mammalian 
using MASCOT 2.1 software. PMF of unidenti fi ed proteins (using the bovine data-
base) were compared to the nrMammalia database (06/2008, 819370seq). 

 Using this 2-D MS strategy, ANOVA revealed 15% of spots with a differential 
abundance between the two tenderness groups in BA, 8% in the Li and 10% in the Ch 
breed. Table  8.1  presents a synthetic view of all proteins differentially expressed 
between the meat tenderness groups and identi fi ed by mass  spectrometry in this exper-
iment for the three breeds. Only two proteins were found in common for the three 
breeds (HSP27 and  a  skeletal actin). HSP27 proteins were detected in many different 
isoforms (9 for Li, 2 for CH, and 6 for BA) which appear to be differentially expressed 
among tenderness groups. Limousin and Blond d’Aquitaine shared four proteins in 
common such as  a  crystalline B chain and HSP20. Six proteins were differentially 
expressed in two breeds. Among these six proteins, Troponin T (TnT) fast skeletal 
muscle was detected in Ch and BA breeds in many isoforms (respectively, 3 and 6), 
only in tough meat. The differences between tenderness groups revealed by compara-
tive gel-based proteomics were validated by Western blot when antibodies were avail-
able as described in Chaze et al.  (  2008  )  (Table  8.2 , Fig.  8.2 ).    

    8.3.2   Analysis of TNNT3 and HSP27 Isoforms 

 In order to understand variations in protein abundance between the two observed condi-
tions, immunodetections by western blot of a targeted zone of 2DE gels were done using 
available anti-HSP27 and anti-TNNT3 antibodies using infrared detection (Odyssey 
Infrared Imaging System  fl uorescent scanner (LI-COR Bioscience)) as described in 
Guillemin et al.  (  2009  ) . In each analysis, a general canvas was created and the same 
number of isoforms was kept between breeds to make the observation easier. 

 The number of troponin T spots was de fi ned according to the data of Bouley et al .  
 (  2005  ) , which allowed the characterization of troponin T fast composition in exon 16 or 17 
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(Fig.  8.2 ). The spots revealed with the antibody were numbered and classi fi ed in exon 16 
and 17 according to Bouley et al .   (  2005  ) . The patterns observed in the three breeds were 
very close (Fig.  8.2 ). The Western blot pattern of TNNT3 gave access to 6 spots in Blond 
d’Aquitaine, 9 spots in Charolais, and 8 spots in Limousin. Only proteins 85 and 86 were 
not found in the Limousin breed Western blot (Fig.  8.2 ). 

 The analysis of Troponin T pattern variation was assessed using HCA (Fig.  8.3 ). 
This demonstrated a lower abundance of all of these spots in the tender groups of 
the BA and Ch breeds, not observed in Li. However, the classi fi cation in exons 16 
and 17 did not allow discrimination between tenderness groups in any breed.  

 Concerning HSP27 analysis, Western blot detected a distinct, but stackable, pattern 
between the three breeds and the tenderness groups (Fig.  8.4 ). After revelation with 
the HSP27 speci fi c antibody we were able to reveal a total of 12 different isoforms 
(Fig.  8.4 ). The maximum number of spots was observed in Li. In this breed we 
observed that spots 10, 11, 12 were speci fi c to the tender group. We also found these 
spots in the BA breed tender group. On the contrary, in the Ch breed these spots 
were not present in the tender group which was characterized by a higher level of 
spots 1, 2, 4. Moreover, spot 3 was only detected in the Limousin breed, whereas on 
the contrary, spot 5 was present in all breeds. These data illustrate differences 
between the two tenderness groups for HSP27 spots. However, these differences 
were not the same in each breed.  

 Hierarchical clustering analysis (HCA) was performed to highlight relationships 
between protein isoform abundances. HCA was conducted according to the 
Pearson distance and Ward’s aggregation method (Meunier et al.  2007  )  using the 

Li

Li T-

Li T+

Ch T-

Ch T+

BA T-

BA T+

8685848283817675747372
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d

  Fig. 8.2    Analysis of the 
different Troponin T fast 
spots pattern. The spots were 
numbered (at the  top  of the 
 fi gure) according to the 
article of Bouley et al.  2005 . 
( a ) Coomassie blue staining 
in Limousine LT muscle. 
( b ) Immunodetection of spot 
by western-blot using an anti 
TnTf antibody in Limousin 
(Li T+ for tender meat, Li 
T− for tough meat). ( c ) 
Immunodetection of spot by 
western-blot using an anti 
TnTf antibody in Charolais 
(Ch T+ for tender meat, Ch 
T− for tough meat). ( d ) 
Immunodetection of spot by 
western-blot using an anti 
TnTf antibody in Blond 
d’Aquitaine (BA T+ for 
tender meat, BA T− for tough 
meat)       
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freeware PermuMatrix version 1.8.1 (Caraux and Pinloche  2005  ) . The use of 
 hierarchical  clustering classi fi cation analysis of these 12 isoforms showed a good 
discrimination of the two tenderness groups in the BA breed (Fig.  8.5 ). In this breed 
spots 6, 8, 9, 11, 12, 13 were less abundant in the tender group, with a good level of 
signi fi cance for spots 8 ( p  < 0.001) and 9 ( p  < 0.05). Spots 1 and 7 were globally 
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  Fig. 8.3    One way hierarchical clustering of immunodetected TnT spots template and the two 
groups of tenderness (high: T+; low: T−) in ( a ) Blond d’Aquitaine ( b ) Charolais ( c ) Limousin 
breeds. The spot numbers on the  right  corresponds to those of cartography (Fig.  8.2e ). The dendro-
gram on the  left  indicates the pro fi le similarities. The heat map represents the logged-ratio protein 
abundance: from  green  (under expressed) to  red  (over expressed)       

 



136 T. Chaze et al.

more abundant in the tender group with a  p -value in  t -test less than 0.01. Spots 2 and 
5 were less discriminating.  

 HCA of HSP27 immunodetected spots from the Limousin breed also displayed 
some interesting data. In this case, spots 1 ( p  < 0.01), 2 and 5 ( p  < 0.05) were more 
abundant in tough meat, whereas spots 8 ( p  < 0.05) and 9 were more abundant in 
tender meat. Limousin and Blond d’Aquitaine breeds seem to display opposite data 
concerning the implication of HSP27 in meat tenderness. 

 Unfortunately this discrimination between the tenderness groups with HSP27 
spots was not observed for the Charolais breed, with no statistical signi fi cance in the 
difference between meat tenderness values (Fig.  8.5 ). 

 The detection of phosphorylated isoforms (protocols described by the manufacturer 
and by the work of Agrawal and Thelen  (  2005  )  were strictly followed) using Pro Q 
Diamond staining (Molecular Probes, Eugene, OR, USA) demonstrated that spots 
number 2, 5, 8, and 9 were phosphorylated (Fig.  8.6 ).   

    8.3.3   Proteomic Network Analysis 

 In order to have a global visualization of proteomic data concerning each breed in 
this context of meat tenderness, a network analysis was performed using Pathway 
Studio 6. The complexity of each network is related to the number of proteins found 
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  Fig. 8.4    Immunodetection of HSP27 spots by 
western-blotting in the three breeds for the two 
groups of meat tenderness (T+ tender meat, T− 
tough meat)       
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  Fig. 8.5    One way hierarchical clustering of immunodetected HSP27 spots template and the two 
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differentially expressed in each breed between the meat tenderness groups. In each 
breed, the network con fi rms the central role of HSP27 (Fig.  8.7 ). In the Blond 
d’Aquitaine and Limousin breeds, apoptosis is the other main node con fi rming the 
hypothesis proposed by Morzel et al.  (  2008  ) . This graphic kind of representation 
offers new opportunities to appreciate the complexity of meat tenderness.  

 A gene set enrichment analysis of proteins identi fi ed in each breed and inde-
pendently of the meat tenderness was also performed using Pathway Studio 
(v.6, Ariadne genomics, Rockville, MD, USA). Table  8.3  displays the GSEA 
result for each breed. BA and Li breeds display 23 and 22 different GO terms 
unlike Ch which shows only 10 different terms. Eight terms were only found in 
the BA breed. They concerned contractile-related proteins such as troponin, tro-
pomyosin, and actin terms. Nine terms were only found in the Li breed and they 
were more concerned with enzymatic  activity (phosphopyruvate hydratase, gly-
colysis) and cell  localization (Golgi apparatus, nucleus). Interestingly, the Ch 
breed was always characterized by terms shared with another breed, and no term 
was found to be speci fi c to this breed.    

  Fig. 8.6    Detection of HSP27 spot by western-blotting in the three breeds for the two groups of 
tenderness (high: T+, low: T−) ( a ) Coomassie blue staining, general pattern. ( b ) Immuno-detection 
of spots by an anti HSP27 antibody. ( c ) Detection by  fl uorescence of phosphorylated proteins in 
the same gel area. ( d ) Sypro Ruby control (associated with phosphoprotein detection) of protein 
detected in the gel       
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    8.4   Discussion 

 This study presents great originality as it is the  fi rst time that animals to be  compared 
were chosen on the basis of a synthetic index re fl ecting a phenotype (here  tenderness). 
In the previously published studies the tenderness groups were constituted on the 
basis of mechanical analysis (Warner–Bratzler test) (Laville et al.  2009 ; Zapata 
et al.  2009  )  or on the basis of sensory analysis (Bouley et al.  2005 ; Bernard et al. 
 2007 ; Morzel et al.  2008  ) . Here, moreover, the samples were chosen without 
 differences in other characteristics involved in tenderness such as collagen and 
 lipids content, or  fi ber cross-section areas. 

  Fig. 8.7    Biological network of proteins declared involved in meat tenderness . Colour code  refers 
to the issue of statistical test comparing differences in meat tenderness.  Red circled  proteins are 
over expressed in tender meat while  green circled  proteins are over expressed in tough meat.  Blue 
circle  proteins are protein present in multi-isoforms which are over expressed in one or another 
group of tenderness.  Yellow squares  are cellular process. Networks were made using Pathway 
Studio 6 (Ariadne genomics, Rockville MD). ( a ) Charolais network. ( b ) Blond d’Aquitaine net-
work. ( c ) Limousin network       
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   Table 8.3    GSEA (Gene Set Enrichment Analysis) of each breed concerning the GO (Gene Ontology) 
term statistically found. Data refers to number of protein  matching the GO term and the p-value associ-
ated, all computed using Pathway Studio 6. Overlap indicates the number of proteins including in the 
GO term from our analysis. P-value corresponds to the statistical signi fi cation of the GSEA.  NA  Not 
available, meaning that any protein of that breed refers to the GO term associated   

 GO term name 

 Blonde d’Aquitaine  Charolais  Limousin 

 Overlap   p -value  Overlap   p -value  Overlap   p -value 

 Actin binding  3  6,854E-04  0  NA  0  NA 
 Actin cytoskeleton  2  2,928E-03  0  NA  0  NA 
 Anti-apoptosis  2  3,974E-03  2  1,462E-03  2  3,974E-03 
 Cell motility  2  2,561E-03  0  NA  2  2,561E-03 
 Cell surface  0  NA  0  NA  2  3,376E-03 
 Contractile  fi ber  2  2,583E-05  0  NA  2  2,154E-05 
 Cytoplasm  8  4,406E-04  6  9,924E-04  10  6,297E-07 
 Cytoskeleton  5  5,934E-06  3  7,456E-04  3  2,079E-03 
 Cytoskeleton organization 

and biogenesis 
 2  3,446E-03  2  1,265E-03  0  NA 

 Cytosol  0  NA  2  1,834E-02  4  1,500E-04 
 Glucose metabolic process  0  NA  0  NA  2  4,351E-04 
 Glycolysis  0  NA  0  NA  3  4,447E-06 
 Golgi apparatus  0  NA  0  NA  3  5,785E-03 
 Insoluble fraction  2  2,415E-04  0  NA  2  2,015E-04 
 Lyase activity  0  NA  0  NA  2  2,240E-03 
 Motor activity  2  2,399E-03  2  8,775E-04  0  NA 
 Muscle contraction  4  1,603E-07  3  3,311E-06  2  1,173E-03 
 Muscle development  2  1,151E-03  0  NA  2  1,151E-03 
 Nucleus  0  NA  0  NA  6  2,685E-02 
 Phosphopyruvate 

hydratase activity 
 0  NA  0  NA  2  2,360E-06 

 Phosphopyruvate 
hydratase complex 

 0  NA  0  NA  2  2,056E-06 

 Proteasome complex  0  NA  0  NA  2  1,078E-04 
 Protein binding  7  3,535E-02  5  3,673E-02  8  8,968E-03 
 Regulation of muscle 

contraction 
 3  5,608E-07  0  NA  0  NA 

 Regulation of striated 
muscle contraction 

 2  1,400E-05  0  NA  0  NA 

 Response to stress  3  1,190E-04  2  1,580E-03  5  3,046E-08 
 Skeletal muscle contraction  2  5,948E-06  0  NA  0  NA 
 Soluble fraction  2  1,765E-02  0  NA  3  7,704E-04 
 Structural constituent 

of cytoskeleton 
 3  4,728E-05  2  8,538E-04  0  NA 

 Tropomyosin binding  2  1,836E-05  0  NA  0  NA 
 Troponin complex  2  6,903E-06  0  NA  0  NA 
 Troponin T binding  2  2,360E-06  0  NA  0  NA 
 Z disc  3  1,710E-06  0  NA  3  1,284E-06 
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    8.4.1   The Important Role of HSP 

 In agreement with the role of apoptosis in tenderness (Ouali et al.  2006  ) , several 
proteins of the heat shock protein family were found to be related to tenderness in 
numerous studies (Picard et al.  2010  ) . For example, Bernard et al.  (  2007  )  revealed a 
lower expression of DNAJA1 in term of mRNA in Charolais young bulls with tender 
meat (Patent application number 20090311689). The DNAJA1 gene encodes Hsp40, 
a chaperone involved in protein import into mitochondria. In our study we did not 
reveal any differences in HSP 40 abundance, however, we found differences in the 
abundance of other proteins of the same family involved in similar functions: HSP20, 
HSP27, and  a  crystallin B. These three proteins belong to the same family called small 
HSP (Golenhofen et al.  2004  ) . In our results, one spot of HSP20 was less abundant in 
the more tender meat as observed for HSP40 at the mRNA level (Bernard et al.  2007  ) . 
Bouley et al.  (  2003  )  also found lower levels of HSP20 and HSP27 in the more tender 
groups of ST muscle from young Charolais and Salers bulls. The mechanisms 
 underlying the negative relationships between certain HSP levels and tenderness could 
be related to the antiapoptotic action of HSP (Solary et al.  1998 ; Creagh et al.  2000 ; 
Arrigo  2007  ) . However, these data are a matter of discussion in other experiments such 
as in Morzel et al.  (  2008  )  on LT muscle from BA young bulls. In that study tenderness 
scores were positively correlated with levels of HSP27 in the early post-mortem  muscle. 
These authors explained their results by the fact that the tenderizing process relies not 
only on proteolytic but also apoptotic processes and consequently increased HSP levels 
may reduce protection of the acto–myosin complex exercised in muscle cells. The 
controversy concerning results of the relation between HSP 27 and tenderness found in 
the literature could be explained by the different spots identi fi ed in our study. We found 
several spots of this protein (some with higher abundance in tender meat and other with 
lower abundance in less tender meat). We observed more differences in HSP27 spots 
between tenderness groups in BA and Li breeds and less in Ch (Table  8.1 ). The fact that 
many different HSP27 and troponin T fast spots were found with different abundances 
for a particular breed constitutes the most obvious advantage of proteomics compared 
to other functional genomic approaches.  

    8.4.2   Other Proteins Related to Tenderness 

 Protein DJ1 showed some differences according to the breed. In the Ch breed it was 
more abundant in the tender group and the opposite was observed in Li with no 
 differences in the BA breed. This result was con fi rmed by Western blot. A relation 
between DJ1 and tenderness was also observed in young Charolais bulls in a previous 
experiment (Hocquette et al.  2007b  ) . This protein is involved in cellular defense against 
the effects of oxidative stress by protecting proteins from aggregation (Junn et al.  2005  ) . 
It also reduces apoptosis, and as for HSP 27 various hypotheses could be proposed. 

 Glutathione S transferase was also more abundant in the tender meat group 
of Ch only. This cytosolic protein plays an important role in cell detoxi fi cation. 
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It utilizes glutathione in reactions contributing to the transformation of a wide 
range of  compounds, including carcinogens, therapeutic drugs, and products of 
oxidative stress. As with protein DJ1, this protein is involved in oxidative stress. 
Consequently the higher abundance of these two proteins in tender Ch meat is 
coherent. Other proteins involved in oxidative stress have already been described 
as good markers of tenderness. For example, Jia et al.  (  2009  )  suggested that 
protein PRDX6 is a potential marker for meat tenderness in  Longissimus thora-
cis  muscle. These authors also showed a putative role of DJ1 that is coherent 
with our results. 

 The protein 14-3-3 epsilon for which a role in meat tenderness had never been 
described in the literature was found with a higher abundance in the tender group in 
the BA breed only. This protein belongs to a large family functioning as a dimer in 
diverse signaling pathways. It is involved in various functions: differentiation, s tructural 
organization of intermediate  fi laments, and cell survival. It was revealed in several 
neuronal diseases such as Alzheimer’s, Parkinson’s and Creutzfeldt–Jacob diseases as 
protein DJ1 and glutathione S transferase. Han et al.  (  2010  )  suggested that the  monomer 
of 14-3-3 epsilon is suf fi cient to protect cells from apoptosis. Consequently, its role in 
tenderness could be explained by its implication in apoptosis. 

 Two proteins associated with proteasome activity were revealed:  b  type 2 subunit 
of proteasome in Ch and regulatory subunit 7 of proteasome 26S in BA. As  proteolytic 
systems are involved in meat aging, the role of these proteins in t enderness is 
coherent. 

 Two new proteins never identi fi ed previously were revealed in the Li breed: 
Geranyl transferase  a  type 2 subunit was more abundant in the less tender group 
and Rab GDP dissociation inhibitor factor  b  was more abundant in the more 
tender group. These proteins are involved in cellular transport and play an impor-
tant role in calcium release from sarcoplasmic reticulum. They could have a role 
in calcic  fl ux post mortem. This is in accordance with the  fi nding that several 
proteins involved in calcium metabolism have also been identi fi ed as positive 
markers of beef tenderness. For example, the abundance of parvalbumin is 
greatly increased in tender muscles in Charolais and Limousin cattle (Bouley 
et al.  2004  ) . This protein has a strong af fi nity for calcium ions. It participates in 
calcium cycling between cytoplasm and sarcoplasmic reticulum (Berchtold et al. 
 2000  )  especially in fast  fi bers. 

 Another protein never revealed in our previous experiments is a stress-induced 
phosphoprotein, STIP1. This protein regulates the association of chaperones 
HSP70-1B and HSP90. STIP1 stimulates the ATPase activity of HSP70 and inhib-
its the ATPase activity of HSP90, suggesting that it regulates both the conforma-
tions and ATPase cycles of these chaperones (Song and Masison  2005  ) . 
Interestingly, HSP70 has been identi fi ed as a potential marker of tenderness in 
other experiments (Jia et al.  2009  and Picard et al.  2010 ). We can note that in our 
study STIP1 was over-abundant in the less tender meat only in the LI breed. As 
the Limousin breed has the reputation of being more aggressive and more sensi-
tive to stress than the other two, this could explain why we found a relationship 
between this protein and tenderness only in this breed.  
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    8.4.3   Some Similarities Among the Three Breeds 

 Even if we observed different proteins with differential expression between the two 
tenderness groups for each breed (Table  8.1 ), we found the same biological  functions for 
all three breeds. For example, the discussion above demonstrates the implication of 
proteins involved in apoptosis and oxidative stress in all breeds. Moreover, we can pro-
pose a general trend: in each breed, proteins corresponding to slow oxidative character-
istics were more abundant in the group with higher tenderness:  a  enolase in Li, an 
isoform of troponin T slow, isoforms of slow MyLC (MyLC2), M creatine kinase and 
the mitochondrial protein NADH ubiquinnone oxydoreductase in BA. On the contrary, 
proteins corresponding to fast glycolytic characteristics were more abundant in the less 
tender group: PGM in the Ch breed, GAPDH in Li, fast isoforms of TnT in Ch and BA, 
and  b  enolase in Li and BA. This was con fi rmed by checking out different spots of fast 
TnT, allowing a good discrimination between tenderness groups in Ch and BA breeds 
but not in Li. Bouley et al.  (  2005  )  demonstrated that the ratio of TnT exon 16/exon 17 
was a good marker of muscle mass (with a higher ratio in high-muscled animals). From 
these data we assumed that this ratio could also be related to meat tenderness. However, 
our hierarchical analysis results allow the conclusion of the absence of any relation. 

 Our results indicate that there is a general relationship between contractile and 
metabolic properties and meat tenderness, with a positive relation between  tenderness 
and slow oxidative properties, and a negative relation with fast glycolytic properties 
and tenderness. This is particularly well illustrated in Fig.  8.7  which shows the  network 
of proteins involved in meat tenderness and the general biological processes in which 
they are involved. Most particularly, control of body weight is always controlled by 
a majority of over-expressed proteins in the three breeds. 

 Various proteins appear to be more related to tenderness in a breed-dependent 
manner. This general observation is coherent with previous proteomic results. For 
example, Morzel et al.  (  2008  )  by comparative proteomic analysis on LT muscle of 
BA young bulls found that the oxidative enzyme succinate dehydrogenase (SDH) 
was the best predictor of beef tenderness. In our case we did not reveal this enzyme 
but did  fi nd other proteins from the same functionality. Laville et al.  (  2009  )  also 
 demonstrated that tender meat from Charolais young bulls showed a higher  abundance 
of mitochondrial membrane fragments in the early post-mortem stages, suggesting 
increased degradation of the mitochondrial membrane in slow oxidative muscles. 
This could be explained by a faster or earlier onset of post-mortem apoptosis 
 according to the hypothesis of Ouali et al.  (  2006  ) . Mitochondria play a central role 
in the apoptotic process and a large set of pro-apoptotic proteins are translocated 
from these organelles to the cytoplasm and/or to the nucleus (cytochrome c, Smac/
Diablo, apoptosis-inducing factor or AIP, endonuclease G, etc.) according to their 
biological function (Suen et al.  2008 ; Taylor et al.  2008  ) . 

 Interestingly in our experiments the alpha actin protein was more abundant in the 
more tender group in all three breeds. This constitutes a good candidate as a biologi-
cal marker of beef tenderness. This difference was con fi rmed by Western blot with 
a speci fi c antibody. This protein has been identi fi ed as differentially expressed 
between extreme tenderness groups in Charolais (Hocquette et al.  2007b  )  and 
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Blonde d’Aquitaine young bulls (Morzel et al.  2008  ) . In these experiments another 
structural protein CapZ b  was also observed with a higher abundance in the tender 
group. This result was also observed in this study, but only in the Li breed. These 
structural proteins are destructured during post-mortem aging by proteolytic sys-
tems. Ouali et al.  (  2006  )  suggest that  a  actin constitutes a good marker of post-
mortem apoptosis. Further analysis will be conducted on different muscles and 
breeds to con fi rm its relationship with tenderness in different contexts.   

    8.5   Conclusion 

 This study shows important new results concerning meat quality as it is constructed 
on the basis of groups with high standard deviation on an index of tenderness combin-
ing both mechanical and sensory tenderness  ceteris paribus  for other muscle charac-
teristics involved in meat tenderness ( fi bers, collagen, and lipids). The comparative 
proteomic analysis allows con fi rmation of an important role of proteins from contrac-
tile and metabolic properties, structural proteins, and from the HSP family observed 
in previous studies at the mRNA or protein level. For example, proteins such as alpha 
actin, PGM, enolase, alpha crystalline B, and HSP20 appeared to be good potential 
markers of tenderness. This study also revealed new proteins whose role in tenderness 
has never been described, such as 14-3-3, STIP1 proteins. The results demonstrated 
differences among the three breeds for the proteins best able to explain meat tender-
ness. For example, HSP27 isoforms constituted good markers of tenderness only in 
the Blond d’Aquitaine breed. All the data obtained constitute new insights for beef 
tenderness. However, further analysis must be scheduled on the principal proteins in 
order to validate their relation to tenderness in different muscle and animal types. As 
meat science now has the opportunity to embark on system biology and modeling of 
meat characteristics, other studies using deep proteomics investigation will have to be 
employed. In the end, these results will be used to produce a phenotyping tool such as 
an antibody micro-array grouping all the antibodies speci fi c to the proteins validated 
as good biological markers of beef tenderness.      
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          9.1   Introduction 

 Dry-cured ham has been consumed for centuries in many countries and is a typical 
high-quality product with characteristic texture and  fl avor. The processing of dry-
cured ham is very long, lasting several months or even a few years, including the 
stages of salting, post-salting, and ripening/drying. The water activity of the ham is 
progressively reduced by the use of sodium chloride and drying. Many biochemical 
reactions take place during the process and are responsible for its  fi nal characteristic 
texture and  fl avor (Toldrá  1998 ,  2004  ) . 

 One of the most important biochemical phenomena is the intense proteolysis that 
takes place as a result of the action of endogenous muscle peptidases. The main 
enzymes responsible for the degradation of muscle proteins are endopeptidases and 
certain groups of exopeptidases that have been widely reviewed (Toldrá  2002  ) . 
Endopeptidases, mainly cathepsins and calpains, are able to degrade a large portion of 
the muscle protein structure by cleaving myo fi brillar proteins, affecting the texture, 
and also giving rise to large polypeptides that are further degraded by exopeptidases 
into small peptides and free amino acids (Toldrá and Flores  1998 ; Toldrá  2006  ) . 

 This chapter describes the latest advances in the application of proteomic tools to 
dry-cured ham in order to better understand the intense proteolysis phenomena that 
occur during its processing.  
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    9.2   Muscle Proteins 

 Myo fi brillar and sarcoplasmic proteins, together with the stroma proteins such as 
 collagen, constitute the main groups of proteins in skeletal muscle. Sarcoplasmic pro-
teins are water soluble or soluble in diluted salt solutions, whereas myo fi brillar pro-
teins are soluble in highly concentrated salt solutions. The structure of the skeletal 
muscle is mainly constituted of muscle  fi bers, which are essential for the generation 
and transmission of the contractile force. In fact, the muscle  fi ber is the basic 
machinery necessary for muscle contraction (Yamada et al.  2004 ). Each muscle 
 fi ber contains hundreds of myo fi brils, which are long bundled tubes of cytoskeleton, 
made of long chains of a repeating unit called the sarcomere, the basic functional 
unit of the muscle  fi ber. These units are composed of actin and myosin proteins that 
act as thin and thick  fi laments, respectively, and are responsible for skeletal muscle’s 
striated appearance (Lawrie and Ledward  2006  ) . Other relevant myo fi brillar  proteins 
in skeletal muscle are titin, nebulin, actinins ( a  and  b  forms), tropomyosin, and 
troponins C, I, and T (MacIntosh et al.  1996 ). 

 Sarcoplasmic proteins are those proteins found in the sarcoplasm, or the  fl uid 
surrounding the myo fi brils. Myoglobin is considered the most important protein of 
sarcoplasm as it is the most abundant water-soluble protein and gives the typical red 
color to the sarcoplasm (Toldrá  2006  ) . However, the sarcoplasmic fraction also 
 contains lysosomal enzymes including cathepsins, which participate in hydrolytic 
degradation of waste material, and nucleoproteins, that regulate protein synthesis 
and deposition (Lawrie and Ledward  2006  ) , as well as oxidative enzymes, including 
cytochromes,  fl avin nucleotides, various heme pigments, mitochondrial oxidative 
enzymes, and glycolytic enzymes, which control both aerobic and anaerobic 
 glycolysis (Toldrá  2006  ) .  

    9.3   Muscle Enzymes and Their Role in Ham Processing 

 Cathepsins and calpains have been the object of research in the last decades 
 regarding post-mortem proteolysis. Thus, calpains have been considered the major 
 contributors to meat tenderization (Lawrie and Ledward  2006  )  even though in recent 
years it has been also attributed to the action of other muscle proteolytic enzymes 
such as caspases and the proteasome (Ouali et al.  2006 ; Kemp et al.  2010  ) . On the 
other hand,  cathepsins B (EC 3.4.22.1), H (EC 3.4.22.16), and L (EC 3.4.22.15) 
have been reported to be stable during dry-cured ham processing, showing activity 
even after 15 months of processing (Toldrá et al.  1993a ; Toldrá  1998  ) , whereas 
cathepsin D activity disappears after 6–10 months of processing (Toldrá et al. 1993a; 
Rico et al.  1991  ) . Calpains (EC 3.4.22.17) can participate in the  post-mortem muscle 
proteolysis only during the  fi rst weeks of the curing process, especially due to their 
relatively poor stability (Toldrá and Flores  1998  ) . All these endopeptidases contrib-
ute to the release of numerous polypeptides and peptides during the processing of 
dry-cured ham. 
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 Exopeptidases degrade the large polypeptides and peptides generated by endo-
peptidases, giving rise to small peptides and free amino acids that, together with 
volatile compounds, are responsible for the characteristic  fl avor of dry-cured ham 
(Toldrá et al.  1997  ) . Dipeptidyl peptidases (DPP I, II, III, and IV) are exopeptidases 
able to release different dipeptides from the N-terminal site of polypeptides. The 
action and stability of these enzymes during the processing of Spanish dry-cured 
ham are variable but DPP II and DPP IV contribute even though at slow rates during 
the process (Sentandreu and Toldrá  2001  ) . 

 On the other hand, a remarkable increase in the concentrations of free amino 
acids has been reported during dry-cured ham processing. Glutamic and aspar-
tic acids, alanine, leucine, lysine, valine, and threonine appear to be some of the 
amino acids experiencing larger increases (Toldrá et al.  2000  ) . This accumula-
tion of free amino acids, which is relevant for the development of the character-
istic dry-cured  fl avor, has been attributed to muscle aminopeptidases, responsible 
for the release of amino acids from the N-terminus of peptides and proteins. 
Aminopeptidase activity has been detected in meat products even after more 
than 12 months of processing, suggesting that these enzymes are involved in 
the later stages of protein degradation. Many factors, such as curing agent or 
the presence of other peptides, can modulate the activity of these enzymes 
(Toldrá et al.  1993b ; Gianelli et al.  2000  ) . 

 Carboxypeptidases and peptidyl dipeptidases constitute other groups of exo-
peptidases responsible for the hydrolysis of amino acids and dipeptides, respectively, 
from the C-terminal side of the protein fragments (Bodwell and Meyer  1981  )  
although their action and contribution to the process remain quite unknown.  

    9.4   Proteolysis of Myo fi brillar and Sarcoplasmic Proteins 
During the Processing of Dry-Cured Ham 

 Techniques such as sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE), two-dimensional gel electrophoresis (2-DGE), free solution  conjugate 
electrophoresis (FSCE), size-exclusion chromatography (SEC) also known as gel 
 fi ltration chromatography (GFC), and reversed-phase high-performance liquid 
chromatography (RP-HPLC) have been used during the last decades to study 
 proteolysis and to separate and identify the proteins from complex mixtures. 

 In this sense, SDS-PAGE has been the method of choice in the last decades 
for the separation and quantitation of protein changes in meat and processed 
meats. This method is simple, reproducible, and reliable, and also easier to 
interpret in comparison to 2-D separations as they are mainly based on separa-
tion according to molecular mass, and do not require expensive material and 
instrumentation. Many authors have reported the structural alteration and pro-
gressive disappearance of muscle proteins as well as the generation of polypep-
tides during tenderization and processing of dry-cured ham. Muscle cathepsins 
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play a relevant role in protein breakdown during dry-curing (Toldrá and Etherington 
 1988  ) . In this way, a progressive disappearance of myo fi brillar proteins including 
myosin heavy chain, myosin light chains 1 and 2 (MLC 1 and MLC 2), and 
troponins C and I, as well as the appearance of numerous smaller fragments in 
the 50–100 and 20–45 kDa regions have been reported (Toldrá et al. 1993b; 
Buscailhon et al.  1994 ). The generation of polypeptides (Rodríguez-Núñez et al. 
 1995  )  and small peptides of 2–4 amino acid residues (Sentandreu and Toldrá 
 2007a  )  was also reported. More recently, an intense proteolysis of actin, tropo-
myosin, and myosin light chains extracted in the myo fi brillar fraction of dry-
cured hams with different ripening times was also reported (Di Luccia et al. 
 2005  ) . These authors concluded that after 12 months of ripening, most 
myo fi brillar proteins were completely hydrolyzed. 

 The hydrolysis of sarcoplasmic proteins during dry-curing has also been 
widely described. Myoglobin protein has been described as degraded during the 
post-mortem storage of pig meat (Lametch et al. 2006) as well as during the 
processing of dry-cured ham. In this respect, electrophoretic bands for the sarco-
plasmic proteins at different stages of the dry-curing process of Iberian ham 
were reported up to 17.5 months of curing, showing that the levels of myoglobin 
protein were undetectable after this period of time (Córdoba et al.  1994  ) . A simi-
lar study was done on Bayonne hams cured for 8 months (Monin et al.  1997  )  and 
Serrano hams cured for 15 months (Toldrá et al.  1993a  ) , and also a gradual 
decrease in the intensity of the electrophoretic band corresponding to myoglobin 
was detected until the end of curing. These results agree with those reported by 
other authors (Soriano-Pérez et al.  2003  )  who identi fi ed a 16 kDa electropho-
retic band obtained after SDS-PAGE separation as myoglobin. Other authors 
(Picariello et al.  2006  )  have also described the partial hydrolysis of myoglobin 
protein in dry-cured ham after 12 months and after the analysis of the bands 
using two-dimensional gel electrophoresis. The same authors also reported the 
total disappearance of phosphoglycerate kinase (PGK), lactate dehydrogenase 
(LDH), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), glycogen phos-
phorylase (PYGM), and creatine kinase (CK) during the ripening period of dry-
cured ham aged up to 12 months. However, enolase and phosphoglycerate mutase 
(PGAM) enzymes remained visible until the end of curing in Bayonne hams 
(Monin et al.  1997  ) , whereas pyruvate kinase (PK) was the only enzyme that 
remained constant after 11 months of curing (Soriano-Pérez et al.  2003  ) . 

 Size-exclusion chromatography (SEC), performed under low-pressure, has been 
also used as an initial step for the analysis of dry-cured ham peptides. Peptides are 
fractionated according to their molecular size and the gel should have an exclusion 
limit smaller than the molecule of interest in order to obtain the desired separation. 
Thus, peptides of different molecular weight are separated within the gel matrix 
within the fractionation range of the gel (see Chap.   4    ) and then further separated 
through reversed-phase HPLC (see Fig.  9.1 ).  

 Figure  9.2  shows the most frequently used work fl ow for the identi fi cation of the 
complete sequence of naturally generated peptides in dry-cured ham muscle.   

http://dx.doi.org/10.1007/978-1-4614-5626-1_4
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    9.5   Mass Spectrometry Techniques for the Identi fi cation 
of Dry-Cured Ham Naturally Generated Peptides 

    9.5.1   Mass Fingerprinting (MFP) 

 The most frequently used strategy to study protein changes and characterize the 
proteomic pro fi le of a complex mixture starts with SDS-PAGE separation. In one 
dimension (1D) electrophoresis proteins are isolated only according to molecular 
weight whereas in two dimensions (2-D) electrophoresis proteins are isolated 
according to both the isoelectric point and the molecular weight. Once the proteins 
are separated, they can be stained by using either Coomassie blue or silver staining 
compatible with MS, and usually digested in-gel with speci fi c proteases such as 
trypsin that speci fi cally cleave the protein on the C-terminal side of the basic amino 
acids arginine and lysine. 

 The peptides obtained after the digestion of the protein are analyzed by mass 
spectrometry achieving a list of peak masses. The set of measured peptide masses is 
the peptide mass  fi ngerprint. This experimental mass pro fi le is matched against the 
theoretical masses obtained from the  in silico  digestion at the same enzyme cleav-
age sites of all protein sequences in the database. The proteins in the database are 
then ranked according to the number of peptide masses matching their sequence 
within a given mass error tolerance. In order to successfully identify a peptide or 
protein, it is required that the masses of a certain number of fragments match with 
the theoretical peptide masses contained in the protein databases (Cañas et al.  2006 ). 
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  Fig. 9.1    Reversed-phase chromatographic separation of the selected pooled fractions obtained 
from size-exclusion chromatography.  Dotted  fractions indicate the fractions where creatine kinase 
fragments have been detected.  Bold line  indicates the solvent gradient of the chromatographic 
separation (Reprinted with permission from Mora et al.,  2009a  ( J. Agric. Food Chem. 57 , 8982–
8988). Copyright (2009) American Chemical Society)       

 



152 L. Mora and F. Toldrá

2) PEPTIDE FRACTIONATION

Size-exclusion
chromatography

1) SAMPLE EXTRACTION

Dry-cured ham
sample

+       HCl 0.01N

HPLC isolation

4) PEPTIDE IDENTIFICATION3) DATA ANALYSIS

P P PE P EEP PK KG

b2 b3 b4 b5 b6 b7 b8 b9

y1y2y3y4y5y6y7y8y10y11 y9

b10

  Fig. 9.2    Typical experimental work fl ow for the identi fi cation of the complete sequence of natu-
rally generated peptides in dry-cured ham       
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This result is accepted if the data pass a statistical probability threshold of being a 
correct match. Proteins can be identi fi ed in this way with high-throughput compatibil-
ity and a high sensitivity even below the  f mol range. 

 Two-dimensional SDS-PAGE and MALDI-TOF mass spectrometry analysis 
were used to study the myo fi brillar and water-soluble fraction of raw ham muscles 
and dry-cured hams with different ripening times (Di Luccia et al.  2005  ) . The two-
dimensional maps showed the progressive disappearance of actin, tropomyosin, and 
myosin light chains during ripening. Some of the sarcoplasmic proteins in water 
extracts from pork meat markedly decreased in amount or disappeared totally dur-
ing ripening. Some of the bands were digested using trypsin enzyme and subse-
quently analyzed by MALDI-TOF MS. Two fragments of myosin heavy chain and 
a new form of actin were identi fi ed in the myo fi brillar fraction whereas tropomyosin 
 a - and  b -chains were detected in the water soluble protein fraction. 

 Sarcoplasmic proteins undergoing proteolysis during the ripening of products 
were also identi fi ed by MALDI-TOF mass spectrometry peptide mass  fi ngerprinting 
after 2-D AUT-PAGE/SDS electrophoresis (acetic acid–urea–triton polyacrylamide 
gel in the  fi rst dimension and sodium dodecyl sulphate polyacrylamide gel in the 
second dimension). This separation technique has resulted in the identi fi cation of 13 
sarcoplasmic proteins and shows higher resolution in their separation in comparison 
to standard 2-D IPG/SGS-PAGE as well as an easier interpretation of the 2-D maps 
(Picariello et al.  2006  ) . 

 Despite knowledge regarding the disappearance of proteins and the generation of 
novel peptides, the sequences corresponding to the hydrolysis products were not 
analyzed in any of these studies. The major dif fi culty in the study of naturally gener-
ated peptides resides is the small size of these fragments that cannot be trypsin-
digested because they have been hydrolyzed previously by endogenous muscle 
enzymes. This fact gives double dif fi culty: the small size of the generated peptides 
that are sometimes in the limit of some mass spectrometry techniques, and the 
impossibility of controlling the hydrolysis, having as a consequence a complex mix-
ture of peptides from different proteins with unspeci fi c cleavage sites. In this sense, 
the use of advanced proteomic techniques such as tandem mass spectrometry is 
essential to elucidate the sequence of these small peptides.  

    9.5.2   Tandem Mass Spectrometry (MS/MS) 

 Tandem mass spectrometry is the method of choice for protein identi fi cation in com-
plex mixtures as well as for elucidation of the sequences of the naturally generated 
peptides through proteolysis. 

 Tandem mass spectrometry can also be performed on peptides derived by trypsin 
digestion and involves their fragmentation using collisionally induced dissociation 
(CID) to produce the characteristic spectrum that is speci fi c for each peptide ion. 
The identi fi cation of the proteins is facilitated by using the generated spectra to 
interrogate the protein sequence databases. To make separations possible in mass 
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spectrometry instruments, peptides have to be converted into ions and transferred into 
the gas phase in an ionization source. The ionization with MALDI and ESI are the most 
commonly employed in the analysis of peptides derived from meat and meat products. 
MALDI has the advantage over ESI that it is more tolerant of low concentrations of 
sample contaminants such as buffers and salts. One of the advantages of ESI is that 
ions, depending on their molecular mass and structure, may acquire multiple 
charges. So, the identi fi cation of peptides with higher molecular masses may be 
achieved using a smaller  m/z  ratio interval; also multiple charges fragment with less 
activation energy in the mass spectrometer. 

 The ions obtained in the ion source are isolated in the analyzer. The most com-
monly used analyzers are quadrupoles, time-of- fl ight instruments, and ion traps. 
From the point of view of resolution and reproducibility, the TOF analyzers are not 
as satisfactory as quadrupoles. However, certain advantages compensate for these 
limitations; TOF instruments are robust, fast in data acquisition, and show very good 
mass accuracy as well as a virtually unlimited mass range. Specialized personnel are 
not required, and access to the ion source is very easy. However, if the peptides of 
interest present molecular masses smaller than 800 Da, it is important to consider 
that the ions of the matrix used in MALDI ionization, commonly DBA (dihydroxy 
benzoic acid) or HCCA ( a -Cyano-4-hydroxycinnamic acid) to ionize meat pep-
tides, also appear as contaminants between 200 and 800 Da. They can inhibit and 
make the identi fi cation of peptides at that range more dif fi cult if not impossible. 

 These analyzers can be combined arranging three quadrupoles, two time-of-
 fl ight, or a quadrupole and time-of- fl ight in tandem. There are other possible com-
binations of analyzers but TOF/TOT and Q/TOF have been the most commonly 
used in the analysis of complex mixtures of naturally generated peptides. 

 The  fi rst studies that focused on the elucidation of the complete sequence of meat 
and meat product peptides were performed using automatic Edman degradation. 
This is a good technique for the analysis of small peptides but it becomes tedious 
when the objective is to sequence longer peptides. The main disadvantage of Edman 
degradation is that it only can be used with pure peptides because mixtures of pep-
tides or contaminants present in the sample could mislead the sequencing. In this 
sense, one peptide from glyceraldehyde-3-phosphate dehydrogenase protein, one 
peptide from troponin T protein, and three peptides from creatine kinase protein 
were isolated and identi fi ed during post-mortem aging in bovine  longissimus dorsi  
muscle. Peptides generated during the aging of beef meat were isolated by HPLC 
and subsequently analyzed by MALDI-TOF to see the purity of the peaks. Amino 
acid sequencing was done by automatic Edman degradation (Stoeva et al.  2000  ) . 

 Regarding meat products, a water-soluble extract of dry-cured ham was fraction-
ated by gel  fi ltration chromatography and fractions with the highest concentration 
in peptides were separated by reverse-phase and cation-exchange high-performance 
liquid chromatography. Small peptides of two, three, and four amino acids were 
sequenced from the N-terminal by automated Edman degradation (Sentandreu and 
Toldrá  2007b  ) . Five peptides with structures between 151 and 381 amino acids and 
generated from sarcoplasmic (myoglobin and creatine kinase) and myo fi brillar (tro-
ponin-I, troponin-T, and myosin light chain-2) proteins were isolated from semi-dry 
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fermented sausages using SDS-PAGE and RP-HPLC as qualitative methodologies, 
and subsequently sequenced by automatic Edman degradation (Hughes et al.  2001 ). 
A study in dry-cured Parma hams resulted in the identi fi cation of a peptide with a 
very high degree of homology with the N-terminal part of different mammalian 
pyruvate kinases. The peptide was puri fi ed by means of RP-HPLC and identi fi ed by 
its molecular mass and amino acid sequence analysis using automatic Edman deg-
radation (Sforza et al.  2003  ) . 

 The use of modern mass spectrometry techniques with the analyzers in tandem 
allows a faster and more reliable identi fi cation of the peptide sequences because the 
obtained MS/MS spectra are matched with the theoretical sequences contained in 
the databases. Speci fi c peptide sequences of the myo fi brillar proteins actin 
(Sentandreu et al. 2007a), titin (Mora et al.  2009b  ) , myosin light chains (Mora et al. 
 2011a  ) , and troponin T (Mora et al.  2010  ) , as well as some sarcoplasmic proteins 
such as creatine kinase (Mora et al.  2009a  )  and a group of glycolytic enzymes (Mora 
et al.  2011b ; Sforza et al.  2003  )  have already been identi fi ed in dry-cured ham using 
ESI-Q/TOF and MALDI-TOF/TOF mass spectrometers. In this sense, Table  9.1  
shows the number of peptides that have been sequenced in dry-cured ham also 
including their respective protein of origin.    

    9.6   Data Analysis 

 As has been previously mentioned, the identi fi cation of peptides is mostly carried 
out using database search approaches. This type of data analysis can also be used for 
the direct analysis of peptides naturally generated by endogenous enzymes (Fricker 
et al.  2006 ; Geho et al.  2006 ; Hardt et al.  2005a,   b ; Villanueva et al.  2006  )  although 
the appropriate choice of the search parameters and sequence database are crucial 
for successful application of this methodology. In fact, database searching of non-
tryptic peptides is less effective due to the lack of charge localization at the N and C 
termini of the naturally generated peptides. Some of the most popular search engines 
used in protein identi fi cation are Mascot, Sequest, and X! TANDEM, but there are 
more software packages designed to identify the most likely peptide sequence to 
match a MS/MS spectrum. Mascot from matrixscience (http://www.matrixscience.
com/) is the most widely used software but the choice of its search parameters 
requires some user expertise, and it has to be previously evaluated with a control 
sample that in the case of meat peptides used to be bovine serum albumin (BSA). 
The use of no speci fi c enzyme as well as the error-tolerant option to search the 
unmatched spectra considering possible modi fi cations are some of the parameters to 
take into account in the Mascot MS/MS Ions Search when naturally generated pep-
tides are studied. 

 There are many available databases, but SwissProt and NCBInr are the most 
commonly used in the identi fi cation of meat-derived peptides. Swiss-Prot has 
approximately 500,000 entries and is considered the best annotated database 
although it is important to consider that it is nonredundant so it is ideal for PMF 
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searches, where the loss of one or two peptides is not very important. For MS/MS 
searches, the NCBInr database is a better choice. This database is large (10,000,000 
entries approx.), comprehensive, and nonidentical. In the data analysis of meat-de-
rived peptides, results obtained from both databases used to be very similar although 
a comparison between SwissProt and NCBInr databases revealed that the NCBInr 
database provided the highest number of identi fi cations (Mora et al.  2011b  ) . 
Figure  9.3  shows a MS/MS spectrum obtained with a quadrupole/time-of- fl ight 
mass spectrometer after RP-HPLC separation of a size-exclusion chromatography 
fraction of dry-cured ham.   

    9.7   Future Trends 

 The proteomic analysis of naturally generated peptides during the dry-cured pro-
cessing of ham improves knowledge of the post-mortem proteolysis occurring dur-
ing dry-cured ham processing and the assessment of the peptidases responsible for 
this action. The peptides generated during the proteolysis in dry-cured ham could be 
biomarkers of the process and, what is more interesting, they could be acting as 
bioactive peptides exerting either antimicrobial, antihypertensive, or any other 
bioactivity in the  fi nal product. In recent times, several studies have described the 

Peptide (651.352+)

Peptide 14 (651.352+)

b Seq. y

1 98.06 P 12

2 155.08 G 1204.62 11

3 252.13 P 1147.60 10

4 381.18 E 1050.55 9

5 478.23 P 921.50 8

6 606.32 K 824.45 7

7 703.38 P 696.36 6
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  Fig. 9.3    MS/MS spectrum of ion 651.35 2+  of the main peak obtained after the second reversed-
phase chromatography. Peptide sequence matching the product ion spectrum is shown in capital 
letters, together with observed  b  and  y  ions. The spectrum is presented with its corresponding table 
showing the ions matched by MASCOT in  bold letters  (Reprinted with permission from Mora 
et al.,  2009b  ( J. Agric. Food Chem. 57 , 3228–3234). Copyright (2009) American Chemical 
Society)       
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generation of bioactive peptides, often with cardiovascular promoting properties 
(usually ACE-I-inhibition or antioxidant effects) following hydrolysis of sarcoplas-
mic and/or myo fi brillar proteins or whole meat muscle with proteolytic enzymes 
(Di Bernardini et al.  2011 ,  2012 ). In this sense, Sentandreu and Toldrá  (  2007a , b) 
suggested that the proteolytic action of porcine muscle dipeptidyl peptidases during 
the ripening period of dry-cured ham could contribute to the generation of ACE-I 
inhibitory peptides. The angiotensin-converting enzyme inhibitory peptides gener-
ated during the curing of meat products have been studied extensively. For example, 
dipeptidyl peptidases (DPP) could contribute to the generation of antihypertensive 
peptides among which Arg–Pro showed the strongest angiotensin-converting 
enzyme inhibitory activity (Jang and Lee  2005 ; Sentandreu and Toldrá  2007b  ) . The 
use of these peptides in the development of novel meat products and their potential 
as ingredients of healthier food requires a better knowledge of the mechanisms that 
control the generation of these peptides during proteolysis and their possible bio-
logical activity, and advanced techniques of proteomics such as the mass spectrom-
etry in tandem play a crucial role in reaching this understanding.      
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          10.1   Introduction 

 Food quality is a complex concept. In marketing and economics literature, there are 
two main approaches to de fi ne food quality (Grunert  2005  ) : the holistic approach, 
which includes within the concept of food quality “all the desirable characteristics 
a product is perceived to have,” and the excellence approach, which views food 
quality as referring only to characteristics that pertain to a higher, more restrictive, 
or “superior” speci fi cation of the product. The holistic approach leaves wide scope 
for interpretation: quality can mean conforming to standards (including standards 
pertaining to the environment, local specialities, organic production, ethics, and 
even taste and smell) and it can refer to subjectively perceived quality attributes. 
Quality is also a factor that involves the entire production process, from raw materi-
als, processing, and packaging up to consumption of the product. 

 The terms “food safety,” “food security,” and “food quality” should not be 
confused. Food safety refers to all those hazards, whether chronic or acute, that 
may make food injurious to the health of the consumer. Food safety is not nego-
tiable: all food items must be safe. Food security is de fi ned by Pinstrup-Andersen 
 (  2009  )  as “a situation that exists when all people, at all times, have physical, 
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social, and  economic access to suf fi cient, safe, and nutritious food that meets 
their dietary needs and food preferences for an active and healthy life.” Food 
quality, as mentioned above, refers to those attributes that in fl uence a product’s 
value to the consumer. 

 According to the plain English de fi nitions used in ISO 9000, 9001, and 9004: 
“The quality of something can be determined by comparing a set of inherent char-
acteristics with a set of requirements. If those inherent characteristics meet all 
requirements, high or excellent quality is achieved. If those characteristics do not 
meet all requirements, a low or poor level of quality is achieved.” According to this 
de fi nition, the concept of quality is subjective and relative to how well the product 
ful fi lls the customer’s expectations. Its limits are usually set by what the customer 
will be willing to pay and in the case of  fi sh products, it entails aspects related to the 
species, size, sex, and condition, geographic origin, chemical composition (its con-
tent in vitamins, minerals, bioactive compounds, protein, and fat as well as its 
digestibility and desirable fatty acid composition), freshness, production method 
(wild, intensively or organically farmed), type of processing if applicable (frozen 
vs. not frozen, canned, smoked, salted, etc.), and the resulting sensory aspects (taste, 
texture, color, smell). 

 In general, however, the term “seafood quality” also includes the product’s safety 
(Yaktine et al.  2008  )  and it is important to emphasize that safety and quality man-
agement of seafood may be complex due to the very large number of edible species; 
the fact that even farmed species are not truly domesticated (they have been com-
mercially farmed for only a few generations); the greater variability in their environ-
ment, accessibility, and biodiversity; the dif fi culty in controlling their environmental 
conditions (temperature, pH, salinity); and the potential presence of toxic com-
pounds in the environment. 

 Proteins play a crucial role in almost every biological process. In addition to 
providing structural support, they are responsible for an ample variety of physiolog-
ical functions, including catalysis, defense, transport, and sensing, in all living sys-
tems. Whereas the genome of an organism is more or less constant and speci fi c, its 
proteome (i.e., the entire complement of proteins expressed by the genome) is 
highly dynamic. The type and amount of proteins expressed vary not only between 
different types of cells in the same organism but also in a given cell type as a response 
to a wide diversity of stimuli and environmental factors. 

 The formidable capability in post-genomic analyses built up over the past few 
years, including the use of DNA microarrays and proteomics, underpins the ongo-
ing research strategy. One single gene can produce a variable number of proteins 
whose function may be modulated by further post-translational modi fi cations. 
Given that one of the major objectives of proteomics is to quantify protein levels 
and their dynamic changes (Hocquette et al.  2005  ) , this approach can be used, when 
applied to food matrices, to improve our knowledge of the interrelationship between 
the changes induced during the production and processing of seafood on the protein 
map and the quality and safety of the product, thus opening the possibility of using 
proteomic techniques as robust tools to monitor the state of seafood products in a 
given step within the production chain. 
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 Only complete knowledge of the exact chemical composition of a food item 
allows the correct evaluation of its nutritional, toxicological, and technological 
properties. Novel analytical technologies, including proteomics, will generate com-
prehensive databases of the protein composition of food items. These databases 
should include particularly interesting minor components that may have been over-
looked by conventional methods of protein analysis, as well as changes in the pro-
tein composition originating as a consequence of applying different production and 
processing methods. Furthermore, proteome analysis adds the intriguing perspec-
tive of achieving a systematic overview of the metabolic routes within de fi ned cells 
or tissues of food components (Pischetsrieder and Baeuerlein  2009  ) , providing 
valuable information about the cellular processes that have occurred in the organism 
prior to slaughtering, including stress responses, in fl ammation, defense, apoptosis, 
and immunomodulation. This adds the possibility of identifying biomarkers to indi-
cate the exposure of the organism to stresses and contaminants, in addition to help-
ing map the chemical composition and properties of the seafood. As a consequence, 
proteomic analyses of seafood have the potential to tremendously increase our 
knowledge of the composition, safety, and effect of the production and processing 
methods of the raw materials and, therefore, on the impact of these variables on 
seafood product quality. 

 Further nonenzymatic post-translational protein modi fi cations (nePTM) occur 
frequently during food processing and storage, rendering the food proteome even 
more complex. nePTMs are mostly caused by oxidation and by nonenzymatic reac-
tions of sugars with amino acid side chains (Maillard reaction or glycation). 
Additionally, other nePTMs have been reported, such as condensation, elimination, 
or hydrolysis of side chains or breakdown of the peptide backbone. nePTMs also 
have signi fi cant consequences regarding the technological, nutritional, and toxico-
logical properties of processed food and proteomic techniques have been applied to 
the systematic study of the formation of nePTMs in processed food items, many of 
which are largely unknown (Pischetsrieder and Baeuerlein  2009  ) . The challenges of 
nePTM analysis are their low abundance compared to the unmodi fi ed or PTM-
modi fi ed side chains and their high heterogeneity. Knowledge of the chemical struc-
ture and binding sites of nePTMs, however, is crucial to evaluate their effects on 
food safety and quality. The analysis of the proteome, optimally combined with the 
metabolome, promises to yield a systematic overview of the changes in food that are 
caused by changes in production parameters. More important, the recently proposed 
FOODOMICS approach (Herrero    et al.  2012 ) intends to use proteome research to 
actually understand the molecular processes that link production parameters to food 
quality. Currently, proteomics is built upon the foundations of genomics, in such 
way that a lack of genomic information on a particular species can substantially 
limit success in protein identi fi cation (Graham et al.  2005  )  and, although sequence 
data from marine  fi sh and shell fi sh species have signi fi cantly increased in the last 
decade, they are still scarce (Piñeiro et al.  2003 ; Forné et al.  2010  ) . Japanese 
puffer fi sh ( Takifugu rubripes ), zebra  fi sh ( Danio rerio ), and the estuarine  fi sh 
 Fundulus heteroclitus  are the  fi rst three bony  fi sh whose complete genome sequences 
became available. According to the NCBI protein database there were over 2.6 
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 million proteins sequenced for the subphylum Vertebrata at the beginning of 2012 
of which about 14% belong to bony  fi sh. Figure  10.1  shows the Teleostei orders 
with a larger number of known DNA sequences and in Table  10.1  the species of the 
same taxonomic class with a larger number of protein sequences available in the 
NCBI database are listed.   

 Almost 40% of the  fi sh proteomic papers deal with issues related to aquaculture. 
The studies carried out thus far have clearly demonstrated the potential of proteom-
ics to identify physiologically relevant molecules and mechanisms, biomarkers for 
seafood management and  fi sh welfare, and to evaluate the impact of environmental 
pollution. In addition, some studies combining proteomics with genomic, metabo-
lomic, and functional approaches provided a wider vision of the physiological func-
tions of interest and pointed out the direction for future research (Forné et al.  2010  ) . 
Interestingly, these authors stated that the reasons why proteomic techniques have 
not been applied to resolve problems in  fi shery product technology remain the same 
already mentioned 10 years ago by Piñeiro et al.  (  2003  ) , namely that seafood pro-
teins easily become insoluble and/or aggregate, displaying high molecular weights 
in addition to exhibiting a large number of isoforms and weak ionization levels.  

    10.2   Mapping Fish Quality by Proteomics Techniques 

 Research on seafood quality by means of proteomics is a complicated task: the term 
“seafood” refers to a large number of different species that may present tissue-, 
developmental stage-, and temperature-acclimation-dependent polymorphisms 
(Martinez et al.  1991 ; Watabe et al.  1992  )  and on the other hand, processing will 
further alter the protein components, thus increasing the number of spots and pro-
tein sequences with potential diagnostic value for quality determination. 

 The introduction of consumer perception and marketing studies enlarges the list 
of quality de fi nitions previously mentioned. Santesmases  (  2004  )  distinguished 
between objective and subjective quality and Verdú ( 2003 ) referred to subjective or 

CYPRINIFORMES

PERCIFORMES

TETRAODONTIFORMES

SALMONIFORMES

SILURIFORMES

CYPRINODONTIFORMES

OTHER

  Fig. 10.1    Euteleostei orders with the highest number of protein sequences (Source NCBI protein 
data base)       
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perceived quality. In the present work, we address the application of proteomics to 
the examination of the quality aspects inherent to the organism and already present 
before its harvesting and those aspects acquired or modi fi ed after its harvesting. 

 Quality aspects inherent to the organism would include its species, production 
method (wild, farmed), and food safety aspects related to exposure to environmental 
contaminants. Quality aspects acquired or modi fi ed after harvesting would include 
post-mortem changes and sensory attributes, the effect of processing and storage 
(cold storage, freezing, smoking), and food safety aspects related to post-harvest 
contaminations, mainly those of microbial origin. 

    10.2.1   Pre-mortem Quality and Safety Aspects of Seafood 

    10.2.1.1   Species and Size 

 Species and size are two main parameters determining the quality and price of sea-
food. There is an entire chapter of this book on the issue of species identi fi cation, 
accordingly we only mention here that in the 2DE analysis of muscle extracts, the 
patterns of myosin light chains (Ochiai et al.  1990 ; Martinez et al.  1990  )  and of 
sarcoplasmic proteins (Piñeiro et al.  1998,   2001  )  are always species-speci fi c. 
However, given that myosin light chains and sarcoplasmic proteins are relatively 
abundant in the white muscle, it would be highly desirable to develop a method that, 
bypassing the 2DE step, would allow a direct sequencing and identi fi cation of the 
sample.  

    10.2.1.2   Production Method, Crowding, and Feeds 

 A second perceived quality factor is the production method, that is, whether the  fi sh 
is farmed or wild, a subject which is also comprehensively dealt in another chapter 
of this book. Monti and co-workers  (  2005  )  showed differences between the peptide 
pro fi les of wild and farmed sea bass, especially those of some glycolytic enzymes 
and the parvalbumin fraction, supporting the belief that farming practices affect 
muscle composition (Monti et al.  2005 ; Eriksson and Fenyö  2005  ) . These results 
were further con fi rmed in cod by 2DE analysis: farmed cod muscle seemed to dis-
play a different protein expression and/or a different post-mortem degradation pat-
tern than wild cod, which was attributed to stress during cultivation, differences in 
post-mortem muscle conditions (e.g., pH), and/or to qualitative and quantitative dif-
ferences in the expression or regulation of proteases with a role in post-mortem 
muscle tenderization (Martinez et al.  2007  ) . 

 The muscle proteome of wild and farmed gilthead sea bream was mapped by 
Addis et al.  (  2010  )  who found, as expected, that the protein expression pattern in 
muscle was more stable than in liver (which is a more dynamic tissue) and, more 
interestingly, that the protein expression pro fi les of muscle tissue of wild and 
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 maricultured gilthead sea bream of commercial size were comparable, indicating 
that offshore farming in  fl oating cages favors proper muscle tissue development and 
the production of high-quality  fi sh. 

 Animal welfare is a highly relevant topic involving breeding and slaughtering. 
Farmed rainbow trout subjected to intense pre-slaughter activity displayed differ-
ences on the levels of proteins involved in energy-producing pathways and of struc-
tural proteins. Desmin in particular showed consistently lower levels in the muscle 
of stressed  fi sh (Morzel et al.  2006  ) . Regardless of whether the reduced relative 
amount of desmin is due to proteolysis, denaturation, or a combination of both 
processes, it is bound to have a negative effect on the integrity and texture of the 
trout muscle inasmuch as it is one of the main constituents of the cytoskeleton in 
muscle cells. 

 Veiseth-Kent et al.  (  2010  )  showed that pre-slaughter crowding in Atlantic salmon 
induced classic signs of both primary and secondary stress responses. It was accom-
panied by alterations in the amounts of 27 proteins in muscle and of 17 proteins in 
blood plasma, all of them involved in secondary and tertiary stress responses, includ-
ing altered energy metabolism, osmotic regulation, and immune function. The main 
changes in the muscle of crowded salmon seemed to be increased proteolysis and/
or dissociation of structural proteins (actin, myosin heavy and light chains, tropo-
myosin) and increased levels of enzymes involved in anaerobic energy production 
(creatine kinase, enolase, phosphoglycerate kinase). Apolipoprotein A-I decreased 
in blood plasma and the angiotensinogen complement component C3 increased. 
These results indicate that short-term exposure to crowding may induce changes in 
the immune system of salmon and explain the mechanisms causing an accelerated 
muscle pH decline and rigor mortis contraction. 

 Ochiai  (  2010  )  addressed a serious quality problem, known as “burnt meat,” in the 
highly appreciated  fl esh of blue fi n tuna by 2DE. He showed a high degree of protein 
aggregation and decomposition and mainly the absence of creatine kinase in the 
portion of burn muscle, in both farmed and wild specimens. “Burnt” meat lacks the 
characteristic bright red meat color, it has a more watery, softer texture, and it is 
often seen in tuna and mackerel under stress conditions when  fi sh are caught during 
the spawning period in summer (Yamashita  2010  ) . Yamashita and co-workers 
 (  2010  )  attributed this oxidative stress to selenium de fi ciency and hypoxia and indi-
cated the relevance of the recently discovered selenoneine (with a high antioxidant 
ability to bind to heme proteins and protecting them from iron auto-oxidation; see 
Yamashita and Yamashita  2010  )  to prevent this quality  fl aw. 

 The amount and composition of the diet are main determinants of seafood qual-
ity. The traditional source of protein and fat in the manufacture of  fi sh feeds has 
been pelagic  fi sh stocks. Nowadays, the fact that most of these are overexploited 
together with ethical issues regarding the use of high-value lipid and protein sources 
for animal feeds rather than human food, has forced feed producers to look for alter-
native and more acceptable sources of nutrients most of which are of vegetable 
origin. Given the relevance of the liver to the general  fi sh metabolism, most of the 
studies on the effect of alternative feed ingredients on  fi sh growth have targeted this 
organ instead of the edible muscle tissue. 
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 Martin et al.  (  2003  )  published a very interesting proteomics work on the effect of 
using soy as a protein source on the 2DE protein pro fi le of rainbow trout liver. Fish 
fed diets with higher levels of soy meal displayed higher protein consumption and 
protein synthesis rates, increased ammonia excretion, increased activities of hepatic 
glutamate dehydrogenase and aspartate amino transferase, and lower ef fi ciency of 
retention of synthesized protein (Martin et al.  2003  ) . Of the approximately 800 liver 
protein spots whose expression pattern was examined, 33 were found to be differen-
tially expressed according to the feed. Two structural proteins, keratin II and  b -tubulin, 
were downregulated in  fi sh fed the high-soy diet, suggesting an increased require-
ment for energy metabolism and therefore lower energy available to synthesize 
structural proteins in these  fi sh. Several heat shock proteins, including at least two 
chaperones (HSP70 and HSP78) were also downregulated in  fi sh fed high-soy diets. 
Additional differences seemed to indicate an immune response and increased 
emphasis on catabolism relative to anabolism in the  fi sh fed the high-soy diet. 
Interestingly, a hepatic selenium-binding protein identi fi ed as a potential biomarker 
in this work has been previously found to increase in the presence of aryl hydrocar-
bons (Ishida et al.  2002  ) . As already mentioned above, Se-containing proteins seem 
to be of relevance to  fi ght oxidative stress. The authors attributed the cause for the 
observed altered metabolism to the copuri fi cation of antinutritional factors from 
soy, such as phytoestrogens, antigenic agents together with the soy meal. On the 
other hand, there were no apparent differences between the liver proteomes of 
salmon fed GM versus non-GM soy-based diets (Nini et al.  2010  ) .  

    10.2.1.3   Seafood Safety: Biomarkers of Exposure 
to Environmental Contaminants 

 Classical analytical techniques used to detect many of the relevant environmental 
contaminants, such as polycyclic aromatic hydrocarbons (PAH), polychlorinated 
biphenyls (PCBs), dioxins, heavy metals, and their species (methyl mercury, arseni-
cum, cadmium, etc.) are time consuming, expensive, and require specialized equip-
ment and trained personnel. Food safety and environmental monitoring are currently 
targeting the identi fi cation of biomarkers in order to map the exposure to contami-
nants and the effect that such exposure has at the molecular, tissue, and organism 
levels. Identi fi cation of biomarkers is obviously of high value not only to food 
safety but also to environmental monitoring, as indicated by Miracle and Ankley 
 (  2005  )  in their review about the applications of -omics techniques in the  fi eld of 
ecotoxicogenomics. 

 The effect on the proteome of juvenile Atlantic cod plasma to the exposure to 
crude North Sea oil spiked with alkyl phenols and polycyclic aromatic hydrocar-
bons was investigated by Bohne-Kjersem et al.  (  2009  )  who identi fi ed 137 proteins 
that were differentially expressed depending on the levels of crude oil used. The 
most noticeable changes, many of which occurred even at low levels, indicated 
alterations of  fi brinolysis and the complement cascade, the immune system, fertili-
ty-linked proteins, bone resorption, fatty acid metabolism, increased oxidative 
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stress, impaired cell mobility, and increased levels of proteins associated with 
 apoptosis. The following proteins were identi fi ed as potential biomarkers: alpha 
enolase, plasminogen, alpha-1-antitrypsin, alpha-2-macroglobulin, alpha-2- anti-
plasmin, prothrombin, pentraxin, tropomyosin, serotransferrin, hemopexin, Fetuin 
B, apolipoprotein B, and NTPase. Not surprisingly, many of the responses seemed 
to be linked to each other, which made the authors suggest that the use of an array 
of these biomarker candidates would give a better indication of adverse effects 
induced in the  fi sh by oil and/or produced water compared to single biomarkers 
alone (Bohne-Kjersem et al.  2009  ) . 

 The same research group (Meier et al.  2010  )  examined the response in embryos, 
larvae, and juvenile  fi sh to the complex chemical mixture found in real produce water 
containing dispersed oil, metals, alkylphenols (APs), polycyclic aromatic hydrocar-
bons (PAHs), and other chemicals. In general, APs bioconcentrate in  fi sh tissue in a 
dose and developmental stage-dependent manner during PW exposure and cod exposed 
to 1% produce water (but not to either 0.1% or 0.01%) had signi fi cantly higher levels 
of the biomarkers vitellogenin and CYP1A in plasma and liver, respectively (Meier 
et al.  2010  ) . However, continuous exposure from egg to fry in cod to different levels of 
North Sea-produced water, induced large changes in the proteome also at the lower 
levels of 0.01% and 0.1% produce water (Bohne-Kjersem et al.  2010  ) : the expression 
and modi fi cations of myosin heavy chain were affected and those of alpha-actin, alpha-
actinin, keratin K8b (S2), and cytokeratin 4 (Krt4), Hsc71 (a heat shock protein belong-
ing to the Hsp70 family) were downregulated. In muscle, exposure changed the levels 
of myosin, alpha-actin, and alpha-actinin suggesting an impact of produced water on 
the fast skeletal muscle development, essential for somatic growth, potentially impair-
ing general growth and development of cod fry. Furthermore, the downregulation of 
keratin suggests an effect on tissue integrity. In summary, myosin heavy chain, fast 
skeletal muscle alpha-actin, Hsc71, alpha-actinin, ATP synthase, and keratin were 
identi fi ed as potential biomarker candidates of the effects of produced water and 
17  b -oestradiol on cod fry. These responses re fl ect a potential impairment of the gen-
eral growth and development of cod fry with the consequent value as indicators for 
lowered muscle quality and exposure to safety risks. These results are of obvious inter-
est and should be followed to document the effect of environmental contaminants on 
market-size  fi sh muscle protein makeup and properties. 

 Surface-enhanced laser desorption/ionization (SELDI) proteomics together with 
genomics (heterologous cDNA arrays) were used to investigate the integrated 
response of rainbow trout gills to sublethal concentrations of zinc for up to 6 days’ 
exposure (Hogstrand et al.  2002  ) : seven proteins were unique to zinc exposure 
whereas four others were suppressed. A spot that remained unidenti fi ed, but sus-
pected to be metallothionein (a low molecular weight, metal-binding peptide induc-
ible upon exposure to metals) was upregulated. Other changes seemed to lead to 
promoting glycolysis and stimulating the cellular production of energy. The pro-
teomic studies also showed an activation of an in fl ammatory response during zinc 
exposure, thus con fi rming the postulated immunomodulatory role for zinc, which 
apparently protects rainbow trout against cadmium and mercury-induced immuno-
toxicity (Sanchez-Dardon et al.  1999  ) . 
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 The effect of exposure to increasing levels of cadmium on the proteome of 
 bastard halibut’s brain was examined by Zhu et al.  (  2006  ) . Among the 24 proteins 
identi fi ed on a 2-D-PAGE gel, 9 demonstrated a synchronous response to acute 
cadmium exposure, suggesting that they might represent a biomarker pro fi le. 
The changes affected both cytoplasmic and mitochondrial proteins; thus creatine 
kinase, transcriptional regulator, and endoglucanase were upregulated and actin 1, a 
putative xylose repressor, transferrin, and a dehydrogenase were downregulated. 
The authors propose an important role for transferrine in this system as a biomarker 
and a key molecule in cadmium detoxi fi cation. 

 In summary, exposure to environmental contaminants and toxic metals induces 
changes in the proteome of the  fi sh tissues examined consistent with altered metab-
olism, increased glycolysis and oxidative stress, possible degradation of structural 
proteins (myosin, actin, desmin, keratins), and upregulation of proteins involved in 
detoxi fi cation mechanisms (transferring, HSPs, metallothioneins). All these changes 
have a negative effect on the quality of the  fi sh (mostly shown by the degradation of 
structural proteins) and have a clear value as seafood quality and safety indicators.   

    10.2.2   Quality Aspects Acquired or Modi fi ed After Harvesting 

 The level of denaturation of proteins in seafood has been reported to be closely 
related to the sensory and technological properties of the respective products 
(Piñeiro et al.  2003  ) . Post-mortem changes and spoilage are the result of mainly 
three basic mechanisms: enzymatic autolysis, oxidation, and microbial growth. 
Low-temperature storage and the addition of chemicals are the methods most 
commonly used by the industry today to control the levels of water activity and 
enzymatic and oxidative reactions in order to delay product deterioration and micro-
bial growth (Ghaly et al.  2010  ) . 

 The electrophoretic and mass spectroscopic techniques used to investigate the 
mechanisms of post-translational protein modi fi cations have proven useful to fol-
low up protein modi fi cations during food production and storage and to elucidate 
the relationship between the nature and structure of proteins (i.e., protein size, 
amino acid composition, and sequence) and their functionality (Piñeiro et al.  2003  ) . 
It has become clear that protein functionality exerts a signi fi cant effect on the physi-
cal and sensory properties of seafood, highlighting the suitability of investigating 
relevant proteome changes in seafood products for which two-dimensional poly-
acrylamide gel electrophoresis (2DE-PAGE) is still the most popular technique 
(Piñeiro et al.  2003  ) . 

    10.2.2.1   Post-mortem Changes and Sensory Attributes 

 Washing, bleeding, and eviscerating (in the case of  fi sh), temperature, and degree 
of handling are the most relevant factors in fl uencing the quality of seafood 
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(Terlouw et al.  2008 ; Borderías and Sánchez-Alonso  2011  ) . The initial biochemical 
changes that take place in the edible tissues are due to the enzymatic breakdown 
of major molecules and the level of post-mortem autolysis in the muscle (with the 
corresponding degradation of extra- and intracellular structural proteins and vari-
ation in the composition of peptides, amino acids, and small water molecules) is 
a major determinant of the texture,  fl avor, and odor of the  fi nal products (FAO 
 2005  ) . During the last few years, proteomics have been used to further understand 
these processes, especially in meat, where the identi fi cation of naturally generated 
small peptides derived from myo fi brillar proteins such as myosin light chain 1, 
titin, and actin, have expanded the knowledge of the different proteases that 
in fl uence food properties (Bendixen et al.  2011  ) . 

 As far as we are aware, proteomics methodologies were initially applied to assess 
how variations in processing conditions during the manufacture of surimi made from 
pre-rigor and post-rigor cod affected the composition of the  fi nal product (Martinez 
et al.  1992  ) . The results indicated an increase in protein degradation with decreasing 
freshness and upon the addition of Ca 2+  salts to post-rigor, but not to pre-rigor cod, 
valuable information to have in order to optimize the processing parameters accord-
ing to the quality of the raw material and the desired texture of the  fi nal products. 

 Verrez-Bagnis et al.  (  2001  )  identi fi ed a 16 kDa protein whose disappearance 
from the proteome of sea bass muscle with increasing post-mortem storage time 
indicated its potential as a biomarker for freshness in that species. In cod, Kjærsgård 
and Jessen  (  2003  )  identi fi ed signi fi cant changes in 11 protein spots of the partial 
muscle proteome (p I  3.5−8.0, MW 13−35 kDa): for 8 of the 9 spots whose intensity 
increased during the  fi rst 8 days of ice storage the increase was already signi fi cant 
within the  fi rst 2 h post mortem, and 2 other spots whose intensity decreased only 
displayed signi fi cant changes after 8 days, indicating that different biochemical pro-
cesses are involved in the post-mortem changes of cod muscle. 

 Several gel electrophoresis and mass spectrometric studies of post-mortem changes 
in sea bass muscle stored at 18°C and 1°C for 5 days showed a temperature-dependent 
increase in proteolysis that mainly affects the myosin heavy chain and the glycolytic 
enzyme glyceraldehyde-3-phosphate dehydrogenase (Terova et al.  2011  ) . Interestingly 
the same study shows a rapid and signi fi cant decrease in the abundance of nucleo-
side diphosphate kinase B and phosphoglycerate mutase 2 that appears to be tem-
perature-independent (Terova et al.  2011  ) . A similar preliminary study of 
post-mortem deterioration in ice-stored sea bream by Schiavone et al.  (  2008  )  showed 
that  a -actin and tropomyosin were among the most stable proteins during 6 days of 
storage, whereas myosin light 3 (MLC3) and major histocompatibility complex 
Class II beta 1 proteins increased and Sec 13-like and parvalbumin signi fi cantly 
decreased. The relevance of these results must await the understanding of the causes 
for these changes. For example, an increase in the intensity of the MLC3 spot would 
agree with an increase in the liberation of myosin from the rigor actomyosin com-
plex and subsequent degradation of the myosin heavy chain, which will increase the 
level of free MLCs. Rigor actomyosin and the intact myosin molecule are dif fi cult 
to solubilize and hardly enter the 2-D gels, but MLCs are easily solubilized and visu-
alized. These results con fi rm the higher susceptibility of myosin heavy chain and 
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the stability of the light chains to proteolytic degradation shown by Martinez  (  1992  )  
in frozen stored extracts of isolated actomyosin. 

 One of the characteristics of the proteome is that it is dynamic and one must 
understand the causes for the changes before these methods may be fully useful to 
the aquaculture and  fi sheries industries. The above-mentioned study by Terova et al. 
 (  2011  )  showed a decrease in the intensity of the parvalbumin spot upon post-mortem 
storage. Taking into account that parvalbumin is one of the major  fi sh allergens, this 
result may con fi rm a previous work by Dory et al.  (  1998  )  who showed that both the 
number of IgE-reactive bands and the intensity of the reaction in cod extracts was 
greater if the  fi sh had been stored for several days, than if the extracts had been 
obtained from post-rigor  fi sh immediately after rigor mortis resolution, suggesting 
not a loss of allergens but their aggregation and increased allergenicity. This stresses 
the need to understand the reasons for the variation in intensity of the protein spots: 
although the formation of aggregates of parvalbumins will also induce the loss of 
the characteristic low molecular mass spot of these proteins, the implications for the 
quality and safety of the  fi sh muscle would be opposite if the diminishing of this 
spot were due to the disappearance of the allergen or to its aggregation and conse-
quent increase in potential allergenicity. 

 Post-mortem pH is a highly relevant variable that would affect the quality and 
composition of  fi sh as well as its proteome and yet it has been largely ignored in 
proteome studies of seafood. It is known that post-mortem pH varies depending, 
for example, on the condition of the  fi sh and the degree of stress prior to death 
(Roth et al.  2012  ) . Interestingly, the only work examining the effect of the pH on 
post-mortem proteolytic activities showed the great impact of this variable (Wang 
et al.  2011  ) . Although that work did not use proteomics, it clearly demonstrated 
that different proteases are active depending on the post-mortem pH, a fact illus-
trated by the different pattern of degradation of the myosin heavy chain. This 
means that the post-mortem proteome for each species will vary according to the 
 fi nal post-rigor pH value and that the post-mortem pH value will have more rele-
vance on the proteome than the storage temperature, because although the changes 
are usually temperature-dependent in that increased storage temperature acceler-
ates the changes, variations in the pH value will cause the appearance of different 
spots (i.e., originate a different proteome), due to the preferential action of differ-
ent proteases.  

    10.2.2.2   Processing and Storage 

 There is a scarcity of proteomic studies addressing the modi fi cations suffered by 
seafood proteins during their processing and storage, and most of them refer to 
chilled and frozen species of commercial value such as puffer fi sh, Atlantic cod, 
Atlantic salmon, rainbow trout, and skipjack tuna muscle. Thus, Lu and coworkers 
 (  2010  )  identi fi ed 21 proteins in the skeletal muscle of Japanese puffer fi sh using 
2DE and MALDI-TOF/TOF MS with different and well-known cellular functions, 
and Gebriel et al.  (  2010  )  used 1D-PAGE, nanoliquid chromatography peptide 
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 fractionation, and LTQ-MS in order to achieve an Atlantic cod muscle proteome 
catalogue. 

 Speci fi c protein modi fi cations during processing and storage as well as the effect 
of lactic fermentation with  Lactobacillus  starters in Atlantic salmon muscle were 
studied using 2DE (Morzel et al.  2000  ) . Their results showed that the main quantita-
tive protein changes were due to endogenous enzymes and affected the acidic range 
of proteins, whereas alkaline proteins and tropomyosin were more susceptible to 
microbial proteases. 

 The production of low molecular weight peptides (<5 kDa) in post-mortem rain-
bow trout muscle stored in ice and their stability during cooking were studied by 
Bauchart et al.  (  2007  ) . Post-mortem proteolysis in muscle is an important factor 
affecting  fi sh texture, and low molecular weight peptides affect the taste of the prod-
ucts. The main peptides in trout muscle were anserine and glutathione whose con-
centration was almost unaffected by the 7 days of ice storage and vacuum cooking 
for 5 min at 70°C. MS analysis revealed the highly reproducible appearance of a 
limited number of not yet characterized small peptides following the treatment. 

 Kjærsgård and coworkers ( 2006a ) described changes in the proteome of farmed 
Atlantic cod muscle stored under different cold and frozen storage temperatures 
using 2DE and ESI-MS/MS. Their results showed the main changes in myosin light 
chain, triose-phosphate isomerase, glyceraldehyde-3-phosphate dehydrogenase, 
aldolase A, two  a -actin fragments, and nuclease diphosphate kinase B, that seemed 
to keep a closer relationship to the length of freezing storage than to the storage 
temperature. 

 The same research group (Kjærsgård et al.  2006b ) documented how freezing 
storage induced an increase in the level of protein oxidation in rainbow trout mus-
cle. These authors identi fi ed several carbonylated proteins by LC-MS/MS, includ-
ing nucleoside diphosphate kinase, adenylate kinase, pyruvate kinase, actin, creatine 
kinase, tropomyosin, myosin light chains 1 and 2, and myosin heavy chain, and 
showed a reduced solubility of nucleoside diphosphate kinase in  fi sh stored at −20°C 
for 2 years compared to  fi sh stored at −80°C. The authors observed that some pro-
teins seemed to be more susceptible to oxidation than others, and attributed these 
differences to their abundance, cellular localization, amino acid sequence, or bio-
chemical function, con fi rming earlier  fi ndings by the same research group (Kjærsgård 
and Jessen  2004  ) . 

 Kinoshita and coworkers  (  2007  )  identi fi ed several spots by 2DE and MALDI-
TOF/TOF that corresponded to oxidized peptides in brine-frozen bonito ( Katsuwonus 
pelamis ) muscle defrosted and stored at 15°C for 4 days. Sequencing of  fi ve of the 
oxidized spots led to the identi fi cation of four as: enolase 3, aldolase, aldolase A, 
and L-lactate dehydrogenase A chain. 

 Finally, because an important source of free radicals taking part in protein 
oxidation is the Fenton reaction, dependent on ferrous ions present in the tissue, 
Pazos et al.  (  2011  )  investigated the susceptibility of sarcoplasmic and myo fi brillar 
cod muscle proteins to in vitro catalyzed oxidation, in an attempt to identify 
candidates that might play a major role in the deterioration of  fi sh quality. After 
2DE separation, selected proteins whose carbonyl groups had been labeled by 
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 fl uorescein-5-thiosemicarbazide (FTSC) were identi fi ed by MALDI-TOF/TOF 
mass spectrometry. The most vulnerable proteins to ferrous-catalyzed oxidation 
seemed to be lactate dehydrogenase, triosephosphate isomerase, creatine kinase, 
enolase, glyceraldehyde 3-phosphate dehydrogenase, nucleoside diphosphate 
kinase B (NDK), and phosphoglycerate mutase. Different isoforms of the last 
three proteins showed different susceptibilities to metal-catalyzed oxidation, 
indicating that post-translational modi fi cations may change the resistance of pro-
teins to oxidative damage. In addition, the Fe (II)/ascorbate treatment signi fi cantly 
increased carbonylation of mainly actin and myosin, some of whose degradation 
products exhibited increased carbonylation levels.  

    10.2.2.3   Post-harvest Food Safety: Microbial and Other Contaminations 

 Microbial growth is a major cause of  fi sh spoilage resulting in the production of 
biogenic amines such as putrescine, histamine, and cadaverine, organic acids, sul-
phides, alcohols, aldehydes, and ketones with unpleasant and unacceptable off-
 fl avors (Ghaly et al.  2010  ) . Fresh  fi sh stored at ambient temperature are usually 
spoiled by Gram-negative, fermentative bacteria, whereas chilled  fi sh spoil under 
the action of psychrotolerant Gram-negative bacteria, such as  Pseudomonas  
spp. and  Shewanella  spp. (Gram and Huss  2000  ) . 

 Proteomics allow addressing the molecular processes underlying the physiologi-
cal behavior of pathogens in food matrices, a major challenge in food microbiology. 
For that, it is necessary to identify both the micro-organisms present in the food and 
the food components that are relevant in determining the microbial stability of such 
foods. The latter range from small molecules (including taste compounds and food 
preservatives) to the macro-ingredients such as proteins, carbohydrate polymers, 
and fats (Havelaar et al.  2010  ) . 

 Since the  fi rst bacterial genome of  Haemophilus in fl uenza  was described by 
Fleischmann et al. in 1995, top-down or bottom-up proteomics approaches have 
allowed the fast and sensitive characterization of individual micro-organisms in 
mixtures (Welker  2011  ) . Nowadays, genome sequences are available for many food-
borne micro-organisms (Abee et al.  2004  )  as evidenced by the number of strains that 
are currently sequenced as reviewed by O’Flaherty and Klaenhammer  (  2011  ) . 

 There are many studies from the early years of proteomics applying these tools 
to bacterial classi fi cation and to the study of common pathogenic seafood bacteria 
such as  Listeria, Campilobacter,  or  Staphylococcus  (Piñeiro et al.  2010 ; Forné et al. 
 2010  )  both under refrigeration and after high-pressure preservation procedures 
(Cacace et al.  2010 ; Bièche et al.  2011  ) . 

 However, proteomics have only recently been applied to the characterization of 
how processing may affect the virulence of microbial pathogens: Guilbaud et al. 
 (  2008  )  showed that liquid smoke affected the proteomic pattern of  Listeria monocyto-
genes,  decreased its growth and survival, and inhibited its hemolytic potential without 
affecting the  hly  gene expression. These results help us understand why in spite of the 
apparently high prevalence of  L. monocytogenes , particularly in lightly preserved 
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smoked seafood, these products are rarely linked to listeriosis and support the  attenuated 
infectious potential of  L. monocytogenes  strains isolated from the smoked salmon 
industry indicated by Norton et al.  (  2001  )  and Gudmundsdóttir et al.  (  2006  ) . 

 Hazen et al.  (  2009  )  used whole-cell MALDI-TOF MS analysis to identify spe-
cies and strains of  Vibrio parahaemolyticus  isolated from different geographical 
locations and at different times.  V. parahaemolyticus  is the leading causative 
agent of bacterial seafood-borne gastroenteritis in the United States, and this 
technique permitted the fast identi fi cation of the pathogen and its clear differen-
tiation from the closely related  V. alginolyticus ,  V. harveyi , and  V. campbellii.  

 Böhme et al.  (  2010a,   b  )  used a special extraction protocol from intact microbial 
cells together with MALDI-TOF-MS techniques to identify the main 26 species of 
seafood spoilage and pathogenic Gram-negative bacteria, including  Aeromonas 
hydrophila, Acinetobacter baumanii, Pseudomonas  spp., and  Enterobacter  spp. 
They also constructed a reference library containing the spectral  fi ngerprints of 32 
Gram-positive reference strains, including  Bacillus  spp.,  Listeria  spp.,  Clostridium  
spp.,  Staphylococcus  spp., and  Carnobacterium  spp. (Böhme et al.  2011a  )  and 
identi fi ed a variety of seafood pathogens such as  Stenotrophomonas maltophilia , 
 Proteus vulgaris ,  Pseudomonas syringae ,  Pseudomonas  fl uorescens ,  Pseudomonas 
fragi ,  Bacillus cereus ,  Bacillus subtilis,  and  Serratia marcescens , in iced and vacu-
um-packed mild heat-treated seafoods (Böhme et al.  2011b  ) . The same group has 
recently published the  fi rst report on the identi fi cation of  Streptococcus parauberis  
in seafood in general and in vacuum-packed food products in particular using the 
same methodology (Fernández-No et al.  2012  ) . 

 Mass spectrometry (MS) is an instrumental technique that permits the identi fi cation 
of all types of compounds in food toxicology including seafood (Malik et al.  2010  ) . 
Fernandez-No and coworkers  (  2011  )  used MS to isolate and identify the main hista-
mine-producing bacteria from farmed turbot and blackspot sea bream and histamine 
production was measured by HPLC. The study revealed  Pseudomonas fragi  and 
 Pseudomonas syringae  to be the major histamine-forming bacteria present in farmed 
turbot and blackspot sea bream, respectively. Self and coworkers  (  2011  )  developed a 
method for the extraction of agmatine, cadaverine, histamine, phenyethylamine, 
putrescine, tryptamine, tyramine, and urocanic acid from canned tuna and frozen tuna 
loin matrices by matrix solid-phase dispersion, followed by separation and quanti fi cation 
of these compounds by ultrahigh-performance hydrophilic interaction chromatogra-
phy (UHPLC-HILIC) with orbitrap mass spectrometric detection. This streamlined 
approach eliminates the need for derivatization, which has been the traditional option 
for liquid or gas chromatographic analysis for many of these compounds.    

    10.3   Challenges 

 The relevance of high-throughput proteomic approaches is to increase insight 
and understanding of how the physiology of the organism, breeding, harvesting, 
storage, and processing methods affect the quality and safety of ready-to eat 
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seafood. Such understanding can then be used to optimize the entire production 
chain from the water to the table: from selection and breeding to processing and 
cooking. 

 There are, however, still some pitfalls associated with the techniques themselves 
and on how to deal best with the tremendous amount of data they generate 
(Pedreschi et al.  2010  ) . Some of the limitations to the application of proteomics 
technologies derive from the instability of proteomes, the large number of pro-
teins, and possible post-translational modi fi cations, the limited detection of low 
abundance and highly acidic or basic proteins by 2-D gel electrophoresis, limited 
reproducibility, and the fact that not all proteins in a sample can be identi fi ed (Van 
Vliet  2011  ) . Thus there is an urgent demand to develop sophisticated, robust, and 
fast analytical methodologies, capable of identifying in parallel hundreds of sea-
food proteins, with a variety of post-translational modi fi cations at different expres-
sion levels (Zhang et al.  2008  ) . 

 According to recent publications, the laser capture microdissection approach 
has been successfully applied in  fi sh immune response studies (Prunet et al. 
 2012  ) , but the use of this technique often implies the recovery of only small 
amounts of biological material for further proteomics analysis. Small sample size 
makes it dif fi cult to detect differentially expressed proteins. Perhaps the introduc-
tion of lab-on-a-chip devices for sample processing where protein separation and 
trypsin digestion can take place, and directly coupling these chips to mass spec-
trometers, could be a good solution for the near future but it is currently a chal-
lenge (Forné et al.  2010  ) . 

 Optimally analytical proteomic techniques should be combined with other 
“omic” approaches, particularly transcriptomic and metabolomic information 
together with the indispensable help of bioinformatic tools (Cifuentes et al.  2011  )  to 
map and improve seafood production, quality, and safety. 

 On the other hand, the high biodiversity and shortage of sequences for the large 
number of organisms used as seafood makes it dif fi cult to undertake -omics strate-
gies in the short term. There is a need to begin the compilation of useful data 
obtained after fully controlling all the signi fi cant variables involved, starting with 
the selection of relevant species on which to perform the studies under strictly con-
trolled conditions (environmental conditions, nutrition, age, sex, stressors, contami-
nants, etc.). However, the results from descriptive punctual analyses without 
knowledge of the organism’s prior history would be of only limited value and likely 
dif fi cult to reproduce. 

 Given that most current  fi sh farming practices seek to improve  fl esh quality 
together with the notion that white muscle is the main product for the  fi shing indus-
try, a compilation of data about white muscle structure, function, and ontogeny 
followed by an account of the changes induced by the environment, feed, contami-
nants, stressors, swimming behavior, and performance related to the use of white 
muscle during growth from larva to adult, would be essential to fully understand the 
results of proteomic and other -omic studies (Videler  2011  )  and to devise strategies 
to optimize seafood breeding, harvesting, and processing.      
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    11.1   Aquaculture and Proteomics 

 Aquaculture, or the farming of aquatic animals in enclosures or con fi nements, is an 
ancient practice used by man to ensure a constant supply of fresh seafood. The origin 
of aquaculture is credited to Chinese populations, and  fl ourished well before 1,000 
BC. The earliest document describing aquaculture,  The Classic of Fish Culture  by 
Shan Li, dates back to 475 BC, and reports the structure of ponds, the method of 
propagation of the common carp, and the growth of fry. Other sources indicate the 
bas-relief found in the tomb of Akihetep in Egypt, dating back to 2,500 BC, as one of 
the most ancient pieces of evidence of this practice. Here, a man is depicted while 
gathering tilapia, cat fi sh, and other  fi sh from a square-edged enclosure; however, 
whether this may or may be not be a pond is still debated. Along the centuries, men 
have kept  fi sh in ponds and enclosures both for religious purposes or as reservoirs of 
fresh seafood, but farming techniques did not evolve substantially until the latter half 
of the nineteenth century and the beginning of the twentieth, when marine  fi sh farm-
ing started to gain interest. Then, in the late 1960s, with the advent of modern tech-
nologies and materials such as plastic and  fi berglass, aquaculture underwent a massive 
expansion, giving rise to the current widespread and extensive market. New and more 
ef fi cient techniques were developed, enabling large-scale farming of freshwater and 
saltwater  fi sh, from inland tanks to off-shore  fl oating cages, and many new species 
were brought into culture (C.E. Nash  2011  ) . The extensive diffusion of aquaculture 
enterprises was also spurred by the oil crisis, that made  fi sh capture less economical, 
by the declining  fi sh population due to uncontrolled  fi shing, and by the considerable 
increase in the global population demand for aquatic food products. In this respect, 
aquaculture can signi fi cantly contribute to preservation of marine biodiversity, and 
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promote a more rational exploitation of marine resources. Currently, aquaculture 
contributes to about half of the  fi sh consumed worldwide, reaching a production of 
over 50 million tons in 2006 (FAO, the state of world  fi sheries and aquaculture 2008) 
(  www.FAO.org    ), with a growth higher than any other animal food-producing sector. 
Recently, driven also by the oncoming market saturation for some of the most popular 
species,  fi sh farmers are increasingly interested in quality improvement and 
certi fi cation, and in attracting consumer interest in higher-level products. The evolu-
tion of aquaculture techniques and the considerable increase in our knowledge of  fi sh 
 physiology, health, and nutrition can contribute to the production of  fi sh with higher 
quality, safer to eat, and nutritionally more similar to wild  fi sh, and contribute to 
 lowering the production costs for the farmer without compromising quality. 

 Sensorial, textural, and nutritional properties of farmed  fi sh depend on many factors, 
and the in fl uence of farming conditions on the quality of the  fi nal product is the subject 
of an active and lively  fi eld of research. During farming,  fi sh are exposed to a plethora 
of stimuli and environmental constraints that differ from those of their free-ranging 
counterparts: diet, feeding regimens, physical activity, crowding, and water quality 
(salinity, temperature, currents, number and variety of microbial pathogens) can be quite 
different from those experienced in the wild. Moreover, their extent and impact can dif-
fer signi fi cantly depending on the  fi sh species and the farming techniques, which range 
from inshore recirculated tanks, to offshore cages, to rearing in coastal lakes and lagoons 
in semi-wild conditions. Under a nutritional perspective, investigations of quantity and 
composition of fatty acids have played a major role in studies assessing the impact of 
aquaculture techniques on  fi sh species of economical interest. In fact, these are raised on 
arti fi cial diets and have frequent access to unlimited food sources with concomitant 
reduced physical activity, leading to an increased amount of fat in farmed as compared 
to wild  fi sh, with negative consequences on sensorial qualities and shelf-life. However, 
the nutritional quality of farmed  fi sh products is generally considered to be equally ele-
vated due to the presence of polyunsaturated fatty acids, including omega 3, which are 
bene fi cial to the heart and the circulatory system of humans. As far as proteins are con-
cerned, farmed  fi sh are traditionally considered as having the same quantity and quality 
of protein as wild  fi sh in terms of gross composition. Nevertheless, it is now well known 
that farming can modify the protein expression pro fi les of several tissues (Addis       et al. 
 2010a ; Gornati et al.  2004a,   b ; Martin et al.  2001,   2003 ; Forné et al.  2010 ; Hall et al. 
 2003 ; Martinez et al.  1995 ; Martinez and Pettersen  1992  ) . Being able to track and detect 
variations in protein expression against similar genetic backgrounds, proteomics holds 
considerable promise in unveiling the alterations and differences occurring between 
wild and farmed  fi sh, and in understanding the underlying physiological and pathologi-
cal mechanisms. The knowledge gathered by proteomics has the potential to identify 
and help understand these factors, and it is hoped, to provide the means to control them, 
enabling production of higher quality  fi sh (Forné et al.  2010 ; Melamed et al.  2002 ; 
Piñeiro et al.  2003  ) . 

 This chapter provides an overview of the proteomic studies that have directly 
assessed the impact of farming on  fi sh tissues, focusing on muscle, liver, blood serum, 
kidney, and testis proteomes. Table  11.1  provides an overview of the methods applied 
for assessing changes in protein expression, and Table  11.2  summarizes the most 
relevant  fi ndings that emerged from these studies.    

http://www.fao.org
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    11.2   Muscle 

 Skeletal muscle is the edible part of  fi sh, and is therefore the most interesting tissue 
from a commercial perspective. In addition, it is one of the most easily accessible 
for reproducible sampling and is available for analysis along the whole production 
chain, even in processed products. Therefore, the identi fi cation of traits enabling us 
to differentiate  fi sh produced by means of aquaculture techniques in this tissue 
matrix would enable its monitoring “from the farm to the fork.” 

 Muscle composition contributes strongly to quality, inasmuch as number and 
integrity of muscular  fi bers have a considerable in fl uence on texture, elasticity, 
and water-holding capacity (Johnston  1999  ) . The structural unit of muscle is the 
sarcomere, a supramolecular contractile assembly that accounts for about half of 
the total muscle proteins. This machinery is mainly composed of myosin, actin, 
tropomyosin, troponins, and myosin light chains, the giant proteins titin and neb-
ulin, and several other proteins having structural or regulatory functions. Another 
relevant portion of the total muscle protein composition is represented by sarco-
plasmic proteins, which account mainly for glycolysis and energy metabolism, 
providing the “fuel” for contraction. The characterization of muscle tissue pro-
teomes and their comparative evaluation in farmed and wild  fi sh can provide use-
ful information on the in fl uence exerted by farming practices, environmental 
variables, diet, and other factors, and assist the improvement of aquaculture pro-
ductions (Reddish et al.  2008  ) . In fact, con fi nement, size, diet (Kiessling et al. 
 1991  ) , crowding (Gornati et al.  2004a,   b  ) , amount and intensity of physical activ-
ity (Johnston and Moon  1980 ; Totland et al.  1987  ) , and water quality and tem-
perature (Johnston et al.  1998  )  can all have signi fi cant effects on protein expression 
levels, also depending on the farming technique used, on the quality of feeds, and 
on dimensions and exposition to marine currents within rearing spaces. Several 
economically relevant farmed species have been subjected to proteomic studies 
of muscle tissues aimed at assessing the variations induced by farming, including 
Atlantic cod ( Gadus morhua ) (Martinez et al.  2007 ; Olsson et al.  2007 ), 
Mediterranean sea bass ( Dicentrarchus labrax ) (Monti et al.  2005  ) , and Gilthead 
sea bream ( Sparus aurata ) (Addis et al.  2010a ). Figure  11.1  illustrates a represen-
tative 2D-PAGE map of farmed sea bream muscle tissue.  

    11.2.1   Atlantic Cod: Molecular and Structural Alterations 
Induced by Farming 

 Atlantic cod ( G. morhua ) is not yet considered to be a fully domesticated spe-
cies. In fact, numerous signi fi cant differences are observed between farmed 
and wild-captured Atlantic cod, including size and shape of the head, hepato-
somatic index, skin pigmentation and  fl esh discoloration, also accompanied by 
mineral-induced melanin deposition in blood vessels located between muscle 
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segments (Cooper and Midling  2007  ) . Muscle structure and storage character-
istics of farmed cod differ from those observed in wild individuals (Olsson 
et al.  2007 ). In addition, post-mortem degradation has been shown to be faster 
in farmed than in wild cod muscle (Ofstad et al.  1996  ) . As the farmed and the 
wild cod are not yet genetically distinct, the most likely sources for these dif-
ferences are environmental. 

    11.2.1.1   Atlantic Cod: Molecular Alterations 

 Martinez et al.  (  2007  )  examined the suitability of muscle proteins to differenti-
ate farmed from wild cod by means of two-dimensional electrophoresis. Neither 
farming conditions nor size of  fi sh were detailed in this work. Protein extracts 
were obtained from wild and farmed cod by homogenization and sequential 
extraction with the ReadyPrep Sequential Extraction Kit from Bio-Rad 
Laboratories, generating a Tris fraction and a CHAPS-urea fraction. Proteins 
from pools of  fi ve individuals were separated using 11-cm, pH 3–10 Immobiline 
strips for the  fi rst dimension, and 12.5% polyacrylamide gels for the second 

  Fig. 11.1    2-D PAGE map of farmed  Sparus aurata  muscle.  Numbers  indicate the main protein 
groups subjected to mass spectrometry identi fi cation. Protein identities are reported on the  right . 
The following conditions were applied: IEF on 24 cm, pH 3–10 IPG strips; SDS-PAGE on 8–16% 
polyacrylamide gradient gel; silver staining. Protein identi fi cation was performed by LC-MS/MS 
on a nanoLC-nanoESI-Q-TOF instrument       
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dimension, followed by silver staining. According to differential gel analysis, 
the main difference among wild and farmed  fi sh pro fi les was the presence of 
additional spots between 100 and 50 kDa in wild  fi sh, and between 45 and 
35 kDa in farmed  fi sh. Protein identi fi cation was not carried out; however, the 
authors suggested that some of these spots resulted from a differential expres-
sion induced by farming conditions, and others resulted from differences in the 
proteolytic degradation of high molecular weight proteins. 

 In general, this work indicated that a different protein expression and/or a 
different post-mortem degradation can be seen in farmed cod compared to wild 
cod muscle. As far as differential expression is concerned, this is in line with 
the numerous characteristics of farmed cod that deviate from those considered 
to be normal in the wild  fi sh, including higher condition factor, larger liver, 
smaller head, and backbone malformations. Faster post-mortem deterioration 
in farmed  fi sh is also a plausible option; other authors (Olsson et al.  2003  )  had 
already reported a faster post-mortem deterioration in farmed  fi sh compared to 
wild  fi sh. In farmed halibut, post-mortem degradation proceeds faster, and the 
 fl esh has lower functional properties than its wild counterpart. In the case of 
cod, this differential degradation is supported by the  fi ndings of Ofstad et al. 
 (  1996  ) , who reported that farmed cod  fl esh is less  fi rm and has a higher water 
content, lower functional properties, and a different muscle  fi ber structure. 
The factors responsible for these differences were suggested to be related to 
the post-mortem change of parameters such as pH, which is altered by food 
intake before death, or to the different abundance or expression of endogenous 
proteases involved in post-mortem muscle tenderization. Characterization of 
these proteins and their dynamics was indicated as an opportunity for improv-
ing farming conditions in order to obtain higher-quality  fi sh with optimal 
muscle composition.  

    11.2.1.2   Atlantic Cod: Structural Alterations 

 In order to investigate the physiological mechanisms originating the phenotypic 
differences observed between farmed and wild cod, Olsson et al.  (  2007  )  per-
formed a study using proteome analysis and electron microscopy, revealing that 
several metabolic disorders are present in muscle tissues of farmed Atlantic cod. 
Twenty farmed (2,663+/− 462 g) and nineteen wild cod (4750 +/− 870 g) were 
examined in this study. Protein lysates were obtained by sonication, and protein 
extracts were separated on 13-cm, pH 5–8 gradient strips. The second dimen-
sion was performed on 12% polyacrylamide gels, and spots were visualized 
using a commercial Coomassie blue stain. Upon differential analysis, 11 dif-
ferentially expressed protein spots were detected between farmed and wild cod 
muscle, and were subjected to identi fi cation by LC-MS/MS with a Q-TOF 
instrument. Unfortunately, due to the lack of sequence information at the time 
of the analysis, only  fi ve of these produced viable data, and were identi fi ed as 
adenylate kinase, triosephosphate isomerase, aldolase, creatine kinase, and 
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isocitrate dehydrogenase. All these enzymes are involved in energy metabolism, 
and mitochondria are the main cellular organelle where these processes take 
place. In keeping with these observations, ultrastructural analysis of farmed cod 
muscle revealed a number of intra fi brillar mitochondria showing clear cristae 
malformations, with ring structures formed by the inner membrane. Furthermore, 
signi fi cant intermyo fi brillar fat deposition was observed in muscle from farmed 
cod, whereas no inter fi brillar muscle fat was present in wild  fi sh. Disturbances 
in mitochondrial–oxidative capacity in skeletal muscle can play a role in 
insuf fi cient oxidation of fatty acids, and therefore in their abnormal deposition 
in this tissue (He et al.  2001 ; Vogel  2001 ; Petersen et al.  2003  ) . The enzymatic 
alterations identi fi ed in the proteome analysis revealed the existence of altera-
tions in energy metabolism, and supported these observations.   

    11.2.2   European Sea Bass: An Integrated Micro fl uidic 
Approach for Assessing Muscle Protein Pro fi les 
in Farmed Individuals 

 The European sea bass ( D. labrax ) is currently one of the main products of European 
aquaculture, and is considered to be a  fi sh of high economical value. Monti et al. 
 (  2005  )  evaluated the impact of farming on its muscle proteins by using a proteomic 
approach based on SDS-PAGE separation followed by LC/MS-MS for protein 
identi fi cation, combined with relative quanti fi cation of proteins by denaturing capil-
lary electrophoresis in farmed and wild sea bass. The authors implemented this 
integrated approach based on micro fl uidic electrophoresis and proteomic proce-
dures in order to enable rapid detection of protein expression changes induced by 
aquaculture on  D. labrax  muscle. 

 Information on size of  fi sh, feeding regimens, or aquaculture conditions were 
not reported in this work. Protein extracts were obtained by fragmentation of mus-
cle tissues, resuspension in MilliQ water, and mincing in a Stomacher 400 circula-
tor.  Water-soluble proteins were then subjected to either SDS-PAGE or micro fl uidic 
separation and detection on an Agilent 2100 Bioanalyzer instrument. Protein 50 
and Protein 200 Plus chips were used to enable separation over a wide mass range. 
Such analysis revealed statistically signi fi cant and reproducible differences in the 
protein pro fi les of farmed and wild muscle tissues. SDS-PAGE analysis con fi rmed 
these differences, enabling the detection of at least nine proteins with a statisti-
cally signi fi cant variation between wild and farmed  D. labrax . Upon LC-MS/MS 
analysis using an LCQ ion trap instrument, identi fi cation of the differentially 
expressed proteins was accomplished. Among these, many enzymes involved 
in carbohydrate metabolism were found overexpressed in farmed sea bass, such 
as glyceraldehyde-3-phosphate dehydrogenase (+92%) and aldolase (+75%). 
In addition, the impact on creatine kinase (−45%), nucleoside diphosphate kinase 
B (−70%), and parvalbumin (−22%) suggested an in fl uence of aquaculture condi-
tions on the muscular development of farmed  fi sh.  
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    11.2.3   Gilthead Sea Bream: An In-depth Comparative Muscle 
Protein Pro fi ling of Differently Sized Wild and Farmed 
Individuals 

 The gilthead sea bream ( S. aurata ) is the leading product of Mediterranean aquacul-
ture (Gómez-Requeni et al.  2004  ) , accounting for 133,026 t in 2008 (FAO – Fisheries 
and Aquaculture Information and Statistics Service). Although farmed for centu-
ries, this saltwater  fi sh has seen a considerable increase in production during the 
past 20 years. To obtain information on muscle protein expression pro fi les in this 
species along the production cycle, and to compare them with those seen in wild 
individuals, a 2DE-MS study was performed in  fi sh from four different offshore 
 fl oating cage plants in Sardinia, Italy. Interesting insights on proteome variability 
and on protein expression pro fi les associated with  fi sh size and environmental con-
ditions were provided. Moreover, a detailed reference 2-D map of farmed  S. aurata  
muscle proteins was generated (Addis et al.  2010a ). 

 The study was carried out on a large number of wild and farmed Gilthead sea 
bream, taking into account several parameters such as season, water temperature 
and salinity, and size of  fi sh. Protein extracts were generated from 540 samples 
collected for 2 years, by fragmentation of frozen tissue, resuspension in 8-M 
urea–2% CHAPS buffer, and homogenization by repeated cycles of mechanical 
bead beating. All extracts were subjected to SDS-PAGE, and total pro fi les were 
compared by computerized densitometric analysis. Interestingly, as opposed to 
farmed Atlantic cod and sea bass, there were no obvious differences in muscle 
protein pro fi les that could be directly related to the farmed or wild status. Protein 
abundance differences were mostly either individual or related to factors other 
than the wild or farmed condition. Although it might appear surprising, this was 
not so unexpected. In a dedicated study, Carpenè et al.  (  1998  )  did not  fi nd any 
signi fi cant differences in the protein composition of muscle from farmed and wild 
sea bream, although  differences in the fatty acid pro fi les were seen. As also 
observed by Martinez et al.  (  2007  ) , this may be related to several factors such as 
the farming conditions (offshore sea cages with low rearing densities vs. crowded 
inland tanks), as well as the selection that occurred during the years; in fact, sea 
bream have been reared in captivity for a longer time, and this species might be 
either more adapted or best suited to be kept in captive conditions for biological 
or lifestyle reasons, this as opposed to Atlantic cod, for which several evident 
morphological alterations are still seen in captivity  fi sh. 

 However, although not directly linked to the farmed or wild status, several 
 differences were indeed present among several sample groups. To assess the iden-
tity of these proteins and to shed light on the drive for their differential expression, 
farmed and wild  fi sh samples were subjected to an in-depth 2DE study followed by 
MALDI-MS and nanoLC-ESI Q TOF-MS. As a further classi fi cation,  fi sh were 
grouped into size classes for comparison. This further analysis revealed two impor-
tant sources of protein expression variability:  fi sh size and geographic location of 
the farming plant. Shorter farmed (ca. 16 cm) and longer wild (ca. 26 cm) sea bream 
displayed signi fi cant conserved differences in their protein pro fi les: in smaller  fi sh 
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there was a higher expression of proteins involved in metabolism (sarcoplasmic 
proteins), whereas in larger  fi sh there was a higher expression of proteins involved 
in structure and contraction (sarcomeric proteins). Interestingly, individual varia-
tions were also seen in proteins involved in seafood allergy, such as parvalbumins. 
Many of these observations were in line with those seen by Monti et al.  (  2005  )  in 
farmed sea bass. However, when differential comparison was carried out on wild 
and farmed  fi sh having comparable sizes, these differences were no longer apparent. 
Instead, other proteins were seen to undergo statistically signi fi cant variations 
among groups, but in this case these were mainly associated with water tempera-
ture, such as warm temperature acclimation-related 65 kDa protein (Wap 65), to 
presence of infection or stressful conditions, such as transferrin, or to phosphoryla-
tion states, such as myosin binding protein H isoforms. Therefore, it must be kept in 
mind that in studies aimed at assessing differential expression pro fi les among farmed 
and wild  fi sh muscle tissues, size and farming conditions are extremely signi fi cant 
factors to be considered in order to obtain meaningful results.   

    11.3   Liver 

 Liver functions are essential for life, as this organ performs a remarkable number of 
essential metabolic functions. Over 10,000 biochemical reactions are estimated to 
occur in this organ at any given time point, including carbohydrate, fat, and protein 
metabolism, storage of vitamins and minerals, and regulatory functions that control 
blood sugar and hormone levels. The liver is the primary organ for the synthesis of 
many different proteins, such as transferrin,  fi brinogen, apolipoproteins, and globu-
lins, of phospholipids and cholesterol, and of bile acid production and excretion 
(Gazzana and Borlak  2009  ) . This organ is exposed to a wide range of xenobiotics and 
toxins, and is considerably in fl uenced by factors such as diet, environment, and stress. 
All these things considered, as opposed to muscle, where less targeted studies have 
been performed in most cases, the consequences of aquaculture on the liver proteome 
have been studied by evaluating the effect of speci fi c in fl uencing factors. The species 
investigated for comparative wild/farmed liver protein expression include the rainbow 
trout ( Oncorhyncus mykiss ), where changes in protein pro fi les were studied under 
different feeding regimens (Martin et al.  2001,   2003  ) , and the gilthead sea bream ( S. 
aurata ), where manipulation stress was evaluated (Alves et al.  2010  ) . Figure  11.2  
illustrates a representative 2-D-PAGE map of farmed sea bream liver tissue.  

    11.3.1   Rainbow Trout: In fl uence of Dietary Substitution 
with Vegetable Sources 

 Martin and coworkers  (  2003  )  applied proteomics to investigate the proteins  undergoing 
differential expression in the liver of rainbow trout subjected to different feeding regi-
mens, to gain insights to the biochemical processes occurring as a result of an altered 
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metabolism due to dietary substitution with vegetable sources. The two diets were 
 formulated with ingredients commonly used in aquaculture feeds. Both contained  fi sh 
meal and plant ingredients, but one (S) was higher in soybean meal, believed to induce 
adverse effects on different metabolic pathways, whereas the other (C) was higher in  fi sh 
meal. The feeding trial was carried out for 12 weeks. Among other parameters, such as 
nitrogen metabolism, protein utilization, and selected enzyme activities, a 2DE analysis 
was performed on liver. For protein extraction, frozen tissue was homogenized in a 9-M 
urea–2% CHAPS buffer using a Te fl on Dounce homogenizer. Soluble proteins were 
focused in a 7-cm pH 4–7 strip, followed by SDS-PAGE onto 10–15% gradient gels. 
Proteins were stained with colloidal Coomassie blue G250. 

 Following differential analysis of liver proteins from three  fi sh fed diet S and three 
 fi sh fed diet C, 33 protein spots were shown to be signi fi cantly altered in abundance 
between the diets, and 17 were successfully identi fi ed by MALDI TOF-MS. A variety 
of proteins including heat shock proteins (HSPs), enzymes, fatty acid binding protein, 
structural proteins, and proteins involved in the immune response were found to be 
differentially regulated. Structural proteins, such as keratin and tubulin, were 
 downregulated in diet S, as well as HSPs. However, these displayed a differential 
expression of two HSP 108 isoforms. Many enzymes involved in anabolism were also 
downregulated, indicating an emphasis on catabolism relative to anabolism following 
dietary substitution with soybean. On the other hand, an increase in aldolase B and 
protein phosphatase A2 was detected in diet S compared to diet C, likely indicating an 

  Fig. 11.2    2-D PAGE map of farmed  Sparus aurata  liver.  Numbers  indicate the main protein 
groups subjected to mass spectrometry identi fi cation. Protein identities are reported on the  right . 
The following conditions were applied: IEF on 24 cm, pH 3–10 IPG strips; SDS-PAGE on 8–16% 
polyacrylamide gradient gel; colloidal Coomassie staining. Protein identi fi cation was performed 
by LC-MS/MS on a nanoLC-nanoESI-Q-TOF instrument       
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increase in metabolism and general turnover of proteins. Finally, an isoform of 
Apolipoprotein AI-1 (Apo A I) was signi fi cantly downregulated in  fi sh fed diet S. Apo 
AI is involved in the removal of free cholesterol to the liver for excretion. 

 In conclusion, by using proteomics, this study showed for the  fi rst time that rainbow 
trout fed with diets containing vegetable sources undergo alterations in nitrogen metab-
olism and display alterations in liver protein expression pro fi les. This study opens the 
way to using this technique for designing feeds with well-balanced cost/quality ratios, 
and to gain insights on compatibility of feed composition with  fi sh metabolism.  

    11.3.2   Gilthead Sea Bream: In fl uence of Handling 
and Crowding as Chronic Stressors 

 Apart from the dietary regimen, farming conditions pose many other constraints that can 
have a signi fi cant impact on protein expression pro fi les when compared to life condi-
tions experienced in the wild. Among the most important factors, crowding and repeated 
handling are considered to act as signi fi cant chronic stressors. Alves and coworkers 
 (  2010  )  applied comparative proteomics of liver to characterize the metabolic molecular 
indicators of chronic stress in gilthead sea bream. Liver proteome pro fi les were com-
pared in  fi sh stressed by repetitive handling (HND), in  fi sh crowded at high stocking 
densities (HSD), and in control  fi sh (CTRL). The experiment was performed using a 
pooling strategy in order to minimize the effect of individual variations; to level this out, 
four technical replicates were analyzed for each condition (Westermeier et al.  2008  ) . 
Protein extracts were obtained in a buffer containing 7-M urea–2-M thiourea−4% 
CHAPS buffer, and homogenization was accomplished by Ultra-Turrax treatment 
 followed by sonication. 2DE was carried out on 11-cm pH 3–10 immobiline strips, 
 followed by SDS-PAGE on 12% polyacrylamide gels. Staining was performed with 
Coomassie G250. Protein identi fi cation was carried out by LC-ESI-Ion trap MS/MS. 

 As a result, a total of 164 differential spots was detected, including 79 upregu-
lated and 85 downregulated by stress; 37 were unique to handled  fi sh (HND) and 40 
were unique to crowded  fi sh (HSD). Of these, 12 were provided a protein 
identi fi cation, revealing the involvement of several cellular processes related to 
adaptation to stressful conditions: amino acid, carbohydrate and lipid metabolism, 
folding, signaling, and cytoskeleton. 

 Concerning proteins involved in energy metabolism, the expression levels of triose 
phosphate isomerase, glyceraldehyde-3-phosphate dehydrogenase, alpha enolase, and 
pyruvate dehydrogenase were all affected by chronic stress. The authors explained this 
observation with the mobilization of energetic reserves involving the activation of liver 
glycogenolysis and gluconeogenesis to guarantee glucose supply to brain and muscles 
(Moyle and Cech  1996  ) . Expression levels of fatty acid binding protein were also 
increased in stressed  fi sh; this was explained as a mechanism for supporting higher 
rates of lipid consumption by liver cells in order to sustain the increased energetic 
requirements. Another observation was the decrease in calmodulin abundance upon 
chronic stress. The authors suggested that this might be an adaptation to chronically 
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increased intracellular calcium levels, induced by repetitive epinephrine stimulation, 
aimed at preventing the triggering of apoptotic mechanisms. 

 Interestingly, a halving of heat-shock cognate protein 70 (hsc70) was detected 
in both groups subjected to chronic stress compared to the control group. HSPs 
are well known to be involved in the cellular response to stress (Ali et al.  2003 ; 
Basu et al.  2001 ; Boone and Vijayan  2002  ) . Although belonging to the HSP class, 
hsc70 is constitutively expressed in cells without stress, and the observation of its 
downregulation is in line with previous studies (Gornati et al.  2004b ; Poltronieri 
et al.  2007  ) . Another downregulated protein seen in both groups was glutamine 
synthase. This observation was also in line with previous  fi ndings, both in  fi sh 
(Hopkins et al.  1995  )  and in mice (Vats et al.  1999  ) . Finally, the increase in hemo-
globin expression seen in stressed  fi sh is also in line with previous data in various 
 fi sh species (Acerete et al.  2004 ; Biron and Benfey  1994 ; Montero et al.  1999 ; 
Roche and Bogé  1996  ) , as this protein is a known indicator of response to stress 
due to the increase in ef fi ciency of oxygen transportation (Bone et al.  1996 ; 
Randall et al.  1997  ) . 

 In summary, liver proteomics coupled with conventional stress monitors, such as 
plasma cortisol levels, enabled the identi fi cation of several proteins associated with 
stress in  fi sh, that may hold promise for the development of more practical tests, 
such as ELISAs, useful for evaluating and monitoring the existence of chronic stress 
factors in aquaculture plants.   

    11.4   Blood Serum 

 Blood serum (or plasma) is a biological  fl uid of primary importance, typically con-
sidered to be a “river” of proteins and peptides that  fl ows through cells and tissues 
of the whole organism (Zhou et al.  2005  ) . As such, it conveys and  collects proteins 
and peptides of the organs it bathes, re fl ecting variations  occurring in physiological 
and pathological conditions in distant organs and body districts. In humans and 
mammals, blood serum has become the “gold standard” biological matrix for dis-
covery and diagnosis, also for its ease of sampling and the ability to acquire numer-
ous samples during a study. In  fi sh, the dif fi culties in obtaining blood samples from 
live animals and the stress associated with sample collection have often outweighed 
the practical aspects of working with serum when compared to other tissues. 
However, this biological  fl uid is frequently collected and investigated when  fi sh are 
to be sacri fi ced, and many proteomic studies on immune response have been per-
formed using this biological matrix. Concerning proteomic studies aimed at 
investigating differences between farmed and wild  fi sh, studies are less numerous, 
and are also mostly focused on the immune system. However, a good example of an 
application of blood serum proteomics to this topic is the study by Doux fi ls and 
coworkers  (  2011  )  on the in fl uence of the domestication process on the immune 
status of Eurasian perch ( Perca  fl uviatilis ). Figure  11.3  illustrates a representative 
2-D-PAGE map of farmed sea bream serum.  
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    11.4.1   Eurasian Perch ( P.  fl uviatilis ): Modulation of the Immune 
Status as a Consequence of the Genetic Selection Incurred 
During the Domestication Process 

 The transition from the native to the captive habitat (domestication) imposes an 
adaptation to situations that are different from those experienced in the wild, 
and animals have to adapt to the new conditions (Price  1999  ) . Therefore, a 
genetic selection occurs in captivity even without any intentional pressure by 
humans. In  fi sh, a reduced genetic diversity has been reported in captive stocks 
when compared to wild populations, attributable to founder effects, inbreeding, 
arti fi cial selection, and natural selection mechanisms due to survival of the 
 fi ttest (Alarcon et al.  2004 ; Blanchet et al.  2008 ; Jackson et al.  2003 ; Koljonen 
et al.  2002 ; Pampoulie et al.  2006 ; Porta et al.  2006 ; Withler et al.  2007  ) . In fact, 
natural selection in captivity acts through exclusion of the individuals unable to 
survive the many stressors posed by the captive conditions (Mignon-Grasteau 
et al.  2005  ) . These physiological, morphological, and behavioral changes 
induced by domestication lead animals to be better adapted to captivity and to 
the presence of humans (Driscoll et al.  2009  ) . In this context, Doux fi ls and 
coworkers  (  2011  )  combined the measurement of conventional stress indicators 

  Fig. 11.3    2-D PAGE map of farmed  Sparus aurata  serum.  Numbers  indicate the main protein 
groups subjected to mass spectrometry identi fi cation. Protein identities are reported on the  right . 
The following conditions were applied: IEF on 24 cm, pH 3–10 IPG strips; SDS-PAGE on 8–16% 
polyacrylamide gradient gel; colloidal Coomassie staining. Protein identi fi cation was performed 
by LC-MS/MS on a nanoLC-nanoESI-Q-TOF instrument       
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with microsatellite analysis and proteomic investigation of serum pro fi les in a 
wild population of Eurasian perch during their domestication process, with the 
aim of evaluating its in fl uence on the stress physiology and associated immuno-
modulation. Speci fi cally, the effect of chronic con fi nement stress on immune 
capacity was evaluated on two distinct generations (F1 and F4) of 1-year-old 
Eurasian perch juveniles reared at different stocking densities in recirculated 
tanks. The authors conducted the study without operating any particular mor-
phological, physiological, or behavioral trait selection on the population under 
study. A combination of parameters was evaluated, including usual stress indi-
cators, parameters related to innate and adaptive immunity, microsatellite anal-
ysis, and differential proteomic analysis of blood serum. 

 Proteomic experiments were performed by using pooled sera, on four replicate 
pools of serum per condition (uncon fi ned F1  fi sh, con fi ned F1  fi sh, uncon fi ned F4 
 fi sh, con fi ned F4  fi sh). Pooled sera were diluted six times and reduced in 7-M urea–
2-M thiourea–4% CHAPS buffer, and proteins were subjected to isoelectric focus-
ing after cup-loading onto rehydrated pH 4–7, 24-cm IPG strips. The second 
dimension was carried out in 12.5% polyacrilamide gels, and RuBPs staining (ruthe-
nium II tris bathophenanthroline disulfonate) was performed (Rabilloud et al.  2000  ) . 
Differentially expressed spots were subjected to protein identi fi cation by LC-ESI-MS/
MS on a CapLC Q-TOF2. 

 As a result, statistically signi fi cant differences were observed in the abundance 
of C3 complement component, transferrin, and apolipoprotein E (ApoE) in the sera 
of con fi ned F4  fi sh when compared to con fi ned F1  fi sh. Speci fi cally, con fi nement 
caused a decrease in transferrin abundance at day 7 in F1  fi sh, but not in F4  fi sh. 
Transferrin is known for its role as a positive acute phase protein, and in  fi sh it has 
been demonstrated to be an activator of the macrophage antimicrobial response 
(Stafford and Belosevic  2003 ; Stafford et al.  2004  ) . Concurrently, F4  fi sh showed an 
elevated abundance of apoE when compared to F1  fi sh. The authors suggested that 
this might provide  fi sh with the ability to face the increased energetic demand asso-
ciated with stress, as reported in the common carp  Cyprinus carpio  (Concha et al. 
 2003  ) . Concerning complement C3, several differentially expressed spots produced 
this protein identi fi cation, although none of them matched the expected entire 
molecular weight, suggesting the presence of  numerous fragments. Among these, a 
general decrease in expression was observed in F4  fi sh subjected to con fi nement 
stress when compared to F1  fi sh in the same conditions. In general, therefore, the 
expression level of several immune response proteins in response to chronic stres-
sors was higher in F4 than in F1  fi sh, highlighting the positive effects of domesti-
cation on the immune status and therefore on the ability to  fi ght disease. 

 In conclusion, by applying serum proteomics, the study by Doux fi ls and  coworkers 
 (  2011  )  enabled the demonstration that, using this animal model and this farming 
technique, even the maintenance of  fi sh for few generations in captivity exerts a 
selective pressure on the immune capacity of  fi sh and on their ability to  fi ght chronic 
stressors, although at the price of a genetic drift and the reduction of genetic diver-
sity, allelic richness, and heterozygosity.   
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    11.5   Kidney 

 In  fi sh, the kidney is a composite organ with three different functions: excretory, 
hematopoietic, and endocrine. As such, it becomes an interesting organ for monitor-
ing health and wellness of farmed  fi sh. However, only sparse proteomic studies have 
been performed to assess the impact of aquaculture on the  fi sh kidney. Figure  11.4  
illustrates a representative 2-D-PAGE map of farmed sea bream kidney tissue.  

    11.5.1   Alterations of the Protein Expression Pro fi le 
upon Bacterial Colonization of the Kidney 
in Gilthead Sea Bream 

 In a study aimed to monitor the health status of gilthead sea bream farmed in off-
shore  fl oating cages (Addis et al.  2010b ), the most frequent bacteriological  fi nding 
was internal organ colonization by  Moraxella  spp, a Gram-negative opportunistic 
bacterium. The kidney was the most affected organ in this survey, and a proteomic 
study was carried out in order to monitor alterations in its protein expression pro fi le 
and to identify possible biomarkers linked to bacterial colonization. Protein extracts 

  Fig. 11.4    2-D PAGE map of farmed  Sparus aurata  kidney.  Numbers  indicate the main protein 
groups subjected to mass spectrometry identi fi cation. Protein identities are reported on the  right . 
The following conditions were applied: IEF on 24 cm, pH 3–10 IPG strips; SDS-PAGE on 8–16% 
polyacrylamide gradient gel; colloidal Coomassie staining. Protein identi fi cation was performed 
by LC-MS/MS on a nanoLC-nanoESI-Q-TOF instrument (Adapted from Addis et al.  2010b  )        
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were generated from 7 positive and 28 negative kidney samples by fragmentation 
with a scalpel and  homogenization by bead beating in 8-M urea-2% CHAPS buffer. 
Isoelectric focusing was carried out onto 24-cm, pH 3–10 NL IPG strips, and SDS-
PAGE was performed on 8–16% polyacrylamide gradient gels, which were stained 
by colloidal Coomassie. Computerized image analysis identi fi ed several differential 
protein spots, which were identi fi ed with a combination of MALDI-MS and 
NanoHPLC-nanoESI-Q-TOF-MS. In particular, ten spots were found to be consis-
tently overexpressed in proteomic maps of Moraxella-positive kidneys. Interestingly, 
seven of these spots corresponded to six mitochondrial enzymes   , including alanine 
aminotransferase, aldehyde dehydrogenase, dihydrodipicolinate synthase, methyl-
malonate semialdehyde dehydrogenase, ATP synthase beta subunit, and Acyl-CoA-
dehydrogenase. Among other proteins, peroxiredoxins, S-adenosyl-homocysteine 
hydrolase, wap 65, transferrin, glutathione S-transferase, carbonic anhydrase, and 
Cu/Zn superoxide dismutase were also identi fi ed. Mitochondrial proteins are key to 
many metabolic activities, and alteration of their expression is often associated with 
disease (Palmfeldt et al.  2009  ) , whereas many of the other upregulated proteins are 
related to oxidative stress responses, infection, in fl ammation, or programmed cell 
death processes. In summary, even infection by opportunistic bacteria can lead to 
mitochondrial enzyme alterations in kidney tissues, producing a stressful condition 
potentially in fl uencing farmed  fi sh metabolism, and opening the way to infection by 
other bacterial pathogens. Although the impact on zootechnical performance 
remains to be demonstrated, the identi fi cation of a panel of proteins with altered 
expression levels might be useful as a tool for detecting and containing infections 
by Gram-negative pathogens before these spread to the whole farming plant.   

    11.6   Reproductive Organs 

 Another topic concerning adaptation to captivity of farmed  fi sh, which has been 
addressed using proteomics, is fertility and reproduction. However, only few 
studies evaluated these aspects in a comparative manner between farmed  fi sh and 
their wild counterparts. In this respect, Fornè et al.  (  2009  )  applied the 2-D-DIGE 
technology to investigate on the molecular basis for the loss of fertility consequent 
to captivity in Senegalese sole ( Solea senegalensis ). 

    11.6.1   Senegalese Sole ( S. senegalensis ): An Investigation 
of Fertility in Wild Caught Versus F1 Captive Fish 
by Means of Testis Proteomics 

 The  fl at fi sh Senegalese sole has an elevated commercial value, making its optimal 
reproduction in captivity of considerable interest. However, the process is not yet 
completely controlled; although spontaneous reproduction in  fi sh adapted to 
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 captivity has been observed for several years (Anguis and Cañavate  2005 ), males 
from the F1 generation have a poor reproductive performance due to a reduced 
sperm production, sometimes resulting in the complete absence of egg fertilization 
(Agulleiro et al.  2006 ; Porta et al.  2006 ; Cabrita et al.  2006  ) . Forné and coworkers 
applied comparative protein pro fi ling by 2-D-DIGE to investigate the changes occur-
ring in the testis proteome of wild-caught and F1 Senegalese sole males reared in 
captivity, with the aim of identifying proteins potentially involved in the low sperm 
production and reduced fertilization capacity of F1 males (Miura et al.  1999  ) . 

 Testis samples from F1 males were collected after a treatment aimed to induce 
teleost spermatogenesis by means of implants containing synthetic analogues of 
gonadotropin-releasing hormones (F1GnRHa), a combination of GnRHa and 11-ke-
toandrostenedione (F1GnRHa + OA), or saline solution as a control (F1C). Testis 
samples were also obtained from wild-caught males at the spermiation stage 
(F0Mat). All testis samples were mechanically disrupted in saline buffer and then 
subjected to sonication. Extracted proteins were precipitated and resuspended in a 
pH 8.5, 7-M urea–2-M thiourea–4% CHAPS buffer. After cyanine labeling and 
sample mixing, samples were focused into linear pH 3–10 IPG strips, followed by 
SDS-PAGE into 12% polyacrylamide gels. Images were generated by scanning with 
a confocal laser scanner and analyzed with dedicated software. Differentially 
expressed spots were subjected to protein identi fi cation by analysis with a MALDI-
TOF mass spectrometer, selecting the peptides to be analyzed by a following round 
of nanoESI IT MS/MS with an LCQ MS. 

 As a result, a total of 58 spots showed statistically signi fi cant differences in the 
analyzed groups, and 45 of them were successfully identi fi ed as the  products of 
31 genes. In this set of proteins, many were present in several differential spots, 
indicating the presence of potential differentially espressed isoforms or carrying 
various post-translational modi fi cations. These included alpha-2-macroglobulin-1, 
hemopexin, keratin, adenosine triphosphate synthase b subunit, peroxiredoxin 6, 
and keratin 18, having different patterns of regulation  depending on the develop-
mental stage. It is worth noticing that such o bservations are facilitated and their 
validity is reinforced by the 2-D-DIGE technology that, combined with software 
analysis, provides more robust information on the presence and relative abundance 
of isoforms differing by isoelectric point. In total, the differential proteome analysis 
of testis tissue from captive F1 and wild-caught Senegalese sole males showed a 
signi fi cant difference in expression of 24 proteins involved in cytoskeletal organiza-
tion, catabolic processes, and redox or antioxidant activities. Application of the dif-
ferential proteomics approach enabled the authors of this work to discover that F1 
males experience  alterations in protection against oxidative stress, protease inhibi-
tion mechanisms, and iron and glucose metabolism when compared to wild  fi sh, 
and these might be  responsible for their impaired sperm production and reduced 
fertilization rates. Moreover, several new proteins not previously described in the 
testis of teleost  fi sh were reported. The results of this work open the way to other 
investigations aimed at understanding the physiology of Senegalese sole, as well as 
 identifying the mechanisms that impair production of viable sperm in these and 
other farmed teleost  fi sh.   
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    11.7   Concluding Remarks 

 The studies carried out thus far have demonstrated the potential of proteomics to identify 
pathways and functions in fl uenced by farming in many  fi sh tissues. The impact of 
factors such as feeding regimens, crowding, handling, temperature, growth rates, farm-
ing techniques, and many others has been characterized in most  fi sh tissues, widening 
our knowledge of  fi sh biology and providing useful tools for increasing ef fi ciency and 
quality of aquaculture productions. 

 Nevertheless, the informative power of many differential proteomic investigations 
carried out on  fi sh still suffers from the limited availability of annotated sequence 
data. It is hoped that in the future this problem will become less important, especially 
with the progress made on model organisms as well as on genome sequencing and 
annotation technologies. Furthermore, the integration with gene expression tech-
niques, lipidomics, and metabolomics will enable us to fully exploit the potential of 
proteomics in supporting the future production of healthier and higher quality  fi sh.      

  Acknowledgments   The author wishes to thank Daniela Pagnozzi for the useful discussions on 
proteomic methods and techniques and for critical reading of the manuscript, and Stefania Ghisaura, 
Vittorio Tedde, and Grazia Biosa for their help with the 2-D-PAGE maps and MS identi fi cations. 
The support of Prof. Sergio Uzzau and Dr. Tonina Roggio is also gratefully acknowledged.  

   References 

    Acerete L, Balasch JC, Espinosa E, Josa A, Tort L (2004) Physiological responses in Eurasian perch 
( Perca  fl uviatilis , L.) subjected to stress by transport and handling. Aquaculture 237:167–178  

    Addis MF, Cappuccinelli R, Tedde V, Pagnozzi D, Porcu MC, Bonaglini E, Roggio T, Uzzau S 
(2010a) Proteomic analysis of muscle tissue from gilthead sea bream ( Sparus aurata , L.) 
farmed in offshore  fl oating cages. Aquaculture 309:245–252  

    Addis MF, Cappuccinelli R, Tedde V, Pagnozzi D, Viale I, Meloni M, Salati F, Roggio T, Uzzau S 
(2010b) In fl uence of  Moraxella  sp. colonization on the kidney proteome of farmed gilthead sea 
breams ( Sparus aurata , L.). Proteome Sci 8:50  

    Agulleiro MJ, Anguis V, Cañavate JP, Martínez-Rodríguez G, Mylonas CC, Cerdà J (2006) Induction 
of spawning of captive-reared Senegal sole ( Solea senegalensis ) using different administration 
methods for gonadotropin-releasing hormone agonist. Aquaculture 257:511–524  

    Alarcon JA, Magoulas A, Georgakopoulos T, Zouros E, Alvarez MC (2004) Genetic comparison 
of wild and cultivated European populations of the gilthead sea bream ( Sparus aurata ). 
Aquaculture 230:65–80  

    Ali KS, Dorgai L, Ábrahám M, Hermesz E (2003) Tissue- and stressor-speci fi c differential 
 expression of two hsc70 genes in carp. Biochem Biophys Res Commun 307:503–509  

    Alves RN, Cordeiro O, Silva T, Richard N, De Vareilles M, Marino G, Di Marco P, Rodrigues PM, 
Conceição LEC (2010) Metabolic molecular indicators of chronic stress in gilthead seabream 
( Sparus aurata ) using comparative proteomics. Aquaculture 299:57–66  

    Anguis V, Cañavate JP (2005) Spawning of captive Senegal sole ( Solea senegalensis ) under a 
 naturally  fl uctuating temperature regime. Aquaculture 243:133–145  

    Basu N, Nakano T, Grau EG, Iwama GK (2001) The effects of cortisol on heat shock protein 70 
levels in two  fi sh species. Gen Comp Endocrinol 124:97–105  



20111 Farmed and Wild Fish

    Biron M, Benfey TJ (1994) Cortisol, glucose and hematocrit changes during acute stress, cohort 
sampling, and the diel cycle in diploid and triploid brook trout ( Salvelinus fontinalis  Mitchell). 
Fish Phys Biochem 13:153–160  

    Blanchet S, Páez DJ, Bernatchez L, Dodson JJ (2008) An integrated comparison of captive-bred 
and wild Atlantic salmon ( Salmo salar ): implications for supportive breeding programs. Biol 
Conserv 141:1989–1999  

    Bone Q, Marshall NB, Blaxter JHS (1996) Biology of  fi shes, 2nd edn. Chapman & Hall, London  
    Boone AN, Vijayan MM (2002) Constitutive heat shock protein 70 (HSC 70) expression in rainbow trout 

hepatocytes: effect of heat shock and heavymetal exposure. Comp Biochem Physiol C 132:223–233  
    Cabrita E, Soares F, Dinis MT (2006) Characterization of Senegal sole,  Solea senegalensis , male 

broodstock in terms of sperm production and quality. Aquaculture 261:967–975  
    Carpené E, Martin B, Dalla LL (1998) Biochemical differences in lateral muscle of wild and 

farmed gilthead sea bream ( Sparus aurata  L.). Fish Physiol Biochem 19:229–238  
    Concha MI, Molina S, Oyarzun C, Villanueave J, Amthauer R (2003) Local expression of apolipo-

protein A-1 gene and a possible role for HDL in primary defence in the carp skin. Fish Shell fi sh 
Immunol 14:259–273  

    Cooper M, Midling K (2007) Blood vessel melanosis: a physiological detoxication mechanism in 
Atlantic cod ( Gadus morhua ). Aquacult Int 15:43–54  

    Doux fi ls J, Mathieu C, Mandiki SNM, Milla S, Henrotte E, Wang N, Vandecan M, Dieu M, 
Dauchot N, Pigneur LM, Li X, Rougeot C, Mélard C, Silvestre F, Van Doninck K, Raes M, 
Kestemont P (2011) Physiological and proteomic evidences that domestication process differ-
entially modulates the immune status of juvenile Eurasian perch (Perca  fl uviatilis) under 
chronic con fi nement stress. Fish Shell fi sh Immunol 31:1113–1121  

   Driscoll CA, MacDonald DW, O’Brien SJ (2009) From wild animals to domestic pets, an evolu-
tionary view of domestication. From the Academy. In: The light of evolution III: two centuries 
of Darwin Sackler Colloquium, vol 106. PNAS 9971–78  

    Forné I, Agulleiro MJ, Asensio E, Abián J, Cerdà J (2009) 2-D DIGE analysis of Senegalese sole ( Solea 
senegalensis ) testis proteome in wild-caught and hormone-treated F1  fi sh. Proteomics 9:2171–2181  

    Forné I, Abián J, Cerdà J (2010) Fish proteome analysis: model organisms and non-sequenced 
species. Proteomics 10:858–872  

    Gazzana G, Borlak J (2009) An update on the mouse liver proteome. Proteome Sci 7:35  
    Gómez-Requeni P, Mingarro M, Calduch-Giner JA, Médale F, Martin SAM, Houlihan DF, Kaushik 

S, Pérez-Sánchez J (2004) Protein growth performance, amino acid utilisation and somatotro-
pic axis responsiveness to  fi sh meal replacement by plant protein sources in gilthead sea bream 
( Sparus aurata ). Aquaculture 232:493–510  

    Gornati R, Terova G, Vigetti D, Prati M, Saroglia M, Bernardini G (2004a) Effects of population 
density on sea bass ( Dicentrarchus labrax ) gene expression. Aquaculture 230:229–239  

    Gornati R, Papis E, Rimoldi S, Terova G, Saroglia M, Bernardini G (2004b) Rearing density in fl uences 
the expression of stress-related genes in sea bass ( Dicentrarchus labrax , L.). Gene 341:111–118  

    Hall TE, Cole NJ, Johnston IA (2003) Temperature and the expression of seven muscle-speci fi c protein 
genes during embryogenesis in the Atlantic cod  Gadus morhua  L. J Exp Biol 206:3187–3200  

    He J, Watkins S, Kelley DE (2001) Skeletal muscle lipid content and oxidative enzyme activity in 
relation to muscle  fi bre in type 2 diabetes and obesity. Diabetes 50:817–823  

    Hopkins TE, Wood CM, Walsh PJ (1995) Interactions of cortisol and nitrogen metabolism in the 
ureogenic gulf toad fi sh  Opsanus beta . J Exp Biol 198:2229–2235  

   Ibarz A, Martín-Pérez M, Blasco J, Bellido D, de Oliveira E, Fernández-Borràs J (2012) Gilthead sea 
bream liver proteome altered at low temperatures by oxidative stress. Proteomics 10:963–975  

    Jackson TR, Martin-Robichaud DJ, Reith ME (2003) Application of DNA markers to the manage-
ment of Atlantic halibut ( Hippoglossus hippoglossus ) broodstock. Aquaculture 220:245–259  

    Johnston IA (1999) Muscle development and growth: potential implications for  fl esh quality in 
 fi sh. Aquaculture 177:99–115  

    Johnston IA, Moon TW (1980) Endurance exercise training in the fast and slow muscles of a 
teleost  fi sh ( Pollachius Virens ). J Comp Physiol 135:147–156  



202 M.F. Addis

    Johnston IA, Cole NJ, Abercromby M, Vieira VLA (1998) Embryonic temperature modulates muscle 
growth characteristics in larval and juvenile herring  Clupea harengus . J Exp Biol 201:623–646  

    Kiessling A, Storebakken T, Åsgård T, Kiessling KH (1991) Changes in the structure and function 
of the epaxial muscle of rainbow trout ( Oncorhynchus mykiss ) in relation to ration and age: 
I. Growth dynamics. Aquaculture 93:335–356  

    Koljonen ML, Tähtinen J, Säisä M, Koskiniemi J (2002) Maintenance of genetic diversity of 
Atlantic salmon ( Salmo salar ) by captive breeding programmes and the geographic distribution 
of microsatellite variation. Aquaculture 212:69–92  

    Martin SAM, Cash P, Blaney S, Houlihan DF (2001) Proteome analysis of rainbow trout ( Oncorhynchus 
mykiss ) liver proteins during short term starvation. Fish Physiol Biochem 24:259–270  

    Martin SAM, Vilhelmsson O, Médale F, Watt P, Kaushik S, Houlihan DF (2003) Proteomic sensi-
tivity to dietary manipulations in rainbow trout. Biochim Biophys Acta 1651:17–29  

    Martinez I, Pettersen GW (1992) Temperature-induced precocious transitions of myosin heavy chain 
isoforms in the white muscle of the Arctic charr ( Salvelinus alpinus ). Bas Appl Myol 2:89–95  

    Martinez I, Dreyer B, Agersborg A, Leroux A, Boeuf G (1995) Effects of T3 and rearing temperature 
on growth and skeletal myosin heavy chain isoform transition during early development in the sal-
monid  Salvelinus alpinus  (L.). Comp Biochem Physiol Part B Biochem Mol Biol 122:717–725  

    Martinez I, Šližytė R, Daukšas E (2007) High resolution two-dimensional electrophoresis as a tool 
to differentiate wild from farmed cod ( Gadus morhua ) and to assess the protein composition of 
klip fi sh. Food Chem 102:504–510  

    Melamed P, Zhiyuan G, Hew CL, Fletcher G (2002) The potential impact of modern biotechnol-
ogy on  fi sh aquaculture. Aquaculture 204:255–269  

    Mignon-Grasteau S, Boissy A, Bouix J, Faure JM, Fisher AD, Hinch GN, Jensen P, Le Neindre P, 
Mormède P, Prunet P, Vandeputte M, Beaumont C (2005) Genetics of adaptation and domesti-
cation in livestock. Livestock Prod Sci 93:3–14  

    Miura T, Miura C, Ohta T, Nader MR, Todo T, Yamauchi K (1999) Estradiol-17b stimulates the 
renewal of spermatogonial stem cells in males. Biochem Biophys Res Comm 264:230–234  

    Montero D, Izquierdo MS, Tort L, Robaina L, Vergara JM (1999) High stocking density produces 
crowding stress altering some physiological and biochemical parameters in gilthead seabream, 
 Sparus aurata , juveniles. Fish Physiol Biochem 20:53–60  

    Monti G, De Napoli L, Mainol fi  P, Barone R, Guida M, Marino G, Amoresano A (2005) Monitoring 
food quality by micro fl uidic electrophoresis, gas chromatography, and mass spectrometry tech-
niques: effects of aquaculture on the sea bass ( Dicentrarchus labrax ). Anal Chem 77:2587–2594  

    Moyle PB, Cech JJ (1996) Fishes – an introduction to ichtyology, 3rd edn. Prentice Hall, New Jersey  
    Nash CE (2011) The history of aquaculture. Wiley-Blackwell, Ames  
    Ofstad R, Egelandsdal B, Kidman S, Myklebust R, Olsen R, Hermanssona AM (1996) Liquid loss 

as effected by post mortem ultrastructural changes in  fi sh muscle: cod ( Gadus morhua  L) and 
salmon ( Salmo salar ). J Sci Food Agric 71:301–312  

    Olsson GB, Friis TJ, Jensen E, Cooper M (2007) Metabolic disorders in muscle of farmed Atlantic 
cod ( Gadus morhua ). Aquacult Res 38:1223–1227  

    Olsson GB, Olsen RL, Ofstad R (2003) Post mortem structural characteristics and water-holding 
capacity in Atlantic halibut muscle. LWT- Food Sci Technol 36:125–133  

    Palmfeldt J, Vang S, Stenbroen V, Pedersen CB, Christensen JH, Bross P, Gregersen N (2009) 
Mitochondrial proteomics on human  fi broblasts for identi fi cation of metabolic imbalance and 
cellular stress. Proteome Sci 28:7–20  

    Pampoulie C, Jörundsdóttir TD, Steinarsson A, Pétursdóttir G, Stefánsson MO, Daníelsdóttir AK 
(2006) Genetic comparison of experimental farmed strains and wild Icelandic populations of 
Atlantic cod ( Gadus morhua  L.). Aquaculture 261:556–564  

    Petersen KF, Befroy D, Dufour S, Dziura J, Ariyan C, Rothman DL, DiPietro L, Cline GW, 
Shulman GI (2003) Mitochondrial dysfunction in the elderly: possible role in insulin resis-
tance. Science 300:1140–1142  

    Piñeiro C, Barros-Velázquez J, Vázquez J, Figueras A, Gallardo JM (2003) Proteomics as a tool 
for the investigation of seafood and other marine products. J Proteome Res 2:127–135  



20311 Farmed and Wild Fish

    Poltronieri C, Maccatrozzo L, Simontacchi C, Bertotto D, Funkenstein B, Patruno M, Radaelli G 
(2007) Quantitative RT-PCR analysis and immunohistochemical localization of HSP70 in sea 
bass  Dicentrarchus labrax  exposed to transport stress. Eur J Histochem 51:125–136  

    Porta J, Porta JM, Martínez-Rodríguez G, Carmen AM (2006) Genetic structure and genetic relat-
edness of a hatchery stock of Senegal sole ( Solea senegalensis ) inferred by microsatellites. 
Aquaculture 251:46–55  

    Price EO (1999) Behavioral development in animals undergoing domestication. Appl Anim Behav 
Sci 65:245–271  

    Rabilloud T, Strub JM, Luche S, Girardet JL, van Dorsselaer A, Lunardi J (2000) Ruthenium II tris 
(bathophenanthroline disulfonate), a powerful  fl uorescent stain for detection of proteins in gel 
with minimal interference in subsequent mass spectrometry analysis. Proteome 1:1–14  

    Randall D, Burggren W, French K, Fernald R (1997) Eckert – animal physiology – mechanisms 
and adaptations. W.H. Freeman, New York  

    Reddish JM, St-Pierre N, Nichols A, Green-Church K, Wick M (2008) Proteomic analysis of proteins 
associated with body mass and length in yellow perch,  Perca  fl avescens . Proteomics 8:2333–2343  

    Roche H, Bogé G (1996) Fish blood parameters as a potential tool for identi fi cation of stress 
caused by environmental factors and chemical intoxication. Mar Environ Res 41:27–43  

    Stafford JL, Belosevic M (2003) Transferrin and the innate immune response of  fi sh: identi fi cation 
of a novel mechanism of macrophage activation. Dev Comp Immunol 27:539–554  

    Stafford JL, Wilson EC, Belosevic M (2004) Recombinant transferrin induces nitric oxide response 
in gold fi sh and murine macrophages. Fish Shell fi sh Immunol 17:171–185  

    Totland GK, Kryvi H, Jødestol KA, Christiansen EN, Tangeras A, Slinde E (1987) Growth and 
composition of the swimming muscle of adult Atlantic salmon  Salmo salar  L. during long-term 
sustained swimming. Aquaculture 66:299–313  

    Vats P, Mukherjee AK, Kumria MML, Singh SN, Patil SKB, Rangnathan S, Sridharan K (1999) 
Changes in the activity levels of glutamine synthetase, glutaminase and glycogen synthetase in 
rats subjected to hypoxic stress. Int J Biometeorol 42:205–209  

    Vogel H (2001) Mitochondrial myopathies and the role of the pathologist in the molecular era. 
J Neuropathol Exp Neurol 60:217–227  

   Westermeier R, Naven T, Höpker H (2008) Proteomics in practice: a guide to successful experi-
mental design, 2nd edn. Wiley-VCH, Federal Republic of Germany  

    Withler RE, Rundle T, Beacham TD (2007) Genetic identi fi cation of wild and domesticated strains 
of chinook salmon ( Oncorhynchus tshawytscha ) in southern British Columbia, Canada. 
Aquaculture 272:S161–S171  

    Zhou M, Conrads TP, Veenstra TD (2005) Proteomics approaches to biomarker detection. Brief 
Funct Genomic Proteomic 4:69–75      



205F. Toldrá and L.M.L. Nollet (eds.), Proteomics in Foods: Principles and Applications, 
Food Microbiology and Food Safety 2, DOI 10.1007/978-1-4614-5626-1_12, 
© Springer Science+Business Media New York 2013

          12.1   Introduction 

 The intake of  fi sh species by consumers is increasing due to the strong evidence of 
their positive bene fi ts in human health. These bene fi ts are mainly due to their high 
content of polyunsaturated  w -3 fatty acids proven to help in the prevention and 
treatment of cardiovascular, neurological, and in fl ammatory diseases (Hooper et al. 
 2006  ) . In addition,  fi sh are also excellent sources of micronutrients, including vari-
ous vitamins (A, D, E, B1, B6, and B12) and minerals (Fe, I, P, Na, Ca, and K), and 
an affordable source of high-quality animal protein. A portion of 150 g of  fi sh pro-
vides about 50–60% of the daily protein requirements for an adult (Piggot  1976  ) . In 
2007, the average annual per capita  fi sh supply in developing countries was 
9.0–15.1 kg (FAO  2010  ) . 

 Attributable to this high demand, the  fi shery market is showing a dramatic growth 
in sales, producing an overexploitation of resources and the search for new or alter-
native  fi sh species, which may be hazardous in an increasingly globalized market 
environment. Figure  12.1a,b  show, respectively, the dominant species in marine 
 fi shery catches and the main seafood groups dedicated to human consumption 
(FAO, SOFIA  2010  ) . Nowadays,  fi sh can be produced in one country, processed in 
a second, and consumed in a third. The process of globalization has created substan-
tial opportunities, but hand in hand with inherent risks. A very common fraudulent 
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practice is species substitution, which can be done unintentionally, but more fre-
quently, looking for tax evasion, to launder illegally caught  fi sh, or to sell low-
priced  fi sh species in a fraudulent substitution of more valuable higher-priced 
species. In addition, potential human health risks may appear as the fraudulent spe-
cies can be harmful and may aggravate symptoms in sensitive human allergic 
patients. In fact,  fi sh are one of the foods with more prevalence of food allergies 
(Sicherer and Sampson  2010  ) .  
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 Nowadays, consumers demand clear and reliable information about the species 
they eat, therefore the establishment of new standardized labeling and normative 
and inspection control regulations is growing continuously. The use of acceptable 
market names is essential for the identi fi cation of seafood because of the exceed-
ingly great number and variety of species. Furthermore, in some cases and depend-
ing on the country, different genera share the same generic commercial name. This 
is the case, for example, of the generic denomination of “hake,” used for commer-
cialized species belonging to the  Merluccius  genera in Argentina, Spain, Chile, 
Australia, the United States, and the United Kingdom; nevertheless, other disparate 
species belonging to the genera  Dissostichus ,  Rexea , or  Urophycis  are sold in 
Argentina, the United States, and the United Kingdom, respectively, under the same 
denomination of “hake.” The need of common and acceptable market names for the 
seafood sold in interstate commerce and the need to assist manufacturers in labeling 
seafood products led to the publication in 1993 of  The Seafood List  by the U.S. Food 
and Drug Administration (U.S. FDA) to provide a source of names of several sea-
food species and reduce confusion within producers and consumers (Guidance for 
Industry  2012 ). 

 In the European Union, the need for labeling regulations has led to the 
 Council Regulation (EC) No 104/2000  on the common organization of the mar-
kets in  fi shery and aquaculture products. This regulation advises that  fi sh should 
be correctly labeled indicating: (1) the commercial designation of the species, 
(2) the production method (caught or farmed), and (3) the catch area. For this 
purpose, the member states draw up and publish a list of the commercial desig-
nations accepted in their territory indicating the scienti fi c name for each species 
and the name in the language or languages of the member state. The indication 
of the catch area mentioned above is normalized in the Council Regulation (EC) 
No  2065 /2001 in the annex following the FAO Yearbook (FAO yearbook  2000  ) .   
Regulation (EC) No 104/2000  also indicates the importance of labeling seafood 
products with their scienti fi c name to ensure traceability. These requirements 
have been implemented in each of the European states, such as Spain, where 
several regulations have been promulgated to assure the correct labeling and 
identi fi cation of seafood products (Royal Decree  1380 /2002; Royal Decree 
121/ 2004 ; Royal Decree  1702 /2004). 

 To comply with all these regulations, accurate, sensitive, and fast detection meth-
ods that permit the direct authentication of  fi sh in any food product are highly rec-
ommended. Conventional identi fi cation of unprocessed  fi sh is done by examination 
of their anatomical and morphological features. However, even for marine expert 
biologists this is a dif fi cult task in the case of very closely related  fi sh species that 
coexist in the same catch area. This is the case, for example, of Cape hakes, 
 Merluccius capensis  and  Merluccius paradoxus , two different species belonging to 
the Merlucciidae family with similar morphological features that overlap their geo-
graphical distribution on the South African coast. Due to this overlapping distribu-
tion, the species are caught and managed jointly and no distinction is made in stock 
management. In addition, and due to the development of the  fi shing industry,  seafood 
products can be processed (beheaded, eviscerated, skinned,  fi lleted, smoked, cooked, 
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or canned), often making the identi fi cation of their external anatomical or morpho-
logical features impossible. 

 For all these reasons, the use of molecular tools is therefore a suitable strategy to 
circumvent such problems. Although over the last two decades several DNA and 
protein molecular markers have been developed, recent successes of proteomics 
methodologies make them a promising strategy for  fi sh authentication purposes. In 
light of this, a comprehensive overview of the state of the art and the future of pro-
teomics approaches for  fi sh species authentication is given in this chapter.  

    12.2   Traditional Molecular Strategies Used 
to Assess Fish Authenticity 

    12.2.1   Classical Protein-Based Methods Used 
for Fish Authenticity 

 Methodologies based on the detection of biomarker proteins representative of a 
particular species, using mainly electrophoretic or immunological assays, have been 
extensively exploited for the authentication of  fi sh species. 

 In this respect, sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) of myo fi brillar and sarcoplasmic proteins has been used for the 
identi fi cation of commercial  fi sh species in both raw and processed products 
(Scobbie and Mackie  1988 ; Piñeiro et al.  1999a ; Martinez et al.  2001  ) . Using 
speci fi c enzymatic staining procedures, Keenan and Saklee in  1985  published 
a collection of the most common enzyme patterns by SDS-PAGE for 164 dif-
ferent  fi sh species. SDS-PAGE has also been used to identify those species or 
products subject to some thermal processing, except sterilization (Piñeiro 
et al.  1999a ; Martinez et al.  2001  ) . 

 Isoelectric focusing (IEF) is the most commonly used protein-based technique 
for species identi fi cation (Piñeiro et al.  2000 ; Tepedino et al.  2001  ) . In fact, IEF was 
adopted by the Association of Of fi cial Analytical Chemists as the of fi cial validated 
method for species identi fi cation purposes (AOAC  1990  )  and the U.S. FDA offers 
an Internet library of IEF patterns of sarcoplasmic proteins from different  fi sh 
 (  Regulatory Fish Encyclopedia, FDA  ) . Urea IEF gels have been applied for dis-
crimination of unrelated  fi sh species in products that have been heat treated (Mackie 
et al.  2000 ; Rehbein et al.  2000  ) . Parvalbumins are the sarcoplasmic proteins that 
show higher interspeci fi c variability by IEF (Rehbein et al.  2000  ) . Due to their ther-
mal stability, these proteins can also be used by native IEF for the discrimination of 
cooked products, in addition to raw species (Carrera et al.  2010  ) . In addition, the 
experiences accumulated in our lab using IEF on narrow strips of pH 4–6.5 have 
demonstrated the suitability of parvalbumin isoforms as species-de fi ning markers 
for all commercial  fi sh species belonging to the Merlucciidae family (Piñeiro et al. 
 1998 ; Carrera et al.  2006 ; Carrera  2008  ) . 



20912 Fish Authentication

 Several reports concerning the application, with authentication purposes, of the 
two-dimensional gel electrophoresis (2DE) to the characterization of  fi sh proteins 
have been published (Piñeiro et al.  1998 ; Martinez and Jakobsen Friis  2004 ; 
Carrera et al.  2006  ) . Interestingly, the application of 2DE has allowed the detection 
of potential species-speci fi c proteins for the discrimination of closely related  fi sh 
species, such as hake (Piñeiro et al.  1998,   2001 ; Carrera et al.  2006  ) , puffer  fi sh 
(Chen et al.  2004  ) , commercial  fl at  fi sh (Piñeiro et al.  1999b  ) , and perch species 
(Berrini et al.  2006  ) . 2DE database servers for different organisms are available on 
the Internet (World-2DPAGE List,   http://world-2dpage.expasy.org/list/    ; Appel 
et al.  1996  ) ; although up to date, for Teleostei species, only one 2DE image for 
rainbow trout is included in the FishProm database from Aberdeen University 
(  http://www.abdn.ac.uk/ fi shprom/    ). 

 The detection of potential species-speci fi c proteins by 2DE can be further inves-
tigated by other complementary techniques such as mass spectrometry (MS). Thus, 
following a classical bottom-up proteomics approach, consisting of 2DE, tryptic 
in-gel digestion, and MS/MS analysis, representative spots or clusters of spots for 
the Merlucciidae family, corresponding to nucleoside-diphosphate kinase proteins 
(NDK) (Carrera et al.  2007  ) , to aldolase proteins (Carrera et al.  2009  ) , and to par-
valbumin (PRVB) isoforms, were identi fi ed, characterized, and de novo sequenced 
(Carrera et al.  2006,   2010  ) . Immunological methods, based on the speci fi city of the 
antigen–antibody (Ag–Ab) reaction, are particularly attractive because they com-
bine speci fi city, sensitivity, and simplicity. The  fi rst efforts to produce Abs to iden-
tify  fi sh species were described by Mairs and Sindermann in  1962 , who prepared 
polyclonal Abs (pAbs) to discriminate clupeid species. Furthermore, pAbs against 
certain sarcoplasmic proteins have been developed for the discrimination of species 
such as sardines, salmon, trout, halibut, haddock, grouper, and Nile perch 
(Domínguez et al.  1997 ; Céspedes et al.  1999a ; Asensio et al.  2003a  ) . The produc-
tion of pAbs is simple and economical. However, it presents a number of draw-
backs: (1) low speci fi city, resulting in cross-reactivity problems, (2) limited amount 
of Ab, and (3) requiring continuous immunizations of new animals, leading to the 
existence of nonreproducible batches. These problems can be solved with the gen-
eration of monoclonal Abs (mAbs). These Abs are selected by their ability to dis-
criminate species with high speci fi city and absence of cross-reactivity against other 
species. Also, the production of mAbs after obtaining the hybridoma is unlimited. 
Several mAbs have been generated against species of red snapper (Huang et al.  1995  ) , 
grouper (Asensio et al.  2003b  ) , and cat fi sh (McNulty and Klesius  2005 ; Gajewski, 
et al.  2009  ) . The main immunological techniques that have been employed using 
pAbs or mAbs are the immunodiffusion (Domínguez et al.  1997  ) , ELISA (Huang 
et al.  1995 ; Céspedes et al.  1999a ; Asensio et al.  2003a,   b ; McNulty and Klesius  2005  )  
and Western blot (Zhang and Rasco  1996 ; Domínguez et al.  1997  ) . Immunoassays 
are advantageous in that, once developed, they are easy to use, having high sensitiv-
ity and throughput, thus allowing the process of a high number of samples in a short 
time. However, this technology is expensive and time consuming, and is not com-
pletely exempt from potential cross-reactivity. Apart from this, immunoassay can 
display important limitations in the analysis of processed food because processing 

http://world-2dpage.expasy.org/list/
http://www.abdn.ac.uk/fishprom/
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can greatly affect the tertiary structure of the protein and thus negatively affect 
 recognition of the target protein by the antibody. 

 General limitations of these classical protein-based methods, such as being very 
laborious and time-consuming methodologies, may be solved with the introduction 
of alternative methods based on DNA ampli fi cation and hybridization.  

    12.2.2   Common DNA-Based Methods Used 
for Fish Authenticity 

 Analytical methods based on nucleic acid detection, mainly DNA, have achieved 
an outstanding position in the authentication of  fi shery products in recent decades 
(Sotelo and Pérez-Martín  2007 ; Rasmussen and Morrissey  2009  ) . Compared 
with the above-mentioned methodologies, DNA techniques have considerably 
higher discriminating power as they are based on identi fi cation at the sequence 
level of speci fi c DNA fragments that are unique for a particular species. Together 
with their sensitivity, this is why DNA-based procedures have become popular 
methods for unambiguous identi fi cation of  fi sh species even for closely related 
species. 

 The analysis of speci fi c genetic sequences can be applied to both fresh and pro-
cessed products, thanks to the stable nature of the DNA molecule, its ubiquitous 
character, and high content in diriment information, which is not affected by varia-
tions of expression. Nuclear genes such as the 5S ribosomal DNA, 5S ribosomal 
RNA, internal transcribed spacer 1 (ITS1), and certain microsatellite loci have been 
considered for the study of phylogenetic relationships among  fi sh (Céspedes et al. 
 1999b ; Castillo et al.  2003 ; Asensio et al.  2004 ; Pérez and García-Vázquez  2004  ) . 
Among the DNA targets, mitochondrial DNA (mtDNA) is generally preferred 
because of its maternal inheritance, a relatively fast evolutionary rate, and the lack 
of intermolecular genetic recombination. The most commonly used mtDNA mark-
ers include the cytochrome b gene (Rehbein et al.  1997 ; Sotelo et al.  2001 ; Calo-
Mata et al.  2003 ; Chapela et al.  2007  ) , the mtDNA control region (Quinteiro et al. 
 2001  ) , and the 12S rRNA region (Comesaña et al.  2003 ; Zhang et al.  2006  ) . Today, 
most DNA-based methods for species identi fi cation in foods consist of the highly 
speci fi c ampli fi cation of one or more DNA fragments by means of polymerase 
chain reaction (PCR). This technique presents high potential due to its simplicity, 
sensibility, and speci fi city. In this sense, several methods have been developed in 
order to perform polymorphism searches such as the restriction fragment length 
polymorphism (PCR-RFLP) used for the identi fi cation of different species of 
salmon, gadoids,  fl at fi sh, and hake (Russell et al.  2000 ; Quinteiro et al.  2001 ; Sotelo 
et al.  2001 ; Pérez et al.  2004 ; Aranishi et al.  2005  ) . Other techniques include the 
ampli fi ed fragment length polymorphism (PCR-AFLP) (Maldini et al.  2006  ) ; the 
single-stranded conformational polymorphism (PCR-SSCP) for the identi fi cation 
of tuna, salmon,  fl at fi sh, Nile perch, and hake (Colombo et al.  2005 ; Chapela et al. 
 2007  ) ; the random ampli fi ed polymorphic DNA (RAPD) for the discrimination of 
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Tilapia species, Nile perch, and grouper (Partis and Wells  1996 ; Asensio et al.  2002  ) ; 
and multiplex PCR for grouper  fi llets (Trotta et al.  2005  ) . In addition, some exam-
ples of sequencing techniques, such as forensically informative nucleotide sequenc-
ing (PCR-FINS) have been used to identify anchovies, sardines, and hake species 
(Jérôme et al.  2003 ; Santaclara et al.  2006  ) . The latest and more fashionable meth-
ods for  fi sh species identi fi cation are the approaches based on real-time PCR 
(Sánchez et al.  2009  ) , microarrays (Kochzius et al.  2008  ) , and lab-on-a-chip sys-
tems (Chen et al.  2011  )  for their potential to identify and quantify seafood species 
on a large scale. 

 Despite all these advantages, DNA-based procedures are not exempt from some 
important limitations that are especially important in the case of processed foods. 
During the processing of  fi sh products, disruption of the cellular integrity can occur, 
causing the release of hydrolytic enzymes. Together with this, heat treatment and an 
acid environment can negatively affect DNA integrity, reducing the length of frag-
ments to be ampli fi ed and consequently increasing the chances of having nonspeci fi c 
identi fi cations. Another important limitation is the complexity of foods, which can 
yield important matrix effects that negatively affect the accuracy and robustness of 
results. This complicates the development of standardized protocols for DNA 
extraction, thus being necessary to optimize them for each particular situation to 
ensure that enough DNA is obtained for the analysis and inhibitors of the reduced 
or eliminated PCR. 

 Although over the last two decades, several DNA and protein molecular markers 
have been developed, proteomics methodologies are emerging as a promising 
 strategy for  fi sh authentication.   

    12.3   Proteomics Technologies for Fish Authentication 

 As a discipline, proteomics is de fi ned as the large-scale analysis of proteins in a 
particular biological system at a particular time (Pandey and Mann  2000  ) . Recent 
successes illustrate the role of mass spectrometry, mainly matrix-assisted laser des-
orption/ionization–time-of- fl ight (MALDI-TOF) and electrospray-ion trap (ESI-IT) 
mass spectrometry, as an indispensable tool for proteomics studies (Aebersold and 
Mann  2003  ) . But the history of proteomics began in the 1970s with the development 
of 2DE, which provided the  fi rst method for displaying hundreds or thousands of 
proteins on a single gel (Klose  1975 ; O’Farrell  1975  ) . Nowadays, bioinformatics 
treatment of the data has increased the scale of proteomics tools, representing a 
powerful strategy for a high-throughput protein and peptide identi fi cation and 
quanti fi cation. 

 Proteomics methodologies have been used for the identi fi cation of some seafood 
species such as mussels (López et al.  2002  )  and shrimp (Ortea et al.  2009  ) , but their 
application on Teleostei species authentication is still scarce. An idea of the current 
limited impact of proteomics in any type of research involving the Teleostei group can 
be obtained if one considers that protein databases include 239,454 amino acid 
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sequences from Teleostei, whereas there are more than 1,118,730 amino acid sequences 
reported for the Tetrapoda group (UniProtKB, February, 2012) (Fig.  12.2 ).  

 Figure  12.3  shows the proteomics pipeline and tools that are currently being used 
at our laboratory for  fi sh authentication. Two consecutive phases, the discovery 
phase (Carrera et al.  2006,   2010  )  and the target-driven phase (Carrera et al.  2011  )  
are described in detail in the following sections using as an example the identi fi cation 
of all the commercial  fi sh species belonging to the Merlucciidae family.  

    12.3.1   Discovery Phase 

 In this phase, to identify new potential peptide biomarkers for the identi fi cation of 
 fi sh species (i.e., Merlucciidae species), organisms whose genomes remain unse-
quenced, we use a classical bottom-up proteomics approach (Fig.  12.3 ). 

 Thus, potential speci fi c proteins, according to 2DE analysis, are selected, sub-
jected to tryptic digestion, and the recovered peptides then ionized and analyzed by 
means of MS. As mentioned above, different spots or clusters of spots correspond-
ing to parvalbumin (PRVB) isoforms (11.20–11.55 kDa and p I  3.75–4.57 units) 
(Piñeiro et al.  2001 ; Carrera et al.  2006,   2010  ) , nucleoside-diphosphate kinase pro-
teins (NDK) (16.80–18.60 kDa and p I 5.04–5.47 units) (Piñeiro et al.  2001 ; Carrera 
et al.  2007  ) , and aldolase proteins (42–43 kDa and p I  6.5 units) (Carrera et al.  2009  ) , 
showed noticeable qualitative interspeci fi c differences by 2DE, and were further 
investigated by MS. 

 The capacity of the peptide mass  fi ngerprinting (PMF) methodology by MALDI-
TOF MS was ascertained by analyzing 10 closely related commercial species of the 
Merlucciidae family (Carrera et al.  2006  ) . MALDI-TOF mass  fi ngerprints of the 
sarcoplasmic protein PRVB de fi ned a set of molecular  fi sh authentication markers, 
relying on the presence or absence of species-speci fi c peptide masses, providing: 
(1) the selective differentiation between the genus  Merluccius  and  Macruronus ; (2) 
the classi fi cation of the hake species in two groups according to their geographic 
procedence, American or Euro-African hake; and (3) the unequivocal identi fi cation 
of several hake species,  M. bilinearis ,  M. australis polylepsis ,  M. australis australis , 
 M. productus ,  M. paradoxus,  and  M. polli , whereas the rest of the hake species can 
be grouped in two clusters, comprising  M. hubbsi  and  M. gayi  in one and  M. merluc-
cius  and  M. capensis  in the other. Due to PRVB interspeci fi c variability and high 
concentration in the muscle from  fi sh, we can forecast that this protein can be used 
as a good biomarker for  fi sh species identi fi cation. The selection of PRVB as a tar-
get protein has additional importance inasmuch as it is a protein that presents a high 
thermostability (Kawai et al.  1992 ; Elsayed and Bennich    1975   ; Carrera et al.  2010  ) . 
For that, the monitoring of peptide masses ensures an overall applicability of the 
method for  fi sh authentication in both fresh and processed seafood products. A sim-
ilar approach was further successfully applied for the identi fi cation of 25 different 
 fi sh species (Mazzeo et al.  2008  ) . The authors, using the same strategy previously 
reported for our group, characterized speci fi c PRVB peptide masses capable of 
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  Fig. 12.2    Protein sequences annotated in UniProtKB database for Teleostei and tetrapods       

2) Target-driven phase

Monitoring of peptide biomarkers,
Fish Species Identification (<2h)

Rapid in-solution tryptic
digestion using HIFU

LC-ESI-IT-MS/MS
in SMIM mode

R
el

at
iv

e 
ab

un
da

nc
e

100
0100
0

100
0

100
0

0

100

100
0

100
0100

0 20 40 60

0
100

0

100

0
100

Database searching and/or

De Novo Sequencing

1) Discovery phase

Characterization of species-
specific peptide biomarkers

2-DE
spot of interest

In-gel tryptic
digestion

MALDI-TOF MS ESI-IT-MS/MS

Peptide Mass Fingerprinting 

MS/MS spectrum 

Protein biomarker
purification:

PRVBs (70ºC, 5 min)

  Fig. 12.3    Proteomics pipeline considered for the identi fi cation, characterization and detection of 
species-speci fi c peptide biomarkers with  fi sh authentication purposes       

 

 



214 M. Carrera et al.

 differentiation by MALDI-TOF MS a large number of  fi sh species belonging to 
three different orders (Perciformes, Gadiformes, Pleuronectiformes). 

 In a subsequent study (Carrera et al.  2010  ) , we proposed a novel strategy for the 
extensive characterization of all the PRVBs isoforms in all the commercial species 
from the Merlucciidae family (the previous 10 species and  M. senegalensis ). This 
strategy is based on the integration of a classical bottom-up proteomics approach 
with accurate  M  

 r 
  determination by Fourier-transform ion-cyclotron resonance 

(FTICR)-MS of intact proteins and selected tandem mass spectrometry (MS/MS) 
ion monitoring (SMIM) of peptide mass gaps. For each PRVB, mass spectra obtained 
by LC-ESI-IT-MS/MS from two digests (trypsin, Glu-C) were followed by database 
searching using Sequest (Eng et al.  1994  )  and  de novo  sequenced manually with the 
help of two programs, PEAKS (Ma et al.  2003  )  and DeNovoX (Thermo Electron 
Co.) (Scigelova et al.  2007  ) . The deduced peptide sequences were arranged and the 
theoretical  M  

 r 
  for the resulting sequences was calculated. Experimental  M  

 r 
  for each 

PRVB was measured with high mass accuracy by FTICR-MS (0.05–4.47 ppm). The 
masses of several missing peptide gaps were estimated by comparing the theoretical 
and experimental  M  

 r 
 , and the MS/MS spectra corresponding to these ions were 

obtained by LC-ESI-IT-MS/MS in the SMIM scanning mode. Finally, all peptide 
sequences were combined to generate the  fi nal protein sequences. This approach 
allowed the complete  de novo  MS-sequencing of 25 new PRVB isoforms. This 
study constitutes the report accounting for the higher number of new proteins com-
pletely sequenced making use of MS-based techniques only. 

 Several species-speci fi c peptide biomarkers were selected to effectively iden-
tify all the species from the Merlucciidae family. PRVBs peptide sequences with 
high interspeci fi c variability, obtained after the extensive  de novo  sequencing of 
PRVBs previously published (Carrera et al.  2010  ) , were used for this purpose. 
Eleven tryptic peptides were selected on the basis of the information that their 
combined presence or absence could be used to con fi dently identify all of the 
species under study. A  fl ow diagram for the unambiguous systematic discrimina-
tion was also achieved (Carrera et al.  2011  ) . According to this scheme, the pres-
ence/absence of several peptide biomarkers achieves: (1) identi fi cation if any 
member from the Merlucciidae family is present in the sample, (2) discrimina-
tion between the genera  Merluccius , (3) classi fi cation of hake species into two 
groups according to their geographic distribution: American hake or Euro-African 
hake, and (4)  fi nally the combination of the presence/absence of eight other pep-
tide biomarkers allows the unambiguous identi fi cation of any speci fi c species 
from the Merlucciidae family. 

 The selection of PRVB as the protein biomarker is particularly interesting 
because it is considered the major  fi sh allergen (Elsayed and Bennich  1975 ), and 
therefore an analysis targeting this protein would have a double application, both for 
species identi fi cation and food safety purposes. 

 Moreover, particular attention was also focused on the characterization and 
identi fi cation by the MS-based biomarker discovery of several other peptide mark-
ers to discriminate all the commercial species belonging to the Merlucciidae family. 
In fact, using the same classical bottom-up proteomics approach, the  characterization 
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by  de novo  peptide sequencing of the different nucleoside diphosphate kinase 
(NDK) (Carrera et al.  2007  )  and aldolase proteins (Carrera et al.  2009  ) , allowed the 
characterization of additional species-speci fi c peptides that also can be used for  fi sh 
authentication purposes. 

 These peptide biomarkers could be used to develop easy-to-use kits based on 
antibodies or monitored by MS using an innovative strategy that is described in the 
next phase of our pipeline.  

    12.3.2   Target-Driven Phase 

 In the second phase of the proteomics pipeline used in our laboratory for  fi sh authen-
tication purposes (Fig.  12.3 ), we developed a new targeted MS-based strategy for 
the fast monitoring of the species-speci fi c peptide biomarkers found in the discov-
ery phase (Carrera et al.  2011  ) . 

 The performance of this target-driven method was established for the unequiv-
ocal identi fi cation of all commercial  fi sh species belonging to the Merlucciidae 
family. It was based on (1) the puri fi cation of PRVBs by heat treatment (time 
45 min), (2) their accelerated tryptic digestion using high-intensity focused ultra-
sound (HIFU; time 2 min), and (3) the monitoring of 11 PRVB peptide biomarkers 
by selected tandem mass spectrometry ion monitoring in a linear ion trap (LIT) 
mass spectrometer (time 60 min). Each step was individually adjusted to minimize 
analysis time. Thus, PRVBs, considered as the best protein biomarker for  fi sh 
authentication of Merluciidae species, were puri fi ed from the sarcoplasmic 
extracts, taking advantage of their thermostability (Kawai et al.  1992  ) . After treat-
ment with heat (70ºC, 5 min), the majority of identi fi ed peptides corresponded to 
PRVBs (77.87%). These results demonstrated that the treatment with heat is a 
simple, fast, and effective procedure to purify and enrich the samples in only 
PRVBs. Puri fi ed PRVBs were digested with trypsin using a fast procedure by 
HIFU. Accelerated HIFU-tryptic digestions produced results comparable to those 
obtained by the conventional overnight incubation methods. Thus, the combina-
tion of a fast and easy protein puri fi cation procedure (time 45 min) with the use of 
HIFU for protein digestion (time 2 min) considerably simpli fi ed and reduced the 
time needed for sample preparation, re fl ected in the overall time needed for moni-
toring. Then, a particular combination of only 11 peptides (Table  12.1 ), resulting 
from the HIFU-assisted tryptic digestion of the thermostable proteins PRVBs, 
were subjected to SMIM analysis in an LIT mass spectrometer focusing the MS/
MS events on the corresponding precursor ions. Once MS/MS spectra were 
recorded, virtual chromatograms for all the different fragments could be obtained. 
Tracing the highly sensitive transitions (precursor  m/z  → fragment  m/z ) for each 
peptide biomarker is possible for the unequivocal identi fi cation of all Merlucciidae 
species (Fig.  12.4 ). Also, the use of the SMIM mode for scanning gives the pos-
sibility of obtaining full MS/MS information necessary for the validation of the 
peptide biomarker sequence.   
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 An additional validation step using commercial  fi sh products successfully dem-
onstrated the applicability of this new targeted strategy for the fast detection of 
mislabeling practices in both fresh and processed  fi sh products. 
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  Fig. 12.4    Reference SMIM traces for each Merlucciidae species, plotting the corresponding 
canonical transition for each PRVB tryptic peptide biomarker (Reprinted with permission from 
Carrera M, Cañas B, López-Ferrer D, Piñeiro C, Vázquez J, Gallardo JM. Fast monitoring of 
species-speci fi c peptide biomarkers using high-intensity-focused-ultrasound-assisted tryptic diges-
tion and selected MS/MS ion monitoring. Anal. Chem. 2011, 83, 5688-5695. Copyright 2011 
American Chemical Society)       
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 With this new strategy, we demonstrated that all relevant  fi sh species belonging 
to the Merlucciidae family present in any seafood product can be unequivocally 
identi fi ed in less than 2 h. 

 This work fl ow constitutes the fastest method for peptide biomarker monitoring 
and its application to food quality control provides authorities with a rapid and 
effective method for food authentication and traceability to guarantee quality and 
safety to consumers.   

    12.4   Concluding Remarks and Future Outlook 

 As we discussed in this chapter the potentiality of the proteomics pipeline devel-
oped in our laboratory for  fi sh species identi fi cation is noticeable. The two consecu-
tive steps (discovery phase and target-driven phase) allow the identi fi cation and 
characterization of species-speci fi c peptides that can be monitored by MS allowing 
the unequivocal and fast identi fi cation of  fi sh species in any seafood product. 
Currently this pipeline is also being successfully applied in our laboratory for the 
identi fi cation of other species belonging to the order Decapoda (Ortea et al.  2009  )  
and to develop a rapid and reliable method for bacterial identi fi cation in foodstuffs 
(Böhme et al.  2011  ) . Nevertheless, we consider that its application  fi eld is not 
restricted to food authentication purposes and that may offer new opportunities to 
the food science sector such as the detection of allergens, the characterization of 
bioactive peptides, the study of the effects caused by processing and storing on food 
proteins, and so on. In addition, we consider that the procedures and results obtained 
using this proteomics pipeline may be stored in a centralized and web-accessible 
open source that supports their dissemination and their potential applicability to 
further food science projects.      
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          13.1   Introduction 

 Milk is a key source of food for mammals to feed their young offspring. In addi-
tion, cow’s milk, a major agroeconomic product, continues to be consumed by 
humans in various forms throughout their lifetimes. Milk proteins provide essen-
tial nutrition for health, growth, and development. Although many are thoroughly 
digested in the gut to provide vital amino acids, other proteins are either partially 
or minimally broken down and exert functionality related to the structures of their 
digestive products (Knip et al.  2010 ; Castell et al.  1997 ; Sanderson and Walker 
 2000  ) . In the example of human milk proteins, some facilitate the digestion and 
uptake of other nutrients in milk (Hamosh  2001  ) , and others defend against patho-
genic bacteria and viruses, help bolster the acquired immune system (Hamosh 
 2001 ; Goldman  1993 ;  Schack-Nielsen and Michaelsen  2007  ) , in fl uence cognitive 
development (Schack-Nielsen and Michaelsen  2007 ; Daniels and Adair  2005  ) , 
affect metabolic development (Abbott et al.  1996 ; Frid et al.  2005 ; Pal and Ellis 
 2011 ; Zivkovic et al.  2011  ) , regulate food intake and satiety (Luhovyy et al.  2007  ) , 
and aid the development (Karhumaa et al.  2001  )  and maturation of the gastroin-
testinal tract (GIT) (Sanderson and Walker  2000 ; Kanwar and Kanwar  2009 ; 
Heird et al.  1984 ; Harmsen et al.  2000  ) . Despite the increased understanding of 
the various health and developmental bene fi ts of milk proteins, there is little infor-
mation available regarding the  underlying molecular origins of their effects. Even 
less information can be found on the development of milk function over the course 
of lactation where milk proteins may aid differently in newborns and young 
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infants. Numerous efforts have been carried out to identify the “secret ingredi-
ents” that may contribute to the above-mentioned bene fi ts conferred by milk pro-
teins (Séverin and Wenshui  2005 ; Walker  2010 ; Lönnerdal  2004  ) . One approach 
is to apply proteomic tools to explore milk proteomes and, it is hoped, from there 
researchers can gain more insight into biological  processes, signaling pathways, 
nutritional values, and novel functional food ingredients that are novel or whose 
importance in milk is not yet understood. In the example of human milk, numer-
ous proteomic and nonproteomic studies (Casado et al.  2009 ; D’Alessandro et al. 
 2010  )  have been carried out in the past decade, investigating the proteins in milk 
whey and milk-fat-globule membrane (MFGM) (Hettinga et al.  2011 ; Lu et al. 
 2011 ; Liao et al.  2011a,   b ; Mangé et al.  2008 ; Palmer et al.  2006 ; Cavaletto et al. 
 2004 ; Fortunato et al.  2003  ) . The number of proteins characterized in human milk 
has increased steadily over the years. Despite this advancement in human milk 
proteomics, the total number of proteins identi fi ed in human milk remains some-
what disappointing, considering that over 1,000 proteins have been identi fi ed in 
blood serum, another human  fl uid, using a similar experimental setup (Hanash 
et al.  2008  ) . The de fi cit in identi fi ed human-milk proteins can be mainly ascribed 
to the lack of approaches that can adequately unmask low-abundance proteins in 
the  presence of the high-abundance ones. Compared to blood serum, milk is even 
more notoriously dominated by major proteins. Owing to the technical dif fi culty, 
there is still no comprehensive view of the milk proteome. As a result, the biology 
and functions of milk proteins remain incompletely understood, thus inhibiting 
the further exploration of the dietary bene fi ts that milk can provide. 

 Our laboratory has since shown that protein fractionation with  larger-than-normal 
sample loads provides a means to explore low-abundance proteins in milk. Using 
sample loads in the range of a few milligrams and mixed-bed ion-exchange (IEX) 
protein fractionation, we were able to identify 297 proteins in cow’s milk (Le et al. 
 2011  ) . We recently applied this larger-than-normal load approach to protein frac-
tionation using SDS-PAGE. Upon combining the IEX and SDS-PAGE data, we 
were able to identify over 600 proteins in cow’s milk. A similar setup was applied 
to human milk and nearly 1,000 proteins were identi fi ed (Gao et al.  2012  ) . 

 De fi ning the milk proteome and, equally important if not more so, how it 
changes during the course of lactation are key steps towards an improved under-
standing of milk biology and function. Obtaining this information has the poten-
tial to provide novel insights in the areas of dairy science and food processing. 
For instance, although the complement system found in blood is well known to 
play an important role in host defense, its corresponding role in milk is still 
uncertain (Ogundele  2001  ) . The defense system has the potential to damage 
host tissue; however, its regulation and potential impact on breastfeeding women 
is largely unde fi ned. Milk proteins are also observed to promote gastrointestinal 
development (Sanderson and Walker  2000 ; Lönnerdal  2004  ) , however, the pro-
tein candidates that account for the maturation of the GIT in young infants 
remain an open question. 

 The establishment of human and cow’s milk proteomes can be used to reveal 
common functions conferred by cow’s milk proteins and their human counterparts. 
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In addition, the comparison can provide guidance for future experiments to better 
our understanding of the mechanisms that regulate milk expression and factors that 
in fl uence milk production and quality. As the comprehensive milk proteome and its 
changes in protein abundances during lactation become more apparent, it is evident 
that milk proteins are more than a premium source of amino acids, but an expansive 
repertoire of functional food ingredients. Our better understanding has the potential to 
motivate improvement in industrial processing to preserve milk protein functions 
 better. Moreover, it may guide manufacturers in developing improved functional foods 
based on dairy products. In this chapter, we highlight recent  fi ndings in milk proteomes 
for both humans and cows that can be used to bolster our understanding of novel milk 
functions. With the improved understanding of milk proteins, we further describe the 
use of proteomics in characterizing heat-induced protein modi fi cations during indus-
trial processes, which may reduce the nutritional value and function of milk proteins. 
Finally, we discuss the use of proteomic analysis that can guide the optimization of 
industrial processing conditions and selection of milk materials.  

    13.2   Milk Proteome 

    13.2.1   Protein Constituents in Milk Secretome 

 Through centrifugation, milk can be separated into MFGM, soluble whey, and 
casein micelles. MFGM is typically obtained by centrifuging whole milk at low 
speed at approximately 2,000 × g for 20 min at 4°C. The remaining component of 
milk is termed skim milk, which contains whey proteins and caseins in a micellar 
form. Skim milk can be further fractionated into soluble milk whey and a casein 
pellet using ultracentrifugation typically at 100,000 × g for 1 h at 4°C (Dewettinck 
et al.  2008 ; Keenan  2001  ) . The whey consists of proteins, carbohydrates, and other 
nutrients that are soluble in water. The casein pellet is made predominantly of casein 
proteins, minerals, insoluble salts, leukocytes, and cell debris which may slough off 
from mammary epithelium during lactation or milk production. The relative abun-
dance of soluble whey proteins and micellar caseins changes during lactation. In 
cow’s milk, the whey protein/casein ratios invert from approximately 80:20 in 
colostrum to 20:80 in mature milk. In human milk, the whey/casein ratios decrease 
from 90:10 in early lactation to 50:50 in late lactation (Kunz and Lonnerdal  1992  ) .  

    13.2.2   Functional Milk Proteins 

 In addition to their innate nutritional value, milk proteins have been implicated as a pri-
mary source of functional foods. In general, functional foods are those that are capable of 
providing speci fi c health bene fi ts above or beyond their nutritional value. Human MFGM 
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(hMFGM) and bovine MFGM (bMFGM) have been the subject of numerous studies in 
the past 50 years and have received increasing attention lately. MFGM proteins are pres-
ent at low concentrations in milk, approximately 1–4% of total protein content in milk, 
with whey proteins and soluble caseins constituting the rest (Cavaletto et al.  2008  ) . 
Although MFGM proteins would probably have less classical nutritional value as a source 
of essential amino acids compared to the major protein constituents of milk whey and 
caseins, they have been found to exert various bene fi cial functions in the defense mecha-
nisms of anti-in fl ammation, antitumor, immunoregulation, and in lowering blood choles-
terol (Dewettinck et al.  2008 ; Riccio  2004 ; Spitsberg  2005 ; Peterson et al.  2001  ) . Cow’s 
whey proteins are a premium source of essential amino acids compared to many other 
edible proteins (Smithers  2008  ) . They were found to have antitumor effects against colon, 
breast, and prostate cancers (Gill and Cross  2000  ) . Indeed, back in the seventeenth cen-
tury, cow’s whey was known to have bene fi cial effects in host defense, including sepsis, 
wound healing, and control of “stomach disease” (Smithers  2008  ) . Whey proteins, from 
both humans and cows, were also found to promote cell proliferation and growth, a fact 
that is often ascribed to the growth factors and cytokines present in milk whey (Belford 
et al.  1995  ) . Peptides derived from cow’s casein, for example, phosphopeptides and  b -ca-
somorphins, have already found interesting applications both as dietary supplements and 
pharmaceutical preparations (Schlimme and Meisel  1995  ) .  

    13.2.3   Milk Secretion 

 Milk production and secretion is a complex process that warrants more basic 
research to further our understanding of these processes. Such understanding may 
provide important insights into lactogenesis (milk production), which may, in turn, 
be used to  fi ne-tune milk volume, fat content, and protein quality in both  breastfeeding 
women and lactating farm animals. The synthesis and secretion of milk by  mammary 
epithelial cells is a highly ordered process that involves two distinct pathways. The 
aqueous fraction of milk, which contains water-soluble whey proteins and casein 
micelles, is secreted through an exocytic pathway involving the endoplasmic 
 reticulum (ER), Golgi complex, and secretory vesicles (De Matteis and Luini  2008  ) . 
The fat fraction of milk is comprised primarily of droplets of triacylglycerols that 
are surrounded by plasma membranes. The fat droplets are thought to be  fi rst 
released from ER membranes into cytosol as triacylglycerol-rich microlipid  droplets, 
which are partially coated by fat-soluble proteins. Microdroplets fuse with each 
other and give rise to larger cytoplasmic lipid droplets, which are unidirectionally 
transported to the apical plasma membrane, enveloped by plasma membrane and 
released via a budding process (Heid and Keenan  2005  ) . The membrane forms a 
protective coating surrounding the lipid globules, which allows the dispersion of fat 
and fat-soluble contents in the milk plasma. The plasma-membrane-enveloped lipid 
droplets are termed MFGM and the proteins secreted along with the milk fat are 
termed MFGM proteins. Proteomic tools were used to understand the mechanism of 
milk secretion. In a mouse study, proteomic analysis suggested that MFGM and its 



22713 Proteomics in Milk and Milk Processing

proteins originated from the ER in mammary gland epithelial cells (Wu et al.  2000  ) . 
An in vitro study of murine mammary epithelial cells suggested that actin cytoskel-
eton may be involved during milk secretion (Desrivieres et al.  2003  ) .   

    13.3   Current Status of Milk Proteome Exploration 

    13.3.1   MFGM Proteome 

 The MFGM proteome and its protein function are not completely understood. 
Relatively little information is available regarding the change of MFGM protein levels 
and the corresponding regulatory mechanism during lactation. The de fi ciency of such 
information can be in part ascribed to the lack of cell lines that can secrete milk (Heid 
and Keenan  2005  ) . Traditional biochemical approaches often address one protein at a 
time. A proteomic approach, in contrast, yields the identities of many proteins in a 
single experiment. MFGM represents a diverse source of proteins and we highlight 
recent analysis of the MFGM proteome which may shed more light onto some of the 
signaling and secretory pathways used by the mammary gland. In addition, we 
describe some novel health bene fi ts conferred by milk proteins. 

 The  fi rst extensive proteomic investigation of MFGM was carried out by 
Reinhardt and Lippolis using SDS-PAGE fractionation of proteins (Reinhardt and 
Lippolis  2006  ) . A total of 116 proteins were identi fi ed in bMFGM. A quantitative 
approach using isobaric tags for relative and absolute quantitation (iTRAQ)  followed 
by strong cation exchange (SCX) fractionation of tryptic peptides was further 
applied to measure the developmental changes of bMFGM proteome between 
 day-one colostrum and day-seven milk (Reinhardt and Lippolis  2008  ) . Among the 
138 bMFGM proteins identi fi ed, 26 are upregulated in colostrum and 19  upregulated 
in milk with a change greater than or equal to a factor of two. Various bMFGM 
proteins associated with lipid transport, synthesis, and secretion, such as acyl-CoA 
synthetase, lanosterol synthase, lysophosphatidic acid acyltransferase, and  fatty-acid 
binding protein were found upregulated in day-7 milk compared to day-1  colostrum. 
A number of the colostrum-upregulated proteins are associated with biological 
functions in lipid transport, synthesis, and secretion. In contrast, mucin 1 and 15 
were found to be upregulated in day-1 colostrum compared to day-7 milk. Proteins 
involved in vesicle transport and protein traf fi cking were also found to exert various 
regulatory changes between colostrum and milk, which may have implications in 
milk production and secretion. Using a two-dimensional gel electrophoresis (2DE) 
work fl ow, a total of 95 protein spots were characterized for bMFGM. A number of 
proteins were found to have the same molecular weight but with different isoelectric 
points (pIs), which implied post-translational modi fi cations for MFGM proteins 
(Vanderghem et al.  2008  ) . A similar proteomic setup using 2DE and isoelectric 
focusing (IEF) was employed by Fong et al.  (  2007  ) . 

 Using a 2-D-LC approach, namely SCX fractionation of tryptic peptides derived 
from  in vitro  protein tryptic digestion followed by reversed-phase LC/MS  separation, 
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Affolter and his coworkers characterized 133 proteins from buttermilk protein 
(BMP) concentration, a bMFGM-derived industrial product (Affolter et al.  2009  ) . 
Label-free relative quanti fi cation between BMP and whey protein concentrate 
showed representative proteins uniquely enriched in each of the two sample types. 
Fatty-acid binding protein, butyrophilin, xanthine dehydrogenase/oxidase, 
 lactadherin, and adipophilin are well-characterized bMFGM proteins and were 
found at higher abundance in BMP. Similar to the work fl ow used by Reinhardt and 
Lippolis, a recent study used SDS-PAGE to fractionate bMFGM and further 
expanded the proteome to a total of 232 proteins (Hettinga et al.  2011  ) . For human 
milk, Charlwood et al. used 2DE to separate hMFGM proteins and characterized the 
major species present (Charlwood et al.  2002  ) . Fortunato et al. used a similar setup 
and analyzed over 100 protein spots (Fortunato et al.  2003  ) . A recent study used a 
complementary peptide ligand library (CPLL) to enrich low-abundance proteins 
and identi fi ed 191 proteins in hMFGM (Liao et al.  2011a  ) . A number of identi fi ed 
proteins were found to be related to lipid metabolism and homeostasis. The 
 developmental change of the hMFGM proteome was explored with a number of pro-
teins found to be upregulated in either early or late lactation. In addition to human and 
cow, the proteomic analysis of MFGM has also been applied to goat, sheep, and other 
farm animals (Pisanu et al.  2011 ; Cebo et al.  2012,   2010 ; Cunsolo et al.  2011a,   b  ) . The 
secretion mechanism of MFGM suggests that it may be rich in cellular proteins during 
milking. The 200 or so MFGM proteins identi fi ed thus far likely constitute a small 
portion of the entire MFGM proteome. Further exploratory work is needed to gain a 
more complete picture of MFGM proteomes in various species.  

    13.3.2   Whey Proteomes 

 Historically, cow’s whey was essentially considered a nuisance by cheese and casein 
manufacturers. Over time, scienti fi c and technological advancements have diverted 
whey proteins and other ingredients from the waste stream to a valuable dairy raw 
material, and help set the foundation for the modern use of whey in the food and related 
industries. Details of the key developmental steps in the whey industry can be found in 
the review by Smithers  (  2008  ) . Bovine whey proteins have an exceptional nutritional 
value in terms of being a source of essential amino acids. In addition, whey proteins 
have been widely recognized as an important source of functional ingredients that are 
involved in a variety of biological processes. A key step in understanding the physio-
logical bene fi ts of whey proteins as a functional food is to determine their molecular 
identities. Using 2DE, Smolenski identi fi ed over 30 whey proteins in cow’s milk and a 
number of them are related to host defense function (Smolenski et al.  2007  ) . Enrichment 
of low-abundance milk proteins using CPLL led to 149 proteins being identi fi ed from 
cow’s whey (D’Amato et al.  2009  ) . Using SCX protein fractionation, 244 proteins were 
identi fi ed in whey-derived protein concentrate (Affolter et al.  2009  ) . Further advance-
ment in proteomics technology has allowed more proteins to be identi fi ed in cow’s 
whey in recent years. In our group, we used mixed-bed IEX to fractionate cow’s whey 
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proteins and identi fi ed 293 proteins (Le et al.  2011  ) . The comparison of colostrum and 
mature milk indicates a qualitative consistency of proteome over the course of lactation. 
Recent progress in protein fractionation has further allowed us to expand the cow’s 
milk proteome to over 600 proteins (to be published). 

 While the cow’s whey proteome has been substantially expanded, a parallel effort 
has been carried out for human whey. With the depletion of high-abundance proteins 
using immunoprecipitation, Palmer et al. identi fi ed 151 proteins in human whey (Palmer 
et al.  2006  ) . A similar approach using CPLL to enrich low-abundance proteins allowed 
the identi fi cation of 115 human whey proteins (Liao et al.  2011b  ) . A number of proteins 
were found to have higher abundance in early lactation, for example,  a -1-antitrypsin, 
carbonic anhydrase, galectin-3-binding protein, lactadherin, lipoprotein lipase, and 
tenascin. In contrast, CD14, fatty-acid binding protein, lysozyme C, and several others 
were found to have higher abundance during late lactation. In our group, we found that 
low-abundance proteins can be measured with a larger-than-normal sample load. With 
this setup, we expanded the proteome of human whey to 976 proteins (Gao et al.  2012  ) . 
The more in-depth understanding of the human whey proteome allows us to delineate 
several biological processes and signaling pathways that are novel or whose importance 
in milk was not previously understood. 

    13.3.2.1   Immunoglobulins 

 Host defense is probably the most well-understood functional role conferred by 
whey proteins. Milk whey contains a variety of antimicrobial proteins that function 
to both safeguard the lactating mammary gland and provide protection to suckling 
infants while their immune systems are still immature. Consistent with the defen-
sive roles that milk provides through immunological processes, gene ontology (GO) 
analysis revealed that milk proteins related to immune system processes are over-
represented when compared to the entire human genome (Fig.  13.1a ) (Gao et al. 
 2012  ) . Among various protective milk proteins, immunoglobulins (Igs) in whey are 
probably the most well-studied ones. They combat pathogenic infections and 
enhance gut health during milk intake (Field  2005  ) . For example, immunoglobulin 
A (IgA) takes a secretory form in milk which is termed secretory IgA (sIgA). sIgA 
can  fi ght against pathogenic infections in the intestinal lumen in addition to provid-
ing its direct nutritional value as a source of amino acids. In contrast to sIgA, another 
immunoglobulin identi fi ed in human whey, immunoglobulin G (IgG) binds to anti-
gens that may be found in the intestinal lumen and transfers them across the epithelial 
layer via binding to the epithelial neonatal Fc receptor (FcRn), which recognizes the 
Fc region of IgG, a process termed transcytosis (Rojas and Apodaca  2002  ) . Antigens 
so transported are then released into the basal propria underlying epithelial layer, 
which subsequently induce B-cell proliferation, immune activation, or tolerance 
(Rojas and Apodaca  2002  ) . Igs were successfully identi fi ed in several proteomic 
analyses (Hettinga et al.  2011 ; Le et al.  2011 ; Gao et al.  2012 ; Smolenski et al.  2007  ) . 
Indeed, proteomics revealed novel expression patterns of Igs. A proteomic approach 
can be used to measure the changes of expression levels for a given protein under 
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  Fig. 13.1    Enrichment analysis. ( a ) Gene ontology (GO) distributions for the human milk pro-
teome in biological processes ( blue ), cellular location ( green ) and molecular function ( orange ). 
For each category, the factor of enrichment compared to the human average is shown adjacent to 
data bar. ( b ) KEGG pathways for the human milk proteome. Proteins involved in pentose, glucose, 
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Gao et al.  2012  )        
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various conditions, for example, between early and mature lactation. Our group 
found that sIgA and immunoglobulin M (IgM) are more abundant in early lactation, 
whereas IgG is more abundant in late lactation (Fig.  13.2 ). The difference in expres-
sion between sIgA and IgG suggests a transformation in milk’s function from sup-
porting direct pathogen-killing as conferred by sIgA in early lactation towards an 
antigen intake facilitated by IgG that aims to develop an infant’s own immunity as 
lactation progresses. Interestingly, levels of IgG in newborns are comparable to 
those of their mothers because of transplacental transport of maternal IgG. Infants 
delay production of their own IgG until about six months after birth. The combina-
tion of late production of endogenous IgG and catabolism of maternal IgG leads to 
a transient de fi ciency of IgG in infants during the period from birth to one year of 
age (Murphy  2012  ) . The increasing supply of IgG from transitional milk to mature 
milk may provide a means to complement the synchronous decrease in IgG during 
early infancy. The increased understanding of developing immune functions may be 
applied to the manufacture of functional food with optimal defense function at vari-
ous stages of human development.    

    13.3.2.2   Complement System 

 In addition to measuring expressional changes of a given protein, proteomic 
a nalysis can also be utilized to compare relative abundances among proteins. 
Higher protein concentration is associated in general with a higher number of MS/
MS events (spectral counts) (Zhang et al.  2011  ) . The spectral counts of each pro-
tein were used to assess relative protein abundances in milk. Using this approach, 
we found that sIgA presents in milk at a higher abundance than IgG and IgM 
(Fig.  13.2 ). The approach was also used to explore the relative abundance of other 
proteins involved in the complement system. The complement system is an impor-
tant component of the immune system that protects the body against pathogens. 
There are two major pathways that can activate the complement system. In what is 
known as the “classical” pathway, the complement system works in conjunction 
with antibodies that recognize the surface of pathogens. In the “alternative” path-
way, the microbial surfaces directly activate the complement system and the pres-
ence of antibodies is not required (Murphy  2012  ) . We found that the spectral 
counts span a wide range for the complement system proteins identi fi ed, from 
approximately 6,000 counts for C3 to 2 counts for C1S, suggesting a likely broad 
dynamic range of concentration for these species. KEGG pathway analysis (Huang 
et al.  2009a,   b  )  reveals that the complement cascade is among the most signi fi cantly 
enriched pathways in human milk (Fig.  13.1b ). Among various complement com-
ponents, C1r, C1s, and C2 are speci fi c to the classical pathway whereas CFB, CFI, 
and CFH are characteristic of the alternative pathway. Our proteomic analysis 
showed higher abundance for CFB, CFI, and CFH than for C1r, C1s, and C2 
(Fig.  13.3 ). The higher levels of CFB, CFI, and CFH in relation to C1 and C2, 
suggest a predominant role for the alternative pathway compared to the C1- and 
C2-mediated classical pathway.   
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  Fig. 13.2    Relative-abundance 
distribution of IgM (IGHM), 
sIgA (IGHA1, IGHA2 and 
PIGR) and IgG (IGHG1 and 
IGHG2) in transitional milk and 
mature milk from three 
individual donors (Data from 
Gao et al.  2012  )        
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    13.3.2.3   Transepithelial Transport of Milk Proteins 

 Another key feature in developing functional-food concepts is to assess the transport 
of functional ingredients during intestinal uptake.  Intracellular transcytosis  is an 
important process in both milk protein secretion by mammals and uptake by their 
offspring. As mentioned above, both the mammary secretion of sIgA and the intes-
tinal uptake of IgG occur via transcytosis. Another mechanism for nutrient release 
and uptake is via  intercellular transepithelial transport . Albumin and several other 
proteins in milk were thought to be derived from blood serum during lactation. The 
observation of these proteins in milk, however, indicates that, in fact, they undergo 
intercellular transepithelial transport in the mammary gland during milk production. 
Intestinal transepithelial transport of small peptides was previously found in cell 
cultures, demonstrating the possible uptake of the nutrient species (Satake et al. 
 2002 ; Shimizu et al.  1997  ) . Immune factors (e.g., lymphocytes) were also found to 
transverse the neonatal intestine (Hanson et al.  2003  ) . An important class of milk 
proteins belongs to those often found in the extracellular matrix (ECM). ECM pro-
teins act as a structural support for cells and connective tissue (Hynes  2009  ) . In 
addition, cellular signaling occurs through ECM proteins that play a vital role in the 
differentiation, proliferation, and migration of cells through adhesion receptors, for 
example, integrins (Hynes  2009 ; Morrison and Cutler  2010  ) . Our group found that pro-
teins with a cellular location designation of ECM are signi fi cantly overrepresented 
in human milk compared to the entire human genome (Fig.  13.1a ) (Gao et al.  2012  ) . 
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related proteins in milk (Data from Gao et al.  2012  )        
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We further noticed that many milk ECM proteins have extraordinarily high abun-
dance in early lactation (Fig.  13.4a ) (Gao et al.  2012  ) . Matrix metalloproteinases 
(MMPs) cleave ECM to allow side branching of mammary alveoli during  pregnancy, 
which probably leads to the enrichment of maternal ECM proteins in the mammary 
gland (Wiseman and Werb  2002  ) . Such side branching was thought to halt when 
lactation begins. The observation of high levels of ECM proteins in milk during 
early lactation implies that ECM proteins can cross the mammary-gland epithelium, 
probably by transepithelial transport in a manner similar to the transport of serum 
albumin into milk. The rapid decrease of milk ECM proteins after early lactation 
supports the idea that ECM degradation in the mammary gland halts when lactation 
begins. Based on this indication that ECM proteins cross the epithelium in the 

  Fig. 13.4    Analysis of 
interaction networks of ( a ) 
extracellular matrix proteins 
and ( b ) carbohydrate 
metabolism proteins using 
STRING. Densely connected 
networks were clustered and 
color-coded. Proteins 
upregulated in transitional milk 
and mature milk are labeled 
with  blue  and  red arrows , 
respectively (Data from Gao 
et al.  2012  )        
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mammary glands of the mother, we conjectured that, in the infant, ECM proteins 
may transport across intestinal epithelial cells to reach the basal propria underneath 
where they can perform their functions (Gao et al.  2012  ) .   

    13.3.2.4   Cytokines and Chemokines 

 In addition to contributing to developmental functions through ECM-receptor 
 interactions, the ECM also acts as a reservoir of cytokines that are vital in developmental 
processes (Hynes  2009  ) . Milk is known to contain a diverse array of cytokines and 
chemokines (Field  2005  ) . Typical cytokines include interleukins (ILs) and growth fac-
tors, such as transforming growth factor  b  (TGF- b ) (Bottcher et al.  2003,   2000a,   b ; 
Bryan et al.  2006 ; Hawkes et al.  2001  ) . Although cytokines are used in protecting the 
host, they are also transferred by the immune system to newborns and infants to help 
them defend against infection. In the example of milk cytokines (Field  2005  ) , they con-
tribute to important immunoregulatory functions, including regulation of sIgA secretion 
and maturation of the infant’s intestinal immune system (Sanderson and Walker  2000 ; 
Bottcher et al.  2000a ; Donnet-Hughes et al.  2000  ) . With a proteomic approach, a number 
of cytokines, cytokine receptors, and chemokines have been newly identi fi ed in human 
milk (Gao et al.  2012  ) . In the examples of tumor necrosis factor ligand superfamily 
members 11B, –13 (TNFSF11B, –13) and nicotinamide phosphoribosyltransferase 
(NAMPT), GO analysis shows that they play an important role in immune cell 
 development. In cow’s whey, a proteomic approach allowed for the identi fi cation of the 
low-abundance protein TGF- b 2 and its receptor (Le et al.  2011  ) .  

    13.3.2.5   Regulation of Milk Nutrients 

 In recent decades, it has been suggested that milk proteins play additional functional 
roles in the regulation and development of the immune system, maturation of the gastro-
intestinal tract, and in glucose homeostasis (Schack-Nielsen and Michaelsen  2007 ; 
Abbott et al.  1996 ; Frid et al.  2005 ; Pal and Ellis  2010 ; German et al.  2002  ) . Perhaps an 
obvious question to ask about milk as a functional food source is, “Can the constituent 
proteins of milk regulate milk’s own nutritional content?” In an indication that this is 
possible, changes in the abundance of MFGM proteins involved in lipid metabolism may 
play a role in regulating fat content in milk (Reinhardt and Lippolis  2008  ) . Our pro-
teomic observations also suggest a possible feedback control mechanism conferred by 
whey proteins in regulating milk carbohydrate contents (Gao et al.  2012  ) . It is known 
that milk is rich in carbohydrate content that increases from transitional milk to mature 
milk (Jenness  1979  ) . Pathway analysis of milk proteins showed a diverse array of them 
are involved in carbohydrate metabolism (Fig.  13.1b ) with many being upregulated in 
mature milk (Fig.  13.4b ). The upregulation in mature milk of metabolic proteins involved 
in various carbohydrate pathways re fl ects the transforming metabolic activities in breast-
feeding women who provide increased milk carbohydrate content to their babies during 
later lactation.    
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    13.4   Digestion and Bioavailability of Milk Proteins 

 Milk immunoglobulins and immunoregulatory proteins are active in the digestive 
tract of newborns. In the example of bovine milk immunoglobulins, IgG, IgA, and 
IgM, over 20% of ingested immunoglobulins were found to survive gastric  digestion 
in humans and retain their antimicrobial activities (Roos et al.  1995  ) . Several cow’s 
milk proteins were also found to be digestion-resistant in the human digestive tract 
(Castell et al.  1997 ; Harris et al.  2010 ; Clare et al.  2003 ; Lönnerdal  2003 ; Mahe 
et al.  1996 ; Sorva et al.  1994  ) . In our group, we utilized a proteomics approach to 
measure the digestion of milk proteins using an in vitro model mimicking the human 
stomach. The kinetics of protein degradation was determined for more than 200 
proteins. Various quantities of proteins were identi fi ed after excessive exposure to 
digestion conditions, which suggests the common theme of incomplete hydrolysis 
of milk proteins during gastric digestion (to be published). 

 There is growing evidence of the functional activities exerted by intact or poorly 
broken down proteins, however, milk also contains a large number of bioactive 
 peptides with various biological activities (Clare and Swaisgood  2000 ;  Ricci-Cabello 
et al.  2012 ; Nagpal et al.  2011  ) . The peptides can either exist naturally in milk or be 
derived from protein precursors via hydrolysis. Probably through receptor binding, 
transcytosis, or transepithelial transport, these peptides may act as potential 
 physiological modulators during the gastrointestinal digestion of milk. For example, 
apelin peptides have been thought to contribute to the gastrointestinal development 
of newborns and were recently identi fi ed in cow’s colostrum and milk (Mesmin 
et al.  2011  ) . Several comprehensive reviews covering many types of milk-derived 
bioactives have been published (Pihlanto and Korhonen  2003 ; Korhonen and 
Pihlanto  2007,   2003  ) . Although details of the activation mechanism remain 
unknown, proteolytic digestion under gastric conditions has also been proposed as 
a means to produce bioactive components such as partially digested but still active 
proteins and peptides (Gobbetti et al.  2002  ) . Proteomic analysis of cow’s milk and 
human milk revealed that milk proteins are overpopulated by proteases (Le et al. 
 2011 ; Gao et al.  2012  ) . In vitro models suggest that some cytokines and chemokines 
remain inactive and can be proteolytically activated during gastric digestion 
(Calhoun et al.  1999  ) . Recently, milk TGF- b  protein was found to be retained  during 
in vitro digestion and is thus able to improve gut integrity (Hering et al.  2011  ) .  

    13.5   Milk Processing 

    13.5.1   Heat-Induced Protein Modi fi cations 

 Milk whey is a valuable protein source in that it confers a high content of essential 
amino acids in a ratio similar to the required composition for human nutrition. 
Moreover, some proteins are resistant to gastric digestion and contribute to a wide 
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variety of physiological activities in the intestinal lumen, blood stream, and organ 
tissues. Cow’s whey proteins have received particular attention because whey is a 
major human food and agroeconomic product. During industrial processing, how-
ever, liquid whey is usually heated to achieve sterile liquid products or to obtain 
milk powder, for example, whey protein concentrate (WPC), using high-tempera-
ture spray-drying. The heat treatment can impact the nutritional value of whey pro-
teins in terms of their amino acid bioavailability and protein and peptide function 
(Mauron  1990  ) . 

 The major whey proteins  a -lactalbumin and  b -lactoglobulin have been used as 
models to explore the effects of thermal processing on the reaction of milk proteins 
with lactose (Jones et al.  1998 ; Meltretter et al.  2007 ; Morgan et al.  1997  ) . Several 
groups have established that the nonenzymatic Maillard reaction is the primary 
modi fi cation that occurs to milk proteins during thermal processing (Luz Sanz et al. 
 2007 ; Monaci and van Hengel  2007 ; Fenaille et al.  2004 ; Meltretter and 
Pischetsrieder  2008  ) . In the reaction, the carbonyl group of milk lactose can react 
with lysine residues in proteins, leading to the formation of Amadori products 
(Acharya and Manning  1980  ) . The Amadori products can undergo further reac-
tions, leading to a wide variety of chemical structures, namely, advanced glycation 
end-products (AGEs). Additional chemical changes induced by heat treatment 
include lactulosyl-lysine degradation into advanced glycol-oxidation products, 
such as N-carboxymethyl-lysine, oxalic acid monolysinylamide, pentosidine, and 
galactosyl- b -pyranone (Meltretter et al.  2007 ; Arena et al.  2010  ) . More recently, 
protein crosslinking of  a - and  b -caseins and deamidation of  a  

s1
 -casein were also 

observed during storage of milk samples (Holland et al.  2011  ) . In Amadori prod-
ucts, blocked lysine residues are inaccessible by enzymatic digestion in the gastro-
intestinal tract and may, in that way, in fl uence protein digestibility (Seiquer et al. 
 2006 ; Carbonaro  2006  ) . Similar to the heat-induced lactosylation of lysine resi-
dues,  in vitro  enzymatic protein glycosylation is a common motif observed in raw 
milk proteins. For example, of 976 whey proteins we identi fi ed in human milk, over 
300 are classi fi ed as glycoproteins based on GO analysis. Reduced digestibility of 
glycoproteins compared to nonglycosylated proteins may make them a source of a 
wide variety of bioactive peptides that can exert bene fi cial biological functions dur-
ing food protein intake.    

    13.5.2   Proteomic Characterization of Protein Modi fi cations 

 During industrial processes, the degrees of thermal treatment increase as one goes 
from pasteurization (75–85°C for 15–30 s) to ultra-high temperature (UHT) 
 sterilization (138–145°C for 2–5 s) to spray-drying (van Boekel  1998  ) . The extent 
of Maillard reaction occurrence is an important metric in assessing the quality of 
milk proteins under various heat processes. The extent of protein lactosylation could 
depend largely on the thermal procedures used during industrial milk processing. 
The capability of proteomics in determining protein modi fi cations has long stimu-
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lated interest in using it to assess the effects of heat treatment on protein lactosyla-
tion and milk quality. Various proteomic approaches measuring protein lactosylation 
have been used to evaluate the thermal history of bovine milk proteins and to dif-
ferentiate their commercial quality (Losito et al.  2007 ; Siciliano et al.  2000 ; 
Czerwenka et al.  2006 ; Meltretter et al.  2009 ; Carbonaro  2004  ) . 

 One approach is to enrich lactosylated protein motifs and subject them to pro-
teomic investigation. Af fi nity chromatography containing  m -aminophenylbo-
ronic-acid-bound agarose was used to selectively trap lactosylated peptides and 
characterize their lactosylation sites (Arena et al.  2010  ) . After breaking down 
milk proteins into peptides by endoproteinase LysC, the immobilized boronic 
acid moiety on the agarose beads was used to recognize  cis -diol groups on lacto-
sylated peptides, which were subsequently characterized by mass spectrometry. 
A number of lactosylation sites were identi fi ed among high-abundance milk pro-
teins with  markedly increased lactosylation. The extent increased from pasteur-
ized milk to UHT-treated milk to milk powder, a trend consistent with a greater 
extent of heat treatment that each of the sample types received. Indeed, it has 
been demonstrated that the lactosylated protein forms account for as much as 
3%, 30%, and 70% of the  b -lactoglobulin content in pasteurized, UHT-treated, 
and spray-dried milk samples, respectively (Monaci and van Hengel  2007 ; Leonil 
et al.  1997  ) . Hong et al. used trypsin in their bottom-up proteomic approach to 
identify  proteins in milk-based infant formula (Hong et al.  2007  ) . Trypsin has 
been used to probe unmodi fi ed lysine residues because it selectively cleaves 
unmodi fi ed N-termini at lysine residues, but not at lactosylated sites. The analy-
sis led to a total of 154 peptides assigned to 31 proteins being characterized in 
infant formula. The observations suggest that a number of protein domains 
remain unmodi fi ed after extensive heat treatment. 

 Protein modi fi cations can also take place during storage when elevated tempera-
tures are encountered. Proteomics tools were applied to investigate protein cross-
linking, deamidation, and lactosylation in UHT-treated milk samples during storage 
(Holland et al.  2011 ; Le et al.  2012  ) . Milk samples can be subjected to various heat 
conditions during storage, transportation, or changes in geographic locations. 
Stabilities of milk samples at various storage temperatures and durations were 
examined. At elevated temperature, for example 40°C, extended storage time leads 
to a higher degree of protein cross-linking of  a - and  b -caseins, deamidation of  a  

s1
 -

casein, and lactosylation of major whey proteins, which is presumably due to the 
accelerated thermodynamics at modestly elevated thermal conditions compared to 
mild conditions. 

 2DE has been demonstrated to be a powerful tool in visualizing changes that 
occur to milk proteins under various processes and conditions (Chevalier et al. 
 2009  ) . Proteins that undergo physicochemical modi fi cations can exhibit different 
behavior in their electrophoresis separations. Decreased resolution in protein IEF 
was observed for milk samples with extended storage time (Holland et al.  2011  ) . 
Despite its successful application in distinguishing native and modi fi ed milk pro-
teins, the 2DE approach presents problems in handling and automation. Czerwenka 
et al. used reversed-phase LC to assess modi fi cations of milk proteins (Czerwenka 
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et al.  2006  ) . A decrease in retention time was observed with an increasing number 
of lactose units attached to a protein. Attachment of the highly hydrophilic lactose 
to a lysine residue increases protein hydrophilicity and hence reduces the retention 
time of proteins in reversed-phase chromatography. 

 Optimization of industrial processing conditions and careful selection of raw 
materials can effectively reduce Maillard reactions in processed milk (Cattaneo 
et al.  2009  ) . To further preserve the nutrient value of whey proteins, the develop-
ment of new industrial processes would be required, from raw materials to  fi nished 
products, that use less heat treatment while achieving the sterile requirements of 
making safe food products. Affolter et al. used proteomic  fi ngerprints to distinguish 
dairy products based on different sources of ingredients (Affolter et al.  2009  ) . 
Absolute quanti fi cation of targeted peptides was achieved by spiking samples with 
stable-isotope-labeled peptide internal standards. The authors suggested that the 
absolute quanti fi cation of peptides derived from in vitro tryptic digestion may be 
used to guide industrial processes throughout raw material selection, processing, 
formulation, quality control, and storage. Furthermore, they suggest it could be used 
in assessing the digestibility, bioactivity, and bioavailability of functional food 
ingredients that are derived from milk proteins.   

    13.6   Future Prospects 

 The recent advancements in milk proteomics can provide a platform for future 
searches for milk proteins that play vital physiological roles in health. Compelling 
evidence suggests that proteomics can provide guidance in manufacturing premium-
quality protein ingredients based on dairy milk. Signi fi cant contributions to this area 
are likely to come from in-depth proteomic studies of milk from human and various 
animal species. For example, an improved understanding of human milk will pro-
vide a reference point in developing functional food derived from farm animals. 
Despite the fact that the mammary gland remains extraordinarily active throughout 
lactation, a thorough proteomic analysis quantifying milk proteins at multiple lacta-
tional stages is not yet available. Proteomic measurements of milk subproteomes 
that may cross the intestinal epithelium via transcytosis or transepithelial transport 
should help clarify the bioavailability of milk proteins. The application of quantita-
tive approaches, such as stable isotope labeling by amino acids in cell culture 
(SILAC), remains very limited for milk proteomics. Analysis of stable-isotope-
labeled intestinal epithelial cell lines would provide a means to differentiate pro-
teins either being taken up from foods or synthesized internally by intestinal 
epithelial cells and may provide insights to underlying molecular mechanisms in 
cellular responses when stimulated by various food sources.      
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    14.1   Some Aspects of Cheese Milk 

 Cheese is a “biologically active” food, and its quality depends heavily on raw milk 
quality (chemical–microbiological composition and enzymatic activity) and pro-
cessing (Fig.  14.1 ). In fact, milk is the source both of substrates (carbohydrates, fat, 
and protein) and enzymes which are at the basis of the complex phenomenon 
responsible for the organoleptic features of each cheese.  

    14.1.1   Composition 

 Starting from the consciousness that the major part of milk is used for cheese pro-
duction, the milk properties associated with cheese making (lactoprotein variants, 
colloidal calcium phosphate content, degree of titratable acidity) play a prime role. 
Aptitude to coagulation is a primary requisite; for the evaluation of this aptitude the 
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lactodynamographic technique provides useful information through the estimation 
of some parameters 1  (Matassino et al.  2007a  ) . 

 Some of the aspects mentioned above can be addressed in the context of  selection 
programs aimed at improving cheese-making ability. One of them is the improving 
“casein fraction” through the selection of carriers of genetic variants associated with 
milk particularly suited to cheese-making. As is known, milk of subjects with BB 
genotype at k-casein and beta-lactoglobulin  loci  shows a better cheese-making quality 
and provides a higher cheese yield (Aleandri et al.  1990 ; Mariani et al.  1995  ) . 

   1   Lactodynamographic parameters: ( r )—renneting time in minutes; ( K 20)—rate of curd formation 
measured by time taken from lactodynamographic output to reach the amplitude of 20 mm; 
( a 30)—curd  fi rmness measured 30 min after rennet addition. In addition to previous lactodynamo-
graphic parameters it is increasingly useful to employ  a  

1/2r
  which provides information about curd 

 fi rmness at one half of renneting time.  

MILK Quality Control
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Homogenization

Added milk solids
Added calcium chloride
Added enzymes
Added microorganisms

Milk or Whey inoculation
with lactic bacteria

Milk clotting by acidification
and/or milk-clotting enzymes

Cutting milk gel, syneresis
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Mature curdSalting

Ripening Fresh cheese
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Mature Cheese

  Fig. 14.1    Schematic representation of cheese manufactures and general phases of hard, soft and 
fresh cheeses       
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 The progress in molecular biology methods gives impetus to the promotion of research 
and expansion of knowledge of milk processing through a new approach to the study. 

 The application of a proteomic strategy to cheese milk has a general purpose 
summarized in the following points: (1) identi fi cation of the heterogeneity degree 
(qualitative/quantitative) of the milk protein fraction as a result of lactoprotein  loci  
polymorphism and/or post-translational modi fi cations, (2) study of the relationship 
between milk protein polymorphism and dairy quality, and (3) identi fi cation of protein 
fragments from “caseoma” as an expression of enzyme activities. 

 Among these objectives, the detection of lactoprotein genetic polymorphism (casein 
fractions:  a  

s1 
-,  a  

s2
 -,  b -, and  k -CN; serum proteins:  a -lactalbumin and  b -lactoglobulin) 

assumes a role of primary importance. For example, the application of the analysis sys-
tem based on ELISA provides tangible bene fi ts to the operators of the dairy industry. 
A practical development is the monitoring of cheese milk and in particular of k-casein 
content. This application has to be considered as an innovative and useful tool for farm-
ers because it could allow—quickly and at low cost—the diversi fi cation of the destina-
tion of the milk, addressing the better milk towards more pro fi table productive lines. 

 The “dairy quality,” due to intrinsic (species, breed, individual) and extrinsic 
(feed, health, lactation period, and technologies) factors, is represented not only by 
lactoprotein fraction, but also by fat/protein ratio, state of colloidal phase (i.e., 
 mineralization of the casein micelles), and ionic calcium availability as well as 
microbiological parameters, enzymatic activity, and its chemism. 

 The fat/protein ratio in fl uences yield and cheese quality and different optimum values 
are required depending on the type of cheese. Its standardization to the required level can 
be achieved both by adding/removing fat and by increasing protein content: in the latter 
the use of micro fi ltration at a 0.1- m m cutoff is widely  diffused, because it allows concen-
tration on casein (Beckman et al.  2010  ) . Addition of milk powder or powdered milk 
proteins is also performed, but it is not allowed for PDO cheeses: the illegal use can be 
detected by chromatographic techniques (Pellegrino et al.  2010  ) . 

 The mineralization of the casein micelles and the availability of ionic calcium have 
an important role in milk coagulation and rheological properties of the curd (Lucey and 
Fox  1993  ) . Intact and well-mineralized micelles in cheese milk, together with adequate 
presence of Ca ++  or addition of CaCl 

2
  (e.g., 0.01%), increases the cross-link between 

casein micelles increasing the strength of the curd (Zhong et al.  2007  ) .  

    14.1.2   Microbiological Quality 

 As is known, cheese milk microbiological quality requires a low total bacterial count 
(TBC) and in fl uences the aptitude to coagulation; nevertheless, an adequate pres-
ence of favorable micro-organisms has to be guaranteed to favor cheese  making. 
When milk TBC is too high, high-temperature short-time pasteurization (HTST, i.e., 
72–75°C for 15 s) is performed. Such a process could give rise to two  consequences: 
recovery of some whey proteins in the cheese matrix with  consequent yield increase 
(an extreme recovery can impair the curd  fi rmness), or the  fl attening of the micro fl ora 
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(its reconstitution is required through the use of natural 2  or  commercial selected 
starter, to assure correct acidi fi cation and proteolysis during ripening process).  

    14.1.3   Proteolytic Activity 

 The enzymatic activity of the milk, due to both apical membrane or cytoplasm of 
the secretory cells and raw milk, plays a key role in cheese production (Kelly et al. 
 2006  ) . The indigenous proteinases, originated from animal blood, pass into  epithelial 
secretory cells of the mammary gland and/or are released from lysosomes of somatic 
cells. Plasmin—the main endogenous enzyme—is an alkaline serine protease and 
originates from the blood, whereas cathepsin D is a lysosomal aspartyl protease 
released from somatic cells (O’Driscoll et al.  1999 ; Larsen et al.  2006 ). Both 
enzymes affect the cheese-making yield, as they reduce the concentration of the 
intact casein present in milk and play a key role in cheese ripening. 

 Milk somatic cell count (SCC) is known to increase with mastitis, an in fl ammatory 
reaction of the udder, commonly resulting from bacterial infection. Owing to this dis-
ease an increase of polymorphonucleated leukocytes af fl ux from blood into the milk 
occurs; the latter have caseinolytic and lipolytic activity (Grieve and Kitchen  1985  ) . 
The most important proteinases associated with mastitis are plasmin and cathepsins, 
whose activity increases in milk with high SCC (Kelly and McSweeney  2003  ) .  

    14.1.4   Some Biochemical Aspects 

 Milk transformation in cheese is a complex and concomitant action of endoge-
nous and exogenous enzymes. These latter derive from rennet. Rennet is an exog-
enous enzyme containing as a major component, chymosin, an aspartyl protease 
with 88–94% milk clotting activity (MCA), and pepsin, a serine protease with 
6–12% MCA. Rennet coagulates milk through a speci fi c action of chymosin on 
breakdownbv site 105 Phe-106 Met of  k -casein delivering the C-terminus glyco-
macropeptide (GMP) in the whey and the N-terminus, para- k -casein, remains 
linked to the micelles. As a result of renneting, a micelle destabilization occurs 
and calcium-sensitive caseins ( a  

s
  and  b ) form a calcium paracaseinate gel includ-

ing whey and fat globules. 
 Other kinds of aspartyl or cisteyl proteinase coagulants can substitute the rennet 

such as: (1) biotechnological calf chymosin from several microorganisms, (2) bovine 
pepsin, or (3) proteinases from  R. meihei ,  R. pusillus,  and  C. parasitica  fungi. 
Moreover, proteases from a number of plants including  fi g ( Ficus carica ), cardoon 
( Cynara cardunculus  L.), paw paw ( Carica papaya ), pineapple ( Ananas sativa ), and 

   2   Natural starters are a very complex association of micro-organisms used for producing traditional 
cheese in artisanal dairies. These micro-organisms strongly contribute to the peculiar organoleptic 
features of these products, whereas selected starters give raise to “nonspeci fi c” cheeses.  
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castor oil seeds ( Ricinus communis ) also have been used to coagulate milk (Garg and 
Johri  1994 ; Faccia et al.  2012  ) . However, these coagulants have nonspeci fi c prote-
olytic activity on caseins (Sousa and Malcata  2002 ; Silva et al.  2003  ) . 

 As mentioned above, primary proteolysis occurs in milk and cheese due to milk 
endogenous enzymes, mainly plasmin and cathepsin D (Kelly et al.  2006  ) , and then 
by rennet enzymes (Grappin et al.  1985 ; Fox and McSweeney  1997  ) . 

 Furthermore, in the case of cold storage milk, enzymes also delivered by psy-
chrotrophic bacteria concur to primary proteolysis. 

 Plasmin cleaves proteins on the carboxyl side of L-Lys and L-Arg residues 
(Grufferty and Fox  1988  ) , with a preference for L-Lys. Plasmin preferentially 
hydrolyzes  b -CN and with a slower action  a  

s1
 -,  a  

s2
 -caseins, but has little or no activ-

ity on the whey proteins  a -lactalbumin and  b -lactoglobulin (Cassens et al.  1999  ) . 
Three C-terminus fragments are generated from hydrolysis of bovine  b -CN:  g  

1 
 

f(29–209),  g  
2 
 f(106–209), and  g  

3 
 f(108–209) (Green and Foster  1974 ; Eigel  1977  ) ; 

the concentration of these components increases both in nonlactating cows and milk 
containing a superior threshold limit somatic cell count.  g -casein fraction can be 
considered a “quality molecular marker” inasmuch as a signi fi cant positive correla-
tion between  g -casein fragments and cheese ripening was observed (“Parmigiano 
Reggiano” and “Grana Padano”) (Addeo et al.  1994 ; Gaiaschi et al.  2000  ) . 

 The proteomic approach allows the individuation in river buffalo milk of a fur-
ther fragment named  g  

4 
 f(69–209), due to a substitution of Gln at position 68 of the 

 b -CN primary structure with Lys (Trieu-Cuot and Addeo  1981 ; Somma et al.  2008 ; 
Di Luccia et al.  2009  ) . 

 In sheep and goat, the three fragments derived from  b -CN hydrolysis are f(29–
207), f(106–207), and f(108–207). 

 Fragments of  a  
s1

 -CN, termed  l -CN, were generated by plasmin and identi fi ed by 
Aimutis and Eigel  (  1982  ) . These authors also established that the estimated molecu-
lar weight of  l -CN ranged from 5,000 to 6,000 Da. 

 O’Flaherty  (  1997  )  and Kelly et al.  (  2006  )  found peptides in the  l -casein fraction 
of good quality bulk milk that were generated by plasmin cleavage at Phe 23 –Phe 24 , 
Phe 24 –Val 25  Lys 34 –Glu 35  Val 37 –Asn 38  sites. 

 Plasmin, B, D, H cathepsins, elastase, as well as amino- and carboxypeptidases 
have been shown to originate 20 different peptides from  a  

s1
 - and  b -caseins (Larsen 

et al.  2010  ) . 
 D cathepsin, chymosin, and psychrotrophic microbial enzymes have similar speci fi city 

in hydrolyzing proteins at cleavage sites that involve neutral and/or polar amino acids. 
Chymosin is known also to cleave  a  

s1
 -CN at several sites; initially it gives rise to  a  

s1
 -I (f25 

to 199) and later to  a  
s1
 -II (f25 to 169) and further products (Fox  1989  ) . 

 The primary cleavage site of chymosin on  a  
s2

 -casein is at Phe 88 –Tyr 89 ; neverthe-
less, further possible cleavage sites are Tyr 95 –Leu 96 , Gln 97 –Tyr 98 , Tyr 98 –Leu 99 , Phe 163 -
–Leu 164 , Phe 174 –Ala 175 , and Tyr 179 –Leu 180  (McSweeney et al.  1994  ) . 

 Cathepsin D, similarly to chymosin, produces the glycomacropeptide,  k -CN 
f(106–169), by the enzymatic cleavage of the Phe 105 –Met 106  bond (McSweeney et al. 
 1995  ) ; furthermore, two other cleavage sites of cathepsin D on  k -casein have been 
identi fi ed: Leu 32 –Ser 33  and Leu 79 –Ser 80 . These two enzymes also hydrolyze  a  

s1
 - at 
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Phe 24 –Phe 25  and  a  
s2

 -caseins at Leu 99 –Tyr 100 , Leu 123 –Asn 124 , Leu 180 –Lys 181 , and Thr 182 -
Val 183  (Larsen et al.  1996  ) . 

 Secondary proteolysis essentially occurs during ripening cheese when  fragments 
from primary proteolysis are mainly hydrolyzed by endo- and exopeptidases of 
micro fl ora present in the cheese. Biochemical mechanisms and the formation of 
small peptides and amino acids are well reviewed by Sousa et al.  (  2001  ) , Upadhyay 
et al.  (  2004  )  and McSweeney  (  2004  ) . These authors established that indigenous 
milk enzymes (mainly plasmin and cathepsins), and residual rennet (chymosin and 
plasmin) produce water-insoluble and soluble peptides. Over a longer period of 
time, indigenous enzymes also produce peptides responsible for the taste of cheeses 
(Visser  1993  ) . Hence, the action of miscellaneous cysteine, aspartyl, and serine pro-
teases on casein fraction determines many peptides that are generated by the break-
down of bonds among neutral, aromatic, and basic amino acids. Therefore, the 
diversity and number of peptides depend on casein heterogeneity (genetic variants, 
phosphorylation, and glycosylation degree), effectiveness of enzyme activity due to 
technological parameters (pH, temperature, and humidity) and on typical and/or 
selected micro fl ora that grow in the milk.   

    14.2   Proteomic Approach to Cheese 

 Proteomics represent an important milestone of the post-genomic era, especially in light 
of the view that current methods addressed towards gene expression analysis (e.g., RNA-
Seq, RNA sequencing), although able to identify directly any changes that take place 
“downstream of the transcription,” fail to provide information about post-translational 
modi fi cation that, instead, could have a signi fi cant role in de fi ning the quality character-
istics of a food. Indeed, continuous scienti fi c advances undeniably highlight the impor-
tance of proteomics in the complex phenomenon of cheese production. 

 During the conversion of milk in cheese, biochemical, chemical, and physical 
events occur. Proteolysis is one of the most important biochemical events that occurs 
through manufacture and ripening of cheese. Proteolysis contributes substantially to 
taste and odor, through generation of large polypeptides, and a range of oligo and 
small peptides, and including free amino acids and their degradation products 
(Mallatou et al.  2004 ; Pappa et al.  2006 ; Upadhyay et al.  2004  ) , such as Strecker’s 
aldehyde (Dunn and Lindsay  1985 ; Avsar et al.  2004 ; Curtin and McSweeney  2004  ) . 
Polypeptide and peptide fragments derived from proteolysis of casein fractions have 
been utilized mainly to establish the ripening time of cheese and cheese authenticity. 
For these purposes electrophoretic, chromatographic, and immunochemical detection 
techniques have been employed (Addeo et al.  1990 ; Gaiaschi et al.  2000,   2001 ; Senocq 
et al.  2002 ; Veloso et al.  2004 ; Matassino et al.  2007b,   2008 ; Matassino  2011  ) . 

 Proteomic techniques are potentially appropriate: (1) to identify products of 
 primary proteolysis and large peptides from early stages of secondary proteolysis, 
characterizing the extent and nature of cheese proteolysis (Alli et al.  1998 ; 
Gouldsworthy et al.  1996 ; Pappa et al.  2008 ; Piraino et al.  2007  ) ; and (2) to provide 
evidence of fraud and/or sophistication in order to authenticate cheeses. 
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    14.2.1   Primary Proteolysis 

 Primary proteolysis can be de fi ned as the  fi rst action of endogenous and rennet 
enzymes in caseins that give rise to large insoluble peptides detectable by SDS-
PAGE in a range of estimated molecular weights ranging from 200 to 6 kDa. 
2-DGE alone was extensively used to characterize cheeses (Trieu-Cuot and 
Gripon  1982 ; Marshall and Williams  1988 ; Molina et al.  2002  )  and it is plausi-
ble that it will be dominant for some period of time. Nevertheless, this tech-
nique has to be coupled with analytical strategies at high resolution in order to 
obtain a better separation of slightly different protein isoforms. It also has to be 
opportunely integrated to deepen the knowledge of post-translational 
modi fi cations. At present, global proteomic studies to characterize cheeses are 
few and involved: teleme cheese (Pappa et al.  2008  ) , cheddar (Hinz et al.  2012  ) , 
and Swiss-type cheese (Jardin et al.  2012  ) . 

 A typical Italian “pasta  fi lata” cheese studied by proteomic approach was “Caciocavallo” 
of Italian autochthonous grey cattle (ex Podolian) (Matassino et al.  2008  ) . 

 From these studies it emerged that 2-DGE maps compared at different times of 
ripening (1, 3, 6, and 12 months) showed a marked dynamism in casein fractions, 
expressed by the different number of spots according to the time of ripening. All 
spots were identi fi ed by chemical-assisted fragmentation-post source decay 
 (CAF-PSD) analyses. By this procedure, six different fragments from  b -CN, due to 
plasmin action, were identi fi ed. These fragments, common to all 2-DGE maps were 
grouped into four classes (termed A, B, C, and D; Fig.  14.2 ). In particular, the spots 
belonging to the A group (including those of  g  

1
 -CN) arose from primary proteolysis 

of  b -CN and their volume decreased during ripening in concomitance with an 
increase of spot volume belonging to the B and C groups (including  g  

2
 - and  g  

3
 -CN, 

respectively); this increase was ascribable to the primary proteolysis on  b -CN and 
to the secondary proteolysis on proteins of the A group. The volume variation of the 
proteins included in the three groups could, hence, represent a useful indicator of 
Caciocavallo ripening time, as evidenced by other authors for Grana Padano cheese 
(Gaiaschi et al.  2001  )  and Comté cheese (Dupont et al.  2003  ) . Moreover, it is worth 
noting the presence and evolution in time of peptides, characterized by a low molec-
ular weight and pI assigned to the D group (Fig.  14.2 ); the latter were detectable at 
the  fi rst ripening and disappeared through ripening time.  

 A typical Italian Pecorino characterized by the proteomic approach, was 
“Pecorino of Laticauda.” This study showed that proteolysis degree was in fl uenced 
by the initial average weight of cheese moulds, independent of ripening time; 
indeed, cheese moulds with a starting weight of about 3 kg showed a more marked 
casein hydrolysis, in particular of  b -CN, in comparison with moulds with a starting 
weight of about 5 kg (Matassino et al.  2008  ) ; this behavior was also demonstrated 
by Faccia et al.  (  2003  )  for “Canestrato Pugliese” ovine cheese. 

 Recently, Matassino  (  2010  ) , analyzing pecorino cheeses from Bagnolese and 
Laticauda ovine breeds has individuated a molecular marker, termed “ConSDABI,” 
identi fi ed by MALDI-TOF and CAF-PSD, as an  a  

sl
 -CN fragment, that is differently 
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present in the two ovine breeds independently of ripening time. In particular, pecorino 
of Bagnolese has shown a signi fi cantly higher amount of the above-cited fragment at 
any ripening time ( p  < 0.001 at 3 and 6 months;  p  < 0.01 at 9 months) in comparison 
with Pecorino of Laticauda (Fig.  14.3 ). Therefore, the ConSDABI marker can be 
considered (1) a potential “breed” marker, or (2) a potential “process” marker.  

 Furthermore, another molecular marker, called ALMI, has been identi fi ed as 
able to discriminate fresh and conserved (frozen or from abroad) curds, both 
employed for mozzarella cheese production (Faccia et al.  2011  ) .  

    14.2.2   Secondary Proteolysis 

 A further proteolysis due to endogenous enzymes, rennet, and microbial enzymes 
gives rise to water-soluble small peptides. These peptides, identi fi ed and st ructurally 
characterized by high-performance liquid chromatography coupled mass 
sp ectrometry (LC/MS), allow us to de fi ne the different enzymatic activities of 
cheese as well as their speci fi city (Addeo et al.  1992 , 1994; Ferranti et al.  1997 ; 
Singh et al.  1994 ; Gagnaire et al.  2001  ) . Gagnaire et al.  (  2001  ) , analyzing pr oteolytic 

  Fig. 14.2    Two dimensional map of insoluble fraction from “Caciocavallo” cheese at 1 month of 
ripening. Subset indicated: ( a )  g 1-CN; ( b )  g 2-CN; ( c )  g 3-CN and ( d ) a mixture of fragments from 
secondary proteolysis of  b - and  a  

s1
 -CN       
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changes occurring during Emmental cheese ripening by LC/tandem MS, identi fi ed 
89 peptides: 51 arose from  a  

s1
 -casein, 28 from  b -casein, 9 from  a  

s2
 -casein (9), and 

1 from  k -casein. Using the same approach, Gagnaire et al.  (  2011  )  identi fi ed 123 
peptides in Ragusano cheese: 72 arising from  b -casein, 34 from  a  

s1
 -casein, and 17 

from  a  
s2

 -casein. All the authors showed that the number of peptides, including the 
mineral carrier as well as antihypertensive and immunomodulating peptides and 
phosphopeptides, dramatically decreased throughout ripening. Other authors (Pappa 
et al.  2008  ) , employing LC/MS with a tandem mass spectrometry QTOF to identify 
peptides extracted from water-soluble fraction (especially peptides from  b - and  a  

s1
 -

CN), were able to distinguish the milk source (cow, goat, and sheep) used for teleme 
cheese manufacture supporting the potential of proteomic techniques to describe the 
origin and development of this processed food product.   

    14.3   Conclusions 

 The overall proteomic analysis of cheeses, concerning primary and secondary pro-
teolysis, shows that the endogenous and rennet enzymes act mainly during primary 
proteolysis on  b - and  a  

s1
 -CN originating oligo and small peptides, which are the sub-

strate of endo- and eso-peptidase enzymes during secondary proteolysis. To investigate 
primary proteolysis the separation strategy based on two-dimensional gel e lectrophoresis, 
has been proved to be the most suitable; high-performance liquid chromatography can 
be applied to secondary proteolysis studies. The study of primary proteolysis is a 
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powerful tool especially to individuate frauds and/or sophistication useful for cheese 
authenticity. The analysis of secondary proteolysis is a powerful tool to investigate 
the evolution of proteolysis during ripening process. 

 The differences observed in all cheeses analyzed demonstrated that the  proteolysis 
and therefore the peculiarity and quality of cheeses depend on milk characteristics and 
on various parameters of a  fl owchart of cheese production. Whatever change occurs 
in these parameters is re fl ected in qualitative or quantitative modi fi cation of casein 
fragments from primary and secondary proteolysis. Considering the wide assortment of 
cheese produced in the world, many different peptides, that are generated through the 
ripening process for each type of cheese, will exist. We could consider each cheese as a 
Rosetta Stone on which are inscribed the peptide sequences obtained from proteomic 
studies performed by LC/MS-MS. These peptidic hieroglyphs, once deciphered, will 
allow a better understanding of the relationship among biochemical, chemical, and 
physical phenomena and technological phases of cheese production.      
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          15.1   Introduction 

 Lactic acid bacteria (LAB) are the main agents ensuring the safety and organoleptic 
properties of fermented foods. LAB encompass more than 10 genera which include a 
large number of species (above 100). However, the amount of LAB species used as 
starters for food fermentation is limited. In the dairy industry,  Lactobacillus delbrueckii 
ssp. bulgaricus  and  Streptococcus thermophilus  are the only two species involved in 
yogurt production, whereas  Lactococci  ( L. lactis ,  L. cremoris ,  L. diacetylactis ) and 
other  Lactobacilli  ( L. helveticus ,  L. acidophilus ,  L. casei ) are also involved in cheese 
making. In fermented meat products,  Lactobacillus sakei ,  Lactobacillus curvatus , 
 Lactobacillus plantarum ,  Pediococcus pentosaceus,  and  Pediococcus acidilactici  are 
the main starters.  Oenococcus oeni  is the emblematic wine starter. In addition, the natu-
ral micro fl ora of the components used for food fermentation or present in the  fi nal 
fermented products may also encompass a great diversity of LAB species. However, 
most of the scienti fi c studies have focused on starters. Concerning proteomics, its use 
to study the adaptation or functions of starters in fermented products is mainly restricted 
to laboratory conditions or to a few model matrices. This limitation results from a 
major technical problem: food matrices, whatever their animal origin (milk, meat) or 
vegetal origin are rich in proteins and peptides that may interfere with the study of LAB 
involvement. Indeed, many proteomic analyses dealing with food refer to the food 
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matrix rather than to the microbes present in it (D’Alessandro and Zolla  2012 ; 
Sentandreu and Sentandreu  2011 ; Molina et al.  2002  ) . In many fermented products, the 
biomass represented by bacteria is negligible when compared to the proteins and pep-
tides from the food components, and proteomic analyses of these products therefore do 
not require a previous removal of bacteria. As examples of such studies to investigate 
meat quality, see Vallejo-Cordoba et al.  (  2010  )  and Nakamura et al.  (  2010  ) . In the pres-
ent chapter we present studies dealing with a proteomic approach that allows exploring 
the ability of lactic acid bacteria to grow in fermented food models, their important 
functions for the quality of the products, and their ability to resist the harsh conditions 
encountered during fermentation processes. A few proteomics examples related to 
food spoilage and food safety, or to bacteria  fi ngerprinting are also presented.  

    15.2   Generic Analyses in Laboratory Model Conditions: 
Adaptability to Conditions Mimicking the Food Processes 

    15.2.1   Introduction 

 In nature, the ability to respond quickly to stress is essential for survival. Indeed, 
under adverse conditions, bacteria set up cellular responses and defense mecha-
nisms that signi fi cantly improve their chances of successful adaptation to harsh 
and/or sudden environmental changes. LAB, as do other bacteria, have to face vari-
ous and often simultaneous stresses during starter handling and storage and also 
during food processes, in particular physicochemical stresses such as freezing, 
cold, heat, extreme pH, osmotic pressure, oxidative agents, or high hydrostatic 
pressure (HHP). A better comprehension of stress resistance is necessary to under-
stand the adaptative response to these unfavorable conditions and thus to predict 
the potential functions that would be essential for the survival/maintenance of 
starters under such industrial conditions. This would allow and rationalize the 
preparation of adapted strains and their improvement for speci fi c industrial appli-
cations. Table  15.1  proposes a synthetic summary of proteomic studies reported in 
the literature, and dealing with LAB starters of dairy products ( L. lactis ,  L. del-
brueckii ssp. bulgaricus ,  L. helveticus ,  L. casei ,  L. acidophilus ,  S. thermophilus ), 
sourdough ( L. sanfranciscensis ), sausage ( L. sakei ), or a starter that can be found 
in all of these products ( L. plantarum ). In these articles, authors investigated adap-
tation of the bacteria to conditions encountered during fermentation processes. 
Table  15.1  summarizes only proteins whose expression was upregulated, repre-
senting therefore functions and regulatory mechanisms necessary for bacteria to 
overcome these stressful conditions.  

 We analyzed these data to search for: (1) proteins commonly upregulated 
under several stressful conditions and/or upregulated by several species thus rep-
resenting a global stress signature, (2) species-speci fi c responses, and (3) stress-
speci fi c responses.  
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    15.2.2   Global Stress Signatures 

 From all data summarized in Table  15.1 , general stress proteins are among the most 
important families of proteins characterizing the bacterial response to various stress 
conditions: these proteins are induced whatever the stress or the food matrix, and in 
all species. As an example, several of the Clp proteins both respond to different 
stresses in one bacterial species, but also respond to the same stress in different 
bacterial species: ClpL is upregulated after both oxidative-, heat-, cold- and lactose-
starvation stresses in  S. thermophilus . ClpP responds to lactose starvation (which 
provokes growth arrest) in  S. thermophilus , and also to the entry in the stationary 
phase in  L. plantarum . It also responds to a cold shock in both  S. thermophilus  and 
 L. acidophilus . It is known that a pre-adaptation to one stress condition helps bacte-
rial cells to become resistant to other stresses. This re fl ects the multiple stresses that 
can be encountered during food processes. In addition, this may explain the multiple 
protections ensured by stress-response proteins. For example, a pre-adaptation of  L. 
delbrueckii  ssp.  bulgaricus  to acid confers a better cryotolerance. 

 Another relevant feature in Table  15.1  is that both general stress proteins and 
proteins described as speci fi c for a stress, such as oxidative stress-response proteins, 
actually respond to a large panel of stressful conditions. For instance, Dpr is indeed 
upregulated after an oxidative stress in  S. thermophilus , but also after acid stress in 
this bacterium and after conditions leading to growth arrest in  S. thermophilus ,  L. 
plantarum , and  L. helveticus . 

 Proteins involved in carbohydrate transport and metabolism generally respond to 
conditions re fl ecting growth rate such as entry to late exponential or stationary 
phases, lactose starvation, or decrease of growth temperature. Some of those, how-
ever, are also upregulated after various stresses. In addition, upregulation of proteins 
involved in nitrogen metabolism is mostly observed under conditions of growth 
arrest (entry to late exponential or stationary phases, lactose starvation) in different 
LAB species. A similar, although less pronounced, tendency is observed for pro-
teins involved in nucleotide transport and metabolism. This certainly shows that a 
central metabolism is required for bacteria switching from optimal conditions for 
fast growth, to harsher conditions. This implies that bacteria should not be consid-
ered as dormant when they enter a famine state after feast conditions. 

 Interestingly, upregulation of proteins involved in translation or transcription 
arises after various stress conditions, rather than under growth-arrest conditions. In 
addition, these upregulated proteins are also typical of the response of  L. sakei  and 
also, to a lesser extent of  L. sanfranciscensis , after HHP treatment.  

    15.2.3   Species-Speci fi c Responses 

 Among the data available in the literature, only a few species comparisons can 
be performed. Growth under acidic conditions or acid stress is among the condi-
tions that have been best described in lactic acid bacteria. Indeed, LAB producing 
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lactic acid and low pH is one characteristic of fermented products. For that rea-
son, many proteomic studies report the effect of low pH in several starter spe-
cies. In Fig.  15.1 , the response of three dairy LAB ( L. lactis, L. delbrueckii  ssp . 
bulgaricus , and  S. thermophilus ) to one stress, acidic conditions are compared 
in order to detect if a species-speci fi c response exists.  L. lactis  is the most 
responsive species, with 61 proteins upregulated followed by  L. delbruecki  ssp. 
 bulgaricus  with 21 over-expressed proteins and  S. thermophilus  with 12 over-
expressed proteins. Strikingly, a substantial species-speci fi c answer is observed. 
Indeed, only four upregulated proteins are shared by the three species: three 
general stress proteins (GroES, GroEL, HSP) and lactate dehydrogenase.  S. 
thermophilus  and  L. delbruecki  ssp.  bulgaricus  have no other common upregu-
lated protein,  L. delbruecki  ssp.  bulgaricus  and  L. lactis  have one, and  L. lactis  
and  L. delbruecki  ssp.  bulgaricus  share  fi ve. In  S. thermophilus , the functions 
induced after an acid shock may contribute to the intracellular pH homeostasis 
with the upregulation of H + -ATPase responsible for proton extrusion, and urease 
able to produce NH 

3
 . These results clearly indicate that each species has a 

speci fi c protein pattern. Each species over-expresses similar functional catego-
ries, but the targeted proteins are speci fi c for each bacterium.  

ClpB ClpC ClpE ClpP CspE Ssp21 UspA-like
AhpC SodA Tpx
GuaA PyrG
CfA    PstF
ArcA ArcB
AtpA AtpF
BusAA    GidA
RecA    EraL
12 carbohydrate metabolism proteins
9 translation-transcription proteins
8 nitrogen metabolism proteins

ClpL GrpE
Oxidoreductase
Tpi
Fba
1 B6 vitamin synthesis protein
Acc
FabI
PurE
PepD1
PpiA
Ss DNA binding protein

EF-Tu

L. lactis
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Dpr
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Ef-TG
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Div IVA
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S. thermophilus
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Pyk
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  Fig. 15.1    Venn diagram representing the response of  S. thermophilus, L. lactis,  and  L. bulgaricus  
to acid conditions. The up-regulated proteins common to several species or species-speci fi c are 
presented       
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 In Table  15.1  we can also observe that, in the oxidative stress-response protein cate-
gory,  L. lactis  over-expresses AhpC, SodA, and Tpx, whereas  L. delbrueckii ssp. bulga-
ricus  and  S. thermophilus  over-express only an oxidoreductase and Dpr, respectively. 

 Also,  L. lactis  showed upregulation of more glycolysis proteins when compared 
to other species: under acidic stress conditions,  L. lactis  over-expresses twelve pro-
teins whereas  L. delbrueckii  ssp.  bulgaricus  and  S. thermophilus  over-express, 
respectively, six and one proteins of the carbohydrate metabolism category. In con-
clusion, for a given stress, a species-speci fi c response indeed exists.  

    15.2.4   Stress-Speci fi c Responses 

 Regarding data presented in Table  15.1 , we also considered the different stresses 
in order to evaluate a possible stress-speci fi c response in LAB. As an example, 
we considered three stresses: heat, cold, or acid shock and compared the response 
of one LAB species,  S. thermophilus  to each of these three stresses .  As shown 
in Fig.  15.2 , only one general stress protein (GroEL) is upregulated following 
each of the three stresses. Some proteins are common to the response to two 
different stresses. Indeed, four proteins (HSP, EF-Ts, EF-G, GroES) are upregu-
lated under either heat or acid conditions; two other proteins (Gls24, EF-Tu) are 
upregulated either by cold or acid shock. Only one, ClpL, is common to heat 
and cold shock response. It thus appears that, in addition to a common central 
stress response,  S .  thermophilus  elicits different protein sets in order to adapt to 
each environmental modi fi cation.  

 Regarding oxidative stress response,  S. thermophilus  over-expresses only stress-
response proteins,  fi ve being general stress proteins, and the seven remaining 
speci fi cally targeting the oxidative metabolism. Compared to other stresses applied, 

ClpP
CspA & B
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GlnQ
EstA

Gls24
EF-Tu

GroES
HSP
EF-Ts
EF-G

Cold Shock Heat Shock

GroEL
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Ldh
Urease
ATPase
DivIVA

Acid Shock

ClpL

  Fig. 15.2    Venn diagram 
representing the response of 
 S. thermophilus  to three different 
stresses. The up-regulated proteins 
common to several stresses or 
stress speci fi c are presented       
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in which several functional protein categories are generally upregulated, this is the 
sole example of such a response focused on only a given functional category. 

 Finally, we noticed that during growth at low temperature two proteins character-
istic of oxidative stress response (MsrA and OhrA) were upregulated in  L. sakei,  
whereas in  S. thermophilus  the response was mainly characterized by induction of 
general stress proteins, in particular the cold shock proteins CspA and B. 

 Concerning non-dairy LAB, HHP treatment has also been studied. Indeed HHP 
can be used as a preservative treatment, alternative to  fi ltration or heat sterilization 
that is not applicable in some solid and raw food matrices (dry sausage, sourdough). 
After an HHP treatment,  L. sakei  and  L. sanfranciscensis  show quite different 
responses. Both over-express general stress proteins but different ones. The only 
common protein upregulated after HHP treatment in both bacteria is DnaK.   

    15.3   Analyses in Food Matrices 

 As mentioned above, proteomics studies of LAB behavior in food products has been 
mainly limited by the high protein content of food materials. A very few in situ stud-
ies have been reported, mainly concerning cheese .  Yvon et al.  (  2011  )  have com-
pared the ability in cheese making of two  L. lactis  strains with different properties. 
One strain was more proteolytic, as evaluated by growth in cheese matrix, amino 
acid production, and proteolytic enzymatic activities. For the two strains, regarding 
protein expression pattern, functional categories affected by growth in cheese were 
mainly related to acid stress response and amino acid starvation, indicating that 
strains have to cope with these stressful environmental conditions when grown in 
cheese. However, differences were observed between the two strains. A stronger 
growth limitation for one strain was linked with a lower proteolytic activity. This 
study underlines the importance of proteomics for evaluating dynamics of LAB 
population in cheese and consequent technological properties enlightening that  L. 
lactis  cheese adaptation depends on proteolytic activities. 

 Regarding the cheese process, several LAB can be involved. The Emmental 
cheese ecosystem, for instance, is composed of complex micro fl ora including dif-
ferent LAB species ( L. helveticus, L. bulgaricus, S. thermophilus ) and 
 Propionibacterium freundenreichii.  During cheese ripening, bacterial proteins can 
be released due to bacterial cell lysis. These proteins contribute to cheese organo-
leptic and textural properties. Gagnaire et al.  (  2004  )  have performed a proteomic 
study in order to evaluate the respective part of each  fl ora in the ripening process. 
Proteins released in the soluble fraction, after exclusion of milk and cheese proteins 
by chromatography, have been analyzed by two-dimensional gel electrophoresis. 
They could identify 21 proteins from  S. thermophilus , 17 from  L. delbruecki  ssp . bul-
garicus,  and 8 from  P. freundenrichii.  These proteins were allocated to different func-
tional categories such as stress proteins, DNA repair, or oxido-reduction, indicating a 
stress cellular status of the LAB during cheese ripening. Several peptidases were also 
identi fi ed, some being attributed to  S. thermophilus  and others to   L. delbruecki  ssp. 
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 bulgaricus , enlightening the respective roles of these two species in the ripening 
process. 

 Proteomic analysis (MALDI-MS) has also been successfully used to monitor the 
extent of bacterial digestion of milk proteins during yogurt production (Fedele et al. 
 1999  ) . This study showed that: (1) changes in milk protein pro fi les were due to the 
action of the two yogurt LAB  S. thermophilus  and  L. delbruecki  ssp.  bulgaricus , (2) 
casein hydrolysis varied among the strains tested, and (3) proteolysis was relevant 
when milk was fermented with mixtures of the two yogurt bacterial species, prob-
ably because of synergistic phenomena. This tool could be employed to determine 
the effectiveness of different yogurt LAB ratios for yogurt production, in terms of 
production of peptides that can bear probiotic properties. 

 Recently, a new methodology has been applied to the proteomic analysis of 
cheese ripening (Jardin et al.  2012  ) . The ITRAQ (isobaric tagging for relative and 
absolute quanti fi cation) method allows identi fi cation and quanti fi cation of proteins 
in a single LC-MS/MS run. It was used to follow Emmental-type cheese during 
ripening, by analyzing proteins present in the aqueous phase. By this method, the 
authors could overcome differences in the dynamics range between milk and bacte-
rial proteins, and could identify proteins from both origins. Proteins from milk did 
not show signi fi cant increase in the aqueous fraction. Bacterial proteins identi fi ed 
were issued from  L. helveticus  or  S. thermophilus . A major increase in their concen-
tration was observed between day 20 and day 69 of ripening. These bacterial pro-
teins were mainly assigned to the functional category of stress proteins. This study 
thus con fi rmed the previous  fi nding of a stress status for LAB during cheese ripen-
ing. It also opens  fi elds for a simultaneous analysis of cheese and bacterial proteins 
and thus a better global understanding of cheese making. 

 No such deep in situ comprehensive approach has been reported for meat, even 
though some studies have attempted to approach meat matrix conditions. Fadda 
et al.  (  2010  )  have studied the response of  L. sakei  grown in a chemically de fi ned 
medium after addition of either myo fi brillar or sarcoplasmic proteins. Most of the 
proteins showing modi fi ed expression were observed in the presence of myo fi brillar 
extract (16 proteins) compared to sarcoplasmic protein addition (6 proteins). Most 
proteins were less expressed in the presence of the meat extracts. General stress 
proteins were downregulated whereas proteins of energy metabolism, pyrimidine 
metabolism, and translation were upregulated indicating that  L. sakei  is really 
adapted to the presence of the meat substrate. In other words, this means that meat 
is indeed the favorite habitat of  L. sakei  and that laboratory media constitute a stress-
ing environment. This situation is not observed with cheese bacteria that show a 
stress status during the cheese process.  

    15.4   Food Safety: Biogenic Amine Production 

 Proteomics have also been used as a tool either to detect or study biogenic amine 
production, or even for the  fi ngerprinting of biogenic amine-producing strains or 
species. Although many fermented foods may be confronted with the risk of  biogenic 
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amine production, wine and dry fermented sausages are the most critical. In  addition, 
 fi sh products, fermented or not, are also susceptible to host bacteria able to produce 
biogenic amines such as histamine, tyramine, or putrescine. A proteomic analysis, 
combining two-dimension gel electrophoresis to MALDI-TOF and MS-MS  de novo  
sequencing, was used to determine proteins synthesized by two  Lactobacillus  strains 
( Lactobacillus  sp. 30a ATCC33222 and a  Lactobacillus  sp. strain isolated from an 
amine-contaminated wine) under various laboratory growth conditions (Pessione 
et al.  2005  ) . The results helped to identify proteins involved in amino acid transport 
and conversion to biogenic amines, but could not con fi rm the hypothesis that amino 
acid accumulation induces biogenic amine synthesis, nor that this synthesis is a 
bacterial response to medium acidi fi cation.  

    15.5   Identi fi cation, Fingerprinting, or Characterization 
of Bacterial Diversity by Proteomics 

 The MALDI-TOF technique can be used to  fi ngerprint bacteria (Giebel et al.  2010  )  
including biogenic amine producers. As an example, the MALDI-TOF spectra 
obtained on bacterial extracts from  Pseudomonas  strains isolated from  fi sh products 
gave different  fi ngerprints when obtained from biogenic amine producing or non-
producing strains (Fernández-No et al.  2011  ) . A similar approach was used aimed 
at identifying bacterial species present in seafood products, including the LAB spe-
cies  Carnobacterium divergens ,  Carnobacterium gallinarum , and  Carnobacterium 
maltaromaticum  and also two  Staphylococcus  species ( S. epidermitis  and  S. xylo-
sus ) which are naturally present or used as starter for the fermentation of sausage 
(Böhme et al.  2011  ) . These examples show that the pattern of MALDI-TOF spectra 
obtained from food bacteria can be used as a tool to differentiate strains or genus, or 
even to identify new isolates. 

 Proteomics have also been used as a tool for investigating LAB natural diversity. 
The meat-borne bacterium  L. sakei  has been described as a species showing high 
genomic diversity and 10 genotypic groups could be described (Chaillou et al. 
 2009  ) . Ten strains representing these clusters have been studied by a proteomic 
approach based on two-dimensional gel electrophoresis. This revealed a difference 
of up to 20% in the number of expressed proteins detected in gels, with speci fi c 
strain protein patterns. Moreover, it was observed that the ten strains could split into 
two clusters, based on the pattern displayed by the four isoforms of the glyceralde-
hyde-3P-dehydrogenase (GapA) on gels. These two isoform families were associ-
ated with the two  L. sakei  subspecies previously reported in the literature as  L. sakei  
subsp.  sakei  and  L. sakei  subsp.  carnosus . 

 Regarding the expression of this diversity, the metabolism of  L. sakei  strains has 
also been explored by proteomics in order to evaluate the potential of strains for 
technological applications. McLeod et al.  (  2010  )  have compared ten  L. sakei  food 
isolates, when grown on either glucose or ribose as the carbon source, these two 
sugars being present in meat. A common regulation by ribose was observed for all 
strains but the study also pointed out differences between strains. For all strains, 
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a total of ten proteins was upregulated after growth on ribose and six proteins were 
downregulated on glucose. A commercial starter strain and a putative b iopreservative 
strain exhibited a different regulation in the utilization of these two carbon sources. 
One strain, isolated from fermented  fi sh showed a higher level of expression of 
stress proteins when compared to the other strains. 

 Guillot et al.  (  2003  )  compared the 2-D gel electrophoresis pro fi les of two  L. lactis  
strains. Apart from the whole set of glycolytic enzymes that were present in both 
strains, at conserved positions, this study revealed an important protein polymor-
phism. For strain NCDO763, a dairy strain belonging to  cremoris  subspecies, 26 
proteins were not present in the  L. lactis  subsp.  lactis  IL1403 strain map. Among 
these, there were enzymes involved in lactose assimilation and amino acid metabo-
lism (peptidases, amino acid synthases) that are of particular relevance for growth 
on milk and thus for cheese making. 

 These reports indicate that the proteomic approach can also be a useful tool for 
exploring bacterial diversity, in association with other methods such as genomics, to 
go deeper into LAB strain performance analysis for a better understanding of strain-
speci fi c technological properties.  

    15.6   Conclusion 

 Proteomic analyses of LAB from fermented foods have shown that bacteria use 
different strategies to face the various conditions encountered during the food 
production processes. When confronted with the same stress, different species 
will modify the protein they synthesize in different but similar ways: the func-
tional categories that are affected by a speci fi c stress are often similar, but the 
proteins that are upregulated after this stress may vary from species to species. 
The degree of similarity or difference between strains varies with the kind of 
stress or growth condition tested. 

 However, most of the proteomic results presented to date in this  fi eld issue from 
two-dimensional gel electrophoresis followed by mass spectrometry protein 
identi fi cation. One should not forget that the method mostly refers to cytoplasmic 
proteins, in a limited pI and MW window, and that only the emerging part of the 
iceberg is accessible to analysis. This narrow point of view is, however, informative 
about bacterial functions that have to be taken into consideration to understand and 
improve the production of fermented foods. 

 In addition, recent LAB whole genome sequencing studies have revealed large 
intraspecies diversity in both genome size and content. This means that stress 
response observed with one strain may be different in another strain. Whole mecha-
nisms of bacterial adaptation to fermented food conditions are yet to be totally elu-
cidated. Proteomics have allowed, nevertheless, the indication of some marker 
proteins that may be useful for the selection of well-adapted ef fi cient starters for 
industrial applications.      
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          16.1   Introduction 

 One of the most ancient legends about the origins of wine tells of a Persian princess 
who tried to poison herself so as to put an end to her love pangs. So she drank some 
juice from the bottom of a jar containing rotten grapes, and, instead of being killed 
by them, she forgot all her pain, and soon thereafter she regained her lover’s heart. 
The King himself tried the prodigious drink, and began to spread its fame through-
out his kingdom. Many other legends regarding the prodigious powers of wine can 
be found in literature, and even in the main world religions, of which the episode of 
Noah’s drunkenness in the Old Testament is an example. 

 The domestication of the grapevine can be traced back to the third millennium 
BC: since then, the cultivation of  Vitis  ssp. has expanded to all the continents, with 
the exception of Antarctica. According to the International Organization of Vine 
and Wine (O.I.V. Report  2008  ) , in 2007 the surface area given over to grape cultiva-
tion accounted for almost 7.8 million hectares, Europe being the main producer, 
transformer, and consumer of grapes for winemaking. Among the products derived 
from grapes, wine is the most signi fi cant. Wine production touched 266 million hL 
in 2007 (O.I.V. Report  2008  ) , showing a sharp decrease (more than 20%) since the 
beginning of the 1980s. This decrease has been accompanied by increasing atten-
tion on the part of consumers towards wine quality. Fraud concerning adulterated 
wines (Frank in 2007 reported that up to 5% of the wine sold in secondary markets 
could be counterfeit) leads to important economic losses in the wine trade, mostly 
due to the producers rightly or wrongly losing credibility, as well as causing severe 
safety alarms. 
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 The importance of the wine trade and the growing attention paid by modern 
consumers towards food quality has raised interest in recent years among the 
scienti fi c community in de fi ning quality markers for wine. The quality of a food is 
not unambiguous: it is made up of safety issues, organoleptic features, t echnological 
aspects, and nutritional requirements, among other characteristics. All these fea-
tures have been investigated in wines, and almost all of them have been studied with 
proteomic means, mostly in the last two decades. 

 The scienti fi c reviews on wine protein analysis published to date can be grouped into 
two main categories: those devoted to methodological issues (Moreno-Arribas et al. 
 2002 ; Flamini and De Rosso  2006 ; Curioni et al.  2008 ; Le Bourse et al.  2010  )  and those 
focused on the application of proteomics to speci fi c wine issues (Ferreira et al.  2002 ; 
Giribaldi and Giuffrida  2010 ; Pedreschi et al.  2010 ; D’Alessandro and Zolla  2012  ) . 
Moreno-Arribas and colleagues mainly described the methods used for the extraction, 
quanti fi cation, and separation of wine proteins (Moreno-Arribas et al.  2002  ) . 
Interestingly, mass spectrometry (MS) in their report was brie fl y described as a tool for 
identifying proteins, and only a few years later the review published by Flamini and De 
Rosso  (  2006  )  focused on its use for the separation, quanti fi cation, and identi fi cation of 
grape and wine proteins, thus paving the way for the leading role acquired by MS in the 
analysis of foods and beverages in recent years. In 2002, Ferreira and collaborators 
revised the state of the art on wine proteins by providing an overview of their origin and 
function, and focused on the turbidity issues caused by them, including possible solu-
tions to remove them. More recently, Curioni et al.  (  2008  )  and Le Bourse et al.  (  2010  )  
provided updated reviews of the latest trends in the analytical techniques used for the 
study of grape juice and wine proteins. In 2010, Giribaldi and Giuffrida updated the 
proteomic studies published since 2005, covering aspects of grape physiology and grape 
berry ripening, as well as protein function in wines (Giribaldi and Giuffrida  2010  ) . In 
the same year, wine proteomics was included in a review devoted to the application of 
proteomics to various important food industry sectors (Pedreschi et al.  2010  ) . The most 
recent survey on the issue is the review by D’Alessandro and Zolla  (  2012  )  on proteom-
ics applications in the  fi eld of wine safety and traceability. 

 The present chapter brie fl y and exhaustively describes the papers that recount 
proteomic means to study wine proteins in recent decades. However, the authors 
strongly recommend consulting these reviews in order to achieve a more complete 
understanding of wine protein science.  

    16.2   Methodological Aspects in Wine Proteomics 

 In recent decades, the application of new techniques to the characterization of wine 
proteins has brought the number of wine proteins identi fi ed by proteomics to over 
100 (D’Amato et al.  2011  ) . Traditional techniques, such as electrophoresis and 
chromatography, originally allowed for the detection of the most abundant proteins 
(accounting for only about 30% of the total protein species in wine, according to 
D’Amato and collaborators). 
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 One major step towards achieving these goals was made in 2007, when two 
independent studies, one supported by a French–Italian consortium (Jaillon et al. 
 2007  )  and the other by an Italian–American initiative (Velasco et al.  2007  ) , pub-
lished the genome sequence of one non-cultivated highly homozygous and of one 
cultivated highly heterozygous Pinot Noir clone, respectively. The annotation of the 
grapevine genome is still in progress, and although it may sometimes complicate 
the interpretation of research  fi ndings, the availability of genome sequences has 
signi fi cantly boosted grape and wine proteomics. 

    16.2.1   Quanti fi cation of Protein Content in Wines 

 Typically, protein concentrations have been reported in a range from 15 to 230 mg/L 
(Monteiro et al.  2001 ; Ferreira et al.  2002 ; Waters et al.  2005  ) . Proteins are thus 
considered as minor components of both white and red wines, with little nutritional 
relevance. Several techniques are currently available for total protein quanti fi cation 
in foods and beverages, but wine is typically rich in compounds that may interfere 
with normal quanti fi cation techniques, such as phenolics, ethanol, and organic acids 
(Marchal et al.  1997 ; Moreno-Arribas et al.  2002 ; Le Bourse et al.  2010  ) . 

 The standard protein quanti fi cation method in the food industry is based on the 
evaluation of total proteins by conversion of nitrogen measured by Kjeldahl assay 
(multiplying nitrogen content by 6.25)  (  AOAC method 960.52  ) , but this method is 
known to cause frequent overestimations of wine protein content (Vidigal et al. 
 2012  ) . The reliable quanti fi cation of wine proteins may have an impact on the sta-
bility of the wine itself, as they are major causes of white wine clouding (Waters 
et al.  2005  ) . The most common methods used for protein quanti fi cation in wines to 
date are based on spectrophotometric detections, such as the Bradford (Bradford 
 1976  ) , Lowry (Lowry et al.  1951  ) , Biuret (Gornall et al.  1949  ) , or Smith (Smith 
et al.  1985  )  tests, which have often been used due to their ease and speed (Vidigal 
et al.  2012  ) . Nevertheless, the presence of interfering compounds and the absence of 
standard wine proteins may lead to erroneous quanti fi cation with these methods 
(Moreno-Arribas et al.  2002 ; Le Bourse et al.  2010,   2011 ; Vidigal et al.  2012  ) . 

 In recent years, Vincenzi et al.  (  2005  )  and Smith et al.  (  2011  )  have provided 
comparisons between the more widely used protein quanti fi cation methods and 
developed improved procedures for protein recovery and quanti fi cation in white and 
red wines. Vincenzi et al.  (  2005  )  concluded that potassium dodecyl sulphate (KDS) 
precipitation coupled with Smith’s assay gave the most accurate results, consistent 
with those obtained by densitometric quanti fi cation of SDS-PAGE protein bands. 
Smith et al.  (  2011  )  concluded that, in red wines, protein precipitation with cold 
trichloroacetic acid/acetone and quanti fi cation based on Bradford’s assay absor-
bance using a yeast mannoprotein invertase standard gave results similar to those 
obtained by micro-Kjeldahl analysis. 

 Some authors have suggested using HPLC-based techniques to achieve reliable 
quanti fi cation of wine proteins (Peng et al.  1997 ; Pocock and Waters  2006  ) . 
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Marangon et al.  (  2009  )  developed a quanti fi cation method for protein fractions 
separated by hydrophobic interaction chromatography based on comparison with 
the HPLC peak area of two standard proteins (cytochrome c and bovine serum albu-
min, BSA), but this method may suffer from limitations due to the use of non-wine 
standard proteins (Le Bourse et al.  2010  ) . To circumvent this major drawback, Le 
Bourse et al.  (  2011  )  published a method for purifying grape juice class IV chitinase 
and thaumatin-like (TL) proteins by liquid chromatography. The pure protein frac-
tions were then used to build reliable calibration curves for ultra-HPLC and for 
ELISA quanti fi cation of these proteins in different grape juices and wine samples, 
thus providing a valuable tool for future oenological studies. 

 The densitometric quanti fi cation of wine protein bands from SDS-PAGE gels 
(after staining with Coomassie Brilliant Blue) was frequently used in the past 
(Marchal et al.  2000 ; Hsu and Heatherbell  1987a,   b  ) . Recently, Sauvage et al.  (  2010  )  
and Dufrechou et al.  (  2010 , 2012) reported a quanti fi cation method based on absorp-
tion/desorption of proteins with excess bentonite, a clay with protein absorption 
capacity commonly used in wine  fi ning, followed by SDS-PAGE, image analysis, 
and quanti fi cation of wine protein bands using a standard BSA band. This method, 
although it is said to provide an estimate of total wine proteins, fails to take into 
account low and high molecular weight proteins, which are not visualized in the 
SDS-PAGE gel. Moreover, it relies on the staining intensity of a non-wine protein, 
BSA, similarly to most of the previously cited techniques, loaded in a single con-
centration on the gel, and it thus fails to build a standard curve, with a regression and 
a correlation coef fi cient. In addition, similarly to all the methods based on Coomassie 
Brilliant Blue protein staining, including the Bradford method, the composition of 
some proteins may not give a linear response (Fountoulakis et al.  1992  ) . 

 The most recent advance in the  fi eld of protein quanti fi cation in white wines is the 
modi fi ed Lowry assay coupled with solid-phase extraction recently developed by Vidigal 
et al.  (  2012  ) . The method is based on the retention of proteins in the solid support, nitrilo-
triacetic acid Super fl ow beads (Qiagen), charged by Cu 2+ , and on the absorbance at 
500 nm after addition of Folin–Ciocalteu’s reagent. Results from Vidigal’s work repre-
sent a signi fi cant advance with respect to current methods in terms of sample volume 
required, poor pre-processing before analysis, and automation (Vidigal et al.  2012  ) . The 
limitations due to the use of non-wine standard protein should be evaluated carefully, and 
further investigations into its reliability for wine glycoprotein quanti fi cation are needed.  

    16.2.2   Methods Used in Wine Protein Characterization 

 As brilliantly summarized in several reviews (Moreno-Arribas et al.  2002 ; Flamini 
and De Rosso  2006 ; Curioni et al.  2008 ; Le Bourse et al.  2010  ) , the main techniques 
used for grape and wine proteome analysis can be grouped into chromatography, 
electrophoresis, and MS-based methods. 

 Electrophoresis and 2-D-electrophoresis have been widely used in the past and 
are still in use to characterize the protein fraction of wines, often in association with 
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chromatographic techniques. Early works mainly used electrophoretic techniques, 
in the form of both native gel electrophoresis (Bayly and Berg  1967 ; Pueyo et al. 
 1993 ; Moreno-Arribas et al.  1999  )  and denaturing gel electrophoresis (Yokotsuka 
et al.  1991 ; Waters et al.  1992,   1993 ; Pueyo et al.  1993 ; Dorrestein et al.  1995 ; 
Santoro  1995 ; Marchal et al.  1996  ) . Wine proteins have often been separated accord-
ing to their isoelectric point as a preparatory or analytical step (Murphey et al.  1989 ; 
Yokotsuka et al.  1991 ; Pueyo et al.  1993 ; Dawes et al.  1994 ; Marchal et al.  1996 ; 
Luguera et al.  1998  ) . The coupling of isoelectrofocusing and denaturing electropho-
resis led to detailed screening of wine proteins ever since its early application to 
wine proteomics (Hsu and Heatherbell  1987a,   b ; Hsu et al.  1987  ) . Protein immuno-
blotting has been widely used as a tool for investigating the origin and the structural 
similarity of wine proteins from different varieties (Hsu and Heatherbell  1987a,   b ; 
Hsu et al.  1987 ; Marchal et al.  1998 ; Monteiro et al.  1999 ; Ferreira et al.  2000 ; 
Monteiro et al.  2001,   2003a,   b ; Dambrouck et al.  2003 ; Manteau et al.  2003 ; 
Monteiro et al.  2007  ) . In more recent years, the coupling of electrophoresis with 
protein identi fi cation by mass spectrometry has allowed researchers to unravel the 
complexity of the wine proteome in different conditions, and thus improved wine 
science (Okuda et al.  2006 ; Cilindre et al.  2008 ; Wigand et al.  2009 ; Sauvage et al. 
 2010 ; Vincenzi et al.  2011  ) . Moreover, the introduction of enrichment technologies, 
such as the use of combinatorial peptide ligand libraries (CPLL), has increased the 
detection of low-abundance constitutive or contaminating proteins in wines (Cereda 
et al.  2010 ; D’Amato et al.  2010,   2011  ) . 

 Capillary electrophoresis has been applied in the past to wine protein analysis 
(Moine Ledoux et al.  1992 ; Luguera et al.  1997,   1998 ; Dizy and Bisson  1999  ) , and 
one recent example of its potential is represented by varietal differentiation recently 
obtained by high-performance capillary electrophoresis of wine proteins and shi-
kimic acid quanti fi cation by Chabreyrie et al.  (  2008  ) . 

 Chromatographic approaches used in wine proteomics for protein puri fi cation, 
separation, and characterization include FPLC (Waters et al.  1992,   1993 ; Dawes 
et al.  1994 ; Dorrestein et al.  1995 ; Waters et al.  1995 ; Luguera et al.  1998 ; Monteiro 
et al.  1999,   2001,   2003a,   b,   2007 ; Esteruelas et al.  2009  ) , HPLC (Tyson et al.  1981 ; 
Santoro  1995 ; Yokotsuka and Singleton  1997 ; Girbau et al.  2004  ) , size exclusion 
chromatography (Pellerin et al.  1993 ; Gonçalves et al.  2002  ) , af fi nity chromatogra-
phy (Pellerin et al.  1993 ; Waters et al.  1993 ; Marchal et al.  1996 ; Gonçalves et al. 
 2002 ; Vanrell et al.  2007  ) , and more recently hydrophobic interaction chromatogra-
phy (Falconer et al.  2010 ; Marangon et al.  2009,   2011a,   b  ) , hydrophilic interaction 
chromatography, titanium dioxide enrichment, and hydrazide chemistry enrichment 
(Palmisano et al.  2010  ) . 

 Mass spectrometry and N-terminal sequencing have greatly increased our under-
standing, allowing the identi fi cation of several wine proteins. In recent years, MS 
has become a useful tool for wine traceability, allowing for varietal  fi ngerprinting 
and contaminant detection in both red and white wines (Szilágyi et al.  1996 ; Weiss 
et al.  1998 ; Kwon  2004 ; Catharino et al.  2006 ; Carpentieri et al.  2007 ; Chambery 
et al.  2009 ; Monaci et al.  2010,   2011 ; Simonato et al.  2011 ; Tolin et al.  2012 ; Nunes-
Miranda et al.  2012  ) .   
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    16.3   The Origin of Wine Proteins 

 One of the main aspects investigated by wine proteomics has been the elucidation 
of the origin of wine proteins. Early investigations declared wine proteins to be 
derived exclusively from the grape berry (Luguera et al.  1998 ; Ruiz-Larrea et al. 
 1998 ; Ferreira et al.  2000  ) . One reason could be the fact that, according to almost 
all the reports, grape-derived proteins, and especially the class named pathogen-
esis-related (PR) proteins (Linthorst  1991  ) , represent the vast majority of the 
protein components found in all studied wines (Waters et al.  1996 ; Monteiro 
et al.  2001 ; Okuda et al.  2006 ; Wigand et al.  2009 ; Dufrechou et al.  2010 ; Sauvage 
et al.  2010 ; Vincenzi et al.  2011 ; Dufrechou et al.  2012  ) . According to other 
hypotheses, the poor visualization of yeast proteins from wines may be due to the 
revelation method used, as their sugar moiety makes them poorly detectable by 
Coomassie and silver-based stains (Waters et al.  1993 ; Dambrouck et al.  2003 ; 
Wigand et al.  2009  ) . 

 Currently, most authors agree on the mixed origin of wine proteins, as yeast-
deriving proteins (mostly cell wall components) have been demonstrated to occur 
in wines by several methodological approaches, such as chromatography 
(Marchal et al.  1996 ; Yokotsuka and Singleton  1997 ; Monteiro et al.  2001 ; 
Gonçalves et al.  2002 ; Palmisano et al.  2010  ) , electrophoresis (Waters et al. 
 1993 ; Dupin et al.  2000 ; Kwon  2004 ; Cilindre et al.  2008 ; Wigand et al.  2009 ; 
D’Amato et al.  2011 ; Marangon et al.  2011a,   b  ) , immunostaining (Monteiro et al. 
 2001 ; Dambrouck et al.  2003  ) , and mass spectrometry (Simonato et al.  2011 ; 
Tolin et al.  2012  ) . The functions of parietal yeast mannoproteins include adsorp-
tion of ochratoxin A, combination with phenolic compounds, increased growth 
of malolactic bacteria, inhibition of tartrate salt crystallization, interaction with 
the yeast-derived super fi cial  fi lm (  fl or ) formed in the manufacture of sherry-type 
products, reinforcement of aromatic components, and wine enrichment during 
aging on  fi ne lees (Caridi  2006 ; Blasco et al.  2011  ) . Their major roles, being 
haze-protective factors in white wines and foam aids in sparkling wines, are 
detailed in the following chapter. 

 Other fermentative agents in wines include several types of bacteria. The pres-
ence of bacterial proteins in wines used to be excluded by immunostaining 
(Dambrouck et al.  2003  )  until recently. Simonato et al.  (  2011  )  and Tolin et al. 
 (  2012  ) , by means of LC-MS/MS pro fi ling, were the  fi rst, to the author’s knowledge, 
to detect one 60 kDa chaperonin from  Oenococcus oeni,  a lactic acid bacterium 
involved in malolactic fermentation. 

 Fungal pathogens are responsible for considerable economic losses for wine-
makers, and the costs of  fi eld prevention against their occurrence are a major expense 
for agriculture. The presence of proteins deriving from fungal infection of grape 
clusters on the vine has been demonstrated by Western blot and electrophoresis in 
recent years (Kwon  2004 ; Cilindre et al.  2007,   2008  ) . One recent investigation of a 
commercial Valpolicella red wine revealed the presence of proteins from several 
fungal pathogens (D’Amato et al.  2011  ) .  
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    16.4   The Role of Proteins in Wines 

 Although they are minor constituents in wines, proteins are widely recognized to 
have a signi fi cant impact on wine quality. They are thought to contribute to wine 
taste and body (Jones et al.  2008  ) , and to the foaming properties of sparkling wines 
(Vanrell et al.  2007 ; Blasco et al.  2011 ; Coelho et al.  2011  ) . They are known to be 
detrimental for wine quality on some occasions, causing turbidity in white wines 
(Waters et al.  1992,   2005  ) . Moreover, some of the wine proteins have been found to 
be allergenic for some susceptible individuals (Pastorello et al.  2003 ; Vassilopoulou 
et al.  2007 ; Giribaldi and Giuffrida  2010 ; Gonzalez-Quintela et al.  2011  ) . 

 Pro fi ling by nano-HPLC/tandem MS of a Sauvignon Blanc wine led to the 
identi fi cation of 20 major proteins, including several yeast proteins (Kwon  2004  ) . 
The identi fi ed grape-derived proteins were vacuolar invertase, TL proteins, class IV 
endochitinase, and  b -glucanase (Kwon  2004  ) . The 2DE pattern of one Chardonnay 
wine con fi rmed the occurrence of several vacuolar invertase protein spots, as well 
as the presence of PR proteins such as osmotins and thaumatins, and detected for the 
 fi rst time one low molecular weight lipid transfer protein (Okuda et al.  2006  ) . The 
presence of these proteins has since been con fi rmed in red and white wines by other 
published reports (Sauvage et al.  2010 ; Dufrechou et al.  2012 ; Lambri et al.  2012  ) , 
with minor differences, such as the detection of grape ripening-related proteins and 
of PR4 proteins (chitin-binding proteins) in some cases (Cilindre et al.  2008 ; 
Esteruelas et al.  2009 ; Marangon et al.  2009 ; Wigand et al.  2009  ) . 

 The application of more sensitive techniques such as direct MS analysis, or the 
use of enrichment strategies such as CPLL (Righetti et al.  2011  )  and glycopeptide 
enrichment (Palmisano et al.  2010  ) , has helped to identify several other low-abun-
dance proteins present in red (Simonato et al.  2011 ; Tolin et al.  2012  )  and white 
wines (D’Amato et al.  2011  ) . Although there is detailed knowledge of the type of 
proteins that wine may contain, there is still little understanding of the role they may 
play in wine, especially with regard to low-abundance proteins. 

    16.4.1   Heat-Unstable Proteins and Haze Formation 

 Wine proteins may cause a common white wine defect called “casse protéique.” 
During bottle storage, occasional extremes of temperature may lead to protein 
aggregation and  fl occulation, which causes turbidity (Waters et al.  2005  ) . A haze or 
deposit in bottled wine can reduce or invalidate its commercial value, and winemak-
ers usually perform  fi ning treatments, typically with bentonite, to avoid this turbid-
ity. The occurrence of this defect led to early studies on wine proteins (Koch and 
Sajak  1959 ; Moretti and Berg  1965 ; Bayly and Berg  1967 ; Hsu and Heatherbell 
 1987b ; Waters et al.  1992  ) . 

 Although total protein quantity may have an impact on the probability of haze 
development in white wines (Mesquita et al.  2001  ) , not all wine protein fractions 
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seem to share the tendency to  fl occulate, as some are more heat-labile than others 
(Moretti and Berg  1965 ; Bayly and Berg  1967 ; Hsu and Heatherbell  1987b ; Hsu 
et al.  1987 ; Moine Ledoux et al.  1992 ; Waters et al.  1992  ) . One recent applica-
tion of CPLL to the soluble fraction and sediment of one white wine revealed a 
very limited overlap between the two types of proteins (D’Amato et al.  2011  ) , 
thus contributing to the hypothesis of differential haze-forming tendencies for 
different wine proteins. 

 The heat-unstable protein fraction is mainly made up of grape PR proteins 
(Waters et al.  1996 ; Esteruelas et al.  2009 ; Sauvage et al.  2010 ; Marangon et al. 
 2011a,   b ; Vincenzi et al.  2011 ; Dufrechou et al.  2012  ) . These proteins are able to 
persist through the winemaking process (Vincenzi et al.  2011  ) , mainly due to their 
resistance to proteolysis and to their stability at acid pH (Linthorst  1991  ) . The 
major contributors to natural wine haze to date have been identi fi ed as  b -gluca-
nases, class IV chitinases, and TL proteins (Waters et al.  1996 ; Esteruelas et al. 
 2009 ; Falconer et al.  2010 ; Marangon et al.  2011b ; Sauvage et al.  2010 ; Dufrechou 
et al.  2012  ) . These proteins were characterized recently for their haze-forming 
tendency and absorbance by bentonite (Sauvage et al.  2010  ) . A progressive sensi-
tivity to heat-induced precipitation, and a concomitant increased susceptibility to 
bentonite absorption, was found for  b -glucanases, class IV chitinases, and a frac-
tion of TL proteins, with invertases and the other fraction of TLs being less 
affected. These results con fi rmed previous  fi ndings on the thermal stability of 
puri fi ed chitinase, invertase, and TL protein, which reported that chitinase is the 
major player in heat-induced wine haze formation, probably due to its low melting 
temperature (Falconer et al.  2010  ) . 

 The aggregation kinetics in white wines at different temperatures were deter-
mined by dynamic light-scattering experiments (Dufrechou et al.  2010  ) . At low 
temperature (40 °C), aggregation took place during the heating phase, whereas at 
higher temperatures (60 °C and 70 °C) protein aggregation mainly developed during 
the cooling phase. Results con fi rmed the differential heat sensitivity of diverse TL 
protein fractions and the haze-forming tendency at low temperatures of  b -gluca-
nases and class IV chitinases (Sauvage et al.  2010  ) , but a temperature lower than 
that reported in model wine solutions (Falconer et al.  2010  )  was found to be neces-
sary for invertase aggregation and precipitation. Recently, Marangon and co-work-
ers  (  2011b  )  found that the natural haze of white wine consisted mainly of class IV 
chitinase, with the contribution of  b -glucanase and, for the  fi rst time, of one yeast 
cell wall glucantransferase. Using a model wine solution, they found that haze in the 
presence of puri fi ed chitinase and TL protein was formed only when sulphate was 
present. Similar results were found in a protein-free wine added with isolated chi-
tinase, TL proteins, and sulphate. As reported for invertase by Dufrechou et al. 
 (  2010  ) , the wine proteins tested by Marangon and co-workers  (  2011b  )  had lower 
unfolding temperatures in real wine than in model wine solutions. 

 Because different wines with different haze potential usually contain very simi-
lar protein fractions (Ferreira et al.  2000 ; Monteiro et al.  2001 ; Wigand et al.  2009  ) , 
one or more unknown non-proteinaceous wine component(s) (termed X factors) are 
thought to be needed to cause visible haze formation (Mesquita et al.  2001 ; Waters 
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et al.  2005 ; Batista et al.  2009  ) . Candidate factors that may play a modulating role 
in wine haze formation include the sulfate anion (Pocock et al.  2007 ; Marangon 
et al.  2011a,   b  ) , pH value (Batista et al.  2009 ; Dufrechou et al.  2012  ) , ionic strength 
(Dufrechou et al.  2010,   2012 ; Marangon et al.  2011a  ) , phenolic compounds (Waters 
et al.  1995 ; Marangon et al.  2010 ; Esteruelas et al.  2011  ) , and organic acids (Batista 
et al.  2010  ) . To date, the identity of the X factor remains unclear. 

 Marangon et al.  (  2011a  )  studied the impact of ionic strength and sulfate upon 
thermal aggregation of puri fi ed grape chitinases and TL proteins in a model wine 
solution. They reported that, although TL proteins are not very susceptible to ionic 
strength changes, chitinase isoforms behave differently, one being precipitated 
above 21 mM, the other above 100 mM. Sulphate, even at low concentration, 
increased the instability of both chitinase isoforms, and it had no effect on TLs. 
Very recently, Dufrechou et al.  (  2012  )  published a report on the effects of ionic 
strength, pH, and temperature on wine protein instability, using both model and 
real wines. By screening aggregation kinetics, they proposed a model for heat-
induced haze formation which includes a balance between pH-induced unfolding, 
leading to conformational changes responsible for colloidal aggregation of wine 
proteins at low pH, and heat-induced unfolding, leading to denaturation and aggre-
gation at higher temperatures. 

 The validity of the experiments on wine protein instability involving the analysis 
of wine model solutions containing organic acids has been recently questioned: 
Batista et al.  (  2010  )  found a dramatic reduction in the haze potential of wine pro-
teins when measured in the presence of organic acids normally encountered in 
wines. This reduction was also observed in real wines when added with organic 
acids. They suggested this phenomenon may be linked to the removal of consider-
able amounts of phenolics, which are apparently involved in protein haze formation 
(Waters et al.  1995 ; Marangon et al.  2010 ; Esteruelas et al.  2011  ) . 

 Glycosylated proteins are known to play an important role in wine turbidity, as 
they may interact with tannins, polyphenols, and other proteins (Siebert et al.  1996  ) . 
Moine-Ledoux et al.  (  1992  )  showed that wines aged on yeast lees were less prone 
to haze formation and were stabilized by the addition of less bentonite than wines 
aged without lees. Subsequently, they were able to demonstrate that this protection 
from haze was due to a 32-kDa fragment of glycosylated yeast invertase (Moine-
Ledoux and Dubourdieu  1999  ) . Dupin et al.  (  2000  )  proposed a competitive mecha-
nism between yeast mannoprotein and wine proteins for unknown wine components, 
otherwise required for the formation of large insoluble aggregates of denatured pro-
tein (the X factor?). Other glycoproteins showing haze-protective activity include 
whole yeast invertase (Moine-Ledoux and Dubourdieu  1999  ) , Arabinogalactan pro-
teins (Waters et al.  1994b ; Pellerin et al.  1993  ) , and high molecular weight yeast 
mannoproteins (Waters et al.  1993 ; Waters et al.  1994a  ) . To date, several studies 
have demonstrated that modi fi ed yeast strains overproducing mannoproteins 
signi fi cantly contributed to improved white wine stability (Brown et al.  2007 ; 
Gonzalez-Ramos et al.  2008  ) . The recent screening of wine glycoproteins pub-
lished by Palmisano and co-workers  (  2010  )  may increase the possibilities for the 
characterization of yeast and grape glycoproteins, which may have a technical 
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application in the reduction of white wine haziness. To this intent, one predictive 
assay for wine haze tendency based on the separate recovery and quanti fi cation 
of wine proteins and glycoproteins was recently developed (Fusi et al.  2010  ) . 
The authors showed that protein content and glycoprotein concentrations are dif-
ferent in wine, whereas their electrophoretic patterns are almost superimposable. 
They also demonstrated a straightforward connection between their assay and 
prediction of haze as measured by traditional assays.  

    16.4.2   Foam Formation and Stability 

 Wine proteins have been shown to play an important role in the sparkling wine 
industry because they are known to promote foam formation and stability. A 
positive correlation between protein concentration and foam formation in spar-
kling wines has been reported since the earliest studies (Brissonet and Maujean 
 1993 ; Malvy et al.  1994 ; Andres-Lacueva et al.  1996 ; Marchal et al.  1996 ; 
Luguera et al.  1997,   1998  ) . The occurrence of protein degradation in sparkling 
wines has been shown to reduce their foamability. Dambrouck et al.  (  2005  )  
found that a signi fi cant decrease in both the total protein and the grape invertase 
contents of Champagne-base wines was correlated with the loss of wine  foaming 
properties. 

 Several studies have investigated the detrimental effect on foam stability of infec-
tion by fungal pathogens, such as  Botrytis cinerea.  The reduction in foamability 
registered in the presence of botrytized grapes was due to fungal proteases able to 
signi fi cantly hydrolyze wine proteins (Girbau et al.  2004 ; Marchal et al.  2006 ; 
Cilindre et al.  2007,   2008  ) . 

 Vanrell and colleagues demonstrated that the use of bentonite  fi ning treatments 
on sparkling wines caused a signi fi cant reduction in foam formation and stability. 
This effect was due to the registered depletion of all the protein fractions by benton-
ite, except for the high molecular mass fraction, which probably contains glycopro-
teins and polysaccharides (Vanrell et al.  2007  ) . 

 As previously described, during alcoholic fermentation and aging on lees, glyco-
sylated proteins (mannoproteins) are released by the yeasts. These proteins were 
recently shown to have potential foam-active properties in wine and also in beers 
(Blasco et al.  2011  ) . Very recently, one experiment on molecular reconstituted 
model sparkling wines demonstrated that foam height and foam stability increased 
exponentially with the concentration of high molecular weight mannoproteins 
(Coelho et al.  2011  ) . 

 Due to the contribution to foam formation and stability of some wine proteins, 
especially the high molecular weight glycosylated proteins, the investigation of 
 fi ning methods other than bentonite, with a more selective removal capacity, is still 
one of the major needs of the oenological industry.   
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    16.5   Wine Proteins as a Tool for Traceability 

    16.5.1   Varietal/Geographical Differentiation 

 The transformation of the wine market into a global market has pushed producers 
and legislators towards the approval of protection policies for several high-quality 
wines. To this end, labeling policies have been created throughout the world. The 
two main types of labeling policy are derived from the American and the French 
model. In the  fi rst model, wines are labeled according to the most abundant grape 
variety used (minimum 75%). In the French policy, the system of Protected 
Designations of Origin, geographical criteria are as important as varietal ones. 
Regardless of the system used, wines bearing protected labels are considered of 
higher quality and are generally more expensive than non-labeled wines. It is thus 
not surprising to see efforts being made by scientists to develop new techniques to 
prove wine authenticity. Most of these techniques rely on DNA typing (Siret et al. 
 2000 ; García-Beneytez et al.  2002  ) , biochemical characterization of both volatile 
and non-volatile compounds (Rebolo et al.  2000 ; Moret et al.  1994  ) , and analysis of 
stable isotopes (Day et al.  1995 ; Di Paola-Naranjo et al.  2011  ) . 

 In more recent years, the study of compounds that can be used in grape trace-
ability has expanded to nitrogenous compounds, including proteins. The  fi rst steps 
towards varietal differentiation of wines based on protein pro fi ling were taken by 
Pueyo et al.  (  1993  ) , who found differences in the native electrophoresis patterns of 
musts obtained from different grape varieties, and by Moreno-Arribas et al.  (  1999  ) , 
who analyzed 41 musts made from a mixture of grapes from large vineyards and 
were able to group them according to the grape variety using the same approach. 

 In  2002 , Rodriguez-Delgado and collaborators used capillary gel electrophoresis of 
wine proteins in order to differentiate between different wines from the Canary Islands, 
and found that, although similar, the relative amounts of speci fi c protein fractions 
allowed differentiation among them, due to the different grape varieties used, the soil 
in which the vines grew, and the climatic conditions. One recent application of high-
performance capillary electrophoresis to varietal differentiation of still white wines, 
based on protein pro fi ling coupled with shikimic acid quanti fi cation, has been pro-
posed (Chabreyrie et al.  2008  ) . Comparison of the SDS-PAGE patterns of commercial 
red, rosé, and white wines from different varieties revealed great similarities among 
the analyzed wines, although some differences could be found (Wigand et al.  2009  ) . 
The protein band identi fi ed as lipid transfer protein, for example, was not detected in 
most of the commercial red wines, although it was fully detected in the Dornfelder red 
wine, less in the rosé wine, and not in white wines, probably due to the shorter contact 
times between wine and skins (Wigand et al.  2009  ) . 

 MS analysis of wine proteins has been proposed as a tool for wine authentication 
since 1996, when Szilágyi and colleagues published their results on the application 
of MALDI for distinguishing wines and musts. MALDI and SELDI  (surface-enhanced 
laser desorption/ionization) were then used for the  fi ngerprinting of proteins in dif-
ferent wines (Weiss et al.  1998  ) , and ESI-MS was used on directly infused musts 
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and wines, and proved to be able to reveal the addition of unfermented must or sugar 
(Catharino et al.  2006  ) . MALDI-TOF-MS pro fi ling of peptides obtained by tryptic 
digestion has been recently proposed as a tool for differentiating high-quality white 
wines from the Campania region (Chambery et al.  2009  ) . 

 To promote the use of MS pro fi ling of wine proteins as a tool for differentiation, 
more methodological and technical evidence is needed. To this end, one recent study 
has been published by Nunes-Miranda et al.  (  2012  ) , taking into account the type of 
matrix, the number of bottles of white wine, the number of technical replicates, and the 
number of spots, as well as the classi fi cation algorithm used. In their report, the best 
conditions for the reliable pro fi ling of unprocessed wine proteins were found to be the 
use of  a -Cyano-4-hydroxycinnamic acid matrix, mixed 0.75:1 with analyzed wine, 
with three spots from  fi ve different bottles of each wine as minimum requirements, with 
the Bayes-Net algorithm performing the best in these conditions (Nunes-Miranda et al. 
 2012  ) . Although expensive both in terms of costs and time, more studies in this direc-
tion are urgently needed to move from the  fi eld of research to real applications of MS 
for proteins and peptides in the  fi eld of varietal/geographical differentiation of wines.  

    16.5.2   Detection of Contaminating Proteins 

 One major issue for wine traceability in the last decade has been the detection of 
residual proteins deriving from  fi ning treatments. Some winemakers usually add 
protein-based  fi ning agents (milk casein, egg ovalbumin,  fi sh gelatin, gluten) in 
order to reduce or eliminate potential sediments of grape and yeast proteins during 
long-term bottle storage (D’Alessandro and Zolla  2012  ) . These  fi ning proteins may 
cause severe problems for wine commercialization, as most of them are potentially 
allergenic, and are now subjected to mandatory labeling. The techniques used to 
date for detection of contaminating proteins of animal and/or plant origin in wines 
mainly relied on the antibody/antigen reaction, such as ELISA (Rolland et al.  2008 ; 
Weber et al.  2009 ; Lacorn et al.  2011  )  and Western blotting (Weber et al.  2009  ) . The 
detection limit of these methods is often considered too high (100  m g/L for Weber 
et al.  2009,   2010  ) . One recent clinical work by Vassilopoulou et al.  (  2011  )  reported 
that, although no allergen was detected by traditional methods in the  fi ned wines, 
positive skin prick test reactions and basophil activation to the treated wines were 
observed in the majority of patients with allergy to milk, egg, or  fi sh, correlating 
with the concentration of the  fi ning agents used. 

 Mass spectrometry has been applied in recent years to the detection of these  fi ning 
proteins to wines. Capillary LC combined with ESI-Q-TOF-MS was used by Monaci 
et al.  (  2010  )  for the detection of caseins in white wines, with a declared limit of detec-
tion (50 mg/L) which is still much higher than approved ELISA methods. Very 
recently, one commercial ELISA kit has been validated for detection of caseins in 
white wine with a declared detection limit as low as 1 ppm (Restani et al.  2011  ) . 

 Mass spectrometry has also been used for the detection of gluten-derived pro-
teins in red wines by LC-MS/MS analysis (Simonato et al.  2011  ) , and the method 
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proved to be signi fi cantly more sensitive (LOD: 1 mg/L) than the usual ELISA 
methods (LOD: 50 mg/L). The same research approach has recently been used for 
egg protein detection in red wines, and again in this case proved to be more effective 
than immunochemical methods, achieving an LOD of 5 mg/L of egg white (Tolin 
et al.  2012  ) . 

 The application by Cereda et al. in 2010 of the CPLL to white wines allowed the 
detection of amounts of added caseins as low as 1  m g/L. The same research group 
performed screening of commercial Italian red wines using the same approach, and 
was able to detect the use of milk proteins for red wine  fi ning instead of the expected 
occurrence of egg ovalbumin (D’Amato et al.  2010  ) . Major criticisms of the cited 
method for the detection of allergenic  fi ning proteins in wines are the poor quantita-
tive results, mainly due to the limited dynamic range of electrophoresis and staining 
techniques. Nevertheless, their signi fi cant improvement in the detection limit of 
contaminating proteins in wines have boosted the chances of preventing frauds that 
can seriously damage consumer health.   

    16.6   Concluding Remarks 

 Wine proteomics has recently achieved new relevance, and the number of surveys 
devoted to oenological aspects in fl uenced by the wine proteins has exponentially 
increased since the accomplishment of grape genome sequencing. Nevertheless, 
more efforts towards absolute protein quanti fi cation and standardization of the 
methods are currently needed in the  fi eld of wine proteomics, particularly for its use 
in quality assessment and in traceability.      
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          17.1   Introduction 

 Unfertilized hen’s eggs are commonly employed in the food industry because of 
their technological properties, such as foaming, gelling, and emulsi fi cation, and 
their high nutritional value. In addition, eggs are an abundant dietary source of vita-
mins (A, D, E, and K), saturated and unsaturated fatty acids, carotenoids, minerals, 
and proteins (Burley and Vadehra  1989  ) . Egg functionality in food products is cor-
related with its chemical composition, especially its protein content. Individual 
components of hen’s egg are also associated with numerous biological functions, 
which include antimicrobial activity, protease inhibitory action, vitamin-binding 
properties, and antigenic or immunogenic characteristics (Li-Chan et al.  1995  ) . 

 The avian egg (Fig.  17.1 ) is formed in the mature hen ( Gallus gallus ) by a repro-
ductive system composed of an ovary and oviduct. The yolk is formed in the follicu-
lar sac by the deposition of continuous layers of yolk material. When the yolk 
matures, the follicular sac ruptures and releases the yolk, which quickly reaches the 
magnum section of the oviduct, where the dense portion of the albumen (thick egg 
white) is added. Subsequently, two shell membranes form to contain the yolk and 
dense white loosely until the rest of the albumen is added in the oviduct shell gland. 
Here the shell is formed and also two cordlike structures, the chalazae, maintaining 
the yolk centered in the egg. In the last portion of the oviduct, the vagina, a thin 
protein coating called “bloom” is applied to the shell to keep harmful bacteria or 
dust from entering the eggshell pores.  
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 Egg protein content is approximately 13%, 17% in the yolk, and 11% in the 
white (Burley and Vadehra  1989  ) . Egg proteins may serve as a food source for the 
developing embryo, function as shock-absorber, antimicrobial barrier, or exert other 
biological activities. Knowledge concerning the detailed protein composition of 
hen’s egg can increase the potential applications in the food industry and can also 
enhance our understanding of various biological processes. Furthermore, eggs are a 
potential source of bioactive peptides (Miguel and Aleixandre  2006  )  and may 
become medically important as carriers of therapeutic proteins (Kawabe et al. 
 2006  ) . 

 To date, several approaches have been made to separate and identify the proteins 
located in hen’s egg. Some of those include chromatographic techniques (Awade 
and Efstathiou  1999 ; Miguel et al.  2005  ) , electrophoresis and immunochemical 
methods (Kitabatake et al.  1988 ; Desert et al.  2001 ; Holen and Elsayed  1990  ) , and 
isoelectric focusing (Beeley  1971  ) . Recently, mass spectrometry has represented a 
quantum leap in egg protein identi fi cation, leading to the  fi nding of over 100 pro-
teins both in the egg yolk (Mann and Mann  2008 ; Farinazzo et al.  2009  )  and white 
(Guerin-Dubiard et al.  2006 ; Raikos et al.  2006 ; D’Ambrosio et al.  2008 ; Mann and 
Mann  2011  ) .  

    17.2   Egg White Proteins 

 Avian egg white is a high-viscosity solution of about 11% protein and glycoprotein. 
It functions as a shock-absorber, keeps the yolk in place, constitutes an antimicro-
bial barrier, and provides water, protein, and other nutrients to the developing 
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embryo. In addition to these biological roles, it is an inexpensive source of 
 high-quality protein for food industries, contains proteins of pharmaceutical inter-
est, and also proteins that have found widespread use in biomedical research and 
protein chemistry (Stevens  1991 ; Mine and Kovacs-Nolan  2004 ; Anton et al.  2006 ; 
Mine  2007  ) . 

 Before the 1990s, only 13 proteins were often referenced in egg white, some of 
which were not even fully characterized. Classical biochemical techniques, such as 
chromatographic and electrophoretic separations, together with Edman sequence 
analysis, usually run into the dif fi culty of the unfavorable egg white composition, 
with only three proteins—ovalbumin, ovotransferrin and ovomucoid—accounting 
for 75% of total protein content. Moreover, proteins in egg white have very different 
molecular masses, ranging from 7 kDa for ovosecretoglobin to 8,000 kDa for solu-
ble ovomucin, and extreme pI values, from 3.9 for ovoglycoprotein to 10.7 for 
lysozyme (Guerin-Dubiard et al.  2006  ) . Additionally, numerous proteins present 
abundant post-translational modi fi cations, such as high degrees of glycosylation 
and phosphorylated residues. However, the irruption of mass spectrometry (MS) 
techniques has overcome many of these dif fi culties and has greatly improved our 
knowledge of the egg white proteome over the last years. The major recent pro-
teomic advances are discussed in the following sections. 

    17.2.1   DE – Mass Spectrometry 

 2-D-electrophoresis (2DE) allows the separation of egg white proteins according to 
their isoelectric point (pI) and molecular weight (Mw). Egg white is usually manu-
ally separated from the yolk and gently homogenized. Then it is sonicated in a 
detergent-containing buffer and proteins are precipitated with acetone and resus-
pended in a rehydration buffer to apply on immobilized pH gradient (IPG) strips of 
variable pH ranges (Gorg et al.  2000  ) . Focused IPG strips are reduced and alkylated 
prior to being run on the SDS-PAGE slabs for the molecular weight separation. 
Proteins are visualized by colorimetric or  fl uorescent staining (Fig.  17.2 ) and spots 
are excised from the gel and subjected to a tryptic digestion following a standard 
protocol (e.g., Shevchenko et al.  2006  ) .  

 For MALDI-TOF MS analysis, tryptic digests can be directly mixed with a satu-
rated matrix solution of  a -cyano-4-hydroxycinnamic acid (CHCA) and loaded onto 
a sample plate. Protein identi fi cation is carried out by peptide mass  fi ngerprinting 
(PMP), considering in the sequence database search the following modi fi cations: 
 fi xed carbamidomethylation of cysteines (covalent addition of a carbamidomethyl 
group (57.07 Da) due to the reduction and alkylation steps during the equilibration 
of IPG strips prior to the second dimension) and variable methionine oxidation. 
Using this methodology, Raikos et al.  (  2006  )  identi fi ed  fi ve proteins, namely, oval-
bumin, conalbumin (ovotransferrin), clusterin, activin receptor II-A, and the hypo-
thetical protein FLJ 10305, out of 13 spots detected in the egg white 2-D gel. 
According to the authors, some of the limitations for further protein identi fi cation 
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were that the precipitation method could have resulted in the loss of several proteins 
from the 2-D map, that proteins such as lysozyme present a pI which is not within 
the range of the IPG strips used in the study, and that glycosylation may interfere 
with the software identi fi cation due to the different molecular masses of the sugar-
bearing peptides. 

 Guerin-Dubiard et al.  (  2006  )  carried out multiple 2DE separations of egg white 
proteins employing various pH ranges (3–10, 4–7, and 5.5–6.7). A total of 69 spots 
was detected and analyzed by MALDI-TOF MS. Eleven spots were successfully 
identi fi ed by PMF alone after standard trypsinolysis. These corresponded to well-
known proteins such as ovalbumin, ovotransferrin, and ovoinhibitor. For most 
 protein spots, the authors performed internal peptide sequencing by nanoliquid 
chromatography (nLC)-MS/MS. In this methodology, tryptic hydrolysates are 
 concentrated and desalted on a C18 pre-column and the nanoscale LC eluent from 
the analytical column is sent to the nanoelectrospray ionization source of a quadru-
pole/time-of- fl ight (qTOF) mass spectrometer. The high sensitivity, resolution, and 
accuracy of the qTOF instrument produced very informative MS/MS spectra. These 
were analyzed using the Mascot search engine that led to the con fi rmation of PMF 
MALDI-TOF analysis and the unambiguous identi fi cation of 55 protein spots. 
Despite the high number of identi fi cations, only 16 egg white proteins were found, 
among which two, namely vitelline membrane protein VMO-1 and Tenp (a poten-
tial antimicrobial protein), had not been detected in egg white before. Again, some 
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limitations were the extreme molecular weight or pI of some egg white proteins, 
such as ovomucin (Mw > 8,000 kDa), ovomacroglobulin (Mw = 780 kDa) or avidin 
(pI = 10). Moreover, some unidenti fi ed spots could correspond to proteins that are 
not indexed yet in the international protein databanks. 

 Despite its limitations, the 2DE-MS approach presents some advantages with 
respect to other methodologies that do not make use of a previous bidimensional 
electrophoretic separation. 2DE reinforces identi fi cation by con fi rming Mw and pI 
matches of analyzed spots. Furthermore, numerous isoforms can be observed in the 
gel allowing for tentative identi fi cation of polymeric, glycosylated, and phosphory-
lated isoforms. Thus, Guerin-Dubiard et al.  (  2006  )  were able to recognize the 
diphosphorylated, monophosphorylated, and nonphosphorylated ovalbumin iso-
forms, as well as some polymeric forms of higher molecular weight. Five isoforms 
found for ovotransferrin were attributed to different glycoforms, as has been shown 
for human transferrin. Additionally, an apparent glycosylated and a dimeric form of 
lysozyme were identi fi ed in two protein spots.  

    17.2.2   1D-PAGE – Mass Spectrometry 

 The results from Raikos et al.  (  2006  )  and Guerin-Dubiard et al.  (  2006  )  indicated 
that the known protein inventory of egg white proteins was far from being complete. 
A major breakthrough came with the use of LC-FT-ICR (Fourier-transform ion 
cyclotron resonance) MS, performing MS/MS and MS 3  experiments. Mann  (  2007  )  
identi fi ed 78 chicken egg white proteins by analyzing 18 sections of a 1D-PAGE gel 
containing the separated egg white proteins. Recently, the number of identi fi ed pro-
teins rose up to 202 (Mann and Mann  2011  )  using a similar methodology that 
employed an orbitrap mass analyzer. ICR and orbitrap analyzers are coupled after a 
linear ion trap, which  fi rst accumulates and stores ions, in hybrid high-performance 
mass spectrometers. These instruments have unsurpassed resolving power, sequenc-
ing speed, mass accuracy, and sensitivity. The masses are not resolved in space or 
time as with other techniques but only by sensing the frequency that each ion pro-
duces as it rotates or oscillates in an electromagnetic  fi eld. 

 The work fl ow in these studies starts with the egg white separation from the yolk, 
homogenization, and lyophilization. Proteins are then subjected to SDS-PAGE and 
the gel is cut into several sections for in-gel reduction, carbamidomethylation, and 
digestion with trypsin (Wilm et al.  1996  ) . Eluted peptides are cleaned using C18 
tips (Rappsilber et al.  2003  )  and analyzed by the nLC-FT (ICR or orbitrap) mass 
spectrometer. 

 This approach has hitherto been the most successful, leading to the identi fi cation 
of numerous proteins for the  fi rst time in the egg white and further characterization 
of previously reported ones. For instance, a protein was detected presenting 62% 
sequence identity with mammalian acyloxyacyl hydrolases, responsible for the 
cleavage of acyl chains from bacterial lipopolysaccharides (LPS). Another newly 
detected egg white component was lymphocyte antigen 86 (MD-1), also involved in 
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triggering cellular responses to LPS. Several other proteins identi fi ed for the  fi rst 
time in egg white had been reported to occur in chicken plasma and cerebrospinal 
 fl uid, such as serum albumin, various immunoglobulins, or apolipoproteins. This 
suggests that those are proteins generally present in body  fl uids, including the ovi-
duct  fl uid. 

 The abundance of identi fi ed proteins can be estimated by calculating the expo-
nentially modi fi ed protein abundance index (emPAI). This parameter gives a rough 
estimation of the protein concentration. It is calculated as 10 PAI  – 1, where PAI is the 
number of observed unique parent ions divided by the number of theoretically 
observable ions (Ishihama et al.  2005  ) . For instance, an emPAI value of 99 allowed 
the statement that ovosecretoglobulin, the  fi rst nonmammalian secretoglobulin 
identi fi ed (Mann  2007  ) , had a similar abundance to that of cystatin (emPAI = 99) or 
avidin (emPAI = 138). 

 It is interesting to note that some typical major yolk residents, such as apovitellinin-
I, vitellogenin-1 to −3, and apolipoprotein B, were also found among the egg white 
components. This was ascribed to the fact that residual proteins not taken up by the egg 
cell may be liberated from the ovary together with the egg and comigrate into the ovi-
duct, mixing with egg white proteins secreted in the magnum section. In addition, 
many low-abundance proteins detected are proteins normally found in intracellular 
compartments, suggesting that they may have reached the oviduct  fl uid as by-products 
of the secretion of major egg white proteins or could also derive from damaged leaky 
cells of the epithelium lining the oviduct. These data indicate a decrease in the  fi nding 
of new proteins among secreted egg white proteins, becoming more dif fi cult to identify 
additional functional and original egg white components and suggesting that a deep, 
albeit not complete, proteome characterization has now been reached. 

 Despite the tremendous identi fi cation power of the methodology consisting of 
1D-PAGE and nano-LC separation coupled with current FT-ICR and orbitrap MS 
instruments, it is not exempt from some limitations. For example, the same egg 
proteins were detected in different distant sections of the gel, which could be attrib-
uted to limited solubility in the electrophoresis sample buffer, aggregation upon 
unfolding, or partial degradation by egg white proteases before the electrophoretic 
separation. Other discrepancies between relative mobility in the gel and predicted 
mass may be due to protein complex formation. Poor solubility of some egg white 
proteins in the electrophoresis buffer may prevent them from being subsequently 
detected as well. Furthermore, undetected proteins may also be encoded by the 
estimated 5–10% of the chicken genome that has not been sequenced yet (Hillier 
et al.  2004  ) . In addition, many egg white proteins are glycosylated and phosphory-
lated and peptides bearing such modi fi cations need specialized methods to be 
detected. 

 There are some known egg white enzymatic activities that are dif fi cult to associ-
ate with speci fi c database entries, either because they correspond to the nonse-
quenced genome region or because they may be attributed to identi fi ed but poorly 
characterized proteins. Enzymatic activities such as acid and alkaline phosphatase, 
 b -N-acetylhexoxaminidase,  a -manosidase, catalase, or ribonuclease (Seko et al.  1997  )  
have not been found a corresponding protein yet.  
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    17.2.3   Combinatorial Peptide Ligand Libraries: 
Egg White Proteins 

 The critical composition of the egg white proteome, which makes the identi fi cation 
of minor hidden species an arduous task, has led some investigators to employ the 
combinatorial peptide ligand libraries (CPLL), also known as equalizer beads tech-
nology. This novel af fi nity approach was introduced in 2005 by Thulasiraman et al. 
and was claimed to equalize the proteins in a biological sample by selective binding 
to highly diverse but speci fi c binding sites introduced by hexapeptides. The equal-
izer beads feature a combinatorial library from hexameric peptide ligands on their 
surface so that there virtually exists a bead that speci fi cally binds to every protein in 
the sample. Thus, the equalization would result from major proteins saturating all of 
the available ligands and all minor proteins would be captured by their respective 
speci fi c ligands. Unfortunately, a few years later Keidel et al.  (  2010  )  proved the 
equalizing mechanism wrong, demonstrating that beads interact with protein mix-
tures according to a general hydrophobic binding mechanism, where diversity in 
surface ligands plays a negligible role. Nonetheless, for reduction of complexity, 
dynamic range, and high-abundant, albeit hydrophilic, proteins from complex mix-
tures, the application of beads with certain hydrophobic surface properties may be 
useful. 

 D’Ambrosio et al.  (  2008  )  employed two solid-phase combinatorial peptide 
libraries (known as ProteoMiner and its carboxylated version) for the analysis of 
egg white proteins. The initial sample was obtained by manually separating the 
white, homogenization, and addition of a protease inhibitor cocktail. After equili-
bration in PBS, the sample was mixed overnight with the ProteoMiner library and 
the supernatant (proteins not bound to the beads) was placed in contact with the 
carboxylated library and incubated overnight. Captured proteins by both libraries 
were eluted with three sequential solutions. Eluates were run on a SDS-PAGE gel 
and gel lanes were cut into 15 slices after the electrophoretic separation for trypsini-
zation and protein identi fi cation by  m LC-ESI-IT-MS/MS experiments (Fig.  17.3 ). 
The identi fi ed unique gene products amounted to a total of 148, a value that doubled 
the egg white proteins found a year before by Mann  (  2007  )  but inferior to the num-
ber of proteins subsequently identi fi ed by the same author using the orbitrap mass 
spectrometer (Mann and Mann  2011  ) .  

 Protein qualitative comparison between the starting egg white sample and the 
bead-treated sample was also performed by 2DE. It is clear that the peptide library 
technology improves subsequent MS identi fi cation by reducing the abundance 
dynamic range of the proteins in the sample, leading to a higher number of detect-
able species. However, one major egg white protein, ovotransferrin, escaped capture 
by the libraries together and was found only in the starting material. This could be 
attributed to the low hydrophobicity and large size of the protein, which might pre-
clude suf fi cient hydrophobic interaction with the bead-bound hexapeptides. 

 It has been suggested that, given the higher sensitivity of the new generation 
mass spectrometers, the investigation of the egg white proteome would no longer 
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need to rely on enrichment technologies that modify the protein relative content in 
an unpredictable way and render impossible any quanti fi cation. However, consider-
ing the obvious improvement achieved using peptide libraries, it could be argued 
that a potential combined use of this technology, together with novel orbitrap spec-
trometers (as in Mann and Mann  2011  )  could lead to a much greater number of 
detected proteins, including many yet undiscovered ones. In fact, only few of the 
new egg white proteins identi fi ed using the peptide libraries (D’Ambrosio et al. 
 2008  )  were also detected in the orbitrap MS study.   

    17.3   Egg Yolk Proteins 

 The chicken egg yolk nourishes the developing embryo with lipids, proteins, vita-
mins, and minerals. It also accumulates maternal antibodies providing the  fi rst 
immune defense of the embryo. Apart from its biological role, the egg yolk is widely 
used in food and cosmetics industries as a binding agent, emulsi fi er, and natural 
antioxidant. It has been used as a source of bioactive peptides (Anton et al.  2006 ; 
Mine and Kovacs-Nolan  2006  )  and certain therapeutic applications have also been 
suggested (Hartmann and Wilhelmson  2001 ; Kovacs-Nolan et al.  2005  ) . 
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 The egg yolk consists of approximately 48% water, 33% lipids, and 17% 
 protein (Burley and Vadehra  1989  ) . Many yolk constituents are synthesized in 
the liver, transported with the blood to the ovary, and incorporated into the egg 
cell by receptor-mediated endocytosis. Hen egg yolk protein content is about 
68% low-density lipoproteins (LDL), 16% high-density lipoproteins (HDL), 10% 
livetins, and 4% phosvitins. Livetins ( a  or serum albumin,  b  and  l  or Ig  l ) are 
the main constituents of the plasma water-soluble fraction whereas LDL, HDL, 
and phosvitins constitute the granular or globular fraction. All yolk LDL apopro-
teins, except apovitellenin I, derive from the blood very low density lipoprotein 
(VLDL), apolipoprotein B (Apo B), which is enzymatically cleaved during its 
transfer into the yolk. HDL apoproteins (the lipovitellins) together with the phos-
vitins and the yolk plasma glycoproteins YGP40 and YGP42, derive from the 
cleavage of the vitellogenins, which are constituents of blood HDL particles. In 
addition to these major proteins, egg yolk has been reported to contain many 
enzymes, often characterized by their activity only (Burley and Vadehra  1989 ; 
Seko et al.  1997  ) . 

    17.3.1   1D-PAGE: Mass Spectrometry 

 Mass spectrometry techniques have also represented a breakthrough for protein 
identi fi cation in egg yolk. Using the 1D-PAGE/LC-MS approach, Mann and Mann 
 (  2008  )  were able to identify 119 proteins from hen egg yolk, 86 of which had not 
been detected in yolk previously. For the analysis of egg yolk proteins, sample prep-
aration entails a previous separation step of the granular and plasma fractions, as 
described by Ahn et al.  (  2006  ) . Proteins of every fraction were then run in a SDS-
PAGE gel, lanes cut into several slices, trypsinized, and peptides were eluted and 
cleaned using C18 tips before analysis by nLC-FT-ICR-MS. 

 Most identi fi ed proteins were found in both fractions, but usually with different 
abundances, as deduced from their emPAI values. In addition to the highest abun-
dant proteins, yolk contained proteases and protease inhibitors, antioxidative 
enzymes such as superoxide dismutase and glutathione peroxidase, vitamin- and 
cobalamin-binding proteins, and many other serum proteins. Furthermore, many 
egg white proteins, such as cystatin, ovalbumin-related protein Y, or lysozyme were 
also found in the yolk, apart from the already reported major egg white proteins 
ovalbumin, ovotransferrin, and ovomucoid (Williams  1962 ; Saito and Martin  1966 ; 
Sugimoto et al.  1984  ) . In contrast to the egg white, the yolk contained very few 
components of basement membrane or by-products of secretion processes, which 
authors ascribed to the receptor-mediated endocytosis mechanism required for 
intracellular accumulation of yolk components. Therefore, most yolk proteins are 
probably recruited from blood, although some may be produced by granulosa cells 
surrounding the oocyte. 

 Various enzymes or binding proteins previously reported to occur in the yolk 
(Burley and Vadehra  1989 ; Seko et al.  1997  )  have not found a corresponding protein, 
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which could be missing in the 5–10% chicken genome portion that has not been 
sequenced yet (Hillier et al.  2004  ) . Alternatively, these enzymatic activities may be 
attributable to one of the identi fi ed but insuf fi ciently characterized proteins.  

    17.3.2   Combinatorial Peptide Ligand Libraries: 
Egg Yolk Proteins 

 As in the egg white, the combinatorial peptide ligand library (CPLL), ProteoMiner, 
containing hexapeptides terminating with a primary amine (CPLL-1), or modi fi ed 
with a terminal carboxyl (CPLL-2) or tertiary amine group (CPLL-3), has been 
employed for the deep analysis of the yolk plasma proteins. Using this technology, 
Farinazzo et al.  (  2009  )  doubled the number of proteins (up to 255) found in egg 
yolk plasma, as compared to the previous study of Mann and Mann  (  2008  ) . 
However, inasmuch as this methodology is based on solid-phase adsorption, it is 
not amenable to particulate matter treatment and, therefore, could not be applied to 
the yolk granular fraction. Nonetheless, the authors achieved unprecedented 
identi fi cation results by subsequently treating yolk plasma proteins with the three 
versions of the CPLL. 

 Interestingly, it was suggested that the main force driving the bead capture 
capacity was the charge of the hexapeptide terminus. Thus, CPLL-1 captured the 
vast majority of proteins, as they are mostly charged negatively under the buffer 
conditions (at physiological pH two-thirds of all proteins in any proteome bear a 
net negative charge because they have pI values below pH 7). The carboxylated 
variant, CPLL-2, bound approximately an additional 20% proteome, nonredun-
dant with CPLL-1 and mainly corresponding to cationic proteins (pI > 7). The 
third library, CPLL-3, captured essentially the same proteins adsorbed by CPLL-
1, reinforcing the argument that binding is primarily modulated by the charge of 
the terminus. These data should be considered in conjunction with the results of 
Keidel et al.  (  2010  ) , which portrayed a general nonspeci fi c hydrophobic  interaction 
between the CPLL-1 hexapeptides and the proteins, where diversity of hexapep-
tide amino acid composition plays a negligible role. Taken together, hydrophobic 
and electrostatic interactions with the terminal group would determine the bind-
ing, the latter being mostly responsible for the speci fi c capture of anionic or cat-
ionic proteins. Still, some drawbacks of the CPLL technology comprise highly 
hydrophilic proteins, which are likely to be excluded from the capture event, as 
well as other proteins designated as aberrant, because they behave in an unpre-
dictable way, resulting in either an abnormally low or high adsorption onto the 
beads. 

 Despite the limitations of misbehaving proteins, the CPLL treatment was very 
successful, given the fact that the egg yolk protein list was increased by about 170% 
(from 115 to 316 total). The biological signi fi cance and role of these new species is 
yet to be investigated.   
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    17.4   Eggshell Proteins 

 Eggshells are crucial structures for avian species. They shelter the embryo from the 
microbial and physical environment, regulate the exchange of water and gases during 
extra-uterine development, and provide calcium to the growing embryo once the yolk 
stores are depleted. Eggshells are formed during movement of the yolk/ovum complex 
along the oviduct (isthmus section and uterus) by producing a multilayered mineral–
organic composite (Arias et al.  2003  ) . It mostly consists of three layers: the innermost 
eggshell double membrane, the calci fi ed layer, and the cuticle (Mann et al.  2008  ) . 

    17.4.1   Eggshell Membrane Proteins 

 Intact eggshell membranes are essential for shell calci fi cation in laying hens 
(Baumgartner et al.  1978 ; Chowdhury  1990 ; Arias et al.  1997  ) , providing at the 
same time a barrier to prevent inward mineralization. The low solubility of eggshell 
membranes hampers their analysis, although diverse studies have shed light on their 
composition. They have been shown to contain collagens, proteoglycans (Arias and 
Fernandez  2001  ) , a few proteins that also occur in the egg white and calci fi ed egg-
shell layer, such as lysozyme and ovotransferrin (Nys et al.  2001,   2004  ) ,  b -N-
acetylglucosaminidase (Ahlborn et al.  2006  ) , and a cystein-rich protein named 
CREMP (Kodali et al.  2011  )  that could contribute to the extensive cross-linking of 
the membranes’ proteinaceous  fi bers.  

    17.4.2   Eggshell Matrix Proteins 

 The mineralized shell consists primarily of calcite, the most stable polymorph of 
calcium carbonate. Its formation is largely in fl uenced by an organic matrix com-
posed of proteins, glycoproteins, and proteoglycans, designated “eggshell matrix 
proteins,” which are progressively incorporated from the uterine  fl uid during 
calci fi cation. Eggshell matrix proteins can be classi fi ed in three groups: egg white 
proteins also present in the eggshell, ubiquitous proteins that are found in many tis-
sues, and eggshell-speci fi c matrix proteins. Among the egg white proteins are oval-
bumin, lysozyme, ovotransferrin, and clusterin (Hincke  1995 ; Hincke et al.  2000 ; 
Gautron et al.  2001b ; Mann et al.  2003  ) . Osteopontin, a glycophosphoprotein found 
in the bone and other hard tissues, is an example of a ubiquitous protein that occurs 
in the eggshell matrix (Chien et al.  2009  ) . Due to the capacity of mammalian renal 
osteopontin to inhibit calcium oxalate crystal formation (Shiraga et al.  1992  ) , it has 
been suggested that this protein may modulate the speed of calcium carbonate 
 precipitation during eggshell formation (Nys et al.  2004  ) . Eggshell-speci fi c matrix 
proteins are unique to the shell calci fi cation and have been proposed to regulate the 
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mineralization process and defend against microbial colonization. However, the 
speci fi c role of many of these proteins, primarily ovocleidins and ovocalyxins, needs 
to be further elucidated (Rose and Hincke  2009  ) . 

 The analysis of eggshell matrix proteins usually involves a decalci fi cation step 
with EDTA or acetic acid. This treatment yields soluble and insoluble constituents, 
the former being much easier to study. A complementary source for these proteins 
has been the uterine  fl uid that contains the precursors of matrix proteins in their 
functional and native forms prior to incorporation into eggshell. Several approaches 
were initially employed that led to the identi fi cation of a variety of eggshell matrix 
proteins. Those included amino acid microsequencing of electroblotted bands of 
proteins separated by SDS-PAGE, Western blotting with speci fi c antibodies, and 
N-terminal sequencing of shell matrix proteins puri fi ed by liquid chromatography 
(Hincke et al.  1995 ; Gautron et al.  1997,   2001a,   b  ) . Other eggshell matrix proteins 
were characterized by a combination of molecular cloning, immunochemistry, and 
bioinformatics (Hincke et al.  1999 ; Gautron et al.  2007  ) . 

 The irruption of high-throughput mass spectrometry methods led to a dramatic 
increase in the number of identi fi ed eggshell proteins. Mann et al.  (  2006  )  compre-
hensively analyzed the acid-soluble fraction of the eggshell calci fi ed layer by LC-FT-
ICR tandem mass spectrometry. Over 500 proteins were identi fi ed, including the 
most abundant proteins that were already known (mentioned above). It was pro-
posed that many of them would be remnants of previous stages of egg formation or 
intracellular proteins released by breakdown of the cells lining the oviduct. Therefore, 
many proteins present in the uterine  fl uid during the calci fi cation process would 
become assimilated into the eggshell in a nonspeci fi c manner. However, eggshell-
speci fi c proteins are indeed highly likely to be relevant to eggshell function. 

 Insoluble eggshell matrix proteins following EDTA treatment were studied by 
Miksik et al.  (  2010  ) , who employed an eggshell fractionation protocol consisting of 
limited cleavage with cynogen bromide and gradual precipitation with sodium chlo-
ride. Subsequent reduction, alkylation, and trypsin digestion steps were performed 
on samples prior to analysis by HPLC–MS/MS utilizing an ESI-IT mass spectrom-
eter. A total of 28 proteins was identi fi ed, including a few proteins from the cuticle. 
Collagens I and III and an abundant protein similar to Kunitz-like protease inhibitor 
were found for the  fi rst time in the eggshell.  

    17.4.3   Eggshell Cuticle Proteins 

 One and a half hours before oviposition (egg expulsion) mineralization stops and 
an organic thin cuticle is deposited onto the eggshell surface. The cuticle covers 
the calci fi ed layer and  fi lls the entry to its pores, creating a barrier that prevents 
dehydration of the interior, bacterial penetration of pores, and limits microbial 
colonization of the egg’s surface (Board and Halls  1973 ; Ruiz and Lunam  2000  ) . 
Eggs with absent or incomplete cuticle are more prone to bacterial contamination 
(Sparks and Board  1984  ) . The cuticle mainly consists of proteins (>85%) and 
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 possesses two layers: the hydroxyapatite-mineralized inner layer and the outer 
nonmineralized layer. 

 Rose-Martel et al.  (  2012  )  carried out a comprehensive proteomic study of the out-
ermost cuticle layer of the avian egg. Protein extraction was performed by manually 
massaging the egg surface with a solution containing 1% SDS, 2 mM DTT. The solu-
bilized proteins were concentrated and separated by SDS-PAGE. The gel was sliced 
into 13 sections for reduction, alkylation, and trypsin digestion of the protein bands. 
Extracted peptides were analyzed by nLC-ESI-MS/MS in a linear ion trap LTQ mass 
spectrometer. A total of 47 proteins was identi fi ed, many of them with known antimi-
crobial activity. In addition to ovocalyxin-32 (OCX-32), lysozyme, and ovotransfer-
rin, the authors detected cystatin, a bactericidal protein against Gram-positive and 
Gram-negative bacteria and ovoinhibitor, which possesses inhibitory activity against 
fungal and bacterial proteases. In addition, the protein similar to Kunitz-like protease 
inhibitor was detected as a major constituent (along with OCX-32, ovalbumin, and 
lysozyme). A potential role was suggested for this protein in inhibiting bacterial and 
fungal proteases, as do other members of the family of serine protease inhibitors. 
Finally, proteins involved in the lipid metabolism and transport were also identi fi ed, 
such as apolipoprotein A-IV and vitellogenin I and II.   

    17.5   Egg-Related Proteomic Applications 

    17.5.1   Detection of Egg Allergens 

 After cow’s milk, hen’s egg allergy is the second most common food allergy in 
infants and young children (Sicherer and Sampson  2006  ) . Currently, the most 
ef fi cient approach for egg allergy is total avoidance of the offending compound. 
However, the omnipresence of egg-derived components in cooked or manufactured 
food products renders the approach dif fi cult (Allen et al.  2007  ) , and inadvertent 
exposure may lead to life-threatening anaphylactic responses. Stringent labeling 
regulations need to be enforced to provide full information about egg components 
in food products to ensure safety consumption for allergic individuals. The MS 
detection of egg allergenic proteins in food seems a promising approach inasmuch 
as it allows accurate detection at very low concentration levels. 

 Lee and Kim  (  2010  )  compared immunochemical, DNA-based, and MS-based meth-
ods to detect egg allergens in foods such as mayonnaise and biscuit. Egg white aller-
gens ovalbumin and ovotransferrin, and egg yolk allergen  a -livetin were successfully 
identi fi ed by LC-qTOF-MS. However, they were not able to identify the immunodomi-
nant egg white allergen ovomucoid, possibly because their sample preparation method 
failed to denature ovomucoid, avoiding its further tryptic digestion. However, ovomu-
coid detection should be feasible, as it has already been identi fi ed by LC-MS/MS using 
an in-solution digestion protocol that included the reduction and  carbamidomethylation 
of the sample, dissolution in urea containing buffer, and digestion with lysyl endopep-
tidase prior to trypsin digestion (Mann  2007  ) . 
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 Heick et al.  (  2011a,   b  )  developed an analytical LC-QqQ-MS/MS (triple quadrupole 
mass analyzer) method capable of simultaneously identifying seven allergenic foods 
(milk, egg, soy, peanut, hazelnut, walnut, and almond) in bread, before and after 
baking. The authors implemented the choice of marker peptides from all foods and 
the method showed superior sensitivity to ELISA for the detection of egg in the raw 
and baked product, with only one of the four ELISA test kits assayed being able to 
recognize egg in the baked matrix. Therefore, the mass spectrometric-based method 
is also a useful tool for egg allergen screening in processed foods.  

    17.5.2   Egg White Thinning During Storage 

 Prolonged storage of eggs at ambient temperature produces a loss in viscosity of 
egg white known as egg white thinning. Thinned egg white is more prone to micro-
bial infections and is regarded as a sign of loss of quality that leads to staleness. In 
order to investigate the biochemical changes responsible for the natural thinning of 
thick egg whites, Omana et al.  (  2010  )  carried out a proteomic study that investigated 
the changes in the abundance of egg white proteins during storage for 10, 20, 30, 
and 40 days. Using 2DE, they detected several spots corresponding to proteins that 
signi fi cantly changed their abundance during storage. The identi fi cation was per-
formed by excising spots of interest, in-gel trypsin digestion, and extraction of pep-
tides for LC-qTOF MS analysis. Identi fi ed proteins were ovalbumin, clusterin, 
ovoinhibitor, ovotransferrin, and prostaglandin D2 synthase. 

 The increase in pH during egg storage is known to produce spatial unfolding of 
egg white proteins (Koehler  1974  ) . Omana and coworkers suggested that the increase 
in the abundance of clusterin, a protein known to interact with partly folded proteins 
(Guerin-Dubiard et al.  2006  ) , could stabilize partially unfolded proteins arising from 
the storage, thus causing egg white to lose its viscous nature. Furthermore, it was 
noticed that ovalbumin and clusterin underwent proteolysis during storage, because 
several spots corresponding to these proteins presented migration rates indicative of 
lower molecular weight than the native protein. The authors suggested that degrada-
tion of these proteins, due to proteolytic enzymes or as a result of the pH increase, 
could also contribute to the egg white thinning phenomenon.       

   References 

    Ahlborn GJ, Clare DA, Sheldon BW, Kelly RW (2006) Identi fi cation of eggshell membrane proteins 
and puri fi cation of ovotransferrin and beta-NAGase from hen egg white. Protein J 25:71–81  

    Ahn DU, Lee SH, Singam H, Lee EJ, Kim JC (2006) Sequential separation of main components 
from chicken egg yolk. Food Sci Biotechnol 15:189–195  

    Allen CW, Campbell DE, Kemp AS (2007) Egg allergy: are all childhood food allergies the same? 
J Paediatr Child Health 43:214–218  

    Anton M, Nau F, Nys Y (2006) Bioactive egg components and their potential uses. Worlds Poult 
Sci J 62:429–438  



31917 Eggs

    Arias JL, Fernandez MS (2001) Role of extracellular matrix molecules in shell formation and 
structure. Worlds Poult Sci J 57:349–357  

    Arias J, Cataldo M, Fernandez M, Wu J, Kessi E (1997) Effect of beta-aminoproprionitrile on the 
eggshell mineralisation. Br Poult Sci 38:351–356  

    Arias J, Wiff J, Fuenzalida V, Fernandez M (2003) Molecular regulation of avian eggshell biomin-
eralization. In: Kobayashi I, Ozawa H (eds) Biomineralization: formation, diversity, evolution 
and application. Tokai University Press, Japan, pp 13–17  

    Awade AC, Efstathiou T (1999) Comparison of three liquid chromatographic methods for egg-
white protein analysis. J Chromatogr B Biomed Sci Appl 723:69–74  

    Baumgartner S, Brown DJ, Salevsky E Jr, Leach RM Jr (1978) Copper de fi ciency in the laying hen. 
J Nutr 108:804–811  

    Beeley JG (1971) Ovomucoid heterogeneity examined by  fl at bed isoelectric focusing. Biochim 
Biophys Acta 230:595–598  

    Board R, Halls N (1973) The cuticle: a barrier to liquid and particle penetration of the shell of the 
hen’s egg. Br Poult Sci 14:69–97  

    Burley RW, Vadehra DV (1989) The avian egg: chemistry and biology. Wiley, New York  
    Chien YC, Hincke MT, McKee MD (2009) Avian eggshell structure and osteopontin. Cells Tissues 

Organs 189:38–43  
    Chowdhury S (1990) Shell membrane system in relation to lathy-rogen toxicity and copper 

de fi ciency. Worlds Poult Sci J 46:156–169  
    D’Ambrosio C, Arena S, Scaloni A, Guerrier L, Boschetti E, Mendieta ME et al (2008) Exploring 

the chicken egg white proteome with combinatorial peptide ligand libraries. J Proteome Res 
7:3461–3474  

    Desert C, Guerin-Dubiard C, Nau F, Jan G, Val F, Mallard J (2001) Comparison of different elec-
trophoretic separations of hen egg white proteins. J Agric Food Chem 49:4553–4561  

    Farinazzo A, Restuccia U, Bachi A, Guerrier L, Fortis F, Boschetti E et al (2009) Chicken egg yolk 
cytoplasmic proteome, mined via combinatorial peptide ligand libraries. J Chromatogr 
A 1216:1241–1252  

    Gautron J, Hincke MT, Nys Y (1997) Precursor matrix proteins in the uterine  fl uid change with 
stages of eggshell formation in hens. Connect Tissue Res 36:195–210  

    Gautron J, Hincke MT, Mann K, Panheleux M, Bain M, McKee MD et al (2001a) Ovocalyxin-32, 
a novel chicken eggshell matrix protein. Isolation, amino acid sequencing, cloning, and immu-
nocytochemical localization. J Biol Chem 276:39243–39252  

    Gautron J, Hincke MT, Panheleux M, Garcia-Ruiz JM, Boldicke T, Nys Y (2001b) Ovotransferrin 
is a matrix protein of the hen eggshell membranes and basal calci fi ed layer. Connect Tissue Res 
42:255–267  

    Gautron J, Murayama E, Vignal A, Morisson M, McKee MD, Rehault S et al (2007) Cloning of ovo-
calyxin-36, a novel chicken eggshell protein related to lipopolysaccharide-binding proteins, bacte-
ricidal permeability-increasing proteins, and plunc family proteins. J Biol Chem 282:5273–5286  

    Gorg A, Obermaier C, Boguth G, Harder A, Scheibe B, Wildgruber R et al (2000) The current state of 
two-dimensional electrophoresis with immobilized pH gradients. Electrophoresis 21:1037–1053  

    Guerin-Dubiard C, Pasco M, Molle D, Desert C, Croguennec T, Nau F (2006) Proteomic analysis 
of hen egg white. J Agric Food Chem 54:3901–3910  

    Hartmann C, Wilhelmson M (2001) The hen’s egg yolk: a source of biologically active substances. 
Worlds Poult Sci J 57:13–28  

    Heick J, Fischer M, Kerbach S, Tamm U, Popping B (2011a) Application of a liquid chromatogra-
phy tandem mass spectrometry method for the simultaneous detection of seven allergenic foods 
in  fl our and bread and comparison of the method with commercially available ELISA test kits. 
J AOAC Int 94:1060–1068  

    Heick J, Fischer M, Popping B (2011b) First screening method for the simultaneous detection of 
seven allergens by liquid chromatography mass spectrometry. J Chromatogr A 1218:938–943  

    Hillier LW, Miller W, Birney E, Warren W, Hardison RC, Ponting CP et al (2004) Sequence and 
comparative analysis of the chicken genome provide unique perspectives on vertebrate evolu-
tion. Nature 432:695–716  



320 G. Martos et al.

    Hincke MT (1995) Ovalbumin is a component of the chicken eggshell matrix. Connect Tissue Res 
31:227–233  

    Hincke MT, Tsang CP, Courtney M, Hill V, Narbaitz R (1995) Puri fi cation and immunochemistry of 
a soluble matrix protein of the chicken eggshell (ovocleidin 17). Calcif Tissue Int 56:578–583  

    Hincke MT, Gautron J, Tsang CP, McKee MD, Nys Y (1999) Molecular cloning and ultrastructural 
localization of the core protein of an eggshell matrix proteoglycan, ovocleidin-116. J Biol 
Chem 274:32915–32923  

    Hincke MT, Gautron J, Panheleux M, Garcia-Ruiz J, McKee MD, Nys Y (2000) Identi fi cation and 
localization of lysozyme as a component of eggshell membranes and eggshell matrix. Matrix 
Biol 19:443–453  

    Holen E, Elsayed S (1990) Characterization of four major allergens of hen egg-white by IEF/SDS-
PAGE combined with electrophoretic transfer and IgE-immunoautoradiography. Int Arch 
Allergy Appl Immunol 91:136–141  

    Ishihama Y, Oda Y, Tabata T, Sato T, Nagasu T, Rappsilber J et al (2005) Exponentially modi fi ed 
protein abundance index (emPAI) for estimation of absolute protein amount in proteomics by 
the number of sequenced peptides per protein. Mol Cell Proteomics 4:1265–1272  

    Kawabe Y, Naka T, Ando-Noumi N, Matsumoto H, Ono K, Nishijima K et al (2006) Transport of 
human immunoglobulin G and Fc-fusion proteins to chicken egg yolk. J Biosci Bioeng 
102:518–523  

    Keidel EM, Ribitsch D, Lottspeich F (2010) Equalizer technology–equal rights for disparate beads. 
Proteomics 10:2089–2098  

    Kitabatake N, Ishida A, Doi E (1988) Physicochemical and functional properties of hen ovalbumin 
dephosphorylated by acid phosphatase(food & nutrition). Agric Biol Chem 52:967–973  

    Kodali VK, Gannon SA, Paramasivam S, Raje S, Polenova T, Thorpe C (2011) A novel disul fi de-
rich protein motif from avian eggshell membranes. PLoS One 6:e18187  

    Koehler HH (1974) Physicochemical appraisal of changes in egg white during storage. J Agric 
Food Chem 22:288–293  

    Kovacs-Nolan J, Phillips M, Mine Y (2005) Advances in the value of eggs and egg components for 
human health. J Agric Food Chem 53(22):8421–8431  

    Lee JY, Kim CJ (2010) Determination of allergenic egg proteins in food by protein-, mass spec-
trometry-, and DNA-based methods. J AOAC Int 93:462–477  

    Li-Chan ECY, Powrie WD, Nakai S (1995) The chemistry of eggs and egg products. In: Stadelman 
WJ, Cotterill OJ (eds) Egg science and technology, 4th edn. The Haworth Press, New York, pp 
105–175  

    Mann K (2007) The chicken egg white proteome. Proteomics 7:3558–3568  
    Mann K, Mann M (2008) The chicken egg yolk plasma and granule proteomes. Proteomics 

8:178–191  
    Mann K, Mann M (2011) In-depth analysis of the chicken egg white proteome using an LTQ 

Orbitrap Velos. Proteome Sci 9:7  
    Mann K, Gautron J, Nys Y, McKee MD, Bajari T, Schneider WJ et al (2003) Disul fi de-linked 

heterodimeric clusterin is a component of the chicken eggshell matrix and egg white. Matrix 
Biol 22:397–407  

    Mann K, Macek B, Olsen JV (2006) Proteomic analysis of the acid-soluble organic matrix of the 
chicken calci fi ed eggshell layer. Proteomics 6:3801–3810  

    Mann K, Olsen JV, Maäoek B, Gnad F, Mann M (2008) Identi fi cation of new chicken egg proteins 
by mass spectrometry-based proteomic analysis. Worlds Poult Sci J 64:209–218  

    Miguel M, Aleixandre A (2006) Antihypertensive peptides derived from egg proteins. J Nutr 
136:1457–1460  

    Miguel M, Manso MA, López-Fandiño R, Ramos M (2005) Comparative study of egg white 
 proteins from different species by chromatographic and electrophoretic methods. Eur Food Res 
Technol 221:542–546  

    Miksik I, Sedlakova P, Lacinova K, Pataridis S, Eckhardt A (2010) Determination of insoluble 
avian eggshell matrix proteins. Anal Bioanal Chem 397:205–214  



32117 Eggs

    Mine Y (2007) Egg proteins and peptides in human health–chemistry, bioactivity and production. 
Curr Pharm Des 13:875–884  

    Mine Y, Kovacs-Nolan J (2004) Biologically active hen egg components in human health and 
disease. J Poult Sci 41:1–29  

    Mine Y, Kovacs-Nolan J (2006) New insights in biologically active proteins and peptides derived 
from hen egg. Worlds Poult Sci J 62:87–95  

    Nys Y, Gautron J, Mckee M, Garcia-Ruiz J, Hinke M (2001) Biochemical and functional charac-
terization of eggshell matrix proteins in hens. Worlds Poult Sci J 57:401–413  

    Nys Y, Gautron J, Garcia-Ruiz J, Hinke M (2004) Avian eggshell mineralisation: biochemical and 
functional characterization of matrix proteins. Comptes Rendues Palevol 3:549–562  

    Omana DA, Liang Y, Kav NN, Wu J (2010) Proteomic analysis of egg white proteins during stor-
age. Proteomics 11:144–153  

    Raikos V, Hansen R, Campbell L, Euston SR (2006) Separation and identi fi cation of hen egg pro-
tein isoforms using SDS-PAGE and 2-D gel electrophoresis with MALDI-TOF mass spectrom-
etry. Food Chem 99:702–710  

    Rappsilber J, Ishihama Y, Mann M (2003) Stop and go extraction tips for matrix-assisted laser 
desorption/ionization, nanoelectrospray, and LC/MS sample pretreatment in proteomics. Anal 
Chem 75:663–670  

    Rose ML, Hincke MT (2009) Protein constituents of the eggshell: eggshell-speci fi c matrix pro-
teins. Cell Mol Life Sci 66:2707–2719  

    Rose-Martel M, Du J, Hincke MT (2012) Proteomic analysis provides new insight into the chicken 
eggshell cuticle. J Prot 75:2697–2706  

    Ruiz J, Lunam C (2000) Ultra structural analysis of the eggshell: contribution of the individual 
calci fi ed layers and the cuticle to hatchability and egg viability in broiler breeders. Br Poult Sci 
41:584–592  

    Saito Z, Martin WG (1966) Ovalbumin and other water-soluble proteins in avian yolk during 
embryogenesis. Can J Biochem 44:293–301  

    Seko A, Juneja LR, Yamamoto T (1997) Hen eggs – their basic and applied science. CRC Press, 
Boca Raton  

    Shevchenko A, Tomas H, Havlis J, Olsen JV, Mann M (2006) In-gel digestion for mass spectro-
metric characterization of proteins and proteomes. Nat Protoc 1:2856–2860  

    Shiraga H, Min W, VanDusen WJ, Clayman MD, Miner D, Terrell CH et al (1992) Inhibition of 
calcium oxalate crystal growth in vitro by uropontin: another member of the aspartic acid-rich 
protein superfamily. Proc Natl Acad Sci U S A 89:426–430  

    Sicherer SH, Sampson HA (2006) Food allergy. J Allergy Clin Immunol 117:S470–S475  
    Sparks N, Board R (1984) Cuticle, shell porosity and water intake through hen’s eggshells. 

Br Poult Sci 25:267–276  
    Stevens L (1991) Egg white proteins. Comp Biochem Physiol B 100:1–9  
    Sugimoto Y, Hanada S, Koga K, Sakaguchi B (1984) Egg-yolk trypsin inhibitor identical to albu-

men ovomucoid. Biochim Biophys Acta 788:117–123  
    Thulasiraman V, Lin S, Gheorghiu L, Lathrop J, Lomas L, Hammond D et al (2005) Reduction of 

the concentration difference of proteins in biological liquids using a library of combinatorial 
ligands. Electrophoresis 26:3561–3571  

    Williams J (1962) A comparison of conalbumin and transferrin in the domestic fowl. Biochem 
J 83:355–364  

    Wilm M, Shevchenko A, Houthaeve T, Breit S, Schweigerer L, Fotsis T et al (1996) Femtomole 
sequencing of proteins from polyacrylamide gels by nano-electrospray mass spectrometry. 
Nature 379:466–469      



323F. Toldrá and L.M.L. Nollet (eds.), Proteomics in Foods: Principles and Applications, 
Food Microbiology and Food Safety 2, DOI 10.1007/978-1-4614-5626-1_18, 
© Springer Science+Business Media New York 2013

          18.1   Introduction 

 Studies on the protein content of fruits and vegetables have increased signi fi cantly 
in recent years, partly due to the advances in proteomic techniques, as described in 
Sect.  18.1  of this chapter   . In particular, forensic investigations of fruit and vegetable 
products, with respect to allergens, genetic modi fi cation, and pathogen infection 
have been reported for a range of species, as has the use of proteomics to investigate 
the molecular physiology of fruit and vegetable development and ripening and post-
harvest changes, with a view to improving quality and yield. Although the protein 
and amino acid content of fruits is low (typically ca 1% of fresh weight), proteins 
play key roles in fruit development, maturation, and ripening as well as protecting 
against damage in storage. In some fruits such as apple, avocado, and tomato, the 
protein content increases during ripening, re fl ecting the importance of certain pro-
teins in fruit development. In those vegetables containing seeds (e.g., beans, peas, 
pulses), some 30% of the fresh weight can be from proteins, due to the storage pro-
teins in seeds (Jenks and Bebeli  2011  ) . In addition, increases in certain amino acids 
such as glutamic acid are responsible for the characteristic  fl avors of ripe fruits and 
vegetables. The proteomes of GM and non-GM crops are discussed in Chap.   31     of 
this book, and allergens are described in Chap.   30    .    

 This review focuses upon commercially important fruits and vegetables, including 
tomato, citrus, pepper, peach, potato, strawberry, and pear, with respect to the molecu-
lar physiology of fruit development and ripening, post-harvest physiology and abiotic 
stress responses, improvements to taste and  fl avor, and the proteomes of different 
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varieties and cultivars, as well as those grown under organic and  conventional 
 horticulture. Improvements in the extraction and puri fi cation of proteins from recalci-
trant fruits and vegetables have been reviewed by Song and Braun  (  2008  ) .  

    18.2   The Molecular Physiology of Fruit Development 
and Ripening 

 Fruit development and ripening are processes unique to plants and are important in 
the human diet, especially from  fl eshy species, as it is the ripe fruit that we consume. 
Fruit development can generally be considered to occur in four phases: fruit set, a 
period of rapid cell division, a cell expansion phase, and  fi nally ripening/maturation. 
Following fruit set, the cell division phase gradually shifts into the cell expansion 
phase. The rate and duration of cell division varies among fruits and also among tis-
sues within a fruit. In tomato, for example, the cell division phase lasts approximately 
7–10 days, whereas cell expansion lasts 6–7 weeks. Ripening occurs synchronously 
with seed and embryo maturation. In  fl eshy fruits it is designed to make the fruit 
appealing to animals that eat the fruit as a means for seed dispersal. Ripening involves 
the softening, increased juiciness and sweetness, and color changes of the fruit. 
Fleshy fruits are designated as either climacteric or nonclimacteric (Fig.  18.1 ). The 
former are characterized by a burst of ethylene production and increased respiration 
rate at the start of ripening, whereas nonclimacteric fruit ripen without the need for 
this phytohormone (Adams-Phillips et al.  2004  ) . This separation is not linked to taxo-
nomic groups, as species belonging to the same family; for example, tomato and 
pepper are climacteric and nonclimacteric, respectively. In addition, some fruit, such 
as the tomato, apple, banana, plum, chili pepper, pear, and peach can ripen off the 
parent plant, whereas others, such as blackberry, strawberry, cherry, lemon, and 
orange, cannot and must remain on the parent to enable full ripening.  

 Given these complexities, it is unsurprising that considerable efforts have gone 
into understanding the molecular physiology and regulation of these processes, 
especially at the genetic and epigenetic levels (Giovannoni  2004 ; Seymour et al. 
 2008  ) . Much of this work has been aimed at crop improvement, with respect to taste, 
texture, nutrient content,  fl avor, yield, and appearance of ripe fruits in the diet. 
Metabolite pro fi ling of fruit has shown the changes that occur to the metabolome 
during the ripening process, many of which are responsible for the characteristic 
color changes and smell of fresh ripe produce (e.g. Mounet et al.  2009 ; Zanor et al. 
 2009 ; Vogel et al.  2010  ) . These datasets for tomato have been collated in the Tomato 
Functional Genomics Database (TFGD, Fei et al.  2011  ) . More recently, proteomic 
studies have been reported to further our knowledge at the molecular level (reviewed 
by Renaut et al.  2006 ; Pedreschi et al.  2010 ; Palma et al.  2011  ) . Taken together these 
experimental approaches are yielding important information about the developmen-
tal, biochemical, physiological, and structural differences that affect the develop-
ment and ripening of fruit. Such knowledge should lead to agronomic improvements 
to crops. In this section, proteomic studies on tomato, citrus, pepper, potato, stone 
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fruit, strawberry, and peach are discussed. A typical protocol used to investigate the 
 proteomics of fruit ripening is shown in Fig.  18.2  (Palma et al.  2011  ) .  

    18.2.1   Tomato 

 Tomato ( Solanum lycopersicum ) fruit ripening has been the most extensively stud-
ied of all  fl eshy fruits and often serves as a model for the genetic, physiology, and 
metabolic changes during ripening. It has been subjected to detailed genomics 

  Fig. 18.1    Climacteric and non-climacteric fruit of nutritional interest (Taken from Palma et al. 
 2011 , with permission)       
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(Adams   -Phillips 2004; Giovannoni  2004 ; Seymour et al.  2008 ; Barone et al.  2009  ) , 
transcriptomic (e.g., Baxter et al.  2005  ) , metabolomic (Tikunov et al.  2005 ; Carrari 
and Fernie  2006 ; Zanor et al.  2009 ; DiLeo et al.  2011  )  and proteomic studies (e.g., 
Cánovas et al.  2004  ) , and increasingly combinations of all omic technologies in a 
systems biology approach (Fraser et al.  2009 ; Mounet et al.  2009 ; Karlova et al. 
 2011 ; Osorio et al.  2011  ) . There are abundant species, cultivars, GM, and introgres-
sion lines available for study, many of which are available from the Tomato Genetics 
Resource Center (  http://tgrc.ucdavis.edu/    ), with the Sol Genomics Network (  http://
solgenomics.net/    ) being a repository for much of this information. 

 An early study by Schuch and co-workers  (  1989  ) , using MALDI-TOF MS/MS 
studied the proteins in fruit at three stages: unripe, medium, and fully ripe. They 
identi fi ed two proteins, of 34 and 44 kDa that increased during ripening. These were 
found to be pectin esterase and heterotrimeric GTP binding protein fragment. These 
proteins were suggested as ripening-speci fi c protein markers. 

 Using more advanced techniques, Kok and co-workers  (  2008  )  identi fi ed 655 pro-
tein spots by 2DE, with 53 changing during fruit ripening. Of these, 26 increased, 
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  Fig. 18.2    Strategy to investigate the proteomics of fruit ripening. Fruits at different ripening stages 
can be studied as whole fruits, but also as separate components ( fl esh, seeds, skin), or at a subcel-
lular level. Once proteins have been extracted, partially puri fi ed and characterized, they are sub-
jected to proteomic tools. The interrogation of the results with databases leads to the identi fi cation 
of proteins and the use of reliable approaches can lead to the quanti fi cation of proteins, which are 
useful for comparative proteomic analyses (Taken from Palma et al.  2011 , with permission)       
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and the remainder decreased. As expected, gene expression changes preceded those 
of protein synthesis. A detailed study of the cherry tomato proteome throughout 
ripening (six stages) revealed 1,791 spots, with 8% being variable throughout fruit 
development and ripening (Faurobert et al.  2007  ) . Clustered correlation analysis 
identi fi ed groups of proteins with similar pro fi les. Proteins associated with amino 
acid metabolism and protein synthesis were found to increase during cell division 
and then decrease. During cell expansion, those related to photosynthesis and cell 
wall formation increased transiently, whereas during fruit development and ripening 
there was an increase in proteins linked to carbon compounds, carbohydrate metab-
olism, and oxidative processes. In addition, stress proteins and those linked to fruit 
senescence were increased. Therefore, this study was able to prove the identity of 
proteins that would be expected to change during fruit development and ripening, 
based upon the phenotype of the fruit. A more detailed list is shown in Table  18.1 . 
The presence of stress proteins was also found in ripe fruit of two tomato ecotypes 
(Rocco et al.  2006  ) . Proteome changes due to abiotic stress are discussed in 
Sect.  18.3 , below.  

 During ripening, increases in free amino acids are found in tomato fruit, espe-
cially in cultivated varieties, with glutamate being the principal free amino acid 
(Boggio et al.  2000  ) . Free glutamic acid is a major factor in the so-called “umami” 
(savoriness) taste of foods. Higher levels of glutamate have been detected in ripe 
tomato fruit, with concomitant increases in the aminating activity of glutamate 
dehydrogenase ( a -ketogutarate to glutamate) and of 4-amino butyrate amino trans-
ferase (Sorrequieta et al.  2010  ) . 

 Proteomic studies on chromoplasts from ripe fruit have been successful in iden-
tifying proteins that are speci fi c to the chromoplast. Barsan et al.  (  2010  )  identi fi ed 
998 proteins, 209 of which had not been previously listed in plastidial databases. Of 
these, all the lipoxygenase family was identi fi ed, together with those for chlorophyll 
degradation, lipid metabolism, and traf fi cking. Perhaps surprisingly, the enzymes of 
the Calvin cycle and oxidative pentose phosphate pathway were also found.  

    18.2.2   Pepper 

 There have been limited studies on protein changes during pepper ripening. Lee and 
co-workers  (  2006  )  investigated protein changes in the placental tissue of pungent 
and nonpungent fruit during ripening, using 2DE and LC MS/MS. They found 37 of 
2,600 protein spots were exclusively in pungent fruit or increased signi fi cantly in 
these fruit during ripening. Of these, 22 were identi fi ed and grouped into eight 
classes, including enzymes for capsaicin biosynthesis, fatty acid metabolism, the 
Calvin cycle, and defense mechanisms. 

 One hundred and  fi fty-one proteins of ripe chromoplasts of bell pepper have been 
identi fi ed by MS/MS. These include carbohydrate and amino acid metabolism 
enzymes. Two proteins directly associated with carotenoid synthesis in the ripening 
fruit were found: capsanthin–capsorubin synthase and  fi brillin (Siddique et al.  2006  ) .  



328 P.M. Bramley

   Table 18.1    Examples of changes to protein levels during fruit ripening   

 Fruit and protein category  Protein  Change 

  Tomato  (Faurobert et al.  2007  )  
 C compounds and CHO metabolism  Acid  b –fructo furanosidase  + 

  a -Galactosidase  + 
 Photosynthesis/respiration  PSII O 

2
  evolving complex  − 

 3-Phosphoglycerate dehydrogenase  − 
 NADP + -Speci fi c isocitrate dehydrogenase  + 

 Protein synthesis/storage  eIF-5A 4  +, then− 
 Protein fate/degradation  Peptide Met sulfoxide reductase E4  + 

 Cysteine protease  + 
 Secondary metabolism  Similar to lipocalin  + 
 Stress response  HSP 20, HSc 70, sHSP  + 
 Detoxi fi cation  Ascorbate peroxidase  + 
 Electron transport  Ripening protein E8  + 
 Transport  Mitochondrial ATPase  b  subunit  − 

 Vacuolar H +  ATPase  − 
  Citrus  (Yun et al.  2010  )  
 Carbon compounds  Aconitase  + 

 Alcohol dehydrogenase  + 
 6-Phosphogluconate dehydrogenase  + 

 Amino acid metabolism  Chorismate synthase 1  − 
 Cysteine synthase  − 

 Protein translation   b -Tubilin  + 
 Translation initiation factor 1A  − 

 Stress  HSP 70  + 
  Strawberry  (Bianco et al.  2009  )  
 Stress  HSP 60, 70  + 
 C metabolism and respiration  Triose phosphate isomerase  − 

 Alcohol dehydrogenase  + 
 Secondary metabolism  Chalcone synthase and isomerase  + 

 Flavonone 3-hydroxylase  + 
 Naringenin 7-glucoside synthase  + 

 Protein synthesis  eIF5A  + 

   +  increase,  −  decrease,  CHO  carbohydrate,  HSP  heat stress protein,  HSc  heat shock cognate 
protein  

    18.2.3   Potato 

 A comprehensive study on the potato tuber proteome over the course of tuberiza-
tion, tuber development, and sprouting revealed  fi ve protein expression patterns, 
with 150 proteins showing highly signi fi cant differences in abundance over the 
period. Another 50 proteins showed smaller changes. From the 150, 59 were 
identi fi ed. Tuber development was found to be accompanied by the accumulation of 
patatin isoforms as well as defense and disease proteins. Proteins associated with 
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energy production, carbohydrate metabolism, and protein processing decreased in 
maturation (Lehesranta et al.  2006  ) .  

    18.2.4   Stone Fruit 

 In order to assess the correct state of harvest for stone fruits such as plums, peaches, 
and nectarines, protein that increase as the fruit mature were assessed by Abdi and col-
leagues  (  2002  ) . The consequences of an incorrect judgment of maturity are economi-
cally serious. Harvesting too early results in a signi fi cant loss of yield, as stone fruit 
grow rapidly during the last few days of maturation and often do not develop accept-
able  fl avors. Harvesting too late, however, results in the fruit having a short shelf-life. 
Four proteins, named Z1, Z2, Y, and X were found to appear just before optimum har-
vest and were shown to be a more accurate re fl ection of the correct harvesting time 
than more traditional measures such as skin color and softening. The authors suggest 
that measurement of these proteins could be used in a test kit by horticulturists.  

    18.2.5   Strawberry 

 A proteome reference map of strawberry at various stages of ripening has been 
 created using a wide range of high-throughput proteomic techniques, including 
2DE, MudPIT, and DIGE (Bianco et al.  2009  ) . It shows a wide range of biological 
processes that change during ripening, including energy and carbohydrate metabo-
lism, signal transduction, stress responses, and transcription, concomitant with con-
stitutive and differentially expressed proteins. The authors have related these 
changes and the functions of the identi fi ed proteins to quality traits such as  fl avor, 
antioxidant levels, and macronutrients.  

    18.2.6   Citrus 

 Using label-free LC MS/MS, Katz and co-workers  (  2010 ,  2011  )  were able to identify 
changes to key metabolic enzymes during citrus development. The level of invertase 
remained constant, but an invertase inhibitor was upregulation during fruit matura-
tion. In addition, sucrose phosphate synthase and sucrose 6-phosphate phosphatase 
were increased, causing higher levels of sucrose in the juice sac in late fruit develop-
ment. Protein pro fi les of the Moro and Cadenera cultivars at ripening revealed 64 
differentially expressed proteins on 2DE (Muccilli et al.  2009  ) . Most of these were 
related to sugar metabolism and increased in the Moro cultivar, whereas stress-related 
proteins were more abundant in Cadenera. Enzymes of the anthocyanin  biosynthetic 
pathway were also more prominent in Moro, which has a dark red fruit.   
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    18.3   Proteome Changes Due to Abiotic Stress 

 In order to survive under environmental stresses, plants rely upon the plasticity of 
the proteome to maintain the functionality of the cell. These stresses can be biotic 
or abiotic, with the latter including drought, salinity, high and low temperatures, 
freezing, and chemical toxins such as heavy metals. In extreme cases, crop yields 
can be severely affected, with reductions of up to 75%. 

 Families of proteins associated with the plant’s response to stress have been 
identi fi ed. They may be newly synthesized, accumulate in the cells, or even decrease 
in response to abiotic stresses. They are involved with a variety of processes, includ-
ing signaling, host defense mechanisms, carbohydrate metabolism, amino acid 
metabolism, and translation. A number of these proteins are families of heat shock 
(heat stress) proteins (HSPs; Wang et al.  2004 ; Timperio et al.  2008 ; Takáč et al. 
 2011  ) . An understanding of these events is of practical and basic importance, as it 
may lead to improvements in plant defenses (Afroz et al.  2011  )  and reduce yield 
losses (Salekdeh and Komatsu  2007  ) . In addition, the genes of stress-related pro-
teins that have speci fi c bene fi cial functions could be transformed into other crops. 

 Examples of the types of proteins that have been identi fi ed as stress-related are 
shown in Table  18.2 . It seems that plants adapt in similar ways to different stresses, 
but are expressed in different parts of the cell (Fig.  18.3 ). One frequent effect is the 
production of HSPs that are induced by several environmental stresses. The term 
HSP is somewhat misleading, as they are also produced in response to nonthermal 
stress. It is likely that under these circumstances, their roles are different from their 
molecular chaperone role in thermal responses (Timperio et al.  2008  ) . As proteomic 
technologies advance, the number of proteins found to change on abiotic stress 
increases. It remains to be seen whether all of these changes are linked by a com-
mon regulator.    

    18.4   Post-Harvest Physiology: Changes to the Proteome 
During Storage 

 Post-harvest physiology refers to effects of handling and storage of horticultural 
produce following harvest. Between harvest and consumption of horticultural crops, 
especially soft fruits, losses in quality and quantity occur. In developed countries, 
these can be 5–25%, but in undeveloped countries, they are typically between 20% 
and 50% (Kader  2002  ) . Biological factors that in fl uence such losses include respira-
tion, ethylene production, compositional changes, growth and development, tran-
spiration, physiological breakdown, and biotic stresses caused by plant pathogens. 
Therefore, storage conditions must minimize these deleterious changes to extend 
the lifespan of the produce without affecting nutritional quality and taste. Such stor-
age conditions vary between species. The use of proteomics in this  fi eld is relatively 
new, but is being used increasingly to study the in fl uence of protein pro fi les on the 
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   Table 18.2    Examples of stress-related proteins that accumulate in higher plants subjected to 
 abiotic stress   

 Abiotic stress  Species  Protein  Reference 

 Light   Arabidopsis   HSP70  Rossell et al.  2002 ; 
Kimura et al.  2003  

 Rice  HSPs  Yang et al.  2007  
  Panax ginseng   smHSPs  Nam et al.  2005  

 Salt  Rice  GST, enolase  Salekdeh et al.  2002 ; 
Dooki et al.  2006 ; 
Nohzadeh Malakshah 
et al.  2007  

  Lemna minor   HSP70  Ireland et al.  2004  
 High temperature  Rice  High and low Mr HSPs  Miernyk  1997 ; Lee et al. 

 2007  
 Tomato  HSPC1, C2, C3, C4  Polenta et al.  2007  

 Cold  Rice  85 proteins  Yan et al.  2006  
 Pea  20 proteins  Taylor et al.  2005  
 Poplar  COR proteins  Renaut et al.  2004  
 Wheat  27 proteins  Kamal et al.  2010  
 Grass pea  15 proteins  Chattopadhyay et al.  2011  

 Freezing 
 Rye  Antifreeze proteins  Marentes et al.  1993  

 Drought  Chestnut  smHSPs, HSP70  Lopez-Matas et al.  2004  
 Wheatgrass  LEA proteins, osmotin  Gazanchian et al.  2007  
 Sugar beet  HSP17  Hajheidari et al.  2005  
  Medicago truncatala   Methionine synthase  Larrainzar et al.  2007  
  Arabidopsis   HSP70  Lin et al.  2001  

 Heavy metals  Rice  192 proteins  Pandey et al.  2010  
  Lemna minor   HSP70  Ireland et al.  2004  
  Arabidopsis   HSP70, HSP60  Sarry et al.  2006  
 Rice  HSP70, HchA  Ahsan et al.  2007  

   HSP  heat shock protein,  smHSP  small HSP,  COR  cold regulated,  GST  glutathione S transferase, 
 ASR1  abscisic acid stress ripening,  LEA  late embryogenesis abundant,  HchA  chaperone protein  

quality and longevity of harvested fruits and vegetables. Generally, qualitative and 
quantitative changes are found in proteins, both enzymic and nonenzymic, involved 
in respiration, protein synthesis and degradation, and defense mechanisms to 
respond to stress. In this respect some of the changes are similar to those described 
in Sect.  18.3 , above, on abiotic stress. 

 A proteomic study on the juice sacs of  Citrus reticulate  using 2DE and MALDI/
TOF/TOF revealed changes to 74 proteins when stored post-harvest at 4°C 
(Yun et al.  2010  ) . Of these, 27 were cytosolic and the majority related to changes in 
dehydration and respiration. Under anaerobic conditions, the fruit showed changes 
of at least 1.5-fold in 33 proteins. Of these in the peel, 64% were stress related with 
6% linked to energy production, whereas in the juice, 38% of those affected were 
from energy-producing pathways (Shi et al.  2008  ) . These changes are presumably 
responsible for the off-odors of acetaldehyde and ethanol in deteriorating fruit. 
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 Kiwi fruit are often stored in an atmosphere of ozone in order to reduce microbial 
spoilage, respiration, and ethylene oxidation. Using 1D SDS-PAGE and mass spec-
trometry Minas et al.  (  2012  )  have shown that such an atmosphere causes alteration 
to 102 proteins, induces protein carbonylation, stimulates antioxidant and antifree 
radical activities, and improves post-harvest quality. Changes to O 

2
 /CO 

2
  concentra-

tions for storing pears causes impaired respiration and activation of defense mecha-
nisms, as shown by 2DE LC ESI MS/MS (Pedreschi et al.  2008  ) . Valencia oranges, 
on the other hand, are heat treated post harvest to induce defense mechanisms such 
as lignin biosynthesis and phytoalexin formation. These reduce chilling injury. 
Analysis of proteins post heat treatment found 61 changes to protein levels, with 28 
of these identi fi ed by MALDI/TOF. They comprised proteins involved in defense, 
cell rescue, and virulence (Perotti et al.  2011  ) . Peaches are also heat treated in this 
way to enhance defense mechanisms. Proteomic analysis found 35 different post-
harvest expressed proteins, of which 43% were stress responses, 17 cell structure, 7 
the glycolytic pathway, and 3 ripening and senescence (Zhang et al.  2011  ) . The 
chilling of peach fruit has been studied using DIGE. Several proteins, including 
polygalacturonase, dehydrins, pectin methyl esterase, catalase, and NADP-
dependent isocitrate dehydrogenase were used to distinguish healthy from chill-
damaged fruit (Nilo et al.  2010  ) . 

 Chilling tomatoes post harvest affects the cell wall proteins by increasing 
 b –galactosidase and reducing polygalacturonase protein levels (Rugkong et al. 
 2010  ) . Page and co-workers  (  2010  )  have investigated the chilling tolerance of two 
tomato lines. They found that the  fi rm genotype at harvest was the most sensitive to 
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  Fig. 18.3    Localization of the major stress-related proteins in the plant cell. Protein belonging to 
the speci fi c class and those belonging to the common response pathway upon stresses are listed 
together (Taken from Timperio et al.  2008 , with permission)       

 



33318 Fruits and Vegetables

cold storage. Cold storage increased smHSPs and freezing tolerance, but decreased 
acid invertase and polygalacturonase. 

 There are fewer studies of this type reported for vegetables. However, Owiti and 
co-workers  (  2011  )  have studied changes to the cassava proteome. Cassava has a 
very short storage life of some 24–48 h after harvest (Sanchez et al.  2006  ) . Extending 
this life span would increase the value of the crop signi fi cantly. Owiti et al.  (  2011  )  
have produced a proteome map and analyzed the quantitative increases in proteins 
post harvest using iTRAQ. They discovered 67 and 170 proteins increased early and 
late after harvest, respectively. They included linamarase ( b -D-glucosidase), gluta-
mate-rich protein,  b -1, 3-glucanase, pectin methyl esterase, and proteins of signal-
ing pathways. This variety suggests highly regulated and complex metabolic changes 
that, once understood, could be used in biotechnology to reduce deterioration. 
iTRAQ was also used to identify changes to the proteome of potato tubers during 
cold storage over a  fi ve-month period (Yang et al.  2011  ) . Of the 4,463 proteins 
identi fi ed, only 46 showed differential changes (±1.41) during storage at 5°C. These 
included enzymes involved in starch breakdown and sucrose formation ( a -amylase, 
sucrose synthase) as well as chaperonins and HSPs.  

    18.5   Proteome Differences Between Cultivars 
and Varieties 

 Proteomics has the potential to be used as a screen for identifying the differences 
between fruits or vegetables from different species, wild relatives, ecotypes, varieties, 
cultivars, and ecotypes. To do so requires robust databases of protein pro fi les from 
crops that enable diagnostic proteins to be identi fi ed and quanti fi ed. In turn, the dif-
ferences can assist in the discovery of the genetic diversity of species and so on, with 
a view to breeding key traits, such as disease and pest resistance, into elite lines. 

 A good example of this approach is the potato. Potato has a very large number of 
commercial cultivars (Bradshaw and Mackay  1994  ) . Most of these are tetraploids of 
 Solanum tuberosum , but many have commercially desirable characteristics intro-
gressed from wild species. In order to distinguish the differences at the protein level 
and identify mutations, 2DE of several genotypes (landraces, varieties, and GM 
lines) was used to create a reference map of the potato tuber (Lehesranta et al.  2005  ) . 
Thirty-two non-GM potato lines, comprising 21 named tetraploid cultivars, 8 lan-
draces, and 3 diploids were analyzed. Over 1,900 polypeptides from all genotypes 
were found, with signi fi cant qualitative and quantitative differences between them. 
The diploid genotypes could be distinguished from the tetraploids by PCA and large 
differences in the isoforms of patatin were found. HPLC ESI MS/MS was used to 
identify many proteins that contribute to diseases and defense responses, the glyco-
lytic pathway, sugar metabolism, and protein storage. 

 A smaller study, on two ecotypes of tomato, has also shown differences in the 
proteomes. Fruit from the cultivars Ailsa Craig and San Marzano were harvested at 
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three stages of maturation and their protein pro fi les compared by 2DE, followed by 
PMF MS/MS. At the breaker stage of fruit ripening there was a 57% overlap in their 
proteomes, showing a partial conservation of the genotype, but also allowing them 
to be distinguished from each other (Rocco et al.  2006  ) . 

 A third example is that of peach cultivars. Fruit mesocarp from two cultivars, one 
melting  fl esh and one nonmelting  fl esh, was analyzed by 2DE and LC-ESI MS/MS 
during fruit ripening. Differences in 53 protein spots were found between the two 
cultivars at the same ripening stages, of which 35 were identi fi ed. Sucrose synthase 
and  a –amylase were increased in the nonmelting  fl esh cultivar, suggesting this was 
the cause of the higher tissue integrity and functionality. Such a discovery could 
help in marker-assisted breeding programs (Prinsi et al.  2011  ) .  

    18.6   The Proteomes of Crops Grown by Organic 
and Conventional Cultivation 

 The debate on the possible bene fi ts of organically grown crops over those culti-
vated conventionally has spurred a number of studies on the comparative pro-
teomics of varieties grown under both regimes. Lester and Saftner  (  2011  )  report 
that organic crops often have higher dry matter, ascorbic acid, phenolic, and 
sugar, but lower moisture, nitrate, and protein contents and yields than conven-
tionally grown crops. There have been relatively few reports on the comparative 
proteomics of crops grown under conventional and organic methods. Lehesranta 
et al.  (  2007  )  quanti fi ed the effects of different farming systems with organic, low 
input, and conventional production and key components of the systems (fertility 
management, crop protection practices, and rotational designs) on the protein 
pro fi les of potato tubers, determined by 2DE and subsequent protein identi fi cation 
using HPLC-ESI-MS/MS. Principal component analysis revealed that only fer-
tility management practices (organic vs. mineral fertilizer) had a signi fi cant 
effect of protein composition. Of the 1,100 tuber proteins separated by 2DE, 
only 160 were quanti fi ably different, with 17 at higher levels in tubers grown 
conventionally and 143 more abundant in the organic fertilizer regime. Those 
identi fi ed by MS are involved in protein synthesis and turnover, carbon and 
energy metabolism, and defense responses, suggesting that organic fertilization 
leads to increased stress responses in the potato tuber. These differences, how-
ever, are less than those found in an earlier study on different varieties 
(Lehesranta et al.  2005  ) . 

 Comparisons of cabbage and carrot proteomes from crops gown under conven-
tional and two organic systems (slurry and green manure) also showed some differ-
ences in the amounts of proteins in the head and root, respectively. However, in both 
cases the number of such proteins was low, with 58 of 1,300 and 68 of 1,800 being 
different in cabbage and carrot, respectively (Nawrocki et al.  2011  ) . However, the 
studies on potato, carrot, and cabbage do show that proteome analysis can accu-
rately identify differences between such cropping regimes. 



33518 Fruits and Vegetables

 Protein pro fi les of wheat grains, grown on organic and conventional plots, 
showed differences in 25 proteins of which 16 are candidates for diagnostic proteins 
to verify the authenticity of organic grains (Zorb et al.  2009  ) .  

    18.7   Future Perspectives 

 There is no doubt that the technological advances in proteomics have been used to 
good effect with fruits and vegetables, allowing us to understand better the molecu-
lar changes that occur during fruit and vegetable development and ripening, as well 
as the more deleterious changes to the proteome from post-harvest storage and abi-
otic stress. It is now important to utilize a systems approach to study these events. 
Combining proteomics with metabolomics and genomics will do this, even for the 
more intractable crops. In addition, further improvements to protein extraction, 
separation, and identi fi cation will expand our databases of plant proteomes. In turn, 
these studies will allow plant breeding of crops to be improved for yield,  fl avor, and 
nutritional content.      
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          19.1   Introduction 

 The content of this chapter focuses on the analysis of protein in wheat grain because 
this provides the major source of protein utilized in the food industry. The novel 
aspects in this area that are of particular interest are the advances in wheat and barley 
genomics (reviewed in Appels et al.  2011  )  which now provide a basis for a whole-
of-proteome approach to the analysis of the wheat grain. Studies reviewing food 
proteomics related to aspects of wheat and covering plant proteomics for cereal 
research can be found in Thiellement et al.  1999 ; Kersten et al.  2002 ; Rakwal and 
Agrawal  2003 ; Peck  2005 ; Agrawal and Rakwal  2006 ; Komatsu and Yano  2006 . 
The potential in new methodologies is also considered in these reviews, most of 
which focus mainly on rice proteomics as a valuable reference for wheat and barley 
grain protein studies. It is now feasible to identify many wheat and barley proteins 
in 2-D gel electrophoresis and mass spectroscopy (MS) analysis based on homology 
between wheat/barley expressed genes and rice/Arabidopsis genes. 
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 Wheat seeds comprise three main parts: a protective seed shell, a small embryo, 
and a starchy nutrient reservoir. Due to the abundance of a range of proteins they 
have been of particular interest for the analysis in different gel-based and gel-free 
proteomic approaches. Wheat seed storage proteins serve as deposits of nitrogen for 
germination, and have a signi fi cant impact on human nutrition. Many aspects of the 
processing, assembly, deposition, and degradation of grain proteins are now well 
understood. Proteome-level approaches used in seed science are summarized in 
Fig.  19.1 .  

 Proteome mining mainly deals with identi fi cation and characterization of pro-
teins from different seed organelles or subproteomes utilizing the differences 
observed in their structure and solubility. Analysis of subproteomes, mainly those 
of cereal endosperms or germ protein fractions, serve as an important base for stud-
ies that relate to end-use quality studies. Functional proteomics aims to characterize 
signaling and metabolic pathways, function of protein complexes, and protein activ-
ities during developmental processes such as seed development, dormancy, or ger-
mination in order to interpret environmental and chemical affects on grain 
composition. Spatiotemporal analysis of expressed proteins form a subgroup of the 
functional proteomics studies and relies especially on the outputs from DNA- and 
RNA-based studies. Expression studies enhance our understanding of seed responses 
to different abiotic stresses, pathogen attack, or symbiotic interactions, including 
the effects of gene silencing or introduction of additional genes. The major chal-
lenge of structural proteomics is to assign predicted or in-silico modeled protein 
structure data to protein sequences obtained from genome and transcriptome 
sequencing projects. Structural proteomic studies of cereal seeds are used to predict 
the presence of epitopes important to food products, plant–pathogen interactions, to 
identify receptor functions by the analysis of ligand–protein interactions, or to ana-
lyze enzyme complexes. Structural proteomics builds on computational proteomics, 
utilizing the potential of data analysis and 3D modeling. The collection and 
 evaluation of data from protein databases combined with gel-based, MS-based, or 
immunoanalytical computational analyses can deliver outputs in drug discovery, 
personalized medical treatments, and food safety analyses. The analyses of post-
translational modi fi cations, which modulate the activity of many seed proteins and 
the modi fi ed “subproteomes” that result, such as glycosylated, phosphorylated pro-
teins or modi fi ed membrane proteins, can now be studied using mass spectrometry. 
Post-translational modi fi cations leading to polymer formation through  intermolecular 
disul fi de binding is especially important in the structure–function relationship anal-
ysis of wheat gluten for food products.  

    19.2   The Proteome Complement of the Wheat Grain 

 Methodologies used in wheat seed proteomics include 2-D-GE based proteomics for 
relatively quantitative analysis for comparing small numbers of samples. The com-
bination of 2-D-GE and mass spectrometry analyses, such as MALDI-TOF-MS or 



34319 Wheat Grain Proteomics for the Food Industry

  Fig. 19.1    Proteome-level studies in analysing the wheat gain are summarized with a particular 
focus on the translation of these studies to application in the food and related industries       

ESI-MS, can resolve the seed proteome to 3,000 spots as demonstrated by Dupont 
et al.  (  2011  )  in their very extensive analysis. This approach can also identify many 
post-translational modi fi cations by comparing protein sequence with physical 
properties. 

 Proteins with extreme hydrophobicity, mass, or pIs can be underrepresented in 
standard approaches because of solubility (for review, see Santoni et al.  2000 ; Görg 
et al.  2004  )  or other technical limitations. To identify these extreme proteins, gel-
free proteomic approaches, such as multidimensional protein identi fi cation technol-
ogy (MudPIT; Link et al.  1999 ; Washburn et al.  2001  ) , have been explored. MudPIT 
separates peptides by a strong cation exchange phase in the  fi rst dimension followed 
by reverse-phase chromatography in the second dimension. Comparisons of MudPIT 
and 2D-GE indicate that these technologies are complementary (Koller et al.  2002 ; 
Katavic et al.  2006  ) . Another gel-free MS approach is the isotope-coded af fi nity 
tags (ICAT; Gygi et al. 1999), used for quantitative comparison of proteomes. 

 Although peptide mass  fi ngerprinting is a sensitive high-throughput method, it is 
not always easy to identify the plant proteins or genes by  fi ngerprinting because the 
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complete nucleotide sequence of the genome of various species, including wheat, 
is not yet available and the protein database does not have enough information for 
the identi fi cation of unknown proteins. In addition, plant proteins are often post-
translationally modi fi ed which means peptide–mass  fi ngerprinting initially needs 
to deal with a subpopulation of peptides that are not modi fi ed. Improved sample 
preparation methods for the peptide mapping are important to develop for MS 
analysis of wheat (Woo et al.  2002  ) . Due to the high proline and glutamine con-
tent observed in grain storage proteins the usual enzymatic digestion protocols 
did not result in suf fi cient accuracy to differentiate members of the prolamin pro-
tein families, such as HMW or LMW glutenins and gliadins. However, using dif-
ferent combinations of proteinases, more distinctive peptide mass  fi ngerprint 
datasets can be generated (Vensel et al.  2005 , Dupont et al.  2011  ) . Peptides that 
are distinctive for speci fi c proteins are the key to acquiring validating information 
for the expression of a gene that has been annotated in the genome (Futcher et al. 
 1999 ; Gygi et al.  1999 ; Appels et al.  2012  ) . In order to analyze proteome-based 
protein expression on a large scale, mass spectroscopy technologies are generally 
considered to be the most appropriate (Woo et al.  2002 ; Skylas et al.  2005 ; Appels 
et al.  2012  ) .  

    19.3   Wheat Seed Protein Isolation 

 Seed tissues contain a large number of diverse proteins, with different chemical 
characteristics which have resulted in the development of special extraction and 
puri fi cation approaches that retain the quality of proteins for analysis on 2-D gels or 
by MS (Branlard and Bancel  2007  ) . For cereal grains the major storage components 
are starch and different carbohydrates, which have a detrimental effect on the 
extractability of proteins as result of seed proteins being present as aggregates or 
coupled to other compounds such as starch granules or cell wall elements. Compared 
to other plant tissues, the extraction of seed proteins is  fi rst required to break the 
hard structure of mature seed using grinding or milling. This results in solubility 
characteristics of proteins that are dependent on particle size and the homogeneity 
in size distribution of the ground material. Extraction methods in seed proteomics 
can be divided into two main types: using universal protocols for the main protein 
groups, including classes of water/salt soluble proteins, moderately hydrophobic 
proteins, enriched hydrophobic proteins, and membrane proteins; and more speci fi c 
cereal proteins targeting the water, salt, dilutes–alcohol, and light acid/base classes 
of soluble fractions (Görg et al.  2007  ) . 

 Fresh, developing seed tissues need the use of liquid nitrogen during isolation to 
rapidly freeze the tissues before grinding. The presence of some contaminating 
compounds, such as phenolics, phosphatases, lipids, salt ions, nucleic acids, insolu-
ble materials, and proteolytic enzymes requires the use of special chemicals. 
Proteolytic enzymes are intrinsically involved in many aspects of plant physiology 
and development, ranging from the mobilization of storage proteins during seed 
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germination to the initiation of cell death and senescence programs (Loukas  2002 ; 
Creemers  2002 ; Schaller  2004  ) . Post-translational modi fi cation of proteins, for 
 protein assembly, for the activation of prohormones to hormones, and for matura-
tion and control, the activities of enzymes are processes carried out by grain com-
ponents present in small amounts. Different mixtures of protease inhibitors, 
tricloroacetic acid (TCA) precipitation, or boiling in anionic detergent solution are 
often used to avoid protein degradation in seed tissue extracts. Loss of function of 
enzymes or membrane proteins can be avoided using native nondenaturating condi-
tions during the extraction (Fido et al.  2004  ) . Presence of phenolic compounds gen-
erally has a detrimental effect on the separation of proteins resulting in horizontal 
and vertical streaks on 2D-GE. Precipitation of proteins with TCA followed by rins-
ing with ice cold acetone + TCA will help to eliminate phenolic compounds present 
in fresh tissues. Starch or complex carbohydrates can also seriously reduce protein 
extraction, and is a primary problem in proteomic analyses of maize or rice seeds. 
Advances in the methodologies for cereal proteomics provides the basic translating 
research output to the food industry.  

    19.4   The Wheat Endosperm Proteome 

 The structure of the wheat grain can be categorized simply into three distinct 
fractions, the outer layers, the germ, and the endosperm. The endosperm plays 
the most important role from a human consumption point of view and is the frac-
tion studied in most detail (Dunbar  1985 ; Skylas et al.  2001 ; Amiour et al.  2002 ; 
Islam et al.  2002 ; Dupont et al.  2011  ; Tasleem-Tahir et al.  2012 ) . The develop-
ment of wheat seeds has been studied by 2D-GE where developing and mature 
seed proteomes were compared (Skylas et al.  2000 ; Debiton et al.  2011 ; Hurkman 
et al.  2009 ; Tasleem-Tahir et al.  2012  ) . In these studies 250 proteins were 
identi fi ed in developing endosperm (Vensel et al.  2005  ) . Another study separated 
whole wheat endosperm amyloblasts or amyloblast membrane proteins during 
development and protein were identi fi ed by LC-MS/MS (Andon et al.  2002  ) . 

 The proteins located in the endosperm determine the characteristics of elasticity, 
extensibility, and gas-holding ability of the wheat dough. Particularly important are 
the proteins within the gluten complex, and the low and high molecular weight glu-
tenin subunit proteins (LMW-GS and HMW-GS; Shewry et al.  2009 ; Islam et al. 
 2012  ) . Within the polymeric gluten fraction, the A-group (M 

r
  range of 80,000–

120,000 Da) corresponds to the HMW-GS (Payne et al.  1979  ) . The major group, the 
B-subunits, consists of the typical LMW-GS that are basic proteins with a M 

r
  range 

from 42,000 to 51,000 Da. The minor C-subunits are a mixture of proteins belong-
ing either to LMW-GS or to  g - and  a -gliadins with an odd number of cysteine resi-
dues (Shewry and Tatham  1997 ; Payne et al.  1979  ) . 

 Gliadins are the most diverse group of storage proteins in wheat and are char-
acterized by their solubility in 70% aqueous alcohol. This group of proteins 
shows extensive polymorphism across wheat genotypes. Flour also contains 
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smaller amounts of other storage proteins such as globulins and triticins, and 
proteins such as amylase and protease inhibitors that may protect against insects 
and fungi. A range of enzymes exists in very small amounts. These nongluten 
proteins encompass smaller percentages of the seed protein content; however, 
they play a crucial role in different metabolic processes during grain develop-
ment, ripening, and desiccation and can have a relevant role in defense mecha-
nisms against biotic and abiotic stresses (Shewry and Halford  2002 ; Shewry et al. 
 2002 ; Shewry  2009 ; Skylas et al.  2000  ) . Several early studies demonstrated the 
utility of 2D-GE to visualize the total complement of  fl our proteins (Payne et al. 
 1985 ; Wrigley  1970  ) , and the combination of 2D-GE and MS techniques improves 
the analytical capability (Skylas et al.  2005 ; Mamone et al.  2009 ; Ferranti et al. 
 2007  ) . In addition to gliadins and glutenins some minor storage protein groups 
with similar characteristics to the traditional prolamin groups were also identi fi ed. 
The detailed analysis of farinins (avenin-like proteins), purinins (low molecular 
weight gliadins), and triticins has been carried out in the cultivar Butte 86 by 
Dupont et al.  (  2011  ) . 

 The water-soluble albumins and salt-soluble globulins of wheat grain comprise 
mainly metabolic and protective proteins whereas at least some of the insoluble 
structural proteins may be extracted with diluted acid or alkalines in the glutenin 
fraction. Albumins and globulins, each accounting for approximately 10% of total 
 fl our proteins, are known to be soluble enzymes and proteins soluble in polar solu-
tion, respectively. More than 2,000 spots can be extracted from  fl our with salt solu-
tion. Numerous studies have been carried out for the identi fi cation and mapping of 
wheat endosperm proteins (Merlino et al.  2009 ; Skylas et al.  2000,   2005 ; Islam et al. 
 2003a,   b ; Gao et al.  2009  ) . Studies on kernel responses to heat stress have enabled 
identi fi cation of many of the enzymes in wheat kernels (Majoul et al.  2003,   2004 ; 
Skylas et al.  2000 ; Dupont et al.  2006  ) . However, the majority of soluble proteins 
still need to be identi fi ed and mapped. 

 Amphiphilic proteins are detergent-soluble membrane proteins (Amiour et al. 
 2002  )  and together with gluten proteins play an important role in wheat quality. 
Some of them, such as puroindolines, are lipid binding proteins, and are strongly 
linked to dough foaming properties and to  fi ne crumb texture. Most of our knowl-
edge about this protein class comes from the work of Amiour et al.  (  2002 , 2003) 
who carried out proteomic analysis and genetic mapping using 81 F9 lines, progeny 
obtained from an interspeci fi c cross “W7984”x“Opata”, a cross intensively charac-
terized in the International Triticeae Mapping Initiative (ITMI map ). Sixty-four 
spots were inherited as Mendelian trait loci (MTLs) and their corresponding genes 
located on 11 chromosomes. Image analysis of 2-D gels allowed quanti fi cation of 
protein variation and 35 protein quantitative traits (PQLs) were identi fi ed. Many of 
these proteins displayed similarities in their sequences to proteins in databases and 
particularly proteins associated with membranes. Some amphiphilic proteins were 
located between the protein matrix and the starch granule of wheat endosperm, and 
could thus, due to their diversity and quantity, in fl uence grain hardness and conse-
quently dough properties  
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    19.5   The Amyloplast Proteome 

 Studies of speci fi c plant tissues and organelles, such as the chloroplast (Kleffmann 
et al.  2004 ; Peltier et al.  2000 ; Zybailov et al.  2009  )  and chloroplast membrane 
(Ferro et al.  2003 ; Rolland et al.  2003  )  have been studied in signi fi cantly more detail 
than the amyloplast, not only because it is more common in the plant kingdom but 
also because amyloplasts are dif fi cult to isolate in the laboratory due to fragility of 
the amyloplast membrane in contrast to the density of the resident starch granules 
(Denyer and Pike  2008  ) . The  fi rst proteomic investigation of wheat amyloplast by 
Andon et al.  (  2002  )  was carried out on whole amyloplasts and puri fi ed amyloplast 
membranes. From the total number of 171 proteins, 108 were identi fi ed from whole 
amyloplasts and 63 from puri fi ed amyloplast membranes. A total of 46% of the 
proteins could be identi fi ed using sequence data from the rice genome database. The 
largest class of proteins with a known function (24%) was found to be starch syn-
thesis and storage enzymes. This  fi gure includes two peptides from starch branching 
enzymes, one from globulin, three from glycogen starch synthase precursors, 10 
from various glutenins, and 46 peptides from 11 different isoforms of gamma glia-
din. It was evident from this study that most of the proteins in the amyloplast mem-
brane and whole amyloplast were unknown. 

 The view of the importance of starch in relation to the overall quality of wheat 
has changed signi fi cantly. For many years starch was considered to play only a 
minor role in wheat product quality. It has been only recently recognized that the 
contribution of starch to  fl our-processing quality is important (Rahman et al.  2000  ) . 
Starch has a dominant contribution in determining the quality of noodle products 
and it is a major contributor to the nutritive value of wheat-based products (Regina 
et al.  2006  ) . Progress in improving our understanding of starch-related quality 
research has been reviewed by Wrigley et al.  (  2009  )  and Park et al.  (  2009  ) . 

 The protocol for the extraction and 2D-GE of wheat starch granule-associated 
proteins developed by Bancel et al.  (  2010  )  consists of several steps: (1) washing and 
sonication to remove interfering compounds (storage proteins) from the surface of 
the granules, (2) scanning electron microscopy (SEM) observations to monitor 
puri fi cation and granule swelling, and (3) appropriate protein extraction and solubi-
lization to obtain enough proteins for proteomic analysis. For quantitative proteomic 
analysis of proteins associated with wheat starch granules, a two-step protein extrac-
tion protocol was developed including TCA/acetone precipitation and phenol 
extraction. With this protocol, proteins were extracted from wheat starch granules 
and solubilized, and 2D-GE protein maps analyzed (Bancel et al.  2010  ) . The major-
ity of the spots associated with starch granules were identi fi ed by peptide mass 
 fi ngerprinting and MS/MS and functionally classi fi ed into carbohydrate metabolism 
and stress defense. Af fi nity electrophoresis has been utilized in the identi fi cation of 
enzyme-type proteins (Kosar-Hashemi et al.  2006  ) , especially the protein-related 
starch biosynthetic (Konik-Rose et al.  2007 ; Ahmed et al.  2007 ), and hydrolyzing 
enzymes and their inhibitors (Wu et al.  2011  ) . The af fi nity substrates are glucan 
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(corn starch or amylopectin) added to the native gel polymerization mixture  followed 
by staining methods developed by Nishi et al.  (  2001  ) .  

    19.6   Proteome of Wheat Germ 

 Wheat germ and bran are by-products of the milling industry, and there is a growing 
interest in the possibilities of making better use of these potentially valuable food 
resources, especially in the baking and dietary products industries. The composition 
of wheat germ is of nutritional signi fi cance and the commercial milling process is 
very ef fi cient in separating the endosperm from other anatomical parts of the grain, 
including germ. Wheat germ is the embryonic tissue of the wheat grain, and detailed 
knowledge of its proteome is necessary to de fi ne the processes that occur during 
germination, especially pre-harvest sprouting. The germ fraction is predominantly 
made up of the mature wheat embryo, which is poised to undergo signi fi cant devel-
opmental changes once suf fi cient water is available to allow biochemical processes 
to take place. 

 The proteome of wheat germ has been characterized in detail by Mak et al. 
 (  2006  )  using gel-based 2-D proteomics tools. In total, 612 protein spots were excised 
from the pH 4.0–7.0 and 6.0–9.0 gel maps for PMF analysis. About two-thirds of 
the proteins identi fi ed were in functional categories associated with processes 
involved in activating growth and development of the embryo such as transcription, 
translation, energy, and general metabolism, transport, cell division, and signaling 
processes. A major class of proteins present in the germ fraction represents stress-
associated proteins, which in contrast are poorly represented in the endosperm. 
About 25% of the protein spots identi fi ed belonged to protein groups of either 
unclassi fi ed function or represent proteins that were considered to be hypothetical 
proteins in the genomic database. Membrane proteins number about 20–40% of the 
total proteins in cells, however, their poor solubility and inherent hydrophobicity 
results in dif fi culties during extraction (Stevens and Arkin  2000  ) . Increased solubi-
lization of denatured membrane proteins was achieved by the use of surfactants 
such as SDS, which is incompatible with isoelectrofocusing (IEF) (Nouwens et al. 
 2000  ) . Therefore, this type of protein may be underrepresented in the germ pro-
teome maps. Approximately 20% of the proteins identi fi ed in the germ were 
enzymes, which are represented in all six Enzyme Commission (EC) classi fi cation 
groups, namely oxydoreductases, transferases, hydrolases, lyases, isomerases, and 
ligases, whereas only two EC classi fi cation groups, oxidoreductases and isomerases, 
were expressed in the mid-development endosperm. 

 The protein composition of germinating wheat seeds has been analyzed in the 
 fi rst three days of germination (Mak et al.  2009  ) . All identi fi ed proteins involved in 
transcription, transporter activities, or secondary mechanisms have shown signi fi cant 
decreases in their abundance. Decreasing levels of expression were also identi fi ed 
for some proteins involved in the energy-related mechanism, protein synthesis, and 
degradation, as well as proteins of signal transduction, stress-related mechanisms, 
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and metabolism. The proteins that increased in abundance during the germination 
period have diverse roles including energy, protein degradation, protein folding, and 
in the cytoskeleton.  

    19.7   Proteome of Wheat Bran 

 Bran has an important function as a protective barrier for the grain. The grain is a 
potential food for insects, fungi, and bacteria, and it is also exposed to many envi-
ronmental stresses, thus the bran must have properties that protect it from all these 
factors. Proteomic analysis of wheat bran and bran tissue fractions have been 
reported by Jerkovicz et al.  2010  and Laubin et al.  2008 , and spatial and temporal 
expression of peripherial layer proteins were followed by Tasleem-Tahir et al. 
 (  2011  ) . Collection of pure bran tissue fractions is limited by the strong bonds 
between the various bran tissue layers and endosperm in dry grain. Thus, a method 
to obtain bran layers free from contaminants, such as adjacent tissue and 
endosperm, is required to provide a suitable sample for proteomic analysis. The 
outermost component of the grain is the bran, which is composed of about seven 
distinct tissue layers. The outermost layers of the bran are collectively called the 
pericarp. The pericarp consists of the epidermis, hypodermis, cross-cells, and 
 fi nally the tube cells. The next three tissue layers are the testa, nucellar, and aleu-
rone. The aleurone tissue is in contact with the endosperm and it is the only bran 
tissue layer that is still alive and functional at the cellular level in mature grain and 
is critical during germination (Antoine et al.  2003,   2004  ) . Proteomic analysis of 
bran tissue fractions from wheat grain revealed the location and distribution of 
many common plant defense-related proteins, which appear to be speci fi c to cer-
tain tissue layers within the bran. Around 80% of proteins identi fi ed within the 
outer layers provide resistance to fungal and bacterial colonization and so ful fi ll a 
general defensive role rather than targeting speci fi c biotic stresses. Defense-and 
stress-related proteins were also identi fi ed in the inner fraction, however, they 
comprised only around 5% of the protein array. The major protein in the inner 
fraction was 7S globulin storage protein, which is likely to be involved in defense 
against oxalate-secreting fungi and also to serve in protecting itself during grain 
development when there is potentially a high oxalate level (Dunwell et al.  2000  ) . 
Some of the major classes of defense proteins are termed pathogenesis-related 
proteins (PR), and include PR-1, PR-2 (1, 3-beta-glucanases), PR-3 (chitinases), 
PR-4 (wheatwin), and PR-5 (thaumatin-like proteins) (Selitrennikoff  2001 ; 
Desmond et al.  2006  ) . 

 Studies of the aleurone layer of the seed have been stimulated by its nutritional 
and health bene fi ts. The AL (aleurone) provides proteins rich in lysine and also 
contains several vitamins (B1, B2, B3, B6, B9, and E) and minerals (P, K, Mg, Mn, 
and Fe). Although biochemical studies have already been conducted to distinguish 
and characterize the different layers of wheat bran (Antoine et al.  2004  ) , until 
recently this was not the case for protein composition of the wheat AL. 
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 Developmental processes of peripherial layers have also been monitored by 
Tasleem-Tahir et al.  (  2011  ) . More than 200 proteins of grain peripheral layers (inner 
pericarp, hyaline, testa, and aleurone layer) were identi fi ed and classi fi ed in 16 dif-
ferent functional categories. Study of the protein expression over time allowed 
identi fi cation of  fi ve main pro fi les and four distinct phases of development. Wheat 
grain peripheral layers at early stages are the site of metabolic activity, photosynthe-
sis, and all the metabolic pathways linked to the reactive oxygen species (ROS) 
production and detoxi fi cation. Composite expression curves indicated that there 
was a shift from metabolic processes, translation, transcription, and ATP intercon-
version towards storage and defense processes. Protein synthesis, protein turnover, 
signal transduction, membrane transport, and biosynthesis of secondary metabolites 
were the mediating functions of this shift.  

    19.8   Application of Wheat Proteomics in Fundamental 
and Applied Wheat Research 

 Proteomic research activities on wheat and the possible and/or already existing 
application areas of proteomics in wheat research have been reviewed by Skylas 
et al.  (  2005  ) . Dough quality, starch properties, puroindoline, chromosomal loca-
tion of coding genes, effects of growth environment, insect damage to wheat 
grains, and genotype identi fi cation were included by Skylas et al.  (  2005  ) . More 
recent reviews have been published summarizing the different techniques of 
proteomics both in plant biology and food science and are provided in 
Table  19.1 .  

 The development of techniques to improve extraction and separation and to 
identify proteins and peptides is facilitating functional proteomics and the analysis 
of subproteomes from small amounts of starting material, such as seed tissues 
(reviewed in Jorrin et al.  2007 ; Miernyk and Hajduch  2011 ; Finnie et al.  2011  ) . 
The combination of proteomics with structural and functional analysis is increas-
ingly applied to target subsets of proteins. These “next-generation” proteomics 
studies differentiate between spatial subproteomes and functional subproteomes 
and contribute to understanding the processes controlling cereal grain develop-
ment and nutritional and processing characteristics as well as the changes caused 
by biotic (Kav et al.  2007  )  and abiotic (Hashiguchi et al.  2010  )  stresses. The impor-
tance of abiotic stresses caused by global climate change has particular signi fi cance 
in the future of agriculture and food industries. Advances in crop proteomics pro-
vide the basis for interpreting changes in the grain as a result of climatic factors 
including photosynthetic stress, air pollutants, thermal stress including heat and 
cold, and osmotic stress (drought, salt,  fl ooding), and metal stress to help to elimi-
nate or to reduce the negative effects of these factors on the food production chain 
(Finnie et al.  2011  ) . 

 Reviews on the use of proteomics in food technology (Carbonaro  2004 ; Mamone 
et al.  2009 ; Gaso-Sokac et al.  2010 ; Pischetsrieder and Baeuerlein  2009  )  focus on 
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applications related to the characterization and standardization of raw    
materials – including areas important for selecting parents for crossing in breeding 
(glutenin allele identi fi cation) or regulating the entire wheat chain (variety identi fi cation) 
process development, and detection of batch-to-batch variations and quality control of 
the  fi nal product. Aspects of food safety, especially regarding biological and microbial 
safety and the use of genetically modi fi ed foods are also important targets. 

 In wheat the knowledge of starch biosynthesis has led to developing wheat vari-
eties with better nutritional properties to produce lower calorie cereal-based foods. 
The understanding of the interrelationships among metabolic pathways helps to 
break the inverse relationship between harvest yield and protein content, in order to 
maintain a high level of production with better quality source material for the indus-
try. Improved knowledge about the protective mechanism of the plant and the effects 
of biotic stresses on the protein composition has a direct relationship to food safety. 
The better understanding of the effects of genetic and environmental factors on the 
expression and deposition of different proteins directly lead to the production of 
wheat varieties with better end-use quality, with higher nutritive value, and with less 
harm for sensitive individuals. 

 Proteomic analysis of amphiphilic proteins and albumins/globulins has been 
applied to discover metabolic pathways and to de fi ne the physiological responses 
caused by natural or manmade mutations and/or introducing or silencing genes in 
the genome. Proteomic analysis carried out by Horváth-Szanics et al.  (  2006  ) . 

 Both qualitative and quantitative aspects of the protein composition related to 
prolamin proteins and amphiphilic proteins are directly related to the end-use qual-
ity to the wheat-based products. Therefore their investigation can lead directly to 
quality improvement. The schema of Mamone et al.  (  2009  )  illustrating how pro-
teomics can be applied in quality-related wheat research is an excellent example of 
this integrated strategy.  

    19.9   Some Examples of Proteomics in Wheat Research 

    19.9.1   Uncoupling Starch and Protein Accumulation 
in the Grain 

 Understanding the molecular mechanisms that regulate the balance between starch 
and protein synthesis could aid in efforts to uncouple the inverse relationships 
between starch and protein synthesis .  Breeding for increased grain yield tends to 
increase starch more than protein, resulting in  fl our with a lower protein percentage, 
and there seems to be a limit to maximum grain protein content in high yielding vari-
eties (Oury and Godin  2007 ; Rharrabti et al.  2001  )  although there are exceptions. 
When wheat is grown under cool, well-watered conditions, it is possible to obtain 
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high grain yield together with high protein concentration by supplying nitrogen after 
anthesis (Altenbach et al.  2003 ; Banziger et al.  1994 ; Brown and Petrie  2006  ) . 
However, additional nitrogen alters grain amino acid content and there is a negative 
relationship between protein concentration and the concentration of essential amino 
acids such as lysine, cysteine, and methionine (Rharrabti et al.  2001  ) . There is also a 
trade-off between grain yield and protein content under conditions of drought and/or 
high temperature, which reduce accumulation of starch more than protein (Altenbach 
et al.  2003 , Hawker and Jenner  1993 ). This is partly because high temperature reduces 
transcript levels and enzyme activity of starch synthase (Hurkman et al.  2003  ) . High-
protein  fl ours produced under conditions of high temperature were also reported to 
have increased proportions of glutamine- and proline-rich proteins and reduced pro-
portions of cysteine- and methionine-rich proteins (Dupont et al.  2006 ). 

 The number of proteins in amyloplast fractions has been arranged into 18 pro-
posed metabolic and biosynthetic pathways (Balmer et al.  2006a ; Dupont  2008  ) . 
The enzymes are arranged into maps that include enzyme and compound names in 
a single view and suggest that amyloplasts play a central role in the process of trans-
forming the sucrose, glutamine, and other amino acids into the array of proteins, 
lipids, nucleic acids, and carbohydrates needed to sustain the intense accumulation 
of starch and protein in the developing grain. Until recently they have been dis-
cussed mainly in terms of their role in starch biosynthesis, whereas their role in 
synthesis of other endosperm components has not been considered in detail. 

 Starch is produced by the majority of higher plant species inside plastids and rep-
resents a major storage product of many of the seeds and storage organs produced 
agriculturally and used for human consumption as well as many important industrial 
applications. The starch granule is a complex polymeric structure with a hierarchical 
order, allowing ef fi cient packing of large amounts of glucose into a water-insoluble 
form, and is composed of two distinct types of polymer: amylose and amylopectin. 
The signi fi cant progress in the understanding of the biosynthesis of amylose and 
amylopectin as well as the granule mass formation and the role of different enzymes 
of starch synthesis and de fi ning the functional properties of the product are summa-
rized in several excellent reviews (Thompson  2000 ; Ball and Morell  2003  ) . 

 To date, information on how coordination between amylopectin-synthesizing 
enzymes is achieved is sparse. Recent work in wheat endosperm amyloplasts sug-
gests protein phosphorylation is involved in modulating the catalytic activity of 
some key enzymes (the SBEII class) and their ability to form physical interactions 
with other starch-metabolizing enzymes (Tetlow et al.  2004  ) . Analysis of transgenic 
Arabidopsis and potato ( Solanum tuberosum ) plants also indicates a role for 14-3-3 
proteins in the regulation of SS activity in the formation of assimilatory (transient) 
starch in leaves, presumably through protein–protein interactions (Sehnke et al. 
 2001 ; Zuk et al.  2005  ) . Investigation of protein–protein interactions among enzymes 
of amylopectin biosynthesis in developing wheat endosperm by Tetlow et al.  (  2008  )  
provided direct evidence for the existence of protein complexes involved in amylo-
pectin biosynthes.  
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    19.9.2   Understanding Grain Hardness and Milling 
Properties of the Grain: The “Puroindoline Story” 

 The puroindolines have been identi fi ed as a component de fi ning hardness (a measure 
of the resistance to deformation under applied stress) of grain (reviewed in Turnbull 
and Rahman  2002  ) . Hardness and vitreousness are separate traits linked by overlap-
ping quality trait loci under genetic control at the 5D Ha locus (Turnbull and Rahman 
 2002  ) . The environment affects the expression of both, but does not change the 
ranking of cultivars relative to each other for this trait. Modifying genes account for 
the range of hardness within hard or soft classes. It is the expression of these genes 
that is thought to be important in determining milling quality. Hardness has been 
found to relate mostly to the surface properties of the starch particles of the 
endosperm. Different proteins interacting on the granular membrane play an essen-
tial role in this process (Shewry et al.  2009  ) . The puroindolines are basic lipid-
binding proteins, rich in cysteine, of about 13,000 Da (Gautier et al.  1994 ; Morris 
 2002 ; Jones et al.  2006  ) . They belong to the 2S albumin superfamily of proteins and 
are encoded by genes at two loci on the short arm of chromosome 5D:  Pina-D1  
(two alleles,  a  and  b ) and  Pinb-D1  (many alleles,  a – g ,  l ,  p ,  q ) (Morris  2002 ; Jones 
et al.  2006 ; Wanjugi et al.  2008  ) . Bread wheat generally contains two types of 
puroindolines differing slightly in size. Soft wheat possesses both puroindoline a 
and puroindoline b, due to the allele combination  Pina-D1a  and  Pinb-D1a . As their 
starch granules are loosely attached to the protein matrix, soft wheat crushes easily, 
producing largely intact starch granules and  fi ne  fl our. On the other hand, the starch 
granules of hard wheat are tightly bound to the protein matrix, requiring greater 
milling energy and producing coarser  fl our with higher levels of starch damage. 

 Until recently the cellular functions of puroindolines during grain development 
remained unknown. To gain further insight into their biological function, Lesege 
et al.  (  2012  )  carried out a comparative proteome analysis of two near-isogenic lines 
(NILs) of bread wheat  Triticum aestivum  L. cv. Falcon differing in the presence or 
absence of the puroindoline-a gene (Pina) and kernel hardness. Proteomes of the 
two NILs were compared at four developmental stages of the grain for the meta-
bolic albumin/globulin fraction and the Triton-extracted amphiphilic fraction. 
Proteome variation showed that, during grain development, folding proteins and 
stress-related proteins were more abundant in the hard line compared with the soft 
one. These results, taken together with ultrastructural observations showing that 
the formation of the protein matrix occurred earlier in the hard line, were consistent 
with an earlier endosperm cell death in the hard NIL than in the soft one. 
Quanti fi cation of the albumin/globulin fraction and amphiphilic proteins at each 
developmental stage strengthened this hypothesis as a plateau was revealed from 
the 500°C day stage in the hard NIL whereas synthesis continued in the soft one 
clearly. Puroindolines differentiate between the hard and soft grain class, but 
explain only around 30% of the within-class variations of endosperm texture. The 
intensive research activity on looking for other contributors to grain hardness varia-
tion has identi fi ed signi fi cant QTLs for this trait outside the  Hardness  locus on 
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chromosomes 1 and 5 (Groos et al.  2006  ) , individually explaining ~15% of the 
variation of hardness whereas Bettge and Morris  (  2000  )  found that the variation in 
hardness related to growing conditions was largely accounted for by the amount 
and composition of pentosans.  

    19.9.3   Glutenin Allelic Composition: The Key Factor of the 
Strength and Extensional Properties of the Dough 

 Relating the protein composition to certain quality traits by statistical means is a 
frequently used methodology to relate structure/composition to functionality in 
cereal science. The classic tool used by breeders is the Payne score (Payne  1987 ; 
Payne et al.  1987  )  providing a single number to estimate dough strength from the 
HMW glutenin allelic composition. This approach has been extended to include 
LMW glutenin alleles in similar mathematical formulas (Gupta et al.  1991 ; Cornish 
et al.  2006 ; Békés et al.  2006 ; Eagles et al.  2002  ) . By the application of sophisti-
cated statistical approaches, the wheat simulator of Eagles et al.  (  2002  ) , and the 
protein scoring system (PSS) of Békés et al.  (  2006  ) , it is possible to describe the 
effects of both HMW and LMW GS alleles on dough strength and extensibility, 
individually and the pairwise interactions among the alleles. Applications of the 
models indicate that the approach of relating allelic composition to quality attri-
butes is possible with careful data selection and applying robust mathematical tools; 
the genetic potential of a line, with a certain combination of alleles on the six glute-
nin coding loci, can be meaningfully predicted where both the contribution of the 
individual alleles and their pairwise interactions play equally important roles (Békés 
et al.  2006 . Cornish et al.  2006 ; Branlard et al.  2003b ; Baracskai et al.  2011  ) . 

 The genetic makeup of gluten proteins, the information about the allelic compo-
sition of glutenin and gliadin alleles, therefore becomes essential information in 
wheat breeding. Large databases containing the allelic composition of wheat 
 varieties grown around the world are available to search for certain combinations of 
alleles holding speci fi c quality attributes (Metakovsky et al.  2006 ; Wrigley et al. 
 2006a,   b  ) . The MALDI-TOF-based proteome analysis of wheat proteins has been 
found to provide a sensitive, reproducible, and high-throughput methodology for 
de fi ning the required allelic composition (Liu et al.  2010  )  and can serve the needs 
of breeding programs. The technologies can now resolve the  b, u, al , and  br  alleles 
of the Bx7-type subunits coded by the  Glu-B1  locus (Gao et al.  2012  ) . The amounts 
of x-type subunits in both the  al  and  br  alleles are overexpressed but although this 
extra amount of HMW-GS subunit in the  al  allele provides extra dough strength, the 
presence of the  br  allele has a negative effect on dough strength, speculated to be 
caused by a tyrosine–cystein mutation (Gao et al.  2012  ) . 

 Despite the abundance of the LMW-GS, they have received much less attention 
than the HMW-GS, probably due to their complexity, heterogeneity, and comigra-
tion with gliadins in SDS-PAGE (Appelbee et al.  2009 ; D’Ovidio and Masci  2004  ) . 
In the SDS-PAGE system, utilizing gliadins as indicators provided an indirect way 
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to de fi ne LMW-GS alleles (Jackson et al.  1996  ) . MALDI-TOF-MS is currently the 
most ef fi cient method to analyze these proteins and requires only 4–5 min per sam-
ple. It is a high-throughput technology for analyzing wheat gluten proteins 
(Dworschak et al.  1998 ; Ghirardo et al.  2005 ; Muccilli et al.  2005 ; Liu et al.  2009  ) . 
In addition, simple, rapid, and sensitive PCR approaches to assay speci fi c genes 
directly have proven to be useful for identifying LMW-GS composition in common 
wheat (Appelbee et al.  2009 ; Zhang et al.  2004 ; Wang et al.  2009,   2010  ) . The com-
prehensive comparison of the results derived from using proteomic or PCR-based 
methods is discussed by Liu et al.  2010 .  

    19.9.4   Wheat Grain Proteins as Allergens 

 The unusual amino acid composition and primary structure of prolamins have nutri-
tion- and health-related consequences. Consumption of gluten containing food can 
cause health problems for a signi fi cant number of people who consume foods 
derived from wheat, rye, barley, and oats. The general public in most Western coun-
tries is now aware of the potential adverse effects of cereals containing gluten with 
reports appearing in the lay press (Braly and Hogganm  2002 ; Ford  2008 ; Wangen 
 2009  )  promoting gluten-free diets. Many of these reports, however, fail to draw 
attention to the importance of appropriate diagnosis or de fi ning the nature of the 
gluten “intolerance” an individual may have. 

 The terms wheat-related intolerance (sensitivity) and wheat allergy are often 
used interchangeably. However, it is generally accepted that wheat sensitivity is 
speci fi cally de fi ned as the negative reaction in individuals to wheat with clinical 
manifestations such as chronic urticaria, gastrointestinal problems (i.e., irritable 
bowel syndrome, eosinophilic colitis, ulcerative colitis), depression, eczema, and 
low blood iron levels, which can sometimes take days to manifest. In contrast, wheat 
allergy is a negative reaction where symptoms appear rapidly following exposure to 
macromolecules such as proteins and includes acute anaphylactic hypersensitivity, 
baker’s asthma (Houba et al.  1998  ) , and the autoimmune enteropathy, celiac disease 
(CD) (van Heel and West  2006  ) . Celiac disease (CD) is an in fl ammatory disorder of 
the upper small intestine triggered by the ingestion of wheat, rye, barley, and pos-
sibly oat products. Wheat sensitivity affects many more people (about 15% of 
human population) than wheat allergy (about 1–4% population). In the early 1970s, 
the gluten fraction, speci fi cally the gliadins were reported to be responsible for 
celiac disease, anaphylactic hypersensitivity, and baker’s asthma. Numerous studies 
have led to the identi fi cation of wheat prolamin proteins containing toxic epitopes 
responsible for CD, from both the gluten and soluble proteins of wheat. 

 The storage proteins of CD toxic cereals have been classi fi ed into three groups: 
a high molecular weight (HMW) group; a medium molecular weight (MMW) 
group; and a low molecular weight (LMW) group, the latter being the major group 
(Tatham and Shewry  2008 ; Wieser and Koehler  2008  ) . The detailed analysis of 
these groups of proteins led to the identi fi cation of the toxic epitopes, the  mechanism 
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of toxicity, and the effects of genetic background of CD to be understood (reviewed 
by Anderson and Wieser  2006 ; Catassi and Fasano  (  2008  ) , Wieser and Koehler 
 2008 ; van Heel and West  2006  ) . In contrast, wheat sensitivity (Tanabe et al.  1996 , 
Sandiford et al.  1997 ; Matsuo et al.  2004 ; Battais et al.  2005a,   b  )  is not well de fi ned 
and much less is known about the basics of this complex disorder. 

 Regarding wheat allergies, the  fl our-soluble fraction consisting of albumins/
globulins (A/G) has also been reported to contain IgE-binding proteins (Weiss et al. 
 1997 ; Varjonen et al.  2000 ; Takizawa et al.  2001  ) . Proteins of the  a -amylase/trypsin 
inhibitor family (Armentia  1994  ) , (Sotkovsky et al.  2008  ) ,  b -amylase (Pastorello 
et al.  2007  ) , peroxidases (Pastorello et al.  2007 ; Sanchez-Monge et al.  1997  ) , LTP1 
(Pastorello et al.  2007 ; Palacin et al.  2007 ,  2010 ), and serpins (Pastorello et al.  2007 ; 
Sander et al.  2001 ; Akagawa et al.  2007  )  were reported to be allergens in food or 
respiratory allergies. However, it is noteworthy that the reactivity of the proteins 
within each family is dependent on their isoforms and that IgE obtained from 
patients recognizes the allergens with variable sensitivity and speci fi city. Pastorello 
et al.  (  2007  ) , using two-dimensional electrophoresis followed by immunoblotting, 
identi fi ed new allergens in this A/G fraction, including granule-bound starch syn-
thases, glyceraldehyde-3P-deshydrogenase, and puroindolines. Until now, members 
of 14 families of allergens belonging to the A/G fraction and their involvement in 
wheat allergies has been studied (Tatham and Shewry  2008 ; Battais et al.  2008 ; 
DeAngelis et al.  2010  ) . 

 Demands raised by food safety issues and food-processing applications involve 
analytical and labeling issues in relation to the gluten content of food (Wieser  2008 ; 
Haraszi et al.  2011 ; Heick et al.  2011  ) . The activities include  fi nding formulations 
with functionality similar to wheat gluten (Arendt et al.  2008  )  and looking for less 
harmful wheat varieties and wheat relatives (Klockenbring et al.  2001 ; Nakamura 
et al.  2005 ; Spaenij-Dekking et al.  2005 ; van Herpen et al.  2006 ; Denery-Papini et al. 
 2007  )  as well as methods and technologies to reduce the level of harmful compounds 
in wheat-based products such as the use of different enzymes (Malandain  2005 ; 
Mitea, et al.  2008 ; Stenman et al.  2010  ) , and/or sour-dough technology (Di Cagno 
et al.  2004 ; Decock and Capelle  2005 ; De Angelis et al.  2006 ; Ehren et al.  2008 ; 
Ganzle et al.  2008 , Gobbetti et al. 2008, Goesaert et al.  2008  ) . 

 The methodology for the identi fi cation of allergenic proteins by using the pro-
teomic approach is referred to as “allergenomics” (Yagami et al.  2004 ; Akagawa 
et al.  2007  ) . In allergenomics, total proteins in allergen sources are solubilized with 
a strong anionic detergent and urea and effectively resolved with 2-D electrophore-
sis. Subsequently, IgE-reactive proteins are detected by immunoblotting using aller-
gic patients’ sera. Candidate allergens can be identi fi ed by their site-speci fi c 
degradation and subsequent mass spectroscopic analysis of the fragmented peptides 
and database search. 

 Liquid chromatography–tandem mass spectrometry methodologies are consid-
ered to be the method of the future assessing gluten-free or low-gluten products 
(Haraszi et al.  2011 ; Heick et al.  2011  ) . This method deals with the levels of harmful 
wheat proteins and the levels of certain nonwheat ingredients used in wheat baked 
products. Detailed protein analysis of bread products by MALDI-TOF and 2D-GE 
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 protein separation followed by MS/MS protein identi fi cation has shown that the 
lupin conglutin proteins are clearly differentiated during the bread-making process 
into salt-soluble (alfa conglutins) and salt-insoluble classes (beta conglutins) (Islam 
et al. 2012). These changes in solubility, and the identi fi cation of new entities using 
MALDI-TOF, re fl ect the wheat–lupin protein interactions that await further study 
(Islam et al.  2012 ), especially in relation to physical attributes of lupin proteins such 
as the higher thermal stability of  a -conglutins compared to  b -conglutins. In their 
analysis of different commercially produced wheat starches Kasarda et al.  (  2008  )  
showed that a proteome level analysis provided a useful “quality control” to identify 
their gluten contamination through the a-gliadin content. 

 The combination of component analyses with high-throughput bioinformatic 
analysis, has a great potential to identify allergen candidates and to develop vaccines 
against them (Mora and Telford  2010 ). Spurred by a growing market and the realiza-
tion that strict gluten exclusion is dif fi cult and often only partially successful, thera-
pies for CD are rapidly evolving (Tye-Din and Anderson  2008  ) . Clinical trials are 
under way to assess drugs and treatments targeted at reducing paracellular permea-
bility in the small intestine, further digesting gluten in the stomach by way of prolyl, 
and glutaminyl endopeptidases, or cysteine endoproteases, and inhibiting migration 
of T cells to the in fl amed intestine through mediation by chemokine receptor 9 
(CCR9) (Osorio et al.  2012  ) . Other drugs under consideration are inhibitors of intes-
tinal tTG and peptide binding to HLA-DQ2. Agents that qualitatively alter the 
pathogenic T-cell response to gluten by enhancing regulatory T cells offer the pros-
pect of sustained immune tolerance to gluten. A peptide-based therapeutic vaccine is 
being developed to test this potential in CD (Anderson et al.  2006  ) . For the latter 
approach, the most successful immunologic studies now rely upon synthetic pep-
tides or recombinant proteins. Computer-assisted search strategies for toxic compo-
nents of gluten have been reasonably comprehensive, using public databases such as 
Genbank (  http://www.ncbi.nlm.nih.gov/genbank/    ). In the past, functional studies 
have focused on only eight distinct recombinant  a -gliadins (from the 58  a -gliadin 
genes in Genbank) and  fi ve  g -gliadins (from 48 genes), but recent studies involved 
  w -gliadins, LMW and HMW glutenin subunits, even hordeins, or secalins.
(Camarca et al.  2009  ) .  

    19.9.5   Wheat Allergen Candidate Identi fi cation 
for Vaccine Design 

 Immunoinformatics is the application of informatics techniques to the immunity 
system for the prediction of epitope targets and vaccine design. This is also referred 
to as “computer aided vaccine design (CAVD) or computational vaccinology” 
(Flower and Doytchinova  2002 ; Sollner et al.  2010  ) . An epitope is the complementary 
protein region in the antibody (Ab) antigen (Ag) binding sites in Ag–Ab reaction. 
The epitope sequence in this region can be either conformational (discontinuous) 

http://www.ncbi.nlm.nih.gov/genbank/
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or linear presenting (Huang and Honda  2010 , Kulkarni-Kale et al.  2005 ). 
The requirements for epitope  prediction for vaccine design include the facts that the 
epitope occurs on the surface of the protein and is more  fl exible than the rest of 
the protein. 

 The epitope region requires a high degree of exposure to the solvent and the 
amino acids making the epitope charged and hydrophilic. 

 The main methods for the identi fi cation of epitopes currently in use are:

    1.    The Parker Hydrophilic Prediction Method (Parker et al.  1986  )  utilized three 
parameters: hydrophilicity, Janin’s scale accessibility, and the  fl exibility of 
Karplus and Schultz  (  1985  ) . The hydrophilicity parameter was calculated using 
HPLC from the retention coef fi cient of model synthetic peptides. The surface 
pro fi le was determined by summing the parameters for each residue of a seven-
residue segment and assigning the sum to the fourth residue; this is one of the 
most useful prediction algorithms (Parker et al.  1986  ) .  

    2.    Surface Accessibility Prediction (Emini et al.  1985  ).   
    3.    Beta-Turn Prediction (Chou and Fasman  1978  ).   
    4.    Exposed surface, polarity, and antigenic propensity of polypeptide chains have 

been correlated with the location of continuous epitopes. (Kolaskar’s semi-
empirical method uses physiological properties of amino acid residues and the 
frequencies of occurrence of amino acids in experimentally known epitopes 
(Kolaskar and Tongaonkar  1990  ) ).     

 B-cell epitopes are recognized by antibodies of the immune system and are used in the 
design of vaccines and diagnostics tests. It is therefore of interest to develop improved 
methods for predicting B-cell epitopes (Larsen et al.  2006 ; Moolhuijzen  2011  ) . 

 Peptide epitopes from gliadin and high molecular weight subunits have been 
identi fi ed as associated with wheat-dependent–exercise-induced-anaphylaxis 
(WDEIA) (Tatham and Shewry  2008  ).  Immunological databases and analysis 
resources are available to identify candidate epitope peptides; these have been 
reviewed for high-throughput analysis accessibility (Moolhuijzen  2011 ; Salimi 
et al.  2010  )  (Table  19.2 ).  

 To identify wheat vaccine gene candidates, the  Triticum aestivum  gene index 
(TaGI) (  http://compbio.dfci.harvard.edu/tgi/gi/tagi/searching/xpress_search.html    ) 
dataset of expressed genes was screened for wheat proteins with candidate epitopic 
peptide regions that bind B cell IgE.

    1.    Translate the TaGI into protein sequences.  
    2.    Screen predicted protein sequences for B-cell continuous epitopic residues 

greater than six amino acids in length.  
    3.    Validate epitopic protein sequences against known protein domains.  
    4.    Partition proteins identi fi ed with epitopes into known and unknown protein 

domain groups.  
    5.    Identify those genes expressed in grain (protein families that may trigger allergic 

reactions).  

http://compbio.dfci.harvard.edu/tgi/gi/tagi/searching/xpress_search.html
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    6.    Cluster sequences to identify conserved sequence domains within families of 
proteins.  

    7.    Group classes of epitope sequences using SDAP. These known epitopic peptides 
are a positive control to validate the data analysis strategy.  

    8.    Screen wheat candidate epitope peptides against the human proteome and delete 
entries with more than 70% positive similarity to avoid an allergic reaction in 
humans to the vaccine.     

 In the TaGI there exist 216,452 tentative consensus sequences and 12,784 (5.9%) 
transcripts containing predicted linear B-cCell peptides (greater than six residues in 
length). To identify the known and unknown protein families the 12,784 B-cell 
transcripts can be translated into protein sequences and searched against the NCBI 
 conserved domain database using RPS-Blast. All sequences with good alignment to 
known transcripts (<1e–10) were classi fi ed as known protein families. The number 
of known protein families’ transcripts found equaled 8,601 and clustered into (1,363 
clusters, 973 singletons) (examples shown in Fig.  19.2 ). The number of transcripts 
of unknown protein families equaled 4,183 and clustered into 965 clusters, 2,321 
singletons.    

    19.10   Conclusion 

 The extensive studies on the wheat proteome reviewed in this chapter provide a good 
foundation for integrating knowledge about speci fi c genes expressed in the form of 
proteins and the genes annotated within the wheat genome DNA sequence as this is 
established through an extensive international effort (  http://www.wheatgenome.org    ). 

   Table 19.2    Summary of B-cell epitope prediction tools reviewed   

 Site  Prediction  URL  HTP 

 ABCPred  B-cell    http://www.imtech.res.in/raghava/
abcpred/     

 No 

 Antigenic  B-cell    http://emboss.sourceforge.net/apps/
release/5.0/emboss/apps/antigenic.
html     

 Yes 

 BCEPred  Linear B-cell    http://www.imtech.res.in/raghava/
bcepred/index.html     

 No 

 BCIPep  B-cell blast database    http://www.imtech.res.in/raghava/
bcipep/data.html     

 Yes 

 Bepipred B-cell 
epitopes 

 Predict location of linear 
B-cell epitopes 

   http://www.cbs.dtu.dk/services/
BepiPred/     

 Yes 

 CEP  Conformational epitope 
prediction server B-cell 

   http://bioinfo.ernet.in/cep.htm     (no 
longer available) 

 No 

 IEDB  B-cell and Tcell helper 
epitope tools 

   http://tools.immuneepitope.org/main/
html/bcell_tools.html     

 No 

http://www.wheatgenome.org
http://www.imtech.res.in/raghava/abcpred/
http://www.imtech.res.in/raghava/abcpred/
http://emboss.sourceforge.net/apps/release/5.0/emboss/apps/antigenic.html
http://emboss.sourceforge.net/apps/release/5.0/emboss/apps/antigenic.html
http://emboss.sourceforge.net/apps/release/5.0/emboss/apps/antigenic.html
http://www.imtech.res.in/raghava/bcepred/index.html
http://www.imtech.res.in/raghava/bcepred/index.html
http://www.imtech.res.in/raghava/bcipep/data.html
http://www.imtech.res.in/raghava/bcipep/data.html
http://www.cbs.dtu.dk/services/BepiPred/
http://www.cbs.dtu.dk/services/BepiPred/
http://bioinfo.ernet.in/cep.htm
http://tools.immuneepitope.org/main/html/bcell_tools.html
http://tools.immuneepitope.org/main/html/bcell_tools.html
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  Fig. 19.2    A plot of the number of clustered transcripts with predicted B-cell epitopes versus the 
cluster size, the larger clusters and circled in grey and the annotation in black are known allergen 
proteins. The boxed insert lists the other known allergen clusters and the number of transcripts 
(size of the cluster)       

The correct assignment of gene sequences within the genome is fundamental to inte-
grating the DNA-encoded information with the proteome. Large-scale sampling of 
peptides and the process of relating these to gene sequences in the genome is a key 
cross-referencing of the proteome back to the hypothesized gene sequences in order 
to validate gene assignments. The analysis of the wheat proteome with the view to 
application in the analysis of foods is advancing quickly as the result of progress in 
the human and yeast  fi elds. The srmatlas project (Tian et al.  2012 ;   http://www.srmatlas.
org    ) is focused on selected reaction monitoring (SRM) mass spectrometry assays 
(Anderson and Hunter  2006 ; Lange et al.  2008 ; Picotti et al.  2009  )  for all human 
proteins (  http://www.srmatlas.org/    ). The SRM mass spectrometry assays utilize a 
triple quadrupole mass spectrometer to identify a peptide(s) associated with a protein 
of interest in an iterative process eventually to provide highly accurate identi fi cation 
and quanti fi cation. The SRM assays can detect multiple targets in complex samples. 
The SRM initiative complements the human protein atlas (  http://www.proteinatlas.
org/    ) which is focused on antibody-based proteomics. Version 8.0 of the human pro-
tein atlas, released in May 2011, included 11,260 genes with protein expression 
pro fi les based on 14,506 antibodies (Ponten et al.  2011  ) . These advances provide a 
valuable vision for the analysis of the wheat proteome. The iMOP (  http://www.imop.
uzh.ch    ) process is now in place to facilitate the transfer of the experience of  colleagues 
within the Human Proteome Organization (HUPO) to analyzing the proteomes of 
other organisms (Jones et al.  2012 ; Orchard et al.  2012  ) . 

 

http://www.srmatlas.org
http://www.srmatlas.org
http://www.srmatlas.org/
http://www.proteinatlas.org/
http://www.proteinatlas.org/
http://www.imop.uzh.ch
http://www.imop.uzh.ch
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 The selected classes of wheat proteins reviewed in detail in this chapter can be 
detected in food products (Islam et al.  2012 ; Mamone et al.  2009  )  using standard 
denaturing extraction techniques and already provide valuable information to be 
used in the whole wheat chain from pre-breeding through to process and product 
development, process control, and quality assurance. The latter application, diag-
nostics for identity validation and predicting the presence of toxic/allergic epitopes 
in foodstuffs, is a key issue for human health and also for the future of the wheat 
industry. The expansion of detection technologies to speci fi c peptides using SRM 
mass spectrometry assays would greatly facilitate the association of particular pro-
teins with quality attributes of foods. The advanced, high-throughput, mass spectro-
scopic detection protocols can also facilitate the screening of breeding lines and 
cultivars to provide a basis for targeting particular wheat lines in a breeding pro-
gram to speci fi c food products. The detailed and high-resolution analyses of the 
grain proteome by Dupont et al.  (  2011  )  provide the basis for assaying speci fi c pro-
teins associated with quality attributes. The well-established example discussed in 
this chapter relates to the association of a speci fi c complement of HMW glutenin 
subunit proteins with bread quality and the high-throughput detection of these 
“ fi ngerprints” using MALDI-TOF. Many other classes of proteins have been or will 
be associated with particular end-product attributes and form the basis for an essen-
tial suite of tools for characterizing food components and end-products. In these 
developments centers for carrying out the high-resolution and high-throughput 
technologies and the associated bioinformatics play a critical role in data capture 
and management, metadata capture, minimum descriptions for experiments, analy-
sis, and integration (e.g., Barga et al.  2011 ; Bellgard  2005 ; Rhee et al.  2006 ; Roessner 
et al.  2011 ; Taylor et al.  2008 ). A particular bioinformatics challenge is the integra-
tion of disparate data and information sources from the new -omics technologies 
through to old legacy databases and/or spreadsheets and  fi eldbooks that contain 
information such as phenotypic or epidemiological data that are not necessarily in 
easily exchangeable data formats (Goble and Stevens  2008  ) .      
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        20.1   Introduction 

 Rice, wheat, maize, and soybean provide more than half the calories consumed by 
the world’s population. Rice production in Asia has been doubled since 1961 based 
on the breeding of new rice cultivars with an intensive cultivation system. 
Furthermore, as the global climate changes, high temperature,  fl ooding, and drought 
have become the most important environmental factors that can in fl uence the yield 
and quality of crops. In Asia, over 25 million ha were affected by drought. In addi-
tion to being a very important agriculture crop, rice is useful as a model plant for 
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biological research because it has a smaller genome than those of other cereals 
(Devos and Gale  2000  ) . The Rice Genome Sequencing Project (The International 
Rice Genome Sequencing Project  2005  )  produced a map-based, high-quality 
sequence that covers 95% of the 389 Mb genome of rice, including virtually all of 
the euchromatin and two complete centromeres. The annotation of the rice genome 
has progressed rapidly (The Rice Annotation Project  2007  ) , and most of the pre-
dicted genes are supported by full-length cDNAs (Kikuchi et al.  2003  ) . Since the 
completion of the sequencing of the rice genome, the challenge for the plant-
research community has been to identify the function and regulation of rice genes. 

 The major purpose of rice cultivation is to produce high quality and yield grains 
that are consumed as the staple food in Asia especially in the southeast area. In addi-
tion, seeds also play a central role in the rice lifecycle. Acquiring high quality and 
viable seeds is a prerequisite for rice cultivation. Not surprisingly, rice seed espe-
cially grain  fi lling and seed germination study is one of the hot areas in rice biology. 
Furthermore, uncovering the regulatory mechanism of rice grain  fi lling and seed 
germination is also important for rice breeding and production. With the advent of 
proteomic technologies, large-scale protein pro fi ling has been applied to elucidate 
the mechanism of these two complex processes, which showed that the regulation 
happened in different pathways at different levels. Abiotic stresses including 
drought,  fl ood, high or low temperature, and salinity will seriously affect the grain 
 fi lling process and hence decrease the yield and quality, and they can also inhibit 
rice seed germination. In this review, rice seed proteomics and rice proteomics 
against environmental stresses are summarized and future perspectives of food sci-
ence in rice are also discussed.  

    20.2   Rice Seed Proteomics 

    20.2.1   Proteomics of Grain Filling Period 

 Carbohydrates, proteins, and oils are three major reserves that accumulate in plant 
seeds (Weber et al.  2005  ) . Compared with other plant species, such as soybean and 
oilseeds, rice predominantly accumulates carbohydrates. In mature rice grain, 
starch accounts for about 85% of the total dry mass (Ruuska et al.  2002  ) . The 
starch is mainly synthesized in endosperm during a period of seed development 
generally de fi ned as grain  fi lling. In rice, grain  fi lling roughly refers the stage 
between 6 and 20 days after  fl owering (Xu et al.  2008  ) . During this stage, seeds 
experience dramatic morphological, physiological, and metabolic changes (Rubel 
et al.  1972  ) . Yield and nutrition, which are the two major economic characteristics 
of rice grains, are largely determined by the synthesis and storage of starches, pro-
teins, and minerals during grain  fi lling. Manipulation of different biosynthetic 
pathways can signi fi cantly change these characteristics (Ye et al.  2000  ) , which 
indicates a close correlation of gene expression in different pathways. Expression 
analyses at the mRNA level have identi fi ed many genes that are preferentially 
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expressed during rice grain  fi lling and participate in starch and protein synthesis 
and storage (Zhu et al.  2003 ; Liu et al.  2010 ; Gaur et al.  2011  ) . Gene expression at 
the RNA level is not always consistent with that at the protein level (Greenbaum 
et al.  2003 ; Watson et al.  2003 ; Schmidt et al.  2007  ) ; furthermore, information 
about post-translational modi fi cation could not be acquired through RNA. 
Undoubtedly, study at the protein level will provide more direct evidence, since the 
biosynthetic pathways are catalyzed by different enzymes. Proteomic analyses 
about seed  fi lling have been carried out in many different plant species, such as 
 Medicago truncatula  (Gallardo et al.  2003,   2007 ; Repetto et al.  2008  ) , soybean 
(Agrawal et al.  2008  ) , oilseeds (Hajduch et al.  2005,   2006  ) , barley (Finnie et al. 
 2002  ) , wheat (Laino et al.  2010  ) , maize (Mechin et al.  2007  ) , and rice (Xu et al. 
 2008  ) . All these studies revealed that the proteins involved in cellularization and 
cell division decreased, and the proteins involved in cell expansion and reserve 
accumulation increased during seed  fi lling. 

 The most comprehensive proteomic study about rice grain  fi lling to date was 
conducted by Xu et al.  (  2008  ) . In their study, they identi fi ed 345 differentially dis-
played proteins among which 45% were involved in different metabolic pathways 
and 20% were involved in protein biosynthesis and destination. The starch synthesis 
related proteins increased at the beginning of the grain  fi lling stage and peaked at 
the time when the  fi lling was almost  fi nished (Xu et al.  2008 ; Liu et al.  2010  ) , which 
can help to enhance starch synthesis and accumulation. Because the accumulation 
of starch can result in an anoxic condition, there is a transition from central carbon 
metabolism to fermentation during the late stage of grain  fi lling, which was also 
reported in maize (Mechin et al.  2007  ) . The starch biosynthesis, constituents, starch 
granule structure, and arrangement can all affect grain quality (Myers et al.  2000 ; 
Kang et al.  2005 ; Yamakawa et al.  2007  ) . Starch is composed of two major constitu-
ents: unbranched amylose (linear a-1, 4-polyglucans) and branched amylopectin 
(a-1, 6-branched polyglucans). A suitable ratio between amylose and amylopectin 
is one of the determinants for rice grain quality. Mutants that lead to low amylose 
content (<2%) will set seeds with opaque endosperm and hence poor quality (Dung 
et al.  2000 ; Isshiki et al.  2000  ) . It was reported that the starch biosynthesis related 
enzymes exhibited maximum activities at 15 days after  fl owering (Liu et al.  2010  ) . 
The longer the activities exist, the better the grains are. 

 MADS-box transcription factor OsMADS6 was found regulating the expression 
of ADP-glucose pyrophosphorylase genes that encode the rate-limiting step enzyme 
in starch synthesis pathway, whereas the expression of OsMADS6 is subjected to an 
epigenetic regulation (Zhang et al.  2010a  ) . Phytohormone cytokinins can enhance, 
whereas abscisic acid (ABA), ethylene and methyl-jasmonic acid (JA) can nega-
tively affect the rice grain  fi lling (Kim et al.  2009 ; Zhang et al.  2010b ; Zhu et al. 
 2011  ) . ABA and ethylene suppress the expression of starch synthesis genes, which 
can result in poor  fi lled grains of the inferior spikelets (Zhu et al.  2011  ) . Methyl-JA 
could induce the biosynthesis of ABA and hence suppress the expression of starch 
synthesis genes (Kim et al.  2009  ) . Drought can reduce the grain  fi lling through the 
effect of methyl-JA (Kim et al.  2009  ) . Transcription factor AP37 can reverse the 
effect of drought to grain  fi lling (Oh et al.  2009  ) . Delay the action of ABA and 
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 ethylene might be an effective way to ful fi ll the grains and hence increase the yield. 
All these data give us a clue that nuclear proteomic analysis might help us to further 
understand the mechanism of grain  fi lling. Unfortunately, there has been no such 
report in rice until now. Proteins involved in transcription regulation, RNA process-
ing and transport, chromatin modifying, RNA interference, and RNA-directed DNA 
methylation have been found stored in the nucleus at the early stage of seed  fi lling 
in  Medicago truncatula  (Repetto et al.  2008  ) . These data implied that active gene 
expression regulation happened at different levels during seed development. In the 
nucleus, RNA binding proteins play pivotal roles in RNA processing; in cytoplas-
mic, RNA transportation, localization, translation, storage, and degradation also 
need RNA binding proteins (Dreyfuss et al.  2002 ; Fedoroff  2002  ) . Except for those 
well-known RNA binding proteins, many metabolism-related proteins were also 
found to be cytosolic RNA binding proteins (Doroshenk et al.  2009  ) . Why should 
these metabolic proteins bind to RNAs is still an open question. 

 In addition to starch, proteins account for 6–10% of the dry mass and are impor-
tant for the nutrition, cooking, and brewing quality of rice grains (Bressani et al. 
 1971 ; Hamaker  1994  ) . Rice storage proteins include glutelins, prolamins, globulins, 
and albumins to name several. Studies in  Medicago truncatula  showed that many 
ribosomal proteins were stored in the nucleus in preparation for the following inten-
sive protein synthesis (Repetto et al.  2008  ) . These data are consistent with the fact 
that the stocking proteins are the major reserves (about 40%) in  Medicago truncat-
ula . Table  20.1  shows the number of differentially displayed proteins involved in 
different biosynthetic pathways during the seed  fi lling in rice, rapeseed, and soy-
bean. It is clear that different plants synthesize and accumulate different reserves 
during seed  fi lling. How the plant balances the synthesis of different reserves is very 

   Table 20.1    The differentially displayed proteins involved in different  metabolic 
pathways during seed  fi lling in rice, rapeseed and soybean   

 Rice a   Rapeseed b   Soybean c  

 Sugar conversion  16  12  8 
 Starch synthesis  23  4  1 
 Lipid and sterols metabolism  6  13  10 
 Protein synthesis  13  3  17 
 Glycolysis  21  20  16 
 Alcoholic fermentation  9  N/A  2 
 Pentose phosphate  2  5  N/A 
 TCA pathway  3  5  4 
 Amino acid metabolism  14  21  14 
 Nitrogen and sulfur metabolism  6  1  4 
 Nucleotide metabolism  8  1  7 
 Secondary metabolism  11  10  7 

   a Data are from Xu et al.  (  2008  )  
  b Data from Agrawal et al.  (  2008  )  
  c Data from Hajduch et al.  (  2006  )   
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important because common carbon precursors are usually shared by different 
 biosynthetic pathways. A RNA binding protein was found to bind to glutelin and 
prolamine RNAs in vivo .  This protein is distributed to multicellular compartments, 
and might play a role in the expression of storage protein genes (Crofts et al.  2010  ) . 
Proteomic studies showed that two proteins, lipoxygenase and SBPs, were over-
represented in developing seeds of legume plants such as soybean (Agrawal et al. 
 2008  )  and  Medicago trunctula  (Gallardo et al.  2003  )  and underrepresented in non-
legume plants such as rapeseed (Hajduch et al.  2006  ) , wheat (Vensel et al.  2005  ) , 
maize (Mechin et al.  2007  ) , and rice (Xu et al.  2008  ) . These two proteins might 
contribute to the accumulation of stocking proteins in legume seeds. A comprehen-
sive comparison among the proteomic data of the developing seeds from different 
plant species will be helpful.   

    20.2.2   Proteomics During Germination 

 Higher plants produce their progeny mainly through seeds. Regulation of seed ger-
mination is critical for the plant lifecycle. By de fi nition, germination refers to the 
physiological process that starts from the uptake of water by the dry seeds and ends 
at the protrusion of the radicle (Bewley  1997  ) . Water uptake during the whole pro-
cess of germination could be divided into three phases. Phase I is a rapid water 
absorption stage that is followed by phase II. During phase II, the water absorption 
is almost stopped. Phase III is another rapid water uptake stage, which can only 
come into true after the completion of germination. Dormant seeds cannot enter into 
phase III without breaking the dormancy. Rice seed is not dormant. It will germinate 
once suitable conditions are available. Several studies have been conducted in 
 Arabidopsis  and rice to analyze the genome expression pro fi les and their changes at 
both the transcriptomic and proteomic levels during seed germination. These stud-
ies showed that genes related to translation, protein degradation, and cell wall 
modi fi cation were preferentially expressed during germination (Holdsworth et al. 
 2008  ) . Although transcription is not required for germination, translation is abso-
lutely necessary, inhibition of translation will totally block the germination (Rajjou 
et al.  2004 ; He et al.  2011  ) . 

 Before germination, the dry mature seeds are quiescent. Upon imbibition, seeds 
will rapidly resume metabolic activity and hence experience dramatic physiological 
and biochemical changes (Salon et al.  1988 ; Ehrenshaft and Brambl  1990 ; Botha 
et al.  1992  ) . Recovery of the metabolism will result in the mobilization of the 
reserves, which can provide enough substrates and energy for the following seed-
ling growth. In rice endosperm, starch is organized into semicrystalline arrays and 
stored in the form of granules (Zeeman et al.  2002,   2004a  ) . The  fi rst step of starch 
degradation should be attacking the granule surface. The only enzyme to catalyze 
this step in plants is alpha-amylase. In germinating cereal endosperm, alpha- amylases 
hydrolyze a-1,4 linkages within the glucose polymers exposed on the surface of the 
starch granules, which will release soluble glucans for further degradation 
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(Smith et al.  2005  ) . The second step is debranching that is catalyzed by isoamylase. 
This enzyme hydrolyzes the a-1,6 linkages of the branching polymers. The  fi rst two 
steps of degradation will produce linear and soluble glucans that could be further 
degraded through two alternative pathways. The  fi rst one can release glucose 
1-phosphate and is catalyzed by glucan phosphorylase (Zeeman et al.  1998  ) ; the 
second one is catalyzed by beta-amylase and produces maltose that is then con-
verted to glucose 1-phosphate and glucose by maltose phosphorylase (Lao et al. 
 1999  ) . It was reported that the linear glucans were degraded through the second 
pathway in chloroplasts (Zeeman et al.  2004b  ) . 

 The enzymes involved in two pathways were all detected in the germinating rice 
seeds (He et al.  2011  ) , which implies that starch might be degraded through both 
ways during germination. Except for alpha-amylase which is dramatically increased 
during germination, other starch degradation-related enzymes were constant in this 
process (Yang et al.  2007 ; Kim et al.  2008  ) . The degradation of starch during germi-
nation should have been programmed during the seed’s development and matura-
tion. In cereal seeds, alpha-amylase is mainly produced in the aleurone layer, and 
induced by the phytohormone gibberellic acid (GA) (Mitsunaga et al.  1994  ) . Thus 
the degradation of starch is heavily dependent on GA. To the contrary, proteomic 
analysis in  Arabidopsis  GA-de fi cient mutants showed that GA has no effect on the 
mobilization of storage lipids and proteins, but it can affect the cell wall loosening 
(Gallardo et al.  2002  ) . Phytohormones ABA and GA play antagonistic roles in regu-
lating seed germination. ABA is involved in dormancy maintenance, whereas GA 
promotes germination (Finch-Savage and Leubner-Metzger  2006  ) . Proteomic anal-
ysis showed that ABA can suppress the expression of those GA-responsive proteins 
during rice seed germination (Kim et al.  2008  ) . The alpha-amylase is also induced 
by sulfuric acid in rice seeds (Mitsunaga et al.  2007  ) , which provides a clue that 
treatment with sulfuric acid might help rice seed germination. After alpha-amylase 
production it is transferred into endosperm where it degrades the stored starch. 
Proteomic analysis showed that alpha-amylase can exist both full length and as 
fragments in cereal seeds (Bak-Jensen et al.  2007  ) . Whether both states are func-
tional is still an open question. 

 The product of starch degradation is glucose 1-phosphate. It could be further 
degraded through glycolysis and the tricarboxylic acid (TCA) cycle. All the enzymes 
involved in the central carbon metabolism exist in the dry mature seeds (Yang et al. 
 2007 ; He et al.  2011  ) . Upon imbibition, their activities are resumed, and the meta-
bolic pathways are recovered. Because of the compact structure of seeds, the 
endosperm tissue is anaerobic. At the early stage of germination, anaerobic respira-
tion is the major source of ATPs. One round of glycolysis can only produce two 
ATPs, which is not enough at all for the germination, so most of the glycolytic 
enzymes are upregulated to increase the availability of ATPs (Yang et al.  2007  ) . The 
fermentation will help to remove the pyruvate along with TCA cycle (He et al. 
 2011  ) . Upon the protrusion of radicle, the aerobic respiration increases dramati-
cally. So at the late stage of germination, the TCA cycle will proceed rapidly and act 
as the major source of ATPs (Kim et al.  2008  ) . 
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 During germination, the central metabolism not only functions as an energy 
resource but also provides precursors for the biosynthetic pathways. The fast starch 
degradation will result in over accumulation of monosaccharides and other precur-
sors. These precursors could not be ef fi ciently utilized by the biosynthetic pathways 
that largely occur post-germination. These precursors and monosaccharides might 
be converted into polysaccharides again in the embryos, and be prepared for the 
following seedling establishment. All the enzymes related to gluconeogenesis and 
starch biosynthesis were detected constantly in the germinating rice seeds. Gradual 
accumulation of starch granules was observed in the cells around the bundle tissue 
in the embryo during germination (Fig.  20.1 ; He et al.  2011  ) . Incubation of the dis-
sected rice embryos with the media containing sugars proved that these starch gran-

  Fig. 20.1    PAS stained sections of the rice embryos showing the accumulation of starch granules in the 
cells around the vascular tissue during the germination. (Bars = 50 um; He et al. Proteomics,  2011  )        
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ules are newly synthesized in the embryos (Matsukura et al.  2000  ) . In addition to 
starch, stored proteins are the other major reserves that experience degradation 
 during germination. The amino acids derived from the degradation are used for the 
synthesis of the functional proteins. It seems that the degradation is mainly executed 
by the protease rather than the proteasome system (He et al.  2011  ) .  

 Long-time storage of the dry mature seeds as well as fast metabolism in germina-
tion can both result in the accumulation of reactive oxygen species (ROS) that play 
an important role in seed germination regulation (Bailly  2004  ) . ROS might act as 
signaling molecules that promote the germination. Previous reports have shown that 
nitric oxide can release the seeds from dormancy and promote germination in sev-
eral different plant species (Zhang et al.  2003 ; Bethke et al.  2006 ; Zhao et al.  2007  ) . 
In  Arabidopsis , this radical can induce the catabolism of ABA during the  fi rst hours 
of imbibition, and hence release the dormancy (Liu et al.  2009  ) . ROS can also alter 
protein structure and function through either direct or indirect ways. Protein carbo-
nylation is one of the most important post-translational modi fi cations under oxida-
tive stress (Nystrom  2005  ) . Carbonylation can provoke protein degradation, which 
might be bifunctional. On the positive side, it can promote the degradation of those 
storage proteins and germination inhibitory proteins, however, it can be fatal by 
targeting those physiologically important proteins (Job et al.  2005  ) . ROS can also 
affect protein function through altering the redox status of the cysteinyl residues 
(Spadaro et al.  2010  ) . To minimize the impeditive effects of ROS, rice has evolved 
 fi ne mechanisms to regulate the redox homeostasis during germination. Many ROS 
scavenging enzymes such as SOD and APX were detected to be increased in the 
germinating rice seeds (Yang et al.  2007 ; Kim et al.  2008 ; He et al.  2011  ) . These 
enzymes function sequentially to detoxify the superoxide anions into water, and 
hence protect the cell from oxidative damage. Proteins such as thioredoxin can help 
to regulate the redox status of cysteinyl residue (Yano and Kuroda  2006  ) . 

 Although we have obtained abundant knowledge about rice grain  fi lling and seed 
germination through proteomic analyses, there is still a long way to go to get a full 
understanding about these complicated processes. Considering that rice is an impor-
tant crop, our study should be conducted under conditions very close to the real ones 
for agriculture production. Subcellular proteomic analysis about the nuclear pro-
teins, RNA binding proteins, and protein post-translational modi fi cation will also be 
helpful for us in elucidating the mechanisms of these complex processes.   

    20.3   Rice Proteomics Against Environmental Stress 

    20.3.1   Proteomics of Yield Affected by Environmental Stress 

 Among cereals, rice has diverse varieties adopted to grow in a wide range of envi-
ronmental conditions from foothills to deepwater in lowland areas. Rice yield is a 
quantitative trait affected by several factors including genetic, morphological, phys-
iological, and environmental conditions. Analysis of yield trait is usually performed 
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by evaluation of the main constituting factors of the grain yield. The traits of panicle 
number per hill,  fi lled spikelet per panicle, and grain weight are the main  components 
of yield in rice. Although these characters are mainly controlled genetically, their 
performance is varied according to the growth situation and environmental stresses. 
Drought, salinity, low and high temperature,  fl ooding, and anoxia are important 
environmental stresses. Yield components are highly affected by the stresses, which 
ultimately reduce the crop yield (Boonjung and Fukai  1996 ; Davatgar et al.  2009 ; 
Liu and Bennett  2011  ) . Each of the main components of yield can be affected by 
various factors. For instance,  fl ag leaf, peduncle, and anther are reported to play a 
critical role on spikelet fertility and grain weight of rice under drought stress (Liu 
et al.  2005  ) . Therefore, evaluation of the plant characteristics related to the seed set-
ting and fertility at the reproductive stage gives better insight to understanding the 
regulatory mechanism of environmental factors. 

 Morphological evaluations of rice indicated that  fi lled spikelet per panicle and 
weights of grain were signi fi cantly reduced under drought and salinity (Dooki et al. 
 2006 ; Liu et al.  2005 ; Mushtaq et al.  2008  ) . Temperature stresses such as heat and 
cold could also signi fi cantly reduce the number of fertile spikelets during anthesis 
(Jagadish et al.  2007 ; Sato et al.  2011  ) . Reduction in spikelet fertility and seed set-
ting can directly affect the rice yield . To deeply evaluate the molecular mechanisms 
of rice stress response, several strategies were adopted. Proteomics have the poten-
tial ability to clarify the effects of environmental stresses on growth, development, 
and ultimately yield of rice. Speci fi cally, evaluation of rice proteome at the repro-
ductive stage under environmental stress and analysis of yield components will be 
helpful. 

 Fertility of the spikelet is the most sensitive yield component of rice under envi-
ronmental stresses such as drought (Liu and Bennett  2011  ) , salinity (Dooki et al. 
 2006  ) , and cold (Hayashi et al.  2004  ) . Increasing the number of un fi lled spikelet per 
panicle due to spikelet sterility can highly reduce the yield. Figure  20.2  shows that 
exposing rice to salinity stress (8 ds/m) could cause leaf folding and spikelet steril-
ity. A comparative proteome analysis of rice anther between drought-tolerant and 
drought-sensitive genotypes at the heading stage indicated that two groups of pro-
teins (reversible and irreversible) were signi fi cantly regulated by drought stress and 
rewatering (Liu and Bennett  2011  ) . The number of irreversible proteins regulated 
by rewatering in a drought-sensitive cultivar was much higher than that in a drought-
tolerant cultivar. Furthermore, cysteine protease, anther wall degradation protein, 
were downregulated only in the drought-sensitive cultivar. According to the pro-
teomics results, irreversible effects of drought interrupted anther development in 
sensitive cultivar and caused poor anther dehiscence and lower pollen density (Liu 
and Bennett  2011  ) . Therefore, dehydration at the heading stage affects the process 
of rice anthesis and rewatering cannot fully compensate the deleterious effects.  

 Extreme temperatures negatively affect the reproductive stage of rice growth. 
Low temperature can cause pollen sterility, which is considered as one of the main 
reasons for yield reduction. Cold could repress the transportation of entire sucrose, 
which might result in the production of nonviable pollen (Oliver et al.  2005  ) . 
A  proteomic study of mature anther under cold stress indicated that the proteins 
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related to metabolism and stress response were differentially regulated 
(Hayashi et al.   2004  ) . De fi ciency in anther dehiscence and the presence of  nonviable 
pollen are the main causes of spikelet sterility that directly affect the number of 
 fi lled grains and yield. 

 Proper elongation of the peduncle (uppermost internode) that leads to full exser-
tion of panicle from the  fl ag leaf sheath is controlled genetically. However, some 
genotypes such as male sterile lines with WA cytoplasm are disabled to exsert the 
panicle fully even in normal growth conditions (Gangashetti et al.  2004  ) . Yang et al. 
 (  2006  )  have studied the peduncle proteome at the milky stage of rice seed ripening. 
According to their results, RuBisCO was not accumulated in the peduncle which 
indicates low photosynthesis activity. Proteins related to the metabolism, signaling, 
and stress resistance were highly accumulated, emphasizing a high physiological 
and stress-resistant activity in the peduncle (Yang et al.  2006  ) . Panicle exsertion 
failure is one of the limiting factors for obtaining high grain yield in rice, which 
usually happens under drought stress. In a proteomic study of peduncle under 
drought stress, proteins involved in cell division and elongation, signaling, and 
lignin biosynthesis were differentially expressed. Expression of six ABA-responsive 
proteins under drought stress indicated that hormonal interactions might cause the 

  Fig. 20.2    Effects of salinity on spikelet sterility of rice. Rice ( Oryza sativa  L., Landrace of Tarom) 
seedlings were transplanted in pot and irrigated normally ( up ) or subjected to salinity (8 ds/m) 
from the second week after transplanting ( bottom )       
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failure of peduncle elongation (Muthurajan et al.  2011  ) . In as much as all of the 
trapped spikelets in the leaf sheath will be sterile, it can signi fi cantly reduce the 
yield of rice. 

 Grain weight is one of the important economical characteristics of rice. The grain 
 fi lling in rice is genetically controlled. According to a transcriptomic analysis, genes 
involved in carbohydrate biosynthesis and starch metabolism such as starch 
 biosynthesis, ADP-glucose pyrophosphorylase, sucrose-P synthase, and invertase 
were expressed higher in the panicle of high-yielding hybrid rice variety than in its 
parental lines (Wei et al.  2009  ) . Accumulation of storage proteins in the seeds not 
only supports seed germination, but also improves seed quality as a source of food. 
A proteomic survey indicated that several storage proteins including different glob-
ulins, prolamins, and glutelins start to accumulate in rice seeds at 14 days after 
anthesis (Koller et al.  2002  ) . Environmental stresses reduce endosperm cell division 
in rice seed. Furthermore, the stresses negatively affect the ef fi ciency of 
 photosynthesis, which in turn alters the source–sink relationship and remobilization 
processes. Decrease in the capacity of reserve accumulation and shortage of assimi-
lates are major causes of reduction in grain  fi lling (Setter and Flannigan  2001 ; 
Sreenivasulu et al.  2007  ) . A proteome study at different stages of rice growth indi-
cated that rice leaf has a major role in mobilization of nutrients to the grains and 
higher photosynthetic activity in the leaf causes a higher rate of grain  fi lling 
(Zhao et al.  2005  ) . Therefore, any changes in source and sink capacity induced by 
environmental stresses can directly affect the grain  fi lling.  

    20.3.2   Proteomics for Identi fi cation of Stress Tolerance 
Mechanisms 

 Minimizing yield loss is the  fi nal purpose of stress-related studies. Numerous  factors 
affect the level of rice tolerance to environmental stimuli. These factors can be 
roughly classi fi ed into three major groups including physiological status of the 
plant, stress situation, and genetic background. It is well known that plant physio-
logical status is affected by several factors such as fertilizer supply, developmental 
stage, and so on. Application of too much fertilizer may negatively affect the toler-
ance of rice to stresses. It was reported that spikelet sterility under cold stress was 
correlated with nitrogen supply; rice pollen grains would be physiologically 
 damaged by low temperature if the plant were grown under high nitrogen conditions 
(Hayashi et al.  2004  ) . Identi fi cation of the external factors that can affect the level 
of stress tolerance will help us to understand the mechanisms of stress tolerance 
and hence improve the yield of rice under stressful conditions. The developmental 
stage of the plant is another physiological factor that determines the level of stress 
tolerance. Neilson et al.  (  2010  )  have reviewed the differences of stress responses in 
plants at the vegetative and reproductive stages. They concluded that the early stage 
of male gametophyte development was more susceptible to cold, drought, salinity, 
heat, and  fl ooding stresses in rice and several other important crops 
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(Neilson et al.   2010  ) . Susceptibility of rice at the reproductive stage to abiotic stress 
was also con fi rmed by physiological and proteomic studies (Dooki et al.  2006 ; 
Davatgar et al.  2009 ; Hayashi et al.  2004 ; Liu and Bennett  2011  ) . Most of the  abiotic 
stresses could cause infertility of the spikelet, which is a typical sign of stress 
 damage on plant growth. 

 The intensity, duration, and type of stress can also affect plant tolerance. Han 
et al.  (  2009  )  have studied the effects of various high temperature stresses from 35°C 
to 45°C on the proteome of rice seedlings. According to their results, increasing the 
temperature could induce more proteins that were involved in various protection 
machineries and antioxidative pathways. Similar results could also be obtained by 
changing the stress duration. A proteomic study of rice seedlings under various 
drought stress duration indicated that protein expression pattern under prolonged 
drought stress was different from that exposed to a short period of stress (Ali and 
Komatsu  2006  ) . According to the proteome analysis of rice under various stress 
intensity or duration, plant cells might adjust themselves to respond to the changes 
of stressful conditions. 

 The type of abiotic stress is another factor that can affect plant response. 
Environmental stimuli are varied from water-related stresses and ion toxicity to 
temperature stresses and several other growth-limiting factors. A considerable num-
ber of proteomic studies were performed to explain the negative effects of major 
environmental stresses such as drought (Ali and Komatsu  2006  ) , salinity (Abbasi 
and Komatsu  2004  ) , cold (Cui et al.  2005  ) , heat (Han et al.  2009  ) ,  fl ooding, and 
anoxia (Shingaki-Wells et al.  2011  )  on rice at the vegetative stage. Although respon-
sive proteins to various abiotic stresses were classi fi ed and their functions were 
described (Kang et al.  2010 ; Salekdeh and Komatsu  2007  ) , less attention has been 
paid to the mechanism of stress tolerance of rice at the reproductive stage. 

 Major physiological and cellular responses of rice to drought, salinity, cold, heat, 
and  fl ooding or anoxia were classi fi ed and the main differentially expressed protein 
groups were summarized based on a review of the literature (Table  20.2 ). Most of 
the negative effects of drought, salinity, cold, and heat were related to the distur-
bance of spikelet fertility and seed  fi lling, which was described in Sect.  20.3.1 . 
However, comparison of cellular responses and differentially regulated proteins 
under abiotic stresses indicated that damages to the photosynthetic machinery were 
the common responses to most of the stresses. Downregulation of photosynthetic 
electron transport, photosystem I and II, and RuBisCO activity under drought, salin-
ity, cold, and heat stress have already been reported (Ali and Komatsu  2006 ; Zinn 
et al.  2010  ) . In fact, reduction of grain weight and yield under abiotic stress could 
be ascribed to the decrease in photosynthetic ef fi ciency and the alteration of the 
source–sink relationship and remobilization processes (Sreenivasulu et al.  2007  ) . 
Reduction of photosynthetic ef fi ciency reduces assimilation, which in turn affects 
the grain  fi lling.  

 The genetic background is the most important factor that determines the toler-
ance of plant to abiotic stresses. If not all, the majority of plant responses to stresses 
are genetically controlled. A tolerant variety usually has speci fi c cellular mecha-
nisms that may not be found in susceptible plants. Comparison between tolerant and 
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susceptible or wild-type and transgenic plants using proteomic approaches can be 
very helpful in elucidating the mechanism of stress tolerance in rice. Results of 
comparative proteomic analyses in rice under abiotic stresses at the reproductive 
stage indicated speci fi c cellular mechanisms including accumulation of more APX 
and higher antioxidant capacity in a salt-tolerant genotype (Dooki et al.  2006  ) ; bet-
ter cell membrane integrity, less lipid peroxidation, and increased stomatal closure; 
and ABA sensitivity in drought-tolerant varieties (Choudhary et al.  2009 ; Hu et al. 
 2006  ) ; higher capacity to generate ATP in the absence of oxygen through fermenta-
tive metabolism in  fl ood-tolerant genotypes (Lasanthi-Kudahettige et al.  2007  ) ; and 
less ABA accumulation in cold-tolerant varieties (Ji et al.  2011  ) . These mechanisms 
are parts of stress-responsive pathways that help to improve the tolerance of rice 
varieties to abiotic stresses.   

    20.4   Future Prospective of Food Science in Rice 

 Taken together, environmental stresses are inevitable in rice production and elucida-
tion of the cellular mechanisms of stress response and tolerance would help to 
reduce the deleterious effects of stresses. Proteomics has the potential ability to 
resolve this issue through analyzing the stress-related cellular responses. Although 
the effects of major environmental stresses including drought, salinity, cold, heat, 
 fl ooding, and anoxia have been extensively studied in rice, our knowledge about the 
impact of stresses on yield and yield-related traits is still insuf fi cient. Furthermore, 
exploration of the molecular mechanisms in rice responding to several different 
stresses that occurred simultaneously is still a challenge. It can raise hope for the 
development of new tolerant varieties of rice to produce acceptable yields under 
stress conditions to answer these questions. 

 Whereas proteomics can be used in the cloning of unique genes by means of dif-
ferential analysis, the technique is also useful in studying post-translational modi fi cations 
that can affect the activity and binding of a protein and alter its role within the cell. By 
the use of the completely analyzed gene and the analysis of the functions of the encoded 
proteins, proteomics is expected to have a marked impact on breeding new lines of rice. 
In the near future, a tight correction should be attainable between proteomics data and 
other data from comprehensive analyses. These data will provide future in-depth char-
acterization of the proteome of rice and its subcellular compartments, and have the 
potential to identify new targets for improvement in rice crops.      
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          21.1   Introduction 

 Beer is the most consumed alcoholic beverage in the world. It is also believed to be 
the oldest fermented beverage as the production of certain primeval forms of beer 
can be traced back to Mesopotamian writings that are nearly 5,000 years old. The 
process of making beer is known as brewing. 

 Barley ( Hordeum vulgare  L.), and to a much less extent other cereals, are the 
basic raw material for brewing. They are also the primary source of enzymes that, 
through the sacchari fi cation of starch, produce the sugars that are fermented by 
 Saccharomyces  sp. yeasts.  Hordeum vulgare  belongs to the  Triticeae  subfamily of 
the  Poaceae , which includes important small-grain cereal species such as wheat 
and rye. Barley is an extremely adaptable cereal grain that can be cultivated in a 
wide climatic zone ranging from subarctic to subtropical latitudes. It was one of the 
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 fi rst agricultural species to be domesticated and is currently ranked the  fi fth most 
grown crop in the world (Baik and Ullrich  2008  ) . Aside from the increased interest 
in reintroducing it into the human diet due to its nutritional potential, the largest use 
of barley is for malting purposes by the brewing industry. Two varieties of barley 
are used for malting: two-row and six-row depending on the arrangement of the 
kernels around the spike shaft. Two-row barley is the generally preferred variety, as 
it yields malt with higher extracts, lighter color, lower protein levels, and is claimed 
to have a more re fi ned  fl avor than six-row barley. However, six-row barely has a 
slightly higher diastatic power (roughly a measure of the activity of the starch-
converting enzymes) than two-row. To balance the effect of the high protein content 
of six-row barley, brewers usually cut malted grains with unmalted grains such as 
corn or rice.  

    21.2   The Brewing Process 

 A conventional brewing process is schematized in Fig.  21.1 . The  fl owchart high-
lights the production of a so-called lager beer with bottom fermenting yeast. There 
are many variants of the brewing process depending on the speci fi c type of beer. 

  Fig. 21.1    Schematic and simpli fi ed representation of the brewing process       
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In contrast, ale and stout beers are produced with top-fermenting yeasts, and the 
 process differs somewhat from that outlined for the lager. Regardless, malted barley 
is almost always the main source of both starch and enzymes.  

    21.2.1   Malting 

 Malting is a controlled process of germination that is realized to induce physical and 
biochemical modi fi cations to cereal grains. These changes are then stabilized by 
grain drying and kilning. Malting consists of three main steps: (1) steeping: grains 
are soaked in water for 2 or 3 days to allow them to increase their moisture level 
from 12 to at least 40–45%; (2) germination: in this phase, the embryo increases its 
diameter by approximately 1/3 and germination begins to maintain embryo growth. 
Germination is interrupted by drying after 5–6 days, when radicles develop and are 
approximately 3/4 of the length of the seed; and (3) kilning: modi fi cations are sta-
bilized by a mild to heavy thermal treatment (65–220°C). The development of mel-
anoidins causes the seeds to become dark as a consequence of the Maillard reactions. 
Several studies have con fi rmed that kilning has only a marginal effect on hydrolytic 
enzymes and that these enzymes retain the great part of their activity. The hydrolytic 
activity of the grain enzymes is explicated in the later stages of the brewing process 
(e.g., mashing).  

    21.2.2   Grinding Malt 

 The milling of malt and of other eventual cereal adjuncts represents one of the most 
critical steps in the brewing process and in fl uences certain parameter processes such 
as pressure at lautering. The purpose of milling is to split the husk and reduce the 
starchy endosperm to a consistency  fi ne enough to allow easy access for water solu-
bilization (Bamforth  2003  ) . Milling can be a dry or a wet process (Eblinger  2009  ) . 
In this latter case, the hydration of the husk reduces the risk of its damage during 
milling.  

    21.2.3   Mashing 

 Mashing is the water-solubilization of malt components by a combination of 
enzymatic, physical, and chemical processes. Grist is ef fi ciently mixed with 
water at 55–60°C to gelatinize the starch, thereby facilitating its enzymatic 
 degradation. Water is added into the mash tun at a proportion of approximately 
2.5–3.5- L/Kg malt. The temperature increment during mashing is characterized 
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by speci fi c thermal rests during which a series of biochemical events occurs. 
(1)  b -glucanase rest (37–45°C).  b -glucanase and starch-debranching glycosi-
dases are mobilized to hydrolyze  b -glucans and starch, respectively. The activity 
of these enzymes is critical in assisting the activity of amylases to produce fer-
mentable sugars and to lower the viscosity of the system (Aehle  2007  ) . (2) Acid 
rest wherein phytase (optimum 30–53°C) catalyzes the demolition of insoluble 
phytin, a complex organic phosphate containing both calcium and magnesium, 
to phytic acid with a consequent reduction of the wort pH (up to 5.0–5.5) and 
precipitation of calcium phosphate (Aehle  2007  ) . In modern processes, this step 
is generally omitted because the wort can be alternatively acidi fi ed by adding a 
low amount of malt that has been preacidi fi ed by lactic acid or by exploiting the 
action of lactic acid bacteria (Lambic beers). (3) Protein rest (45–55°C) where 
proteases extensively degrade proteins to peptides and amino acids. By facilitat-
ing the mobilization of endosperm polysaccharides, protein rest affects the level 
of malt modi fi cation. In addition, the proteolysis allows beer clari fi cation and 
supplies a nitrogen substrate fundamental for the growth involved in fermenting. 
A “proteolytic compromise” has to be achieved in order to guarantee the  persistence 
of proteins that stabilize foam and to remove haze-forming polypeptides. 
(4) Sacchari fi cation rest where  a -amylase partially hydrolyzes amylose to dex-
trin that is an unfermentable sugar that remains intact in beer, in fl uencing its 
heaviness. Amylose also produces maltose because of the action of  b -amylase 
that is released from the aleuronic layer during the protein rest. Maltose is a fer-
mentable disaccharide that directly affects the alcohol degree of beer. These two 
enzymes have different optimal temperatures: the optimal temperature for 
 b -amylase is approximately 58–63°C, and that for  a -amylase is approximately 
10°C higher. Considering that the activity of the different proteases is highly 
dependent on temperature, the adjustment of this parameter is the primary con-
trol mechanism of the mashing process for conferring the desired qualitative 
traits to beer.  

    21.2.4   Lautering 

 By lautering, the liquid wort is separated from the residual spent grain (e.g., husk). 
Lautering starts with the mashout step that consists in raising the temperature of 
the mash (around 77°C) to arrest the enzymatic conversion of starches and make 
the mash and wort  fl uid. As the mash is added to the lauter tun, the spent grain 
begins functioning as a sand  fi lter that captures mash debris. Once a bed of the 
grain husks is established, the wort is drawn from the bottom of the tun and is 
recirculated to the top of the bed until the  fi rst wort reaches the desired clarity. To 
drain the wort completely from the mash and to maximize the extraction of sugars, 
the grain bed is uniformly distributed (sparging) and sprinkled with hot water 
(Briggs et al.  2004  ) .  
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    21.2.5   Wort Boiling 

 Wort boiling can be divided into two steps: hot holding and evaporation. Different 
chemical reactions take place during hot holding such as (1) the Maillard reactions 
occur at an appreciable rate at approximately 80°C and are responsible for the neo-
generation of  fl avor and color substance; (2) enzyme inactivation; and (3) the wort 
sterilization that eliminates any organisms that might compromise yeast fermenta-
tion. Proteins and protein–tannin complexes tend to coagulate and precipitate, thus 
clarifying wort. An optimal pH for protein coagulation is below pH 5.2 and can be 
achieved by wort acidi fi cation. 

 Hops ( Humulus lupulus ) are added to the wort during boiling (150–600 g/hL) in 
two steps, at the beginning and at the end of the process. Hopping consists in the 
release of soluble  a - and  b -acids.  a -acids (such as humulone and compounds struc-
turally correlated) are isomerized (mainly to  cis - and  trans -isohumulone) and have 
a positive effect on yeast fermentation;  b -acids, such as myrcene, are not isomer-
ized and contribute to a beer’s aromatics and bitterness. The wort (90°C) is cooled 
in a heat exchanger. The  fi nal temperature depends on the desired beer type: 10 or 
20°C for top and bottom fermenting beer, respectively. The sedimentation of sus-
pended particles is carried out by gravitational pull and can be promoted by  fi ning 
agents. After a period of approximately 3 days, the beer is  fi ltered or centrifuged. 
The removal of wort solids is usually accomplished by “whirlpooling”.  

    21.2.6   Fermentation 

 Yeasts turn wort into beer by fermenting sugars produced by the demolition of 
starch. Ethanol is produced by the yeast metabolism of carbohydrates under anaero-
bic or low-oxygen conditions. Top-fermented beers are most commonly produced 
with  Saccharomyces cerevisiae . Top-cropping yeasts, also termed “ale yeast” such 
as  S. cerevisiae , are so-called because they form a foam at the top of the wort bulk 
during fermentation. Bottom-cropping yeasts such as  S. pastorianus , formerly 
known as  S. carlsbergensis , are typically used to produce lager-type beers, although 
they can also produce ale-type beers. These yeasts ferment well at low 
temperatures.  

    21.2.7   Pasteurization and Bottling 

 Pasteurization is the last step in brewing and can occur before or after bottling. 
In  fl ash pasteurization, the beer  fl ows through a heat exchanger that typically raises 
the temperature to 72°C. Beer is bottled in previously sterilized bottles. In pasteuri-
zation after bottling, a tunnel pasteurizer is used. The higher the temperature, the 
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more rapidly microorganisms are destroyed; however, the beer  fl avor changes 
signi fi cantly as a function of temperature. The most signi fi cant of these changes are 
due to oxidation that is occasionally prevented by incorporating antioxidants, such 
as vitamin C.   

    21.3   From Barley Grain to Beer: The Protein Path 

    21.3.1   Barley Proteins 

 If minor amounts of yeast-derived enzymes are excepted, the majority of beer pro-
teins are derived from barley or other cereals used for brewing. Barley grain pro-
teins are comprised of a complex mixture of polypeptides that are commonly 
classi fi ed by the extractability characteristics according to the procedure introduced 
by Osborne  (  1895  ) . Albumins and globulins are heterogeneous protein groups sol-
uble in water and in saline aqueous solution, respectively. They are structurally 
correlated nonstorage components of cell walls or metabolic enzymes and are pri-
marily located in the aleuronic layer and embryo. The most abundant of these pro-
teins can accumulate in relatively large amounts and are thus enrolled as secondary 
storage reserves. It is important to note that pathogenesis-related protein factors 
constitute a signi fi cant amount of albumin and globulins. 

 The 60–70% ethanol-soluble fraction of barley grain contains hordeins, a class 
of major storage proteins that reside in the starchy endosperm and account for at 
least half of the total protein content. Hordeins are a complex polymorphic mixture 
of proteins coded by multigene families. They can be divided into four groups 
according to electrophoretic mobility: B-, C-, D- and  g -hordeins. B- (30–45 kDa) 
and C- (45–75 kDa) hordeins are the dominating subtypes, accounting for 70–80% 
and 10–12% respectively, whereas D- (105 kDa) and  g -hordeins (35–40 kDa) are 
minor components from a quantitative standpoint. The B-hordeins are usually sub-
divided further into B1, B2, and B3 subfamilies (Skerritt and Janes  1992  ) . Osborne 
coined the term  prolamins  for the alcohol-soluble proteins of barley and the homo-
logue counterparts found in other cereals to emphasize their high content of proline 
and amine nitrogen. Barley glutelins were initially thought to constitute a distinct 
protein family, extractable only in denaturing and sulfhydryl-reducing buffers. They 
were later characterized as gene products structurally related to prolamins, 
classi fi able primarily as B- and D-hordeins (Skerritt and Janes  1992  ) . Thus, those 
extracted in aqueous alcohol are properly the monomeric C- and B-hordeins. The 
D- and remaining B-hordeins (sulfur-rich) are in part associated by disul fi de bridges 
and, in the presence of water, self-organize in gel-like protein structures that resem-
ble those of wheat gluten. It has been hypothesized that within these glutenlike 
aggregates, the D-hordeins (high MW subunits) form a backbone that binds to 
B-hordeins (low MW subunits) via intermolecular disulphides (Moonen et al.  1987  ) . 
The relative ratio of the hordein subtypes is determined by a number of factors. 
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The in fl uence of genetic and climatic factors and growth conditions on the expression 
of characteristic hordein patterns, although not yet fully elucidated, assumes par-
ticular relevancy. 

 During seed germination, hordeins are heavily degraded to supply substrates for 
the protein synthesis in the growing embryo. Similarly, during the malting and 
mashing processes, hordeins are hydrolyzed up to small peptide fragments or even 
amino acids. Hordein mobilization is necessary for hydrolases to access starch 
grain to release fermentable carbohydrates. By determining the accessibility to 
starch B-, C-, and D-hordeins affect the diastatic power of malt, thereby justifying 
why the total hordein grain content is negatively associated with malting quality 
(Smith and Simpson  1983  ) . In contrast, taking into account the level of hydrolases, 
total protein content is directly correlated to diastatic power. The amount of soluble 
proteins versus the total protein amount, referred to as the “Kolbach index,” is used 
by maltsters as a reliable predictor for potential starch conversion. In general, the 
total hordein content alone is to be considered an inadequate predictor of malting 
quality, primarily because the relationship is strictly cultivar-speci fi c. Considering 
that the assessment of quanti fi able indices of malting quality is of huge interest for 
brewers for the purpose of malt selection and breeding programs, several research 
efforts have attempted to link speci fi c hordein patterns to the malting quality. For 
instance, a putative direct causal relationship has been suggested between the 
amount of D-hordein and the malt extract (Howard et al.  1996  )  that, however, has 
not been de fi nitively accepted based on investigations that exploited pairs of near-
isogenic barley lines both with and without D-hordeins (Brennan et al.  1998 ; 
Molina-Cano et al.  2001  )  .  Con fl icting observations have also been recorded when 
the B- to C-hordeins ratio has been correlated with the activity of amylases and to 
malting quality (   Qi et al.  2006  ) . The wide genotypic and environment-induced 
variability of the hordein expression will require further studies to establish com-
prehensive relationships that consistently link malt quality factors and speci fi c hor-
dein levels.  

    21.3.2   Protein Modi fi cation During Malting and Mashing 

 The conversion of barley into beer represents one of the most ancient and also the 
most intricate examples of applied enzymology. Barley components undergo com-
plex and extensive transformations during the malting, mashing, and fermenting 
processes. 

 Barley proteins in particular are modi fi ed in different ways and to a variable 
extent during each of these processes. The degree of modi fi cation depends on sev-
eral factors including the function of proteins, their location in the caryopsis, their 
structure, and other physical and chemical characteristics, including water 
solubility. 

 More than 40 endopeptidases have been identi fi ed in malt, and they have been 
grouped into four general classes: cysteine, metallo, aspartic, and serine proteinases 
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(Zhang and Jones  1995  ) . Cysteine endoproteases are the most active category of 
proteases in germinating barley grain, accounting for up to 90% of the total activity 
in the degradation of prolamins (Enari  1986    ). 

 The cysteine endoprotease activity in barley is due primarily to two endoprotei-
nases (EP), EP-A (37 kDa) and EP-B (30 kDa), that exhibit a different substrate 
speci fi city. During germination, EP-A and EP-B are secreted into the endosperm 
from the scutellar epithelium and aleurone, in response to gibberellic acid (Koehler 
and Ho  1990  ) . Additional active proteases in malt that belong to the four classes 
have been identi fi ed by direct isolation and characterization or inferred by zymo-
graphic investigations relying on opportunely designed inhibition studies 
(Jones  2005  ) . Proteolysis is controlled by a very delicate equilibrium with a high 
impact on malting quality and, hence, on the  fi nal quality of the beer. This equilib-
rium is modulated by the action of a number of protease inhibitors (Jones  2005  )  and 
also by hydrolytic events that can degrade useful metabolic enzymes such as barley 
 b - amylase (Schmitt and Marinac  2008  ) . 

 Reducing or oxidizing agents may affect the activity of proteases. Structural or 
conformational features of the protein substrates may be altered, rendering them 
more or less extractable or available for hydrolytic action. Reportedly, the activity 
of malt proteases is signi fi cantly enhanced by reducing agents and lowered by oxi-
dizing agents (Jones and Budde  2003  ) . Overall, this reduction has to be ascribed to 
a reductive depolymerization of hordeins, especially those that are sulfur-rich, 
which can acquire a certain degree of solubility once released by their aggregated 
forms. The comparison of hordein extractability in reducing and nonreducing con-
ditions from unmalted barley, barley, and spent grain, has demonstrated that disul fi de 
bonds undergo cleavage and B- and D-hordeins are extensively proteolyzed during 
malting. However, the complete hordein repertory does not undergo digestion dur-
ing malting. In contrast, mashing probably induces the formation of novel disul fi de 
bonds and promotes hordein aggregation, ultimately resulting in their removal from 
the low-alcohol solution in the wort and the beer. The mashing temperature is criti-
cal in determining the proteolytic equilibrium because it affects the activity of pro-
teases and solubility of the protein components. Relatively small amounts of intact 
proteins survive the remainder of the harsh brewing process that generally includes 
wort boiling, fermentation, and  fi ltering. 

 It is well established that the most abundant proteins in beer are the Z-barley 
protein and nonspeci fi c lipid transfer protein (ns-LTP) (Curioni et al.  1995  ) . Z-barley 
protein, a ~43 kDa hydrophobic protein, is found in two isoforms: Z4 (80%) and Z7 
(20%). Similarly two ns-LTPs occur in beer: ns-LTP1 of 9.7 kDa and ns-LTP2 of 
7.0 kDa. Either these two proteins undergoes heavy nonenzymatic glycation 
(Maillard reactions) and acylation, which are likely also to occur upon malt kilning, 
or they undergo at least a partial unfolding during wort boiling. Interestingly, ns-
LTP is almost foam-inactive in the native form, whereas it becomes foam-active 
after thermal denaturation/glycation. Although the survival of small amounts of 
protease/amylase inhibitors and other metabolic proteins has been well established, 
the persistence of intact hordeins in beer is still under discussion. The possible pres-
ence of hordeins or hordein-derived low-sized peptides has several technological 
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and immunological implications. Their identi fi cation in beer represents an analytical 
challenge that is stimulating the development and the application of up-to-date 
high-resolution strategies, including several proteomic and peptidomic approaches.  

    21.3.3   The Characterization of Beer Proteins: Classical Analytic 
Methodologies and the Advent of Proteomics 

 Proteins play a primary role in determining the properties of malt and beer. They 
affect  fl avor, color, foam formation and stability, mouth feel, and colloidal stability 
with the latter having a direct effect on shelf-life. There appears to be some dis-
agreement within the literature data regarding the average protein content of beer, 
most likely because of the great varieties of commercialized beer worldwide. The 
protein amounts reported cover a rather broad range. Whereas protein-derived 
nitrogenous, as also including amino acids and very short peptides, is estimated to 
fall in the range 2–5 g/L, the actual polypeptide fraction of beer is around 0.5 g/L. 
The polypeptide fraction of beer is extremely heterogeneous as it encompasses 
hydrolytic peptides constituted by a few amino acid residues as well as intact 
 proteins of at least ~100 kDa. For several decades, many classical biochemical 
 analytic methodologies have addressed the characterization of proteins in beer. 
As early as in 1978, Sørensen and Ottesen used gel  fi ltration chromatography to 
divide beer proteins in two main categories: those with estimated MW of 44 kDa 
and those with an estimated MW of 10 kDa. It is worth noting that they started their 
large-scale puri fi cation with 100 l of beer. The chromatographic fractions further 
analyzed by isoelectrofocusing, exhibited many isoforms migrating at distinct iso-
electric points (pI). Later on, it was demonstrated that such a spreading was a 
consequence of the Maillard-type glycation that masks a variable number of lysyl 
residues, affecting the protein charge (Hejgaard and Kaersgaar  1983  ) . The same 
two protein fractions were observed by SDS-PAGE analysis. To identify proteins 
in beer, opportune antibodies were raised against the barley albumin and globulin 
fractions. Immunochemical experiments made it possible to identify barley Z 
(Hejgaard and Kaersgaar  1983  )  and ns-LTP (Sørensen et al.  1993  ) . ELISA immu-
noassays were also developed to quantify protein Z4 and ns-LTP to evaluate the 
impact of these proteins on beer foam quality (Evans et al.  1999  ) . Further in-depth 
successive single-protein characterizations have demonstrated that during the boil-
ing stages, barley ns-LTP is heavily glycated, resistant to hydrolysis, and, in part, 
denatured (Jégou et al.  2000,   2001  ) . 

 Malt-derived hordeins were initially recognized as primary haze-forming factors 
using electrophoretic separation and immunochemical detection (Asano et al. 
 1982  ) . In a classic article, Ellis et al.  (  1990  )  detected a high amount of potentially 
harmful hordeins and gliadinlike epitopes in both malt and beer, thereby precluding 
beer consumption by individuals with celiac disease. Later on, immunochemical 
assays that were performed throughout the brewing process using antibodies raised 
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against the speci fi c hordein subfamilies detected large fragments of B- and 
C-hordeins in beer that, however, had not been further characterized (Sheehan and 
Skerritt  1997  ) . 

 Although a de fi nitive estimation of hordein in beer samples still remains out of 
reach, the above determinations undoubtedly suffered from several limitations, pri-
marily due to a lack of speci fi city and an inability to handle large dynamic ranges of 
protein abundance. Thus, there remains an incompatibility in the data regarding the 
occurrence of intact or large-sized hordein fragments in beer, and from several 
standpoints, it has remained unde fi ned for many years. In fact, the identi fi cation of 
low-abundance proteins and more reliable proof of the survival of hordeins in beer 
were delayed until the development of adequate technological platforms. 

 The introduction of advanced techniques, such as two-dimensional electrophore-
sis (2DE) expanded the study of the beer proteins to include the tracing of the path-
way of their “natural selection” in the brewing process. Barley grain proteomes 
were among the  fi rst protein sets pro fi led by 2DE, when the term “proteome” did 
not yet exist. The investigations by the group of Angelika Görg primed a more sys-
tematic study of the biochemical events underlying the brewing process, and they 
provided remarkable evidence of the successful application of 2DE separation tech-
niques to proteins in seeds (Weiss et al.  1992 ; Görg et al.  1992a,   b  ) . Pioneering sil-
ver-stained 2DE analyses of beer proteins showed a pattern dominated by 
polypeptides in the range of 34–43 kDa (Marshall and Williams  1987  )  that were 
mainly ascribed to Z4-barley, as successively con fi rmed (Pressi et al.  1993  ) . 

 The development and progressive improvement of the matrix-assisted laser des-
orption ionization (MALDI) and electrospray (ESI) mass spectrometry (MS) ush-
ered in the proteomic era by enabling the high-throughput analysis of complex 
proteomes. Over the last decade, the 2DE separation and the identi fi cation of pro-
tein spots by peptide mass mapping (also referred to as “peptide mass  fi ngerprinting”) 
supported by bioinformatic tools have come to be considered “classic proteome 
approaches.” These approaches have followed the development of the protein 
through all of its stages of production. Proteomic analyses have been performed on 
barley grain, (Østergaard et al.  2004  ) , malt (Bak-Jensen et al.  2004  ) , wort (Iimure 
et al.  2012a  ) , and more recently on beer (Fasoli et al.  2010 ; Iimure et al.  2010 ; 
Perrocheau et al.  2005 ; Picariello et al.  2011 ; Colgrave et al.  2012 ). The barley grain 
proteome has undergone several comprehensive untargeted and descriptive analy-
ses. Such analyses have de fi nitively identi fi ed a large number of the major meta-
bolic proteins as well as their actual or putative role in the process of seed germination. 
However, a great part of the more recent proteomic research has evolved by primar-
ily addressing questions of functional proteomics. They therefore target the speci fi c 
topics of development, physiopathology, and quality of crop plants through the 
detection of differentially expressed protein subsets. Thus, proteomic analysis of 
embryo, aleurone, and starchy endosperm has provided insight into the biochemical 
events that occur at various stages of seed development, from grain  fi lling to germi-
nation. The dynamic evolution of the barley proteome referred to as “the spatiotem-
poral barley proteomics” has been reviewed in detail, with focus on the structural 
characterization of the thioredoxin system and speci fi c amylases (Bønsager et al.  2007 ; 
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Finnie and Svensson  2009  ) . The proteome of the mature barley grain is clearly 
dominated by the so-called “pathogenesis-related (PR) proteins.” PR proteins have 
been evolutionarily selected to endure proteolysis and to remain soluble at a low pH. 
Due to their structural properties, these proteins are barely affected by the extreme 
conditions of vacuolar, apoplastic, or intercellular spaces where they are localized 
and are thus able to survive the harsh brewing treatments (Gorjanović  2009  ) . 
Therefore, not surprisingly, the brewing processes select the PR proteins, that are 
ultimately among the most abundant proteins in beer. 

 Proteomic analysis has also been utilized as a powerful and reproducible system 
for the characterization of transgenic genotypes designed to increase the tolerance of 
barley to varying stress conditions, compared to wild-type barley. The heterologous 
expression of speci fi c genes can produce unexpected modi fi cations of the proteome. 
These can be effectively explored by the 2DE-MS approach (Finnie et al.  2004  ) . 

 The comparison among 2DE maps of water-soluble barley malt and beer directly 
visualized the modi fi cations that occur through brewing involving the protein pat-
terns (Perrocheau et al.  2005  ) . This study along with successive investigations dem-
onstrated wort to have a very simpli fi ed protein pattern compared to water-soluble 
malt. This is due to many of the non-PR proteins not surviving reduction, heat treat-
ments, and fermentation and because they are proteolyzed or removed from the wort 
bulk because of aggregation (Jin et al.  2011a    ). Related to this aspect, recent pro-
teome analysis of the wort boiling process has furnished evidence of a partial aggre-
gation and precipitation of Z4-serpin that was found to be covalently associated 
with small proteolytic fragments of barwin (Iimure et al.  2012a  ) . As expected, wort 
boiling gradually causes protein unfolding, although it does not substantially change 
the protein pattern (Jin et al.  2009a  ) . However, the conformational transitions con-
cerning both secondary and tertiary protein structures have an effect on the  fi nal 
quality of beer. 

 Recent comparative studies agree on the massive removal of hordeins from wort, 
contingent on their undertaking of either proteolysis or aggregation. This and other 
aspects related to the protein changes that occur during malting and brewing await a 
response that is to be provided through the use of proteomic-based platforms. Thus, 
the research in this  fi eld is still fervent, fueled by the increased potential of the func-
tional proteomic studies to improve control of the brewing process signi fi cantly.  

    21.3.4   Beer Proteomics 

 Considering the critical in fl uence of polypeptides in determining foam  fi rmness, 
chill haze formation, colloidal stability, mouth feel and palatability, the comprehen-
sive characterization of the beer proteome has important technological implications. 
As with the analysis of complex proteomes, the potential for classical methodolo-
gies of protein analysis in the high-throughput analysis of beer have been largely 
surpassed by the upgraded proteomic approaches, especially those based on MS 
identi fi cation and quanti fi cation. 
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 Figure  21.2  shows a typical immobilized 3–10 pH gradient 2-D IPG/SDS-PAGE 
separation of proteins from a lager beer precipitated by 12% trichloroacetic acid. 
Protein spots were assigned by image comparison with analogous maps from the 
literature and by MALDI-TOF MS peptide mapping. In agreement with previous 
studies (Perrocheau et al.  2005 ; Iimure et al.  2010  ) , the protein pattern is largely 
dominated by the barley chymotrypsin inhibitors Z4-serpin and its related Z7 iso-
form that produced a broad set of spots centered around 43 kDa and pI 5.6. Ns-LTP1 
along with minor amounts of ns-LTP2 prevailed at the lower molecular weights. 
Common poor focusing of alkaline proteins causes ns-LTP1 to exhibit rather diffuse 
spots (pI = 8.2 for ns-LTP1 and 7.0 for ns-LTP2). As expected (Hejgaard and 
Kaersgaar  1983  ) , the protein spots of Z4-serpin and ns-LTPs were spread over a 
broad pI range due to multiple nonenzymatic glycation. A part trace amounts of 
glycolytic enzymes (i.e., enolase 2 and triosephosphate isomerase) released by 
 Saccharomyces cerevisiae  at a late stage of the brewing process, the remaining pro-
teins in the map have ascertained or putative functions as protease/amylase inhibitors. 

  Fig. 21.2    Two-dimensional electrophoresis (2DE) map of a representative barley-malt Italian 
lager beer. Protein spots have been assigned by image comparison with analogue 2DE maps from 
the literature and by peptide mass mapping       
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The structural traits related to their function, including primary and secondary 
 structure and folding, provide them with particular stability, thereby justifying their 
persistence in beer. From a technical viewpoint, the separation and identi fi cation of 
beer proteins is complicated by the concomitance of several factors, such as the 
heavy nonenzymatic glycation and, primarily, the wide dynamic range of concentra-
tions. The “deep” proteome of beer is characterized by a number of gene products 
that occur in a very low abundance or migrate at extreme pI or MW values and are 
barely represented in the classical 2DE maps. These components have a considerable 
impact on the technological properties of beer that are detailed in a subsequent sec-
tion. Therefore, with the aim of enlarging the protein annotation and more accurate 
detection, approaches have been speci fi cally designed to analyze the beer proteome. 
To increase resolution in the separation of minor protein spots, two separate 2DE 
maps were obtained for each beer sample, with a pI in the ranges 4–7 and 6–9, 
respectively. This strategy was particularly successful for detecting and characteriz-
ing the alkaline proteins and allowed for the comparison of the protein cartography 
of 11 beer samples brewed on a pilot scale from different barley cultivars and with 
different levels of malt modi fi cation. This analysis singled out a substantial number 
of protein spots. For example, 85 out of 199 protein spots, ascribable to 12 gene 
products, were identi fi ed by peptide mass mapping (Iimure et al.  2010  ) . Notably, a 
“core” of typical beer proteins is substantially shared by all of the beer samples 
examined, regardless of the barley cultivar brewed and the technological process. 
The “core” of the barley-derived proteins of beer is schematized in Table  21.1 .   

 The beer proteins enriched through silica-gel adsorption were analyzed by SDS-
PAGE followed by MALDI-TOF mass  fi ngerprinting and nano fl ow ESI-MS/MS 
(Picariello et al.  2011  ) . A wheat-derived 16.4 protein, the aveninlike protein A1, 
that shares homology with  g 3-hordein was thusly identi fi ed. This protein had 
already been detected by a gel-free proteomic analysis (Weber et al.  2009  )  and was 
successively con fi rmed as a relatively highly represented beer polypeptide 
(Colgrave et al.  2012 ). 

 The concern regarding the elevated range of concentrations has been challenged 
through the use of the combinatorial peptide ligand library (CPLL) technology 
(ProteoMiner). ProteoMiner technology relies on treatment of protein extracts with a 
library of resin bead-bound hexapeptides that covers a wide range of physicochemi-
cal properties. Based on their sequence, proteins exhibit an af fi nity towards speci fi c 
hexapeptides and compete in binding to them. In theory, high-abundance proteins 
quickly saturate their ligands and the excess washes out. In contrast, when suf fi ciently 
high starting volumes of the protein source are treated, low-abundance proteins are 
concentrated on the relevant binding sites. Proteins are then eluted and analyzed by 
MS-based techniques. This technology has recently been demonstrated to be espe-
cially powerful in nonlinearly compressing very complex proteomes (Fonslow et al. 
 2011  )  as it produces a remarkable enrichment of the low- and very-low-abundance 
polypeptides in spite of a partial depletion of the more largely represented polypep-
tides. After removal of interfering polyphenols with polyvinylpolypyrrolidone, pro-
teins from a 330-mL bottle of beer were enriched with different homemade CPLL. 
Captured proteins were separated by SDS-PAGE, digested by trypsin in gel and 
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 analyzed by tandem MS. Thus, the protein inventory of beer was enlarged to 20 dif-
ferent barley protein families. Due to the use of minor amounts of corn in brewing, 
two maize proteins were additionally identi fi ed in the examined beer sample. 
Interestingly, as many as 40 gene products derived from the  Saccharomyces  species 
were detected and identi fi ed. The majority of these  Saccharomyces -derived proteins, 
although intuitively expected, had not been previously detected in beer. The explora-
tion of the “deep” beer proteome evidenced the substantial absence of hordeins, 
except for traces of  g 3-hordein, and supports the  fi ndings of other reports (Perrocheau 
et al.  2005 ; Picariello et al.  2011  ) . Conversely, recent gel-free shotgun HPLC-
ESI-MS/MS investigations suggested that hordeins in beer do occur at a certain level, 
implying that beer is potential harmful to those with celiac disease (Weber et al. 
 2009 ; Colgrave et al.  2012 ). The entire protein extract is digested with trypsin before 
nano fl ow LC-electrospray (ESI) and MS analysis, as a general procedure of the gel-
free shotgun proteomic approach. Despite a further increase of the analytical com-
plexity of the protein system, the multiplication of protein-derived fragments enhances 
the probability of detection and con fi dent identi fi cation of at least one peptide of 
the parent protein. In addition, MS techniques are particularly sensitive for the 
 analysis of peptides and MS/MS also enables the sequencing of protein-speci fi c 
motifs. The shotgun analysis makes it possible to extend the proteome coverage to 

   Table 21.1    Proteins most commonly identi fi ed in beer by proteomic analysis   

 Protein  Accession no.  MW  Theoretical pI 

 Z4 serpin  gi|1310677  43.3  5.72 
 Z7 serpin  gi|75282567  42.8  5.45 
 ns-LTP 1  gi|128376  9.7  8.19 
 ns-LTP 2  gi|128377  7.0  6.98 
 D-hordein  gi|1167498  75.0  8.00 
 B3-hordein  gi|123459  30.2  7.74 
 B1-hordein  gi|18929  31.5  6.54 
  g 1-hordein  gi|123464  32.7  8.12 
  g 3-hordein  gi|288709  33.2  6.70 
 Avenin-like protein A1 a    gi| 122244839  16.3  8.24 
  a -amylase/trypsin inhibitor CMd  gi|585291  16.1  5.24 
  a -amylase inhibitor BDAI-1  gi|123970  16.4  5.36 
  a -amylase inhibitor BMAI-1  gi|2506771  15.8  6.36 
 Trypsin inhibitor CMe  gi|1405736  16.1  7.50 
 Trypsin inhibitor BTI-CMe3  gi|2707924  16.3  7.51 
  a -amylase/trypsin inhibitor CMb  gi|585290  16.5  5.77 
  a -amylase/trypsin inhibitor CMa  gi|585289  15.5  5.87 
 Trypsin/amylase inhibitor pUP13  gi|225102  14.7  5.35 
 Hordoindoline A  gi|7671688  13.2  8.60 
 Hordoindoline B1  gi|75172332  13.2  8.56 
 Hordoindoline B2  gi|374258553  13.2  8.73 
 Barwin  gi|114832  13.7  7.76 

   a By homology from  Triticum aestivum   
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the less-abundant components, overcoming the majority of the limitations imposed 
by the 2DE electrophoresis analysis, such as those related to the protein concentra-
tion range and to the extreme values of MW and pI. 

 Thus far, only two articles report on the gel-free shotgun proteomic analysis of 
beer (Weber et al.  2009 ; Colgrave et al.  2012 ). The research by Colgrave et al. 
 (  2012  )  compared 60 commercial beer samples and included beer brewed with 
genetically modi fi ed barley grains carrying mutations that prevented the accumula-
tion of B- and C-hordeins. In addition, the hordein-derived fragments were rela-
tively quanti fi ed monitoring a set of “proteotypic” peptides through a triple 
quadrupole multiple reaction monitoring (MRM) MS approach.. “Proteotypic” pep-
tides represent “easy to monitor” analytical surrogates, whose MRM transitions are 
established by opportune explorative analyses -of the parent proteins. In both of the 
shotgun proteomic analyses the unfractionated proteinaceous material, including 
that at low MW, was digested with trypsin and analyzed by HPLC/ESI-Q-TOF-MS. 
Therefore, this procedure does not allow inference as to whether hordein-related 
tryptic peptides were derived from intact/large-sized fragments of hordeins or from 
short water-soluble peptides generated by the hydrolytic events of mating and brew-
ing. However, in a speci fi c trial focused on the integrity of beer proteins, a D-hordein 
(75 kDa) was identi fi ed in beer exclusively in a 7–17 kDa SDS-PAGE band, dem-
onstrating that the hordein traces detected could indeed be small or large-sized 
water-soluble fragments (Hao et al.  2006  ) . Regardless, the immunological potential 
of beer remains a concern that merits an in-depth discussion in a later section of this 
chapter. 

 It is envisaged that the suite of proteins found in beer will be completed in the 
very near future. This is contingent upon the completion of the  Hordeum vulgare  
genome sequencing that is in its  fi nal stages. The increased application of methods 
for the quantitative assessment of the beer proteome will enable a strict control of 
its processing parameters, improving and standardizing quality and providing the 
desired features to this ancient yet modern beverage.  

    21.3.5   Beer Peptidomics 

 The proteolytic events that occur during malting and mashing release a massive 
amount of peptide fragments into the bulk solution. For instance, well-modi fi ed 
malt contains less than half the amount of hordeins of the original barley (Celus 
et al. 2006). Many of the peptides generated from insoluble proteins can indeed be 
water-soluble and are found in the  fi nal product of beer. Several size-exclusion 
chromatography analyses have shown that no less than 60–70% of the total amount 
of beer polypeptides consist of hydrolytic fragments arising from barley proteins 
(Sørensen and Ottesen  1978 ; Osman et al.  2003 ; Picariello et al.  2011  )  .  These obser-
vations supported the concept that beer most likely contained peptides deriving 
from hordein. In addition, it has previously been believed that the proline-rich pep-
tides were involved in determining some quality traits of beer, such as foam 
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 stabilization and, especially, haze formation (Kauffman et al.  1994 ; Kaverva et al. 
 2005  ) . Despite their importance, up to a few years ago, none of these peptides had 
been identi fi ed and no direct evidence had been collected to support the hypothesis 
that hordeins in beer are not completely degraded into amino acids. This paucity 
must be ascribed to the extreme analytical complexity of the low-MW fraction of 
beer that severely challenges the classical methodologies of peptide characteriza-
tion. The MALDI-TOF MS analysis, shown in Fig.  21.3 , demonstrates the highly 
heterogeneous nature of beer peptides. In fact, the peptide signals cover a virtually 
continuous range of molecular mass from 1 to 12 kDa. The peptides’ nontryptic 
nature, the absolute lack of cleavage speci fi city, and the extensive nonenzymatic 
glycation further complicated the identi fi cation process. The newer HPLC-MS and 
MS/MS techniques are beginning to address such complexity with two recent inde-
pendent reports targeting the peptide fraction of beer. Several medium-sized pep-
tides (2.5–7.2 kDa) were tentatively assigned to fragments of Z4-serpin, ns-LTP1, 
and CM  a -amylase/trypsin inhibitors using single-stage MALDI-TOF-MS analysis 
(Picariello et al.  2011 ; Mamone et al.  2011  ) . The same authors used nano fl ow 
HPLC-ESI Q-TOF MS/MS to sequence more than 20 small peptide sequences (MW 
up to 1,661 Da). Remarkably, this method de fi nitively identi fi ed several hordein-
derived peptides in beer for the  fi rst time. The simultaneous presence of unhydro-
lyzed ns-LTPs, known to be highly resistant to proteases, along with their hydrolytic 
fragments suggest that metabolic proteins are at least partly unfolded during brew-
ing, and thereby become susceptible to proteolytic enzymes. The study by Colgrave 
et al.  (  2012  )  con fi rmed the presence of hordein-derived peptides in beer and enlarged 
the inventory of the detected species.  

  Fig. 21.3    MALDI-TOF MS spectrum of the low molecular weight polypeptides extracted from an 
Italian lager beer. Peptides were separated from the high molecular weight proteins by size exclu-
sion chromatography and puri fi ed with a C18 reversed phase cartridge prior to analysis. The spec-
trum clearly, but not exhaustively, evidences the high complexity of the peptide fraction of beer 
(The Figure has been adapted from Mamone et al.  2011 . Expert Rev. Proteomics 8(1):95–115 with 
the permission of Expert Reviews Ltd.)       
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 Although the parent proteins are much less represented in barley than their 
B- and C- cognates, the fragments of D- and  g -hordeins appeared as some of the 
most represented peptides. In particular, the shortage of peptides arising from 
C-hordeins is most likely dependent on the water insolubility of their repeated octa-
peptide motifs, PQQPFPQQ (Colgrave et al.  2012 ). Fragments of the aveninlike 
proteins A were also detected. Regardless, due to the complexity emphasized above, 
the beer peptides are still far from being comprehensively catalogued.   

    21.4   Technological Aspects of Beer Proteomics 
and Peptidomics 

 Beer proteins contribute to several of beer’s qualities such as foam stability and haze 
formation. These two qualities are of particular importance for both brewers and 
consumers. Foam stability is in fl uenced by proteins (Dale and Young  1987 , Siebert 
and Knudson  1989  ) , hop iso- a -acids (Simpson and Hughes  1994  ) , nonstarch poly-
saccharides (Evans et al.  1999  ) , fatty acids (Kobayashi et al.  2002  ) , and metal ions 
(Evans and Sheehan  2002  ) . Haze formation in beer is due to the interaction between 
haze-active proteins and polyphenols (Asano et al.  1982 ; Siebert et al.  1996  ) . The 
relationship of protein factors to foam stability and haze formation have been exten-
sively analyzed. Recent advancements in proteomic techniques, such as high resolu-
tion 2DE coupled with MS, have facilitated a more detailed investigation of the role 
of speci fi c proteins in affecting foam stability and haze formation. In addition, novel 
proteins related to these quality traits have been identi fi ed. 

 Nevertheless, it has become clear that the structural basis of both foam-stabiliza-
tion and haze formation are not affected by only a single protein but by the combi-
nation of several interacting polypeptides as well as the formation of heterocomplexes, 
such as the protein–polyphenol type. Therefore, the soon forthcoming proteomics-
related “interactomics” studies will affect the exploration of these mechanisms. 

 Preliminary proteomic investigations have demonstrated that the protein pro fi le 
of beer depends on the barley cultivar, and on the malting and brewing conditions 
(Okada et al.  2008 ; Iimure et al.  2010 ; van Nierop et al.  2004  ) . Several targeted 
proteomic approaches have recently been developed for relating the pattern of beer 
proteins to its character traits and process parameters. For instance, an investigation 
based on anion exchange chromatography coupled with MALDI-TOF MS has dem-
onstrated that the glycation degree is reproducibly process-dependent. Thus, the 
monitoring of glycated ns-LTP1 has been suggested as a means to establish the 
progress of protein conversion during the brewing process (Bobalova and Chmelik 
 2007 ; Laštovi ková et al.  2010  ) . The characterization of glycated ns-LTP1 for the 
purpose of validating molecular indicators of the brewing process has been advanced 
by the application of a shotgun approach based on the 2-D chromatography frac-
tionation of proteins and MALDI-MS/MS identi fi cation of tryptic peptides (Petry-
Podgórska et al.  2010  ) . By focusing on the technological aspects of beer, the study 
revealed that proteomics differential analyses are required for optimizing raw 
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 materials and process parameters for higher-quality beer. To this purpose, the 
 correlation of character traits with the phenotypic expression of signature proteins 
will complement the genetic-based assessments, such as the analyses carried out by 
Robinson et al.  (  2007  )  and Iimure et al.  (  2011  ) . These assessments in turn attempt 
to plan innovative barley breeding programs. 

    21.4.1   Foam-Stabilizing Proteins 

 Foam is one of beer’s most important characteristics as it in fl uences consumers’ 
purchasing decisions with respect to the beer freshness, proper carbonation, and 
mouthfeel. Therefore, brewers attempt to optimize this quality by controlling the 
content of surface-active proteins. Protein Z (mainly protein Z4) and ns-LTP1 have 
undergone extensive investigation for their relationship with beer foam stability. 
Beer protein Z and ns-LTP1 were previously characterized by several methods such 
as enzyme-linked immunosorbent assays (ELISA), SDS-PAGE, and correlation 
analysis with foam stability (Evans et al.  1999 ; Leiper et al.  2003a  ) . 

 The need of a more detailed characterization of process-modi fi ed Z and ns-LTP1 
proteins has led to the recent application of proper proteomic strategies. Iimure 
et al.  (  2012a  )  analyzed the protein Z spots of sweet wort, boiled wort, and trub on 
2DE gels by MALDI-TOF MS and LC-ESI MS/MS. They revealed that during wort 
boiling, protein Z was precipitated by binding comparatively small-sized speci fi c 
fragments derived from barwin, a sweet wort protein. In addition, con fi rmation that 
beer protein Z4 had several modi fi cations, such as glycation and partial digestion 
was also inferred by the characterization of the peptide fraction. To establish the 
role of Z-protein in foam-stability, 2DE maps of beers brewed with protein Z4 and/
or protein Z7 de fi cient barley mutants were recently compared. Regular beers 
showed protein Z spots of approximately 60, 43, and 39 kDa (Iimure et al.  2012b  ) . 
In contrast, the 60 and 39 kDa spots were not observed in the beer samples obtained 
from a protein Z4 de fi cient mutant. The foam stability between the beer samples 
was comparable, suggesting that the contribution of Z proteins to beer foam stabil-
ity is not greater than that of other beer proteins. Perrocheau et al.  (  2006  )  used MS 
to analyze puri fi ed glycated ns-LTP1 from both malt and beer. They recorded the 
reduction of disul fi de bonds and potential sulfhydryl exchange assessed by labeling 
the free thiol groups of water-soluble, heat-stable proteins from barley, malt, and 
beer and analyzed them using 2DE. Free cysteines were detected in the ns-LTP1 
spots for malt and beer, but not barley. The degree of ns-LTP1 modi fi cation after 
heating (96 or 105°C) was analyzed by assessing the change in ns-LTP1 spot loca-
tions on 2DE (van Nierop et al.  2004  ) . Taking into consideration that ns-LTP1 is 
foam-active in its unfolded conformation, these studies outlined the mechanism 
through which wort boiling temperature may affect foam stability. Hao et al.  (  2006  )  
enlarged the annotation of foam-stabilizing proteins to include 24 gene products. 
The proteins in beer foam were then speci fi cally analyzed by SDS-PAGE followed 
by MS and database search. 
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 Several investigators have contributed to the distinction between foam-positive 
and foam-negative proteins using proteomic approaches. Okada et al.  (  2008  )  ana-
lyzed three fractions of beer samples by 2DE, including beer whole proteins, salt-
precipitated proteins, and proteins concentrated from beer foam. By comparing the 
2DE gel images, they identi fi ed barley dimeric alpha-amylase inhibitor-I (BDAI-1) 
as a foam-positive protein. Iimure et al.  (  2008  )  detected an additional foam-related 
protein by analyzing beer samples with different malt contents, including an all 
barley-malt beer, a beer brewed with malt and adjuncts (67% malt in the total raw 
material), and a low-malt beer (<24% of malt in the total raw material). Two beer 
samples with different foam stabilities were examined. A 2DE spot at approximately 
12 kDa was lower in the beers with higher foam stability and higher in the beers 
with poorer foam stability. This spot was identi fi ed by MS and database search as 
the yeast thioredoxin, a yeast intracellular protein (Gan  1991 ; Pedrajas et al.  1999  ) . 
This identi fi cation suggested that it could be a foam-negative protein. Additional 
glycolytic enzymes such as enolase and triose-phosphate isomerase, which are also 
intracellular proteins, were identi fi ed in beer by several investigators using pro-
teomic techniques (Fasoli et al.  2010 ; Iimure et al.  2010 ; Perrocheau et al.  2005 ; 
Picariello et al.  2011  ) . It has been suggested that the physiological conditions of 
yeast cells affect not only foam (Dreyer et al.  1983  )  but also  fl avor stability (Guido 
et al.  2004  ) . The yeast-derived proteins might serve as markers to determine optimal 
yeast physiological conditions for stabilizing both foam and  fl avor. 

 Hordein-derived polypeptides have been suggested to be active components in 
beer foam fractions (Evans et al.  2003 ; Sheehan and Skerritt  1997  ) . However, low 
molecular mass peptides derived from the aveninlike protein A as well as B-, C-, D-, 
and  g -hordeins were only recently ascertained by LC-MS/MS analysis (Picariello 
et al.  2011 ; Colgrave et al.  2012  ) . The relative contents of peptides arising from dif-
ferent hordein subtypes depend on the beer sample. In any case, the relationship 
between beer hordein-derived polypeptides and foam stability remains contentious 
(Leiper et al.  2003a ; Evans et al.  2003  ) . Proteome approaches, such as LC-MS/MS 
including quantitative MRM approaches, should enable us to correlate hordein sub-
families and their derived peptides with foam stability.  

    21.4.2   Haze Formation 

 Haze formation is one of the most serious problems affecting beer quality. Consumers 
generally judge a beer that is hazy as stale (Yasui et al.  1998 ). Beer proteins and 
polyphenols contribute to haze formation (Asano et al.  1982 ; Siebert et al.  1996  ) . 
Proline-rich hordeins have long been believed to in fl uence haze formation directly 
(Asano et al.  1982  ) . Silica gel absorbs proline-rich proteins, such as hordein; thus, 
brewers add silica gel during beer  fi ltration to prevent colloidal beer haze (Leiper 
et al.  2003b ; Siebert and Lynn  1997  ) . However, despite a number of studies on haze 
formation that focused on proteins and polyphenols, the factors controlling haze 
formation remain unclear. Proteomics analyses used to identify haze-active proteins 
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have been conducted by several investigators. Robinson et al.  (  2007  )  analyzed silica 
gel eluent proteins by 2DE and identi fi ed the chloroform/methanol soluble trypsin 
inhibitor CMe as a haze-active protein. Based on these results, they determined the 
gene loci of CMe and detected polymorphisms in the translated amino acid sequence. 
The 2DE-MS analysis of silica gel eluted proteins suggested that hordeins might be 
critical factors in haze formation, although only minor haze-active proteins (Jin et al. 
 2009b ; Jin et al.  2011b ). CMe, germin E, and protein Z that were absorbed onto 
silica gel, were identi fi ed as major haze-related proteins. Iimure et al.  (  2009  )  
identi fi ed several 2-D protein spots ascribable to four haze-forming gene products 
absorbed on silica gel. Protein spots included BDAI-1, components of the tetrameric 
 a -amylase inhibitor CMb, and CMe. However, their results suggested that these 
proteins were nucleation and growth factors of colloidal haze rather than predomi-
nant haze-active proteins. It is expected that the outcomes of LC-MS/MS-based 
strategies opportunely designed for the identi fi cation of low molecular weight pep-
tides, combined with data furnished by other analytical methodologies, should allow 
for further insights into the detailed mechanism of protein-induced haze formation.   

    21.5   Immunological Aspects of Beer Proteomics 
and Peptidomics 

 Proteins that survive the brewing process have structural traits that render them 
highly resistant to proteases. For this reason, the beer proteins or their domains large 
enough to be immunogenically active can survive in vivo gastrointestinal digestion. 
Resistance to gastrointestinal proteolysis is one of the basic characteristics that ren-
der allergenic a speci fi c protein domain (Wickham et al.  2009  ) . The modi fi cations 
that protein chains undergo during brewing steps might also induce the formation of 
novel antigens and epitopes. Despite the potentially harmful protein content and its 
large consumption worldwide, allergy to beer occurs at a relatively very low preva-
lence (Bonadonna et al.  2009  ) . Nevertheless, several case reports have demonstrated 
that beer can actually trigger immunological responses with the potential of being 
rather severe. In a study in 1980, urticaria and angioedema, observed in two patients, 
also exhibiting skin tests positive to malt, were associated with beer consumption 
(van Ketel  1980  ) . A later study demonstrated that urticaria induced by beer was 
actually an IgE-mediated immunoreaction (Curioni et al.  1999  ) . The triggers were 
identi fi ed as a barley-derived 10 kDa that was supposed to be LTP1 and an addi-
tional 16-kDa component of barley that disappeared during brewing. Beer-induced 
anaphylaxis in a 21-year-old woman was associated with a series of IgE-binding 
bands of malt and barley that migrated in the 31–56-kDa region and to a major beer 
protein of approximately 38 kDa (Figueredo et al.  1999  )  that was probably a hydro-
lyzed form of the Z4-serpin. Combining immunodetection, N-terminal sequencing, 
and skin prick tests, Garcìa-Casado et al.  (  2001  )  demonstrated Z4 and ns-LTP1 to 
be IgE-binding antigens in four beer-allergic individuals. Ns-LTPs, which are almost 
ubiquitous in vegetables, are the causative agents of severe life-threatening allergies 
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to a variety of foods and have been designated as a family of “pan-allergens.” 
The rigidity of the ns-LTP scaffold is primarily due to the disul fi de skeleton 
signi fi cantly conserved across the species and is responsible for the resistance to 
either gastric pepsinolysis or subsequent digestive steps (Wijesinha-Bettoni et al.  2010  ) . 
Brewing and digestive conditions only cause a partial disruption of the three-dimen-
sional folding of barley ns-LTP1, that retains its antigenic potential in vivo. It is 
likely that similar mechanisms might be implicated in the Ig-E binding ability of the 
chymotrypsin inhibitor Z4. A novel 18-kDa barley-derived beer allergen has recently 
been described (Hiemori et al.  2008  ) . Although the protein has yet to be de fi nitively 
identi fi ed, the MW and pI values, estimated by 2DE analysis, point to the likelihood 
of it being the aveninlike protein A. 

 An even more intricate aspect concerns the celiacogenic potential of beer related 
to the content of gliadinlike epitopes arising from hordeins. Although many pro-
teomic investigations agree on ruling out the occurrence of major amounts of intact 
hordeins in beer, the recent peptidomic investigations con fi rmed that hordein-
derived peptides do occur in beer. The panels of the identi fi ed peptides encrypt the 
motifs known to be toxic for individuals with celiac disease. For instance, B-hordein-
derived motifs such as PQQPY, shared with the toxic epitope 31–43 of  a -gliadin, or 
the repeated C-hordein-derived motif PQQPF, are considered among the primary 
triggers of celiac disease (Picariello et al.  2011 ; Colgrave et al.  2012 ). These latter 
motifs belong to both DQ2 and DQ8 restricted epitopes and have been identi fi ed as 
targets of transglutaminase-2 mediated deamidation. A 7-amino acid sequence 
PQQPYPQ identi fi ed in beer contains two overlapping harmful 4-amino acid motifs. 
Interestingly, this sequence is entirely homologous to the repeated domain of sev-
eral wheat  a / b -gliadins. The QPQPF motif of a B-hordein fragment is common to 
the toxic 33-mer 56–88 of  a 2-gliadin (Shan et al.  2002  ) . In addition, the extended 
QPQPFP sequence found in beer extracts is part of the 25-mer gastrointestinal resis-
tant peptide, a potential trigger of celiac disease (Mamone et al.  2007  ) . 

 From a quantitative standpoint, preliminary assays based on the R5-monoclonal 
ELISA suggested that the gliadin content of beer did not exceed the low ppm levels 
(Iametti et al.  2004  ) . Due to the intrinsic bias of the sandwich ELISA that might 
underestimate the gluten content, Dostálek et al.  (  2006  )  compared the determina-
tions of both sandwich and competitive R5 ELISA in beer. The competitive ELISA 
provided signi fi cantly higher values than those obtained by the sandwich proce-
dures. Some beer samples appeared to contain potentially harmful levels of gluten-
like epitopes, however, other brands exhibited values well below the precautionary 
threshold of 20 ppm indicated for gluten-free foods (Codex Alimentarius Com-
mission  2008 ). A screening with the R5 antibody-based competitive immunoassays 
(Guerdrum  2011  )  determined the level of glutenlike epitopes to be below 20 ppm in 
10 out of 28 commercial beer samples. 

 The determination carried out thus far clearly demonstrates that gluten content 
can signi fi cantly change as a function of the malt and of the brewing process adopted. 
Furthermore, immunochemical analyses can be affected by a lack of speci fi city. 
Therefore, the contribution of reliable and highly speci fi c methodologies, such as 
those based on the quanti fi cation by MRM mass spectrometry, will be indispensable 
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for establishing the drinkability of a speci fi c beer by celiacs. For instance, opportune 
peptidomic strategies, based on the compared monitoring of internal standards that 
mimic signature glutenlike peptides, are expected to be addressed in the quantitative 
determination of gluten in beer. Other authors have proposed the use of either prolyl 
endopeptidases or tannins during the brewing processes to lower the level of gluten-
like epitopes (van Landschott  2011  ) . However, the impact of such treatments on the 
beer quality is yet to be evaluated. It is also expected that gluten-free beers brewed 
with cereals other than barley will be studied and assessed for their protein and 
peptide content. The study of claimed gluten-free beers should not be neglected in 
light of the need for proper commercial labeling standards. To this purpose it is 
worth noting that unsuspected sources of wheat gluten have been identi fi ed in beers 
that were claimed to be all-barley malt (Weber et al.  2009  ) . In addition to barley 
malt, in principle also other ingredients of beer, including other cereals, hops, and 
yeasts may elicit an allergic reaction (Diel et al.  2009 ). Because of their speci fi city, 
sensitivity, and reliability, the contribution of MS-based and proteomic platforms 
will undoubtedly be irreplaceable for achieving a full characterization of the beer 
proteomes and peptidomes and for relating speci fi c components to beer quality 
traits and human health.      
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          22.1   Introduction 

 Amino acids, peptides, and proteins are essential constituents of food. They are 
indispensable food components and directly contribute to the  fl avor of food and are 
precursors for aroma compounds and colors formed during thermal or enzymatic 
reactions in production, processing, and storage of food. Proteins contribute to the 
physical properties of food; they have ability to build or stabilize gels, foams, emul-
sions, and  fi brillar structures. 

 The most important sources of animal proteins are eggs, meat, and milk. These 
proteins contain the essential amino acids leucine, isoleucine, lysine, valine, threonine, 
tryptophan, phenylalanine, and methionine. Most proteins of plant origin do not con-
tain some of these amino acids. Consequently, these proteins do not have full nutri-
tional value. However, essential amino acids are present in the proteins from legumes, 
oilseeds, and grains. Legumes are added, sometimes after modi fi cation to traditional 
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foods, such as meat and cereal products, and also used in the production of novel food 
items such as meat,  fi sh, and milk substitutes. Plant proteins, mostly originating from 
soybean, are frequently added to processed meat products either for economic reasons 
or to improve their functional properties (Gaso-Sokac et al.  2011  ) . 

 Proteins are formed from amino acids through amide linkages. Most proteins are 
post-translationally modi fi ed. The most frequent post-translational modi fi cations 
are phoshorylation and glycosylation, but other less frequent modi fi cations such as 
alkylation and sulfatation are also very important for protein function and their 
nutritive value (Blom et al.  2004  ) . 

 Proteins differ in their nutritive value. Several factors, such as content of  essential 
amino acids and digestibility, contribute to these differences and to “quality” of a 
protein. The daily protein requirement therefore depends on the type and composi-
tion of proteins in a diet. High-quality proteins are those that contain all the essential 
amino acids at levels greater than the FAO/WHO/UNU  (  1985  )  reference levels, and 
the digestibility comparable to or better than those of egg white or milk proteins. 
As a rule, animal proteins have a better nutritive value than proteins of plant origin. 

 For example, proteins of major cereals and other foods of plant origin are often 
de fi cient in at least one of the essential amino acids. The essential amino acids 
whose concentrations in a protein are below the levels of a reference protein are 
termed  limiting amino acids . The nutritional quality of a protein or protein mixture 
is ideal when it contains all of the essential amino acids in proportions that produce 
optimum rates of growth and/or optimum maintenance capability. 

 Digestibility is de fi ned as the proportion of food nitrogen that is absorbed after 
ingestion. Although the content of essential amino acids is the primary indicator of 
protein quality, true protein quality also depends on the extent to which these amino 
acids are utilized in the body. Digestibility of various proteins in humans is listed in 
Table  22.1  (FAO/WHO/UNU  1985  ) .  

 Antinutritional factors: 
 Most plant protein isolates and concentrates contain trypsin and chymotrypsin 

inhibitors (Kunitz type and Bowman–Birk type) and lectins. These inhibitors impair 
complete hydrolysis of legume and oilseed proteins by pancreatic proteases. Lectins, 

      Table 22.1    Digestibility of various proteins in humans (FAO/WHO/UNU    1985 )   

 Protein source  Digestibility (%)  Protein source  Digestibility (%) 

 Egg  97  Millet  79 
 Milk, cheese  95  Peas  88 
 Meat,  fi sh  94  Peanut  94 
 Maize  85  Soy  fl our  86 
 Rice (polished)  88  Soy protein isolate  95 
 Wheat (whole)  86  Beans  78 
 Wheat  fl our, white  96  Corn, cereal  70 
 Wheat gluten  99  Wheat, cereal  77 
 Oatmeal  86  Rice cereal  75 
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which are glycoproteins, bind to intestinal mucosa cells and interfere with absorption 
of amino acids. Lectins and Kunitz type protease inhibitors are thermolabile, 
whereas the Bowman–Birk-type inhibitor is stable under normal thermal processing 
conditions. Thus, heat-treated legume and oilseed proteins are generally more 
digestible than native protein isolates (despite some residual Bowman–Birk-type 
inhibitor). Plant proteins also contain other antinutritional factors, such as tannins 
and phytate. Tannins, which are condensed products of polyphenols, covalently 
react with  e -amino groups of lysyl residues. This inhibits trypsin-catalyzed cleavage 
of the lysyl peptide bond. 

 In last few years proteomics technology has been frequently used in food tech-
nology for process validation, optimization, and quality control (Gaso-Sokac et al. 
 2011  ) . The use of proteomics for characterization of nutritionally important pro-
teins, detection of trace components of protein and peptide origin that are important 
for human nutrition, and detection of potentially harmful components in human 
food of both animal and plant origin (Gaso-Sokac et al.  2010  )  are also very impor-
tant. The analysis scheme of the food proteome is shown in Fig.  22.1    

    22.2   Animal Proteins 

    22.2.1   Egg Proteins 

 Eggs are a valuable source of protein and are important ingredients in many food 
products. In food processing whole eggs or egg ingredients (egg white and egg 
yolk) are often used as coagulating, foaming, and emulsifying agents, while also 
contributing nutrients and  fl avor to different foods (Campbell et al.  2003 ; Kiosseoglou 
 2003  ) . Individual components of eggs also have potentially useful biological func-
tions, such as antimicrobial activity, protease inhibitory function, and antigenic or 
immunogenic characteristics (Raikos et al.  2006  ) . Potential allergens in eggs, such 
as some genetic variants of the ovomucoid from egg white, are also important from 
a food safety point of view (Rupa and Mine  2008 ). 

 Egg white proteins differ markedly from the proteins of egg yolk in biological 
function and in composition. The technological functions usually assigned to these 
two distinct portions of the egg are also different. Although the most important 
functional property of egg white in food products is its ability to form stable foams, 
the functional signi fi cance of egg yolk is largely connected with its capacity to sta-
bilize fat–water emulsions. 

 The most abundant three proteins in egg white are  ovalbumin, conalbumin  
(ovotransferrin), and  ovomucoid  (about 77% of total protein) as listed in Table  22.2 . 
Together with  ovomucin, lysosyme , and  ovoglobulins G  

 2 
  and  G  

 3 
 , the content of these 

highly abundant proteins in egg white is over 92% (Belitz et al.  2004  ) . Most egg 
white proteins are glycosylated, and some of them contain a high amount of carbo-
hydrates. There are some thorough proteomic investigations of both high and low 
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abundant egg proteins. Because of their post-translational modi fi cations, some 
 high-abundance proteins, such as ovotransferrin and ovomucoid also show a very 
high level of polymorphism (Raikos et al.  2006 ; Guérin-Dubiard et al.  2006  ) . Egg 
white is a very complex mixture and further proteomic analyses resulted in 
identi fi cation of 148 distinct gene products (D’Ambrosio et al.  2008 ; Mann and 
Mann  2008 ; Farinazzo et al.  2009 ; D’Alessandro et al.  2010  ) .  

 Egg yolk is a fat-in-water emulsion with about 50% dry matter; it contains one-
third of proteins and two-thirds of lipids. Consequently, the egg yolk contains a high 
amount of lipoproteins, such as  lipovitellins, lipovitellenins,  and  phosvitin . Again, 
most egg yolk proteins are also post-translationally modi fi ed. By the use of combi-
natorial ligand libraries and other high-resolution techniques, more than 250 dis-
tinct gene products were identi fi ed in egg yolk (Mann and Mann  2008 ; Farinazzo 

  Fig. 22.1    Work fl ow in the proteome analysis using 2-D electrophoresis or chromatographic sepa-
ration methods and mass spectrometry.  1 . animal or sample chosen for the analysis;  2 . sample 
extraction;  3 . isoelectric focusing or  fi rst chromatographic step;  4 . SDS-PAGE or next chromato-
graphic step as a second dimension;  5 . alignments and comparisons of the images;  6 . data analysis; 
 7 . data interpretation and selection of signi fi cantly changed proteins;  8 . extraction of signi fi cantly 
changed protein spots;  9 . protein identi fi cation by mass spectrometry;  10 . interpretation of the 
results (Reproduced from Hollung  et al.  ( 5 ) with permission from Elsevier Ltd, copyright 2007)       
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   Table 22.2    Proteins of egg white (Belitz et al.  2004  )    

 Protein 
 Percent of the 
total protein a  

 Denaturation 
temperature (°C) 

 Molecular 
weight (kdal) 

 Isoelectric 
point (pH) 

 Ovalbumin  54  84.5  44.5  4.5 
 Conalbumin (Ovotransferin)  12  61.5  76  6.1 
 Ovomucoid  11  70.0  28  4.1 
 Ovomucin  3.5  5.5–8.3×10 6   4.5–5.0 
 Lysozyme (Ovoglobulin G 

1
 )  3.4  75.0  14.3  10.7 

 Ovoglobulin G 
2
   4  92.5  30–45  5.5 

 Ovoglobulin G 
3
   4  5.8 

 Flavoprotein  0.8  32  4.0 
 Ovoglycoprotein  1.0  24  3.9 
 Ovomacroglobulin  0.5  760–900  4.5 
 Ovoinhibitor  0.1  49  5.1 
 Avidin  0.05  68.3 b   9.5 
 Cystatin ( fi cin inhibitor)  0.05  12.7  5.1 

   a Average values are presented 
  b Four times 15.6.kdal + approx. 10% carbohydrate  

et al.  2009 ; D’Alessandro et al.  2010  ) . Some of these proteins play an important role 
in antimicrobial response and vitamin binding. 

 The chicken egg proteome is still not complete, but some newly identi fi ed 
 proteins are of biopharmaceutical interest as potentially physiologically active 
substances.  

    22.2.2   Proteins of Meat and Meat Products 

 In human nutrition, meat is the most valuable source of protein and essential amino 
acids. The proteins/enzymes of muscle can be categorized based on biological func-
tion or chemical properties. Proteins involved in the physical process of contraction 
are those contained in the sarcomere. These can be divided based on location, such 
as thick or thin  fi laments, or on function, such as force generating or regulating 
proteins (Hollung et al.  2007 ; Bendixen  2005  ) . An additional, frequently neglected 
factor that in fl uences meat quality and digestibility is the content and composition 
of the intramuscular connective tissue (Purslow  2005  )  

  Myosin  is the major protein of the thick  fi laments, which comprises 45% of the 
myo fi brillar proteins. It is an elongated protein molecule about 160 nm in length 
with a molecular mass of approximately 480,000 D. Myosin contains a total of six 
polypeptide chains, two heavy chains and four light chains. Myosin heavy chains 
have “head” and “tail” regions, re fl ecting the respective globular and rod portions of 
the molecules. The biological functions of myosin reside in heavy chains. Myosin 
can be cleaved in the middle region by proteolytic enzymes, such as trypsin, 
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 producing two fractions of the protein. One of these is called light meromyosin and 
the other, which contains the globular head structures of the myosin molecule is 
called heavy meromyosin. Separated heavy meromyosin retains its ability to inter-
act with actin and its ATPase activity. 

  Actin  is the major protein of the thin  fi laments and comprises 20% of myo fi brilar 
protein of muscle. Actin is bound to the structure of the muscle much more  fi rmly 
than is myosin. Its shape can be described as two peanut-shaped domains of equal 
size lying side by side. Actin monomers, called globular actin or G-actin, are assem-
bled in a double-helical structure called  fi brous actin, or F-actin. This constitutes the 
main portion of the thin  fi lament. G-actin is composed of 374–375 amino acids and 
has a molecular mass of 42,000–48,000 D. 

  Tropomyosin , representing 5% of myo fi brilar protein, is composed of two alpha-
helical polypeptides wound together into a two-strained, coiled-coil supersecondary 
structure. It resembles the tail or rod portion of the myosin molecule. In skeletal 
muscle two polypeptides, alpha- and beta-tropomyosin, can combine to form a tro-
pomyosin dimmer. The alpha- and beta-tropomyosin polypeptides have molecular 
masses of 37,000 and 33,000 D, respectively. They are found in muscle as the alpha-
alpha or beta-beta homodimers and the alpha-beta heterodimer. Tropomyosin aggre-
gates end to end and binds to actin  fi laments along each groove of the actin double 
helix such that each molecule interacts with seven G-actin monomers. 

 The content and the relative concentration of different types of  collagen  vary and 
are dependent on the type of the meat. In conclusion, collagens, as well as different 
types of proteoglycans are responsible for the so-called “background” feature of the 
meat and indirectly also for its digestibility. Furthermore, the turnover of the con-
nective tissue, especially the turnover of different types of collagen, and further 
changes of other main proteins of the meat is controlled by matrix proteases and 
their speci fi c inhibitors (Belcerzak et al.  2001 ; Purslow  2002  ) . 

 In summary, in meat science and for the further exploration of meat proteins, pro-
teomics can be used for: (1) proteome mapping and meat identi fi cation, (2) determi-
nation of proteome changes due to genetic variations, (3) determination of changes 
due to the pre-slaughter conditions, (4) determination of post-mortem changes, and 
(5) study and detection of changes in peptide composition during meat storage and 
processing (Hollung et al.  2007 ; Bendixen  2005 ; Bauchart et al.  2006  ) . 

 Proteolytic degradation of muscle that occurs post mortem and degradation of 
proteins during meat processing and aging results in the production of protein frag-
ments (Geesink and Koohmaraie  1999  ) . These polypeptides can be further digested 
into smaller peptides or even single amino acids (Geesink and Koohmaraie  1999 ; 
Mullen et al.  2000  ) . Unfortunately, there are only a few studies dealing with polypep-
tides and small peptides in aged and cooked meat, but they play a key role for aroma 
and taste of cooked or dry-cured products (Purslow  2005 ; Bauchart et al.  2006  ) . 

 Plant proteins, mostly originating from soybean or other leguminosae, are fre-
quently added to processed meat products either for economic reasons or to improve 
their functional properties. Leitner et al.  (  2006  )  used liquid chromatography-mass 
spectrometry (LC-MS) and liquid chromatography-tandem mass spectrometry 
 (LC-MS/MS) in order to detect soybean proteins in meat products. In all soybean 
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 protein-containing meat samples, the plant protein glycinin G4 subunit A4 was 
identi fi ed, and this protein can be used as a target for a simpler analytical method in 
order to identify the addition of soybean proteins to meat products, and possible 
adulteration of meat and meat products.  

    22.2.3   Seafood and Seafood Proteins 

 Proteins are also the essential components of seafood which are gaining increasing 
importance in nutrition, especially in developed countries. The wide variability of 
proteins that are present in seafood and their highly variable composition offer a 
large potential to originate a broad variety of different products (Piñeiro et al.  2003  ) . 
The complexity of seafood also implies the extreme variability of the seafood pro-
teomes, and only some basic questions can be addressed in this short overview. 
There are some literature data about the use of proteomics for the identi fi cation of 
allergens in seafood (Gaso-Sokac et al.  2010,   2011  )  and this important point is 
brie fl y discussed in this review. 

 In their review about the use of proteomics as a tool for the investigation of sea-
food and other marine products, Piñeiro et al .   (  2003  )  recommend the use of pro-
teomics for detection of allergens in food of this origin. However, there are still only 
few studies in this  fi eld. Taka et al.  (  2000  )  characterized an allergenic parvalbumin 
from frog by the use of LC-ESI-MS. The main crustacean allergens are proteins 
tropomyosin and arginine kinase (Lehrer et al.  2003 ; Ishikawa et al.  2001  ) . 
Tropomyosin is a myo fi brillar protein of 35–38 kDa, and proteins from six species 
of crustaceans have also been cloned (Motoyama et al.  2007  ) . Arginine kinase from 
some commercially relevant shrimp species was characterized by the use of pro-
teomic methods (Ortea et al.  2009  ) . Some additional shrimp allergens such as sar-
coplasmatic calcium binding protein (SCP) have also been detected (Yu et al.  2003 ; 
Shiomi et al.  2008  ) . Interestingly, this protein was previously detected as an allergen 
in cray fi sh  Procambarus clarkii  (Gao et al.  2006  ) . The problem of allergens in the 
seafood was recently discussed (Gaso-Sokac et al.  2010  ) .  

    22.2.4   Milk Proteins 

 Because of the immense importance for human nutrition, milk proteins have been 
studied continuously for more than 100 years. In 1877 Hammarsten distinguished 
three main proteins in milk: casein, lactalbumin, and lactoglobulin (Belitz et al. 
 2004  ) . Later it was revealed that the milk protein system is much more complex. 
Using ultracentrifugation and electrophoresis it was proven that casein consists of 
tree fractions, namely  a -,  b - and  g -casein. The most important proteins of milk are 
listed in Table  22.3 . Other protein constituents such as enzymes are present in much 
lower quantities (they are not listed in Table  22.3 ). The two important groups of 
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   Table 22.3    Belitz et al.  2004    

 Fraction  Genetic variants  Portion a   Isoionic point 
 Molecular 
weight b (kdal) 

  Caseins   80 
  a  

s1
 -Casein  A,B,C,D,E  34  4.92–5.35  23.6 c  

  a  
s2

 -Casein  A,B,C,D  8  25.2 d  
  c -Casein  A,B,C,E  9  5.77–6.07  19 e  
  b -Casein  A 1 ,A 2 ,A 3 ,B,C,D  25  5.20–5.85  24 
  g -Casein  4  5.8–6.0  12–21 
  g  

1
 -Casein  A 1 ,A 2 ,A 3 ,B  20.5 

  g  
2
 -Casein  A 1 /A 2 ,A 3 ,B  11.8 

  g  
3
 -Casein  A 1 /A 2 /A 3 ,B  11.6 

  Whey proteins   20 
  b -Lactoglobulin  A,B,C,D,E,F,G  9  5.35–5.41  18.3 
  a - Lactalbumin  A,B,C  4  4.2–4.5 f   14.2 
 Serum albumin  A  1  5.13  66.3 
 Immunoglobulin  2 
 IgG1  5.5–6.8  162 
 IgG2  7.5–8.3  152 
 IgA  –  400 g  
 IgM  –  950 h  
 FSC(s) i   80 
 Proteose-peptone  4  3.3–3.7 

   a As% of skim milk total protein 
  b Monomers 
  c Variant B 
  d Variant A 
  e Variant A 2  
  f Isoelectric point 
  g Dimer 
  h Pentamer 
  i Free secretory component  

proteins, proteins and glycoproteins, are related to the milk fat globule membrane 
(MFGM, see Fig.  22.2 ) and whey proteins have recently been the topic of intensive 
investigation (Gaso-Sokac et al.  2011  ) .   

 In milk separation by centrifugation, three fractions can be obtained by the fol-
lowing steps: (1) whole milk is centrifuged to obtain the milk fat globule (MFG) 
and the low fat milk fractions; (2) protein-rich, skimmed milk is ultracentrifuged 
and separated in two fractions, the whey protein and pellet fraction; and (3) in the 
last step the casein protein fraction is obtained by washing the pellet from the 
previous step (Pogacic et al.  2010  ) . The milk proteome and glycoproteome have 
been topics of extensive investigations since the creation of the proteomics meth-
odology (Gagnaire et al.  2009 ; Johnson and Lucey  2006  ) . This technology is cur-
rently used for: (1) the analysis of high-abundance proteins, (2) the analysis of 
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low-abundance proteins, (3) the analysis of proteins in whey, (4) the characteriza-
tion of milk fat globule and milk fat globule membrane, and (5) the characteriza-
tion of products containing complex dairy matrices such as cheese and yogurt 
(Gaso-Sokac et al.  2011  ) . 

    22.2.4.1   Caseins and Other High-Abundance Proteins in Milk 
and Milk Products 

 There are only a few highly abundant proteins that are present in milk from all spe-
cies. In bovine milk, these proteins are casein (CN),  b -lactoglobin ( b -LG), 
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  Fig. 22.2    Milk fat globule membrane. Schematic presentation of: ( a ) the structure of the milk fat 
globule membrane; and ( b ) the pathways for the synthesis and secretion of milk fat globules 
(Reproduced from C. Lopez  et al.  ( 151 ) with permission of the American Chemical Society, copy-
right 2008)       
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  a -lactalbumin ( a -LA), and bovine serum albumin (BSA) with relative abundances 
of approximately 80:10:4:1 (Conti et al.  2007 ; O’Donnell et al.  2004  ) . Similar to 
other biological  fl uids, such as blood plasma, despite the fact that it contains a 
small number of primary proteins, the milk proteome is still extremely complex. 
A great deal of this complexity is the consequence of post-translational modi fi cations 
and the presence of numerous genetic variants of this limited list of proteins 
(Casado et al.  2009  ) . 

 Caseins are a group of unique milk-speci fi c proteins. These proteins repre-
sent about 80% of the total protein in bovine milk. Caseins are a mixture of 
proteins and subclasses of proteins. The most abundant caseins are  a  

S1
 -,  a  

S2
 -,  b -, 

and  k -casein (Fox and Brodkorb  2008  ) . Isolation of  k -casein revolutionized the 
ideas on the structure of the so-called casein micelle in milk, and a realistic 
model of its structure became possible only after the characterization of the sol-
uble form of this most abundant milk protein (Waugh et al.  1970  ) . Many techno-
logically and nutritionally important properties of milk, such as its white color, 
stability to heat or ethanol, coagulation by cheese-making enzymes, and gelation 
characteristics, are due to the properties of casein micelles. It is for these reasons 
that properties of casein micelles are still a topic of extensive studies (Johnson and 
Lucey  2006 ; Fox and Brodkorb   2008   ; Waugh et al.  1970 ; Glantz et al.  2010  ) . It has 
been known for more than 100 years that the colloidal caseinate particles contain 
calcium. Therefore, in nutrition, milk is one of the most important sources of 
calcium. The phosphorylation of caseins and other post-translational 
modi fi cations of this protein have a vital role in the interaction with calcium 
phosphate and the organization of the casein micelle (Sørensen et al.  2003  ) . 
Determination of post-translational modi fi cation of major protein components 
provides the scienti fi c basis for coagulation and cheese-making processes used 
in dairy production. Further characterization of these proteins is also of funda-
mental importance for identi fi cation of the origin and quality assessment of milk 
and milk products (Holt  1998 ; Sørensen et al.  2003 ; Di Luccia et al.  2009 ; 
Matéos et al.  2009 ; Roncada et al.  2002  ) . 

 The other high-abundance milk proteins,  b -LG,  a -LA, and BSA, are major 
components of the whey (Farrell et al.  2004  ) . The concentration of  b -LG in 
skimmed milk is about 2–4 mg/mL. This protein occurs with high frequency in 
cows as two genetic variants, variant A and variant B. Because of the different 
physicochemical characteristics of the two  b -LG molecules, the presence of one or 
the other of these variants signi fi cantly affects the properties of the milk. The A 
variant is expressed at a higher level than the B variant, or the less frequently occur-
ring C variant (Farrell et al.  2004 ; Ng-Kwai-Hang and Grosclaude  2003  ) .  b -lacto-
globulin may also be glycosylated, but lactosylation of this protein is a more 
important chemical modi fi cation, which is caused by heating of the milk or whey 
(Morgan et al.   1998  ) . 

 Bovine skimmed milk contains  a -LA at a concentration of 1.2–1.5 mg/mL. In 
bovine milk, the mature  a -LA is also present in two genetic variants, variants A and 
B. This protein binds bivalent metals such as zinc and calcium.  a -LA is important 
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for normal function of the mammary gland, such as milk secretion and lactose 
 content in milk (Farrell et al.  2004  ) .  

    22.2.4.2   Low-Abundance Proteins 

 The low-abundance proteins in milk can be identi fi ed by mass spectrometry after 
proper sample preparation and removal of high-abundance proteins (Manso et al.  2005 ; 
Pampel et al.  2007 ; Al-Ghobashy et al.  2009  ) . Blood plasma proteins, such as BSA, 
serotransferrin, and lactoferrin, are only observed in colostrum, which may have 
special physiological importance for children in the early nursing period. Among 
more than 400 spots in 2-D electrophoresis that were separated from bovine milk, 
identi fi ed proteins include  b  

2
 -microglobulin, complement components,  a  

1
 -antit-

rypsin, prealbumin, fructose-biphosphate aldolase A, and casein fragments 
(Yamada et al.  2002  ) . 

 The immunoglobulin fraction accounts for about 1% (w/w) of total milk protein, 
and therefore these proteins can be classi fi ed as a kind of “medium-abundance pro-
teins.” In milk, IgG, IgA, and IgM have been isolated and characterized. 
Immunoglobulins in colostrum and milk have a protecting function, especially for 
the newborn (Farrell et al.  2004  ) . 

 Lactoferrin is a speci fi c, iron-binding protein that also occurs in milk of most 
mammalian species. The lactoferrin concentration in milk is relatively low, and var-
ies between 20 and 200 mg/L. This protein increases noticeably in response to 
in fl ammation or infection. Consequently, lactoferrin plays an important role in the 
host defense against infection and in fl ammation (Ward et al.  2002  ) . Antibacterial 
and antiviral activity of this protein against both DNA and RNA viruses have been 
detected (Vogel et al.  2002 ; van der Strate et al.  2001  ) , and lactoferrin is now being 
isolated and puri fi ed from cheese whey and commercially utilized in the pharma-
ceutical and food industries (Marshall  2004  ) .  

    22.2.4.3   Whey Proteins 

 Whey is considered as a functional milk fraction with a content of proteins and 
bioactive polypeptides that have a positive effect on the health (Madureira et al. 
 2007  ) , and whey protein fractions are increasingly incorporated as functional ingre-
dients in food, not only in infant formulas, but also for adults (Panchaud et al.  2005  ) . 
As ingredients in food, whey proteins can provide antimicrobial activity, immune 
modulation, improve muscle strength, and may delay and/or ameliorate conditions 
in different diseases, such as osteoporosis and cardiovascular diseases (Madureira 
et al.  2007 ; Marshall  2004  ) . 

 The identi fi cation of low-abundance proteins in whey is challenging due to their 
wide dynamic concentration range. Namely, in comparison with highly abundant 
proteins, the concentrations of minor protein components vary by at least a factor of 
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10 6  (Panchaud et al.  2005  ) . These proteins may play important physiological and 
eventually therapeutic roles in nutrition and as additives to cosmetic products.  

    22.2.4.4   Milk Fat Globule and Milk Fat Globule Membrane 

 Lipid molecules are provided in milk via a unique delivery system, milk fat glob-
ules (Argov et al.  2008  ) . In previous research, the lipid fraction in milk was 
oversimpli fi ed as a relatively pure mixture of triacylglycerols (Timmen and Patton 
 1988  ) , and the unique structure and composition of MFG was overlooked. In MFG, 
the milk fat globule membrane is the protective coat that surrounds lipid globules. 
The MFGM prevents  fl occulation and coalescence of lipid droplets in milk and 
protects the milk fat against lipolysis (Argov et al.  2008  ) . In order to secrete MFG, 
portions of the mammary epithelial cell membranes are sacri fi ced. This process 
results in a unique structure of MFG (Timmen and Patton  1988  ) . Recent investiga-
tions of the MFG and MFGM proteome have provided new insights into mammary 
function and the mechanism of milk secretion (Reinhardt and Lipolis  2008  ) . Mather 
 (  2000  )  gave an early overview of the proteins found in the MFGM. The eight most 
abundant MFGM proteins are: mucin1, xantine dehydrogenase/oxidase, periodic 
acid Schiff III and Schiff 6/7 proteins, CD36, butyrophilin, adipophilin, and fatty-
acid binding protein. The MFGM is organized as a trilayer, and its structure is 
shown in Fig.  22.2  (Lopez et al.  2008  ) . 

 MFGM proteins also have other important functions, such as defense against 
pathogens (Sando et al.  2009 ; Smolenski et al.  2007  ) . One of the major proteins in 
MFGM, xantine dehydogenase/oxidase, has a direct antibacterial activity, and 
inhibits bacterial growth through the formation of hydrogen peroxide or the stimu-
lation of lactoperoxidase in milk (Martin et al.  2004  ) . Additional factors with 
bene fi cial health properties, such as cholesterol lowering and inhibition of cancer 
cell growth, were also documented for MFGM (Dewettinck et al.  2008  ) .  

    22.2.4.5   Peptides 

 Peptides originating from milk proteins have various health-promoting effects such 
as: regulation of digestive enzymes and modulation of nutrient absorption (Yamauchi 
et al.  2003  ) ; regulation of the cardiovascular system, for example, anti-hypertensive 
effects (Pins and Keenan  2006  ) ; regulation of the immune system, for example, 
enhancing immune cell functions and stimulation of the phagocytic activities of 
macrophages (Meisel and FitzGerald  2003  ) ; regulation of the nervous system, for 
example, by their opoid activity (Yamauchi et al.  2003  ) ; and antioxidative and other 
health-promoting activities (Madureira et al.  2007 ). 

 The physiological activity of milk-derived peptides has been the topic of 
numerous studies during the last 10 years (Madureira et al.  2007  ) . Experimental 
evidence exists that bioactive peptides can be released from caseins (see above), 
 a -lactalbumin ( a -LA),  b -lactoglobin ( b -LG), lactoferrin, and serum albumin. Some 
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of these bioactive peptides have received special names, such as  a - and  b -lactorphin, 
 b -lactotensin, serophin, albutensin A, lactoferricin B, lactoferrampin, osteopon-
tin, and many others. Their production and biological properties have been the 
subject of two comprehensive reviews (Korhonen and Pihlanto  2006 ; Madureira 
et al.  2010  ) .  

    22.2.4.6   Milk Proteins as Allergens 

 Milk products can also cause allergies. However, proteomics tools have only been 
sparingly applied in the investigation of allergens in these products. It is well known 
that changes in the main milk protein casein such as carbonylation (Scaloni et al. 
 2002  )  or formation of covalent complexes between casein micelles and  b -lactoglob-
ulin (Henry et al.  2002  )  and modi fi cation of other proteins (Gagnaire et al.  2009 ; 
Gupta and Lee  2007  )  during the production process, mainly heating, can cause 
induction of allergies to milk products, but a thorough proteomic and “allerge-
nomic” investigation has still to be performed.    

    22.3   Plant Proteins 

    22.3.1   Seed Proteins 

 Seeds, mostly cereals, have always played a key role in human nutrition. Cereal 
product consumption meets close to 50% of the daily requirement for carbohy-
drates. Additionally, cereals are an important source of vitamin B, minerals, and 
trace elements. Frequently neglected is the fact that the consumption of cereals also 
provides about one-third of the requirement for proteins (Belitz et al.  2004  ) . 

 Wheat and rice are still the most important cereals and the longitudinal section 
of the wheat grain is shown in Fig.  22.3 .  

 In comparison to other plant tissues, seeds are relatively rich in protein. The 
biological role of proteins in the seed is still obscure. The process of germination 
involves intense and many-sided biochemical activity, requiring the rapid biosyn-
thesis of many enzymes. One can assume that seed proteins provide both the 
machinery and the raw materials for such biosynthesis. 

 It is also logical to suppose that, as most other constituents of the cotyledons, 
seed proteins serve as a food reserve for the seedling, providing the young plant 
with amino acids and nitrogen until the root system and the photosynthetic appara-
tus are suf fi ciently developed. Within the cells of the seed cotyledons these “storage 
proteins” occur in granules with diameters in the range of 2–20  m , known as  aleu-
rons  or “ protein bodies ”. 

 Interest in seed proteins arose early in the history of protein chemistry. The role 
of seeds as an important source of proteins is also the topic of many proteomic 
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analyses (Marsolais et al.  2010 ; Gong et al.  2012  ) . In a broad review, Miernyk and 
Hajduch ( 2011 ) give an excellent overview of seed proteomics. 

    22.3.1.1   Cereal Proteins 

 The protein content of cereal grains is in the vicinity of 10% (wheat and barley 13%, 
rice and maize 9%). 

 The proteins of different cereal  fl ours vary in their amino acid composition 
(Table  22.4 ). Lysine content is low in all cereals. Methionine is also low, particu-
larly in wheat, rye, barley, oats, and corn. Both amino acids are signi fi cantly lower 
in  fl our than in muscle, egg, or milk proteins. By breeding, attempts are being made 
to improve the content of all essential amino acids. This approach has been success-
ful in the case of high-lysine barley and several corn cultivars.  

      Wheat 

 Wheat is the most important cereal in the western world and wheat seed proteins 
have been investigated for more than 100 years. In 1907 Osborne separated wheat 
proteins, on the basis of their solubility, into four fractions. Sequential extraction of 
a  fl our sample yielded: water-soluble albumins, salt-soluble (e.g., 0.4 mol/L NaCl) 

  Fig. 22.3    Longitudinal section of a wheat grain.  I  Pericarp,  1  epidermis (epicarp),  2  hypodermis, 
 3  tube cells,  4  seed coat (testa),  5  nucellar tissue,  6  aleurone layer,  7  outer starchy endosperm cells, 
 8  inner starchy endosperm cells,  9  germ and  10  scutellum       
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   Table 22.4    Amino acid composition of the total proteins (mole- %) of  fl ours from various cereals 
(Belitz et al.  2004  )    

 Amino acid  Wheat  Rye  Barley  Oats  Rice  Millet  Corn 

 Asx  4.2  6.9  4.9  8.1  8.8  7.7  5.9 
 Thr  3.2  4.0  3.8  3.9  4.1  4.5  3.7 
 Ser  6.6  6.4  6.0  6.6  6.8  6.6  6.4 
 Glx  31.1  23.6  24.8  19.5  15.4  17.1  17.7 
 Pro  12.6  12.2  14.3  6.2  5.2  7.5  10.8 
 Gly  6.1  7.0  6.0  8.2  7.8  5.7  4.9 
 Ala  4.3  6.0  5.1  6.7  8.1  11.2  11.2 
 Cys  1.8  1.6  1.5  2.6  1.6  1.2  1.6 
 Val  4.9  5.5  6.1  6.2  6.7  6.7  5.0 
 Met  1.4  1.3  1.6  1.7  2.6  2.9  1.8 
 Ile  3.8  3.6  3.7  4.0  4.2  3.9  3.6 
 Leu  6.8  6.6  6.8  7.6  8.1  9.6  14.1 
 Tyr  2.3  2.2  2.7  2.8  3.8  2.7  3.1 
 Phe  3.8  3.9  4.3  4.4  4.1  4.0  4.0 
 His  1.8  1.9  1.8  2.0  2.2  2.1  2.2 
 Lys  1.8  3.1  2.6  3.3  3.3  2.5  1.4 
 Arg  2.8  3.7  3.3  5.4  6.4  3.1  2.4 
 Trp  0.7  0.5  0.7  0.8  0.8  1.0  0.2 
 Amide group  31.0  24.4  26.1  19.2  15.7  22.8  19.8 

globulins, and 70% aqueous ethanol-soluble prolamins. The glutelins remained in 
the  fl our residue. They can be separated into two subfractions. For this purpose, all 
the proteins remaining in the residue are  fi rst dissolved in 50% aqueous 1-propanol 
at 60°C with reduction of the disul fi de bonds, for example, with dithioerythritol. 
The high-molecular (HMW) subunits precipitate out on increasing the propanol 
concentration to 60%, whereas the low-molecular (LMW) subunits remain in solu-
tion. This separation scheme can still be used for fractionation of seed proteins for 
further proteomic analysis (Miernyk and Hajduch  2011  ) . 

 Albumins and globulins are derived mostly from cytoplasmic residues and other 
subcellular fractions that are part of the kernel. Prolamins and glutelins are storage 
proteins. The most important wheat proteins are glutens. When the  fl our is mixed 
with water, gluten proteins form an elastic matrix. This matrix holds carbon dioxide 
and gives volume to bread during rising. The gluten extracts are also used as addi-
tives for many food products. Gluten proteins are composed of monomeric subunits 
gliadins and polymeric glutenins. Gliadins are subdivided into alpha/beta-, gamma, 
and omega gliadins. Furthermore, gliadins are subdivided into high molecular 
weight glutenin subunits (HMW-GS) and low molecular weight glutenin subunits 
(LMW-GS) that are linked by intermolecular disul fi de bonds. Gliadins and glutenin 
subunits together are called prolamins (see above). Glutens contain large amounts 
of proline and glutamine. The content of essential amino acids such as arginine, 
lysine, and histidine is low, and in a complete nutrition, an additional source for 
these amino acids is necessary (Belitz et al.  2004  ) . Van den Broeck et al.  (  2008  )  give 
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an overview of the proteomic analysis of gluten proteins. A negative aspect of  gluten 
proteins is that they can trigger an immune response called celiac disease in those 
genetically susceptible (Sollid  2002  ) . On the other hand, a lot of effort has been put 
into analyzing the allelic codes for gluten proteins in order to come to the high yield 
and highly resistant wheat sorts giving a  fl our with good baking quality (Yahata 
et al.  2005 ; van den Broeck et al.  2008  ) . 

 Other important proteins in wheat are puroindolins a and b, and some enzymes 
and enzyme inhibitors, such as amylases, proteolytic enzymes, lipases, and enzymes 
involved in oxido-reductive processes, as well as amylase and protease inhibitors. 
Puroindolins are the cysteine-rich proteins that also contain segments in their amino 
acid sequences (Belitz et al.  2004 ; Branlard et al.  2003  ) . Puroindolins are the lipid-
binding proteins that have in fl uence on the proper texture of dough during the bak-
ing process (Branlard et al.  2003  ) . In an early paper, Islam et al.  (  2003  )  gave an 
overview of the wheat proteome and the relationship between chromosome deletion 
and protein expression.  

      Rice 

 Rice is the most important cereal in Asia and in developing countries. This crop 
feeds one-fourth of the world population, and its genome was sequenced relatively 
early (Komatsu et al.  2003  )  and it is also the reason for the early start of proteomic 
investigation of this important crop (Komatsu et al.  2003  ) . Traditional rice milling 
involves steeping in hot water and steaming in autoclaves, followed by drying and 
polishing. This treatment causes removal and destruction of some nutritionally 
important components, such as proteins and vitamins. It may be the reason that most 
studies of rice proteomics are focused on the whole plant and plant development 
(Agrawal and Rakwal  2011  ) , as well as discussion about proteomic changes in 
transgenic rice (Xue et al.  2012  ) . The proteomic papers dealing with the rice pro-
teins important for nutrition are relatively rare. From the nutritional point of view, 
together with the proteins from maize and millet, rice proteins are important as a 
protein source for celiac disease patients (Belitz et al.  2004 ; Moroni et al.  2010  ) .   

    22.3.1.2   Celiac Disease 

 In genetically susceptible individuals, some cereals such as wheat, rye, and barley 
can cause celiac disease. This disease affects infants as well as adolescents. Recent 
epidemiological studies indicate that about 1% of the world population suffers from 
this disease (Moroni et al.  2010  ) . It is associated with a loss of villous structure of 
the intestinal mucosa, and, depending on severity of the disease, the nutrient absorp-
tion function can be impaired (Sollid  2002  ) . After consumption of food containing 
the above-mentioned glutens, speci fi c peptides from prolamins trigger an immune 
response that causes damage. This leads to a range of symptoms including altered 
bowel habits, malnutrition, and weight loss (Rodrigo  2006  )  Individuals with celiac 
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disease are sensitive to the prolamin fractions of wheat, barley, and rye. A simple 
change of the diet to rice, millet, and maize can eliminate the cause of the disease. 
Van den Broeck et al.  (  2008  )  give the complete proteomic analysis of the gluten 
proteins involved in celiac disease in different wheat varieties.  

    22.3.1.3   Legumes 

 Soybeans are nutritionally the most important legume as a protein source, because 
of their high content of essential amino acids (see above). The fractionation of 
legume proteins developed early in the last century by Osborne  (  1907  )  using solu-
bility procedures to yield three fractions: albumins, globulins, and glutelins. As 
shown in Table  22.5 , globulins are the predominant fraction in all legumes.  

 Globulins seem to have a function in seeds as storage proteins. Further simple 
fractionation of these proteins by ultracentrifugation or chromatography yields sep-
aration into two major components present in all legumes: vicilin and legumin. 
Legumin from soybeans is called glycinin and from peanuts arachin. The modern 
proteomic analyses of soybean also show that most of the seed proteins (60–80%), 
for example, in soybeans (Krishnan et al.  2009  )  as well as in common bean seeds 
(Marsolais et al.  2010  )  belong to the above-mentioned group of storage proteins. 

 The low-abundance proteins in seeds also have important nutritional value as pro-
tease inhibitors (e.g., in soybeans), or allergens (mostly in peanuts, see below), and it 
is important to know the whole proteome of nutritionally important legumes (Krishnan 
et al.  2009  ) . Many legume proteins, mostly from peanuts are responsible for many 
allergic reactions. Most allergies in the United States are caused by peanuts and pea-
nut-containing food products (Stevenson et al.  2009  ) . Several proteins detected in 
peanut seed such as Ara h1-4 are responsible for these reactions. Proteomic analyses 
show different contents of these allergens in different peanut varieties. Interestingly, 
these proteins are absent in genetically engineered peanut seeds (Chassaigne et al. 
 2009 ; Stevenson et al.  2009  ) . Other potential nutritional risks are lectins that are pres-
ent in many legume seeds. If not inactivated or degraded during processing, these 
proteins can cause outbreaks of gastroenteritis, nausea, diarrhea, and other, even more 
severe, side reactions (Gaso-Sokac et al.  2010 ; Noah et al.  1980  ) . 

 Finally, some legumes, especially soybeans, are genetically modi fi ed. Such food 
and food products are already on the market, especially in the United States. 
Proteomics are widely used for characterization of genetically engineered food, and 

   Table 22.5    Legumes: protein distribution (%) by  Osborne  fractions   

 Fraction  Soy-beans  Peanuts  Peas  Mungo beans  Broad beans 

 Albumin  10  15  21  4  20 
 Globulin  90  70  66  67  60 
 Glutelin  0  10  12  29  15 
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there is a broad discussion about this topic in nutrition and medicine (Sakata et al.  2009 ; 
Stevenson et al.  2009 ; Gaso-Sokac et al.  2010  ) .   

    22.3.2   Fruit and Vegetable Proteomics 

 Proteins, such as enzymes and inhibitors, as well as structural proteins play a key 
role in the molecular physiology of fruit development and ripening, as well as for 
stability of this food during transport and storage (Palma et al.  2011 ; Chan et al.  2007  ) . 
Palma et al.  (  2011  )  give a proteomic overview about the proteome change in the 
ripening process, and the following events where proteins are involved take place 
during ripening of fruits, such as red pepper: taste alternation, intense metabolism, 
respiration and emitting volatile components, destruction of chlorophyll and syn-
thesis of new pigments, pectins, and new proteins. Similar changes also occur in 
other fruits and vegetables during the growth and ripening processes. In this review, 
proteomic changes in different fruits and vegetables such as tomato, grape, citrus, 
peach, strawberries, and apple were listed. Chan et al.  (  2007  )  demonstrate impres-
sively that proteins play a key role in stability of peach fruits during storage, and 
describe some enzymatic processes responsible for these changes. Finally, proteins 
also play an important role for quality of all fruit juice based and other beverages, 
and there are intensive proteomic studies in this  fi eld (Garibaldi and Giuffrida  2010 ; 
Colgrave et al.  2012  ) .       
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    Scaloni A, Perillo V, Franco P, Fedele F, Froio R, Ferrara L, Bergamo P (2002) Characterization of 
heat-induced lactosylation products in caseins by immunoenzymatic and mass spectrometric 
methodologies. Biochim Biophys Acta 1598:30–39  

    Shiomi K, Sato Y, Hamamoto S, Mita H, Shimakura K (2008) Sarcoplasmatic calcium-binding 
protein: identi fi cation as a new allergen of the black tiger shrimp  Penaeus monodon . Int Arch 
Allergy Immunol 146:91–98  

    Smolenski G, Haines S, Kwan FY, Bond J, Farr V, Devis SR et al (2007) Characterisation of host 
defence proteins in milk using proteomic approach. J Proteome Res 6:207–215  

    Sollid LM (2002) Coeliac disease: dissecting a complex in fl ammatory disorder. Nat Rev Immunol 
2:647–655  

    Sørensen ES, Møller L, Vinther M, Petersen TE, Rasmussen LK (2003) The phosphorylation pat-
tern of human s1-casein is markedly different from the ruminant species. Eur J Biochem 
270:3651–3655  

    Stevenson SE, Chu Y, Ozias-Akins P, Thelen JJ (2009) Validation of gel-free, label-free quantita-
tive proteomics approaches: applications for seed allergen pro fi ling. J Proteomics 72:555–566  

    Taka H, Kaga N, Fujimura T, Mineki R, Imaizumi M, Suzuki Y, Suzuki R, Tanokura M, Shindo N, 
Murayama K (2000) Rapid determination of parvalbumin amino acid sequence from  Rana 
catesbeiana  (pI 4.78) by combination of ESI mass spectrometry, protein sequencing, and amino 
acid analysis. J Biochem 127:723–729        

    Timmen H, Patton S (1988) Milk fat globules: fatty acid composition, size and in vivo regulation 
of fat liquidity. Lipids 23:685–689  

    van den Broeck HC, America AHP, Smulders MJM, Gilissen LJWJ, van der Meer IM (2008) 
Staining ef fi ciency of speci fi c proteins depends on the staining method: wheat gluten proteins. 
Proteomics 8:1880–1884  

    van der Strate BWA, Beljaars L, Molema G, Harmsen MC, Meijer DKF (2001) Antiviral activities 
of lactoferrin. Antiviral Res 52:225–239  

    Vogel HJ, Schibli DJ, Jing W, Lohmeier-Vogel EM, Epand RF, Epand RM (2002) Towards a 
structure-function analysis of bovine lactoferricin and related tryptophan and arginine contain-
ing peptides. Biochem Cell Biol 80:49–63  

    Ward PP, Uribe-Luna S, Conneely OM (2002) Lactoferrin and host defense. Biochem Cell Biol 
80:95–102  

    Waugh DF, Creamer LK, Slattery CW, Dresdner GW (1970) Core polymers of casein micelles. 
Biochemistry 9:786–795  

   Xue K, Yang J, Liu B, Xue D (2012) The integrated risk assessment of transgenic rise  Oryza 
sativa:  a comparative proteomics approach. Food Chem.   http://dx.doi.org/10.1016/j.
foodchem.2012.04.042      

    Yahata E, Maruyama-Funatsuki W, Nishio Z, Tabiki T, Takata K, Yamamoto Y, Tanida M, Suriyama 
H (2005) Wheat cultivar-speci fi c proteins in grain revealed by 2-DE and their application to 
cultivar identi fi cation of  fl our. Proteomics 5:3942–3953  

    Yamada M, Murakami K, Wallingfold JC, Yuki Y (2002) Identi fi cation of low-abundance proteins 
of bovine colostral and mature milk using two-dimensional electrophoresis followed by 
microsequence and mass spectrometry. Electrophoresis 23:1153–1160  

    Yamauchi R, Usui H, Yunden J, Takenaka Y, Tani F, Yoshikawa M (2003) Characterization of 
lactotensin, a bioactive peptide derived from bovine lactoglobulin, as a neurotensin agonist. 
Biosci Biotechnol Biochem 67:940–943        

    Yu CJ, Lim YF, Chian BL, Chow LP (2003) Proteomics and immunological analysis of a novel 
shrimp allergen, Pen m 2. J Immunol 170:445–453      

http://dx.doi.org/10.1016/j.foodchem.2012.04.042
http://dx.doi.org/10.1016/j.foodchem.2012.04.042


447F. Toldrá and L.M.L. Nollet (eds.), Proteomics in Foods: Principles and Applications, 
Food Microbiology and Food Safety 2, DOI 10.1007/978-1-4614-5626-1_23, 
© Springer Science+Business Media New York 2013

          23.1   Introduction 

 Numerous food components having physiological functions have been isolated, char-
acterized, and applied to functional foods (Arihara  2012 ; Arihara and Ohata  2011 ; 
Saarela  2011  ) . Food protein-derived peptides are a group of such functional compo-
nents (Arihara  2006 ; Gobbetti et al.  2007 ; Kannan et al.  2012 ; Korhonen and Pihlanto 
 2007  ) . Although the activities of these protein-derived peptides in the sequence of 
proteins are latent, they are released by proteolytic enzymes. Therefore, food proteins 
have possible bioactivities beyond a nutritional source of amino acids alone. 

 Mellander  (  1950  )   fi rst reported bioactive peptides generated from food proteins. 
He suggested that milk casein-derived peptides enhanced bone calci fi cation in infants. 
Since then, numerous bioactive peptides from food proteins have been studied 
(Hettiarachchy    et al.  2012 ; Kannan et al.  2012 ; Owusu-Aspenten  2010  ) . Enzymatic 
hydrolysis of food proteins such as milk caseins produces various peptides with 
physiological functions, such as antihypertensive, opioid, immunostimulating, anti-
microbial, antithrombotic, hypocholesterolemic, and antioxidative activities. 

 This chapter includes a brief overview of bioactive peptides generated from food 
proteins. Also, utilization of modern nutrigenomics techniques for such peptides is 
discussed here. Nutrigenomics has been rapidly applied to the  fi eld of nutrition and 
health (Affolter et al.  2009 ; Bidlack and Rodriguez  2012 ; Thomson-Smith  2010  ) . 
This powerful tool contains gene, protein, and metabolite pro fi ling (transcriptomics, 
proteomics, and metabolomics). Although application of this attractive strategy for 
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studying bioactive peptides generated from food proteins is still limited, the nutrig-
enomics approach offers a great possibility for understanding and utilizing bioactive 
peptides.  

    23.2   Generation of Peptides from Food Proteins 

 Most bioactive sequences of food proteins are inactive or incomplete within the par-
ent proteins. Active peptide fragments are released from native proteins via prote-
olytic digestion. After such peptides are liberated from food proteins, they can act 
as regulatory (bioactive) compounds. Gastrointestinal proteolysis, aging, fermenta-
tion, enzymatic treatment, and other chemical treatments are the principal means for 
digestion of food proteins to generate bioactivities (Figure  23.1 ). During gastroin-
testinal proteolysis, bioactive peptides are liberated from food proteins (Pihlanto 
and Korhonen  2003  ) . Upon ingestion, pepsin in the stomach digests food proteins 
into large peptides And once in the small intestine, trypsin and chymotrypsin cleave 
these peptides into small peptides and amino acids.  

 In addition to gastrointestinal digestion, there are several ways in which peptides 
are generated from food proteins. During aging or storage, food proteins are hydro-
lyzed by endogenous proteases. For example, meat proteins are hydrolyzed by mus-
cle endogenous enzymes, such as calpains and cathepsins (Koohmaraie  1994  ) . Such 
enzymatic hydrolysis contributes to the improvement of sensory properties (texture, 
taste, and  fl avor) of meat (Nishimura et al.  1988  ) . Although there has been no report 
about the generation of bioactive peptides in meat during post-mortem aging, our 
preliminary study showed an increase in angiotensin I converting enzyme (ACE) 
inhibitory and antioxidative activity of beef and pork during storage at 4°C. 

 Proteolytic events often occur during fermentation of foods and various peptides 
are generated from food proteins (Hernändez-Ledesma et al.  2004  ) . For example, 
the proteolysis of raw sausages and dry-cured ham have been studied extensively, 
because components generated from meat proteins are critical for the development 
of sensory properties of fermented meat products (Hammes et al.  2003 ; Toldrá 
 2004  ) . During fermentation of sausages, the content of peptides and amino acids 
reaches about 1% dry matter of products (Dainty and Blom  1995  ) . We measured the 
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-Fermentation of Foods
-Protease Treatment
-Chemical Treatment

Proteolysis
Food Proteins
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  Fig. 23.1    Generation ways of peptides from food proteins       
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ACE inhibitory activities of extracts of several European fermented sausages and 
found that the activity level of all extracts was higher than those of extracts obtained 
from nonfermented pork products. Fermented dairy products (e.g., cheese and 
yogurt) contain bioactive peptides, such as ACE inhibitory peptides, generated by 
proteolytic activities of starter microorganisms (Bütikofer et al.  2008 ; Gagnaire 
et al.  2001 ; Gobbetti et al.  2000 ; Gomez-Ruiz et al.  2002 ; Saito et al.  2000  ) . 

 Utilization of commercial proteases is the most practical approach for producing 
bioactive peptides from food proteins (Young and Mine  2009  ) . Inasmuch as pro-
tease treatments of food proteins are an ef fi cient method for hydrolyzing proteins, 
proteolytic enzymes are used for various processes in the food industry. Single pro-
teinases from animal, plant, and microbial sources and combinations of them can be 
utilized for the digestion of food proteins for releasing bioactive peptides. Also, the 
production of peptides from food proteins can be achieved by the use of heat, acid, 
or base hydrolysis.  

    23.3   Representative Bioactive Peptides from Food Proteins 

    23.3.1   ACE Inhibitory Peptides 

 The most extensively studied bioactive peptides generated from food proteins are 
ACE inhibitory peptides (Aleixandre and Miguel  2012 ; Meisel et al.  2005  ) . These 
peptides have attracted particular attention because of their ability to prevent hyper-
tension and have been utilized for pharmaceuticals and physiologically functional 
foods. These peptides lower blood pressure through inhibition of ACE in the body. 
ACE is a dipeptidyl carboxypeptidase, which is widely distributed in mammalian 
bodies, predominantly as a membrane-bound ectoenzyme in vascular endothelial 
cells. ACE plays a critical role in the regulation of blood pressure in the renin angio-
tensin system (Figure  23.2 ). ACE converts the inactive decapeptide angiotensin 
I into the potent vasoconstricting octapeptide angiotensin II, resulting in increases 
in blood pressure. ACE also inactivates the antihypertensive vasodilator bradykinin. 
Therefore, by inhibiting the catalytic action of ACE, the elevation of blood pressure 
can be suppressed in the body.  

 ACE inhibitory peptides derived from food proteins were  fi rst found in the hydro-
lysate of gelatin by Oshima et al.  (  1979  ) . Since then, ACE inhibitory peptides have 
been identi fi ed in the hydrolysates of various proteins from foods such as milk,  fi sh, 
meat, eggs, soybean, corn, wheat, seaweed, and others (Aleixandre and Miguel 
 2012 ; Arihara  2006 ; Meisel et al.  2005  ) . Some of these peptides have been reported 
to show antihypertensive effects by oral administration. As the examples of such pep-
tides, two ACE inhibitory peptides (Met-Asn-Pro-Pro-Lys and Ile-Thr-Thr-Asn-Pro) 
were puri fi ed from thermolysin digest of porcine muscle myosin (Arihara et al. 
 2001  ) . These ACE inhibitory peptides showed antihypertensive effects in spontane-
ously hypertensive rats (SHR) by oral administration (Nakashima et al.  2002  ) . Also, 
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six tripeptides that have parts of the sequences of the two peptides were orally 
administered to SHR. Among the six tripeptides, Met-Asn-Pro caused the most 
signi fi cant decrease in systolic blood pressure. Although many ACE inhibitory pep-
tides have been found in various food protein hydrolysates, their structure–activity 
relationships have not been fully clari fi ed (Li et al.  2004  ) . However, it has been 
reported that many ACE inhibitory peptides have tryptophan, phenylalanine, 
tyrosine, or proline at their C-terminus and these amino acids would be critical for 
the ACE inhibitory activity of peptides.  

    23.3.2   Opioid Peptides 

 Opioid peptides are de fi ned as peptides that have an af fi nity for an opioid receptor 
as well as opiatelike effects (Pihlanto and Korhonen  2003  ) . These peptides in fl uence 
the nerve system and gastrointestinal functions. Typical opioid peptides (i.e., endor-
phins, enkephalin, and prodynorphin) have the same N-terminal sequence, Tyr-
Gly-Gly-Phe. Opioid peptides bind to speci fi c receptors of the intestinal target cell. 
These receptors participate in speci fi c effects, such as emotional behavior, suppres-
sion of intestinal motility, and appetite. Brantl et al.  (  1979  )  identi fi ed the  fi rst group 
of opioid peptides (casomorphins) generated from milk casein. Proteolysis of alfa-
lactoalbumin (a milk whey protein) generated a opioid peptide (Tyr-Gly-Leu-Phe) 
and was named a-lactorphin (Chiba and Yoshikawa   1986  ) . Although administra-
tion of a-lactorphin lowered blood pressures in SHR, the antihypertensive mecha-
nism of this peptide is not by ACE inhibition but rather appears to be due to 
interaction with opioid receptors (Nurminen et al.  2000 ). Opioid peptides were 
also identi fi ed in hydrolysates of wheat gluten and blood hemoglobin.  
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    23.3.3   Antioxidative Peptides 

 The intake of antioxidants may decrease the risk of diseases, such as cardiovascular 
disease and certain types of cancer (Hertog  1996  ) . Endogenous antioxidative pep-
tides (e.g., glutathione, carnosine, and anserine) have been reported to play many 
physiological roles, such as prevention of diseases related to oxidative stress 
(Hipkiss and Brownson  2000  ) . In addition to these endogenous nonprotein peptides, 
several antioxidative peptides have been identi fi ed from soybean, milk, eggs, and 
meat (Kim et al.  2012  ) . For example, Saiga et al.  (  2003  )  reported that hydrolysates 
obtained from porcine myo fi brillar proteins by protease treatment exhibited high 
antioxidant activity. Antioxidative peptides were isolated and sequenced as 
 Asp-Ser-Gly-Val-Thr, Ile-Glu-Ala-Glu-Gly-Glu, Asp-Ala-Gln-Glu-Lys-Leu-Glu, 
 Glu-Glu-Leu-Asp-Asn-Ala-Leu-Asn, and Val-Pro-Ser-Ile-Asp-Asp-Gln-Glu-Glu-
Leu-  Met. Acidic amino acids, Asp or Glu, were found in all  fi ve peptides. Although 
it has been reported that basic amino acids, such as His and Lys, show strong anti-
oxidative activity (Chen et al.  1995 ), it was revealed that acidic peptides as well as 
basic peptides possess antioxidative activity.  

    23.3.4   Immunomodulating Peptides 

 Immunomodulatory peptides affect both the immune system and cell proliferation 
responses (Korhonen and Pihlanto  2007  ) . It has been reported that several hydro-
lysates of milk caseins stimulate the immune system. Although peptides generated 
from milk caseins by pancreatin or trypsin inhibited the proliferative responses of 
murine splenic lymphocytes and Peyer’s patch cells, digests generated by pepsin or 
chymotrypsin did not show such activity (Otani and Hata  1995  ) . Opioid peptides 
generated from milk proteins also have a modulatory function in the immune sys-
tem, because opioids can alter the characteristics of cellular components of the 
immune system (Webster  1998  ) .  

    23.3.5   Other Bioactive Peptides 

 In addition to the above-mentioned peptides, it has been found that various bioactive 
peptides have been found in the hydrolysates of food proteins. Nagaoka et al.  (  2001  )  
discovered a hypocholesterolemic peptide (Ile-Ile-Ala-Glu-Lys) from enzymatic 
hydrolysates of b-lactoglobulin. This peptide has a strong effect on serum choles-
terol level, and the hypocholesterolemic activity of the peptide was greater than that 
of the drug b-sitosterol in rats. The peptide is speculated to reduce the micellar solu-
bility of cholesterol and inhibit cholesterol absorption (Nagaoka et al.  2001  ) . 
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 Antimicrobial peptides have been isolated from milk and egg proteins. 
Antimicrobial peptides generated from milk lactoferrin have been studied most 
extensively (Tomita et al.  1994  ) . A hen egg ovotransferrin-derived antimicrobial 
peptide that is active against  Staphylococcus aureus  and  Escherichia coli  has been 
isolated (Ibrahim et al.  2000  ) . 

 Several milk protein-derived peptides generated by enzymatic hydrolysis act as 
mineral trappers and result in enhancement of the absorption ef fi ciency of minerals 
(Vegarud et al.  2000  ) . Based on the knowledge that the mechanism of blood clotting 
is similar to that of milk clotting, milk protein-derived antithrombotic peptides have 
been studied (Fiat et al.  1993  ) . Many studies have shown that hydrolysates of milk 
proteins exhibited stimulation of the growth of lactic acid bacteria and bi fi dobacteria 
(Brody  2000  ) . The hydrolysate of porcine skeletal muscle actomyosin digested by 
papain also enhanced the growth of  Bi fi dobacterium  strains (Arihara et al.  2011a  ) . 
Apart from bioactivities, food protein-derived peptides also contribute to the orga-
noleptic properties of food, such as meat (Arihara  2006  ) . Therefore, generation of 
peptides from food proteins has the potential to develop novel functional foods with 
favorable organoleptic properties.   

    23.4   Conventional Methods for Peptide Identi fi cation 

 After generation of bioactive peptides from food proteins, the next steps are the 
concentration, puri fi cation, and identi fi cation of peptides concerning bioactivities. 
In most hydrolyzed food protein digests, only a few peptides are responsible for 
objective activities. Also, these bioactive peptides are generated from food  proteins 
in relatively low concentrations. Figure  23.3  shows a typical conventional proce-
dure for the study of bioactive peptides derived from food proteins. After  hydrolysis 
of food proteins, the hydrolysates can be fractionated and the peptides enriched by 
various methods, such as precipitation with solvents, membrane separation, 
ultra fi ltration, and chromatography. Reversed-phase high-performance liquid 
chromatography (RP-HPLC) is a standard technique in the puri fi cation of peptides 
(Aguilar  2004  ) . Also, a combination of HPLC and mass spectrometry (LC-MS) is 
a powerful tool not only for puri fi cation of peptides but also for structural 
identi fi cation of peptides (Shen and Noon  2004  ) . Thus, in addition to the Edman 
degradation method, MS has become a standard tool for sequencing of peptides. 
LC-MS/MS-based peptide sequencing is also becoming a standard technique. For 
example, Ghassem et al.  (  2011  )  identi fi ed ACE inhibitory peptides in  fi sh 
myo fi brillar protein hydrolysates by utilizing HPLC coupled to electrospray 
ionization–time-of- fl ight mass spectrometry (ESI-TOF MS/MS). Two peptide 
sequences were identi fi ed as VPAAPPK (IC 

50
  = 0.45  m M) at 791.155  m/z  and 

NGTWFEPP (IC 
50

  = 0.63  m M) at 1085.841  m/z , respectively. After puri fi cation 
and identi fi cation of peptides, the next step is characterization of peptides in vitro 
and in vivo. For these studies, synthesized peptides are prepared by a peptide syn-
thesizer in most cases.  
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 Membrane-based separation techniques are utilized in the concentration of bio-
active peptides, especially useful for commercial scale preparation (Pouliot et al. 
 2006  ) . For industrial applications, ef fi ciency of the process is critical, and the 
puri fi cation technique must be a balance between purity and ef fi ciency. The large-
scale fractionation of bioactive peptides was reviewed recently (Sato and Hashimoto 
 2012  ) . Puri fi cation methods other than those described above are: chromatographic 
techniques (e.g., ion-exchange chromatography, hydrophobic interaction chroma-
tography, size-exclusion chromatography, and af fi nity chromatography), elec-
tromembrane  fi ltration, and isoelectric focusing.  

    23.5   Mechanisms of Bioactivities of Peptides 

 After oral ingestion of peptides, they are attacked by various enzymes in the stom-
ach and the small intestine. Furthermore, cleaved small peptides can be digested by 
brush border membrane oligopeptidases and intracellular peptidases (Aito-Inoue 
et al.  2007  ) . However, some orally ingested peptides can be transported intact into 
the bloodstream (Pihlanto and Korhonen  2003  ) . After being transported into the 
bloodstream and once reaching their target sites, peptides induce their bioactivities 
via several mechanisms. According to the description of Young and Mine  (  2009  ) , 
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bioactive peptides can be broadly categorized into two groups: peptides that exert 
their effects by direct physical interaction with another molecule and peptides that 
interfere with gene expression. As described above, ACE inhibitory peptides lower 
blood pressure through inhibition of ACE in the body. ACE inhibition involves 
direct interaction of the peptide with noncatalytic binding sites in the enzyme. 
However, the inhibitory potencies of ACE inhibitory peptides do not always corre-
late with their antihypertensive effects. Some peptides with potent ACE inhibitory 
activities in vitro are inactive with oral administration. Fujita et al.  (  2000  )  clari fi ed 
the discrepancy of ACE inhibitory activity in vitro and antihypertensive effect 
in vivo. ACE inhibitory activity has been measured according to the method of 
Cushman and Cheung  (  1971  )  in most studies. This in vitro assay is based on the 
liberation of hippuric acid from Hip-His-Leu catalyzed by ACE. Prior to the assay, 
a sample solution of peptides is mixed with a solution containing Hip-His-Leu and 
NaCl and then pre-incubated. After the reaction initiated by the addition of ACE, 
the hippuric acid liberated by ACE is determined. The concentration of an ACE 
inhibitory peptide needed to inhibit 50% of ACE activity is de fi ned as the IC50 
value. Fujita et al.  (  2000  )  pre-incubated ACE peptides from several food proteins 
with ACE before measurement of ACE inhibitory activity and classi fi ed ACE inhib-
itory peptides into three groups. One group is inhibitor-type peptides, that is, pep-
tides for which IC50 values are not affected by pre-incubation with ACE. Another 
group is pro-drug-type peptides, that is, peptides that are converted to true inhibitors 
by an ACE or other proteases. The third group is substrate-type peptides, that is, 
peptides that are hydrolyzed by an ACE to give peptides with weak activity. Both 
inhibitor-type and pro-drug-type peptides exert antihypertensive activities with oral 
administration. 

 Similarly to ACE inhibitory peptides, antimicrobial and mineral binding pep-
tides directly interfere with other molecules in the body. On the other hand, peptides 
can produce their bioactivities by altering gene expression (Young and Mine  2009  ) . 
Some bioactive peptides generated from food proteins can alter gene expression by 
(1) epigenetic modi fi cation of the proteins that attach to the DNA, (2) alteration of 
the cell’s primary signaling ligand to in fl uence transcription factor activity indi-
rectly, and (3) interference with cell signaling and gene expression via the direct 
binding of peptide ligand to the receptor. Although studies of bioactive peptides 
classi fi ed into these categories are still very limited, the mechanisms of such activi-
ties will be revealed with new nutrigenomics and proteomics techniques. Some 
examples of such studies are described in the following section.  

    23.6   Nutrigenomics of Bioactive Peptides 

 Genomics is the study of all DNA sequences in the genome of an organism. 
Nutrigenomics seeks to discover the interaction between dietary factors and host 
genes and how genes and their products metabolize these constituents into health-
promoting nutrients or disease-causing antinutrients, and bioactive compounds 
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(Astley and Penn  2009 ; Kaput  2007 ; Thomson-Smith  2010  ) . New omics technolo-
gies including transcriptomics, proteomics, and metabolomics offer exciting oppor-
tunities to address complex issues related to human health (Figure  23.4 ).  

    23.6.1   Transcriptomics of Bioactive Peptides 

 Transcriptomics analysis allows for a genomewide monitoring of expression for the 
simultaneous assessment of tens of thousands of genes and of their relative expres-
sion (Affolter et al.  2009  ) . It measures the relative amounts of mRNAs in a given 
organism for determining patterns and levels of gene expression. The classical gene 
analysis approaches, such as Northern blotting and realtime RT-PCR, can only ana-
lyze gene expression for a limited number of candidate genes at a time. Microarray 
technology is a powerful high-throughput genomic tool (Mano et al.  2009  ) . It can 
be used for pro fi ling and monitoring the expression levels of numerous genes. It can 
also be used to determine the in fl uence of food nutrients and factors maintaining 
homeostatic control of gene expression levels. Since transcriptomics is the most 
successful technology in nutrigenomics approaches, many nutrigenomic studies 
with microarray technology have investigated the relationship between genes and 
food intake and bioactive food components (Masotti et al.  2010 ). 

 A typical DNA microarray assay includes several procedures (Mano et al.  2009  ) . 
A microarray is prepared by an arrayed series of many spots of DNA oligonucle-
otides of speci fi c genes. This array is used to measure the mRNA abundance of a 
sequence in a sample relative to that in the control. mRNA is extracted from each 
sample (i.e., animal or cell) treated with food factors. The mRNA is reverse- 
transcribed to obtain complementary RNA (cRNA) and probes. The labeled mRNA 
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of the sample functions as probes that hybridize only with the correct target sequence 
under high-stringency conditions. In microarray analysis, the probes covalently 
bind to a speci fi c sequence of the bound-labeled probes, measured using microarray 
scanners. The expression data of tens of thousands of genes are visualized and sta-
tistically analyzed using speci fi c bioinformatics tools. 

 We have studied bioactive peptides in enzymatic hydrolysates of porcine 
myo fi brillar proteins (Arihara  2006  ) . Hydrolysates and identi fi ed peptides exhibited 
ACE inhibitory and antioxidative activities. In addition to bioactivities in vitro, 
these hydrolysates and peptides have physiological activities in vivo. For example, 
they showed an antifatigue effect when orally administered to mice and rat in an 
experiment using a treadmill (Arihara et al.  2011b  ) . Recently, we analyzed gene 
expression in mice liver by the DNA microarray method. The patterns of gene 
expression with or without oral administration of meat protein hydrolysates were 
analyzed. Microarray analysis revealed that the oral administration of the hydro-
lysate signi fi cantly regulated 91 genes (e.g., Saa2, Saa3, and Orm2) of 37,440 genes. 
Figure  23.5  shows the example result of the DNA microarray assay in our study.  

 Although studies for bioactive peptides generated from food proteins by DNA 
microarray are still limited, several examples of such studies are described here. The 
activity of milk whey proteins and their trypsin-hydrolyzed peptides to suppress the 
onset of in fl ammatory reactions was assayed by using the following mouse models: 
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LPS-induced sepsis and Concanavalin A-induced hepat   is (Yamaji and Kume  2008  ) . 
The patterns of gene expression before and after the onset of in fl ammation in these 
models were analyzed by means of DNA microarray methods and compared to those 
observed in mice fed milk whey proteins or their peptides. The analyses implied that 
whey protein and their peptides suppressed the onset of in fl ammation by in fl uencing 
the gene expression of such factors as involved in signal transduction cascades for 
the production of pro-in fl ammatory cytokines. 

 Asn-Pro-Trp-Asp-Gln (107–111 of milk  a s 
2
 -casein) inhibits allergen permeation 

in Caco-2 cells as an in vitro human intestinal epithelial model. Yasumatsu and 
Tanabe  (  2010  )  have demonstrated that the mechanism underlying this inhibitory 
activity was examined in Caco-2 cells. Transepithelial resistance value increased in 
response to the addition of increasing Asn-PropTrp-Asp-Gln concentrations, which 
suggests that this peptide enhanced epithelial barrier function. Changes in mRNA 
expression by the addition of peptide were analyzed in Caco-2 cells using the 
microarray method. From the results of the microarray assay, it was suggested that 
Asn-Pro-Trp-Asp-Gln upregulated the expression of occludin in particular and 
enforced the tight junction barrier. 

 It has been reported that food-derived bioactive peptides express a variety of 
functions in vivo. Ile-Pro-Pro has been known as an ACE inhibitory and antihyper-
tensive peptide derived from bovine milk protein (Nakamura et al.  1995  ) . Huttunen 
et al.  (  2007  )  studied the in vitro effect of Ile-Pro-Pro on osteoblast proliferation and 
gene expression. They used UMR-106 osteosarcoma cells, human marrow-derived 
mesenchymal stem cells (hMSC), and osteoblasts differentiated from hMSC. 
Treatment with Ile-Pro-Pro increased UMR-106 cell and hMSC proliferation. The 
gene expression of hMSC-differentiated osteoblasts was analyzed by the DNA 
microarray method. Microarray analysis revealed that Ile-Pro-Pro upregulated 270 
genes and downregulated 100 genes. Realtime PCR con fi rmed that Ile-Pro-Pro 
upregulated PTHrP, BMP-5 and CREB-5 and downregulated VDR and caspase-8. 
These results indicate that Ile-Pro-Pro possesses the potential to increase osteoblast 
proliferation, differentiation, and signaling. 

 Nagaoka  (  2012  )  studied lactostatin, a hypocholesteromic peptide derived from 
bovine milk beta-lactoglobulin, by the DNA microarray method. As they expected, 
the addition of lactostatin to HepG2 (human liver cells) increased the mRNA level 
of cholesterol 7a-hydroxylase, a key enzyme in cholesterol homeostasis. Also, 
genes of mitogen activated protein kinase (MAPK) cascades increased.  

    23.6.2   Proteomics 

 Although DNA microarray technology is a powerful tool for the study of gene–diet 
interactions, this technique has some problems or limitations (Zhang et al.  2010  ) . 
One major problem is the nonreproducibility of gene expression pro fi les. Different 
conclusions could be drawn from the same experiment performed at different times 
or in different laboratories or platforms. Another major issue is the analysis of 
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 datasets and their interpretation. Analyses only providing gene lists with signi fi cant 
 p -values are insuf fi cient to fully understand the underlying biological mechanisms. 
Also, the changes in mRNA concentration do not necessarily result in differences in 
the concentration and/or activity of the encoded protein. Therefore, other emerging 
functional genomics techniques should be considered (Bidlack and Rodriguez  2012 ; 
Bagchi et al.  2010 ; Mine et al.  2009  ) . It is by combining information from 
 nutrigenomics, genomics, proteomics, metabolomics, and appropriate bioinformat-
ics that this will be a viable approach to understanding all aspects and implications 
of  nutrition-modulated bene fi cial homeostasis. Although a large number of reports 
regarding gene expression pro fi ling of food-derived bioactive compounds has been 
studied, the proteomic approach of these compounds has still been limited. 

 Proteomics is the study of proteins expressed in a cells, tissue, or organism, 
including all protein isoforms and post-translational modi fi cations (Bidlack and 
Rodriguez  2012 ; Bagchi et al.  2010 ; Mine et al.  2009  ) . Proteomics is the large-
scale analysis of a proteome expressed by a genome. A proteome is the entire 
complement of proteins synthesized in a biological system at a given time and 
under de fi ned conditions, re fl ecting the expression of a set of speci fi c genes in the 
situation pertaining to that time point. Proteomics allows for the high-throughput 
investigation of numerous proteins simultaneously in cells, tissues, or biological 
 fl uids. As an integral part of nutrigenomics, nutritional proteomics examines the 
effects of food components on protein expression and provides the potential to 
identify biomarkers sensitive to dietary interventions (Fuchs et al.  2005  ) . The 
identi fi cation of biomarkers that re fl ect the outcome of peptide utilization will 
greatly bene fi t the  fi eld. 

 The numbers of reports on proteomic studies on bioactive peptides generated 
from food proteins is still very limited. In an attempt to search for novel biomark-
ers that could monitor the level of stress, we examined the in fl uence of fatigue 
stress using a treadmill on the differential changes in the blood serum proteome 
in male SD rats using 2DE followed by peptide mass  fi ngerprinting (PMF) analy-
sis. Of numerous protein spots on 2-D gel maps of rat blood serum, a signi fi cantly 
upregulated protein spot was identi fi ed as creatine kinase by MALDI-TOF/MS 
(Akimoto et al.  2007  ) . Research is now in progress by using this protein as a 
promising biomarker for antistress activities of a meat protein-derived peptides 
experiment.  

    23.6.3   Metabolomics 

 Metabolomics is a relatively new omics technology in nutritional approaches. It was 
originally de fi ned as the quantitative measurement of time-related multiparametric 
metabolic responses of multicellular systems to pathophysiological stimuli or 
genetic modi fi cation (Whit fi eld and Kirwan  2010  ) . The metabolome consists of the 
complete set of low molecular weight metabolites produced in a biological system, 
such as cells and tissues. Nutritional metabolomics has the potential to provide 
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insight into biochemical changes after dietary intervention and to affect food safety 
issues pertaining to genetically modi fi ed food. Although metabolomics has 
 contributed signi fi cantly to the omics revolution, a global description of human 
metabolism is impossible at this point due to limitations in current technologies and 
diversity among individuals in terms of age, gender, diet, lifestyle, health status, and 
other internal and external factors. Currently, the extent to which food components 
in the human diet induce changes in nutritional metabolic pro fi les is poorly under-
stood. However, with technological advances, the challenges of applying metabolo-
mics in nutrition research of bioactive peptides can be overcome.   

    23.7   Conclusions and Perspectives 

 In past decades, much information has been accumulated regarding the bioactive pep-
tides generated from food proteins. In addition to conventional research methods, the 
nutrigenomics approach promotes the understanding of bioactive peptides. With the 
advent of new proteomic and genomic techniques, the mechanisms underlying many 
of the biological properties of food protein-derived peptides will be revealed. 

 In proteomics, all proteins expressed in a cell or tissue are analyzed to identify 
the presence or absence of some key proteins. Although proteins are routinely sepa-
rated by 2-D electrophoresis in proteomics, the physiologically interesting small 
bioactive peptides are neglected in most proteomic studies. Consequently, the con-
cept of peptidomics    was introduced (Boonen  2009 ; Mine  2009  ) . The purpose of 
peptidomics is the identi fi cation of whole peptidome of a cell, tissue, or organism, 
because peptides (e.g., hormones, cytokines, and growth factors) play critical roles 
in many physiological processes. The  fi eld of peptidomics is relatively new and has 
the potential to progress in future with the advent of high-throughput MS-based 
technologies coupled with bioinformatics and genomic databases. 

 Bioinformatics involves the integration of computers, software tools, and data-
bases in an effort to address biological questions in the omics, including genomics, 
proteomics, transcriptomics, metabolomics, and peptidomics. Systems biology 
involves the integration of genomics, proteomics, and bioinformatics information to 
create a whole-system view of a biological entity. By combining information from 
nutrigenomics, genomics, proteomics, metabolomics, peptidomics, and appropriate 
bioinformatics, it would be possible to understand all aspects and implications of 
bioactive peptides derived from food proteins.      
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  HPLC    High-performance liquid chromatography   
  ICAT    Isotope-coded af fi nity tag   
  IEF    Isoelectric focusing   
  IEX    Ion exchange   
  IT    Ion trap   
  iTRAQ    Isobaric tags for relative and absolute quantitation   
  LAL    Lysinoalanine   
  LC    Liquid chromatography   
  LMW    Low molecular weight   
  LOD    Limit of detection   
  LOQ    Limit of quanti fi cation   
  MALDI    Matrix-assisted laser desorption ionization   
  MM    Mechanically recovered meat   
  MP    Milk powders   
  MRM    Multiple reaction monitoring   
  MS/MS and MS n     Tandem mass spectrometry   
  MS    Mass spectrometry   
  MudPIT    Multidimensional protein identi fi cation technology   
  PAGE    Polyacrylamide gel electrophoresis   
  PCR    Polymerase chain reaction   
  PDO     Protected denomination of origin: RP-HPLC: reverse-phase 

high-performance liquid chromatography   
  SDS    Sodium dodecyl-sulphate   
  SILAC    Stable isotope labeling with amino acids in cell culture   
  SIM    Single ion monitoring   
  SRM    Selected reaction monitoring   
  TOF    Time-of- fl ight   
  UPLC-FT-ICR-MS     Ultrahigh-pressure liquid chromatography high-resolution 

Fourier-transform ion cyclotron resonance mass spectrometry     

        24.1   Introduction 

 Adulteration in various consumer sectors is now commonly practiced. Raw  materials 
and  fi nished foods are not exempt, and according to several studies, this practice is 
increasing (French General Directorate for Fair Trading  2001  ) . Adulterant detection 
and authenticity testing of foods, including dairy and meat products, eggs, cereals, 
legumes, beverages, and fruit products, are important for value assessment, to check 
unfair competition and, most important, to ensure consumer protection against 
fraudulent practices commonly observed in unscrupulous trade. 

 However, the consequences of food adulteration go very far beyond mere eco-
nomical factors, and are much more complex. Actually, deceitful adulteration of food 
products is an objectionable practice also for health reasons, because  consumption of 
products containing undeclared constituents may cause intoxication or problems such 
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as allergy and intolerance in sensitized individuals. For these reasons, the search for 
methods to exactly de fi ne the composition of the various products in order to distin-
guish them from similar but altered ones is among the most important issues in food 
and nutrition science. However, the de fi nition of a food at the molecular level is not 
quite easy. Foods are, in general, complex matrices of very different chemical com-
pound classes, re fl ecting the complexity of the animal or vegetal organism they derive 
from, with unique compositional and biochemical characteristics. This means that 
traditional analytical chemistry methods, traditionally and ef fi ciently applied to dis-
cover gross food alterations (one for all, milk dilution by water addition) are inade-
quate to challenge the complexity of most food matrices at the molecular level. 

 Just as for any other biological system, the recently born “omic” sciences, 
intended as the systematic de fi nition of subsets of speci fi c biomolecules, also apply 
to foods. Thus, for instance, food proteomics include the systematic and complete 
cartography of the proteins, whereas metabolomics studies the complement of small 
molecules (low molecular weight arbitrarily assigned below 1–2 kDa) of a food-
stuff. Phosphoproteomics, glycomics, and lipidomics concern speci fi c classes of 
constituents of the systems under analysis. In particular, in consideration of the 
relevance for biological systems of lipids and sugars, lipidomics and glycomics are 
emerging as self-standing “omics” from the wider  fi eld of metabolomics. 

 The proteome is de fi ned as the totality of proteins contained in a biological sam-
ple in a given state. Thus, in contrast to the static genome (with the exclusion of the 
epigenetic events), the proteome is highly dynamic, in fl uenced not only by the 
genome but also by myriad external factors, such as metabolic state, treatments, and 
various interactions with other systems. Several recent papers have been focused on 
particular aspects of proteomics and of related “omic” sciences in the  fi eld of food 
analysis, dedicated to food composition and safety (Herrero et al.  2010 ; Davies 
 2010  ) , to the search for marker proteins for food authentication, and to identi fi cation 
of food allergens (Picariello et al.  2011  ) . 

 This chapter critically presents the newest exempli fi cative achievements of the 
“omic” sciences, with special emphasis on proteomics and peptidomics, generated by 
the synergistic efforts of researchers in the  fi elds of analytical chemistry, in particular 
mass spectrometry, with those working in food technology and biotechnology.  

    24.2   Methods of Food Adulteration Detection 

 The impressive improvement of the last decades in food production, processing, and 
packaging has been paralleled by the escalation of deceitful practices of food 
adulteration. 

 The issue of food authenticity has an extremely high relevancy both for human 
health and for the food market economy and imposes the urgent need to improve the 
robustness of the available analytical methods for its assessment. Growing  consumer 
awareness of food safety and quality, increased demand for legal regulation and 
adequate labeling, together with the evolution of the deceptive strategies are fueling 
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the development of up-to-date procedures of food control that have to be developed, 
standardized, and validated. 

 Brie fl y, a food product can be adulterated in the following ways: (1) a food com-
ponent is replaced wholly or in part with a cheaper ingredient or with forbidden 
materials; (2) any constituent is wholly or in part subtracted from the food matrices; 
(3) foodstuffs are incorrectly processed or packed; (4) it has been produced with 
diseased vegetable or animal organisms; (5) in general, any of the quality parame-
ters fall beyond the prescribed standards. Aside from the undeclared addition of 
preservatives or potentially harmful ingredients, that have to be assessed by the 
direct detection of the target molecule(s), the use of undeclared ingredients can be 
estimated by monitoring the biomolecular asset of the food commodity. 

 Over the years, an arsenal of analytical methods, many based on morphological/
anatomical analysis, organoleptic markers (odor, color, texture), or chemical test-
ing, has been developed to authenticate foods and to check for adulterants. In gen-
eral, the three basic detection strategies used for demonstrating adulteration in food 
or agricultural commodity include: (1) demonstrating the presence of a foreign sub-
stance or a marker in the commodity, (2) demonstrating that one or more component 
levels deviate from normal, and (3) demonstrating that a pro fi le is unlikely to occur. 
Among these, the strategy of detection of adulterans detection by the demonstration 
of the presence of foreign substances or a marker is considered as the most reliable 
and simplest (Wilhelmsen  2004,   2006  ) . 

 For these reasons, in the last years, new emerging technologies are being applied 
to food authentication analysis. Determination of stable isotope ratio, especially on 
trace elements, provides a stable isotope signature useful to establish a close link 
between products and their environment (White et al.  1998  ) . Most recent approaches 
speci fi cally target proteins or DNA for discovering the signs of raw material derived 
from foreign organisms in food products. DNA-based methods consist in the poly-
merase chain reaction (PCR) ampli fi cation of DNA fragments arising from extrane-
ous animal or vegetable organisms. DNA-based molecular tools have been proved 
useful for adulterant detection especially when the adulterants are biological sub-
stances (Lum and Hirsch  2006  ) . In particular, it has been successful in species or 
variety identi fi cation as it can identify very subtle changes in the single base pair. 
In this way a speci fi c DNA sequence can be identi fi ed and/or DNA  fi ngerprints can 
be obtained. However, it is obvious that these methods are complicated when ingre-
dients arising from several species, that often are taxonomically related, occur 
simultaneously. Furthermore, DNA-based analytical methods are of hardly any use-
fulness to establish the use of noncompliant processing of the raw material. 

 Although the detection of DNA markers bene fi ts from having well-de fi ned target 
analytes and the combined use of database analysis and experimental speci fi city 
should lower the chance of obtaining false positive, the techniques relying on the 
phenotypic expression of speci fi c protein or metabolite markers are less laborious 
and, in most cases, more reliable. 

 Monitoring of protein markers generally relies on immunochemical techniques. 
Commercially available techniques of this type are lateral  fl ow devices or dipsticks 
that are used for rapid screening and enzyme-linked immunosorbent assays (ELISA) 
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that also provide semiquantitative determinations. Typical limit of detections (LOD) 
of the tests based on ELISA kits are in the range of 1–5 ppm. Major concerns of the 
immunochemical methods consist in the fact that the epitopes, that are detected, are 
usually not well characterized and cross-reactivity with matrix components can 
result in false positive determinations. The reliability of the detection strongly 
depends on speci fi city and stability of the employed antibodies and can be affected 
by the changes induced on proteins by thermal or other technological treatments. 
Furthermore, food processing can modify both linear or conformational antigenic 
sequences, although altering the antibody reactivity. In addition, many protein tar-
gets may be underestimated or escape the most commonly utilized sandwich 
ELISA-based tests. 

 Chemical/biochemical techniques such as high performance liquid chromatography 
(HPLC), gas chromatography (GC), capillary electrophoresis (CE), mono-dimen-
sional (1D) or two-dimensional (2-D) polyacrylamide gel electrophoresis (PAGE), 
capillary electrophoresis, and so on, as well as ELISA have also been proved to be 
useful in component identi fi cation and adulterant detection in foods. However, 
although they are of considerable value in certain instances of adulterant detection 
and in routine analyses, these methods are merely descriptive as they compare a 
pro fi le or a measured value with that expected for a given genuine product and 
therefore cannot explain the causes of the altered outcome at the molecular level. In 
other terms, the appearance/disappearance/shift of electrophoretic bands or chro-
matographic peaks compared to a reference food cannot be considered a de fi nite 
diagnostic of an occurred food alteration, as the variation of the band/peak could be 
due to normal food variability (false positive). On the opposite side, an adulterant 
might be masked by comigration/coelution with a normal food constituent (false 
negative). In light of this, also conventional electrophoretic and chromatographic 
techniques alone, routinely used in this kind of analysis, in spite of the tremendous 
improvements in resolving power and sensitivity due to the technological advances, 
must be considered inadequate when facing the problem of describing the complex 
composition of natural or adulterated foods. 

 Given the limitations of classically used methods, it is clear that con fi rmatory 
strategies are also required to provide an unambiguous identi fi cation of markers of 
foreign food components. The proteomic approach can overcome these limitations. 
The core of proteomic science is the “omics” technologies that rely on well-estab-
lished analytical platforms, in particular on mass spectrometry (MS) techniques.  

    24.3   Mass Spectrometry in Food Component Detection 
and Characterization 

 The MS-based proteomic/peptidomic approach can represent the ideal solution to 
such an analytical challenge. Major advantages of electrospray ionization (ESI) and 
matrix-assisted laser desorption ionization (MALDI) MS techniques are the sensitiv-
ity and speci fi city of the analytical response in the detection of foreign proteins 
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or peptides. It is important to note that the MS response does not depend on the anti-
body speci fi city as in ELISA and is only marginally affected by interfering species. 

 As most foods are highly complex matrices, pre-fractionation of protein is required 
prior to MS analysis (Mamone et al.  2009  ) ; see Fig.  24.1 . To date, two-dimensional 
electrophoresis (2DE) has proven to be a reliable and ef fi cient method to separate in 
one step, a large number of proteins (Fig.  24.1a ) (Gorg et al.  2005   ). An alternative to 
electrophoretic methods is liquid chromatography (LC) coupled with MS analysis to 
identify proteins directly from complex mixtures (Fig.  24.1b ).  

 MS experiments can be addressed either to measure the molecular mass of a 
protein/derived-peptides (MS1) or to determine additional structural details such as 
the amino acid sequence and post-translational events, also including process-
induced modi fi cations, using tandem MS (MS/MS or MS n ). 

 The monitoring of intact proteins by the so-called “top-down” approaches is still 
of limited analytical throughput and ef fi ciency, especially when complex foodstuffs 
are handled. Direct MALDI analysis of the protein extracts may provide fast and 
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accurate information on food composition and authenticity. Exemplary cases are the 
analysis of gluten residues in declared gluten-free foods and beverages, exploited by 
several studies (Hernando et al.  2008 ; Mamone et al.  2011  ) , and the authenticity 
assessment of commercial  fi sh species (Mazzeo et al.  2008  ) . 

 Peptide-centric methodologies (“bottom-up” techniques) that consist in the anal-
ysis of proteolitically generated peptides introduce a series of advantages. The bot-
tom-up “discovery-driven” proteomic experiments rely on either 2DE or gel-free 
procedures and can provide the almost complete protein suite of a system, largely 
covering the dynamic range of concentrations that usually occur in adulterated 
foods. In targeted experiments, when the nature of the adulterant is at least in part 
supposed, it can be de fi ned as a subset of “signature” peptides speci fi c to each for-
eign protein. These peptides are currently referred to as “proteotypic” peptides. 
Eligible “proteotypic” peptides are sequences speci fi c to a given protein, generally 
obtainable through a tryptic digestion, with optimal molecular sizes (10–20 residues 
long) and high ionizability to be identi fi ed and sequenced by mass spectrometry. In 
addition, the ideal proteotypic peptide should exhibit the following properties: 
(1) high ef fi ciency to ionize and to fragment; (2) uniqueness for the target protein(s); 
(3) absence of amino acid residues susceptible to chemical modi fi cations such as 
Cys (reactive thiol group), Met (oxidable), Asn and Gln (deamidation), N-terminal 
Gln (pyroglutamate); (4) absence of post-translational modi fi cations and of 
sequences that are prone to missed proteolytic cleavage (e.g., sequences such as 
KRXX or XXRK in the case of trypsin). 

 Once the panel of “proteotypic” peptides is de fi ned, a single LC-ESI-MS/MS 
analysis of a tryptic digest of the protein fraction extracted from a complex food 
matrix can provide unambiguous identi fi cation of the protein target. The identi fi cation 
relies on three independent and convergent indications: chromatographic retention 
time, peptide mass, and sequence information (MS/MS experiments). Multiple 
reaction monitoring (MRM)–MS techniques can achieve sensitivities unparalleled 
by immunochemical techniques. The use of “proteotypic” peptides as “analytical 
substitutes” of the parent proteins enhances the potentiality of the MS-based meth-
ods, improving sensitivity and enabling the possibility of several con fi rmations 
through the monitoring of different peptides and related transitions (multianalyte 
methods). In addition, by designing appropriate internal standards by peptide syn-
thesis (i.e., synthetic peptides that contain stable modi fi cations, in order to introduce 
minimal molecular mass shift with respect to the target peptides without affecting 
ionizability) LC-ESI-MS/MS can provide robust and repeatable quantitative data. 

 The LC-ESI-MS/MS peptide-centric approach has recently been applied to 
detection of higher-value milk adulteration with cheaper bovine milk (Cuollo et al. 
 2010  ) , as detailed in the following section, as well as to monitoring contaminating 
allergens in processed peanut products (Chassaigne et al.  2007  ) . Also, taking advan-
tage of the recently introduced high-resolution/wide dynamic range LTQ-Orbitrap 
instrument, coupled with 1D nano fl ow RP-HPLC, 158 proteins have been recently 
identi fi ed in hen’s egg white by shotgun proteomics, also including several known 
egg allergens (Mann and Mann  2011  ) . It is almost super fl uous to underline how the 
investigation methodology illustrated by these examples is revealing itself to be 
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invaluable in detecting either intentional or involuntary food contamination by 
 allergenic ingredients. 

 In the shotgun approach (Fig.  24.1b ), the information about the molecular weight 
of the intact proteins gets lost. However, a careful analysis of MS/MS spectra can 
turn out to be effective in discriminating foreign proteins. To reduce the complexity 
of the sample, multidimensional chromatography coupled with mass spectrometry 
(2-D LC-MS or MudPIT, multidimensional protein identi fi cation technology) can be 
employed. This approach provides a higher separation power than 1D chromatogra-
phy, in addition to an extended measured dynamic concentration range to analyze 
complex proteomic samples. Various LC methods in the  fi rst dimension prior to 
RP-HPLC in the second dimension have been proposed. A preliminary ion-ex-
change (IEX) separation mode has become the most popular implementation 
(Washburn et al.  2001 ; Motoyama et al.  2007  ) . At present, multidimensional chro-
matography-shotgun techniques are largely utilized in proteomics. Nevertheless, up 
to now only a few articles report on food contaminant identi fi cation using this 
approach. Among the methods related to these, a multiplexed chromatography con-
sisting of sequential HILIC and TiO 

2
  enrichment and a chemical-based (hydrazide 

capture) strategy prior to nano fl ow RP-HPLC-ESI-LTQ-Orbitrap MS/MS have been 
addressed to identify glycoproteins of wine potentially cross-reactive with plant 
allergens (Palmisano et al.  2010  ) . With a slightly different approach, consisting of a 
preliminary chromatography step at the protein level, followed by RP-HPLC/MS/
MS analysis at the peptide level, soybean proteins willingly or accidentally added to 
meat products could be detected (Leitner et al.  2006  ) . Similarly, protein peanut 
allergens were identi fi ed in breakfast cereals by a 2-D chromatography method con-
sisting of an af fi nity capture of proteins on immuno-beads followed by tryptic diges-
tion and RP-HPLC-ESI-IT-MS/MS (Careri et al.  2008  ) . 

 Also capillary electrophoresis mass spectrometry (CE-MS) is a promising meth-
odology in proteomic applications because it is an alternative to 2DE and to chro-
matographic techniques for complex mixture analysis. It combines high ef fi ciency 
separation of intact proteins with unique information of MS (Rob et al.  2007  ) . The 
most recent applications of CE-MS to the analysis of proteins in food, which have 
been recently reviewed (Garcia-Canas and Cifuentes  2008 ) include the characteriza-
tion of protein extracts to provide information about the protein composition with the 
aim of: (1) determining the origin of the ingredients, the technological process 
employed to produce a particular food, or the quality of a protein extract; (2) detect-
ing high-quality products adulterated with cheaper products; and (3) monitoring and 
optimizing technological processes. In addition to these applications, some 
approaches are worth mentioning, such as those based on CE coupled with MS and 
developed to predict the amino acid composition of protein hydrolysates (Simó 
et al.  2005 ; Tessier et al.  2005  ) , as well as the novel procedure that provides 
simpli fi ed 2-D mapping of CE-MS data in order to simplify the discovery and detec-
tion of speci fi c markers (Erny and Cifuentes  2007  ) . 

 Decisive support to all of the methods applied in proteomic analysis is provided 
by bioinformatic tools to manage the huge amount of MS/MS datasets. The 
identi fi cations are usually administered automatically via powerful, commercially 
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accessible software programs such as Mascot and SEQUEST in combination with 
continually updated public databases such as those maintained by the NCBI and 
SwissProt (Johnson et al.  2005  ) .  

    24.4   Proteomic-Based Methods for Food Protein Quanti fi cation 

 Because of its very low limits of detection and quanti fi cation (low-ppb range), MS 
analysis is the basis of modern proteomic methods for quantitative investigation of 
biological systems. Several conceptually different MS-based proteomic strategies, 
each with advantages and disadvantages have emerged in the last two decades. 

 Numerous MS-based methodologies for both relative and absolute quanti fi cation 
are widely used in proteomic studies, but all referable to two main approaches: in the 
 fi rst one, the analyte and its reference standard are the intact proteins; in the second 
one, the analyte is a peptide arising from protein digestion by proteolytic enzymes. 

 At the beginning of the “proteomic era,” the  fi rst established method applied for 
differentially expressed proteins was based on 2DE fractionation followed by MS 
analysis (Pietrogrande et al.  2006  )  (Fig.  24.1a ). Classical 2DE employs a two-step 
separation whereby denatured proteins are  fi rst separated according their isoelectric 
point (isoelectric focusing, IEF) followed by separation as a function of molecular 
mass (sodium dodecyl-sulphate–polyacrylamide gel electrophoresis, SDS-PAGE). 
After gel staining, comparison of sample control and case proteomes allows detec-
tion of differentially expressed proteins. The gel image analysis requires the use of 
computer programs that are continuously being developed and improved 
(i.e., Melanie Software (Amersham Biosciences), PDQuest (Bio-Rad), Progenesis 
(Nonlinear Dynamics)). The spots of interest are then excised and in-gel digested 
with trypsin prior to MS (peptide mass  fi ngerprint) or MS/MS analysis in order to 
determine the protein identity. 

 2DE represents an excellent tool for mapping differences in protein expression, 
but certain drawbacks limit its use. First, the gel staining methods are either not 
sensitive enough or have a limited linearity (Westermeier and Marouga  2005  ) . 
Second, proteins characterized by extreme pI or MW values can escape detection. 
Third, the intrinsic gel-to-gel variation of 2DE compromises the quantitative com-
parison of protein expression levels. (Van den Bergh and Arckens  2004 ). These 
drawbacks have been in part circumvented with the introduction of differential in-
gel electrophoresis (DIGE) developed by Amersham Biosciences (Ünlü et al.  1997  )  .  
To identify speci fi c protein components, electrophoresis-based separations, in either 
the one- or two-dimensional version, coupled with MS analysis may be integrated 
with immunoblotting detection with antisera raised against speci fi c proteins, as 
illustrated in the case of milk proteins (Chianese et al.  2010  ) . This approach has 
been used to characterize milk variants in individual or bulk milks, or to monitor the 
evolution of dairy products such as yogurt and ripened cheese during maturation (Addeo 
et al.  1995  )  by analyzing the modi fi cation of milk protein and peptide patterns over 
time. Today, electrophoretic analysis is still the basis of the of fi cial methods in the 



474 G. Mamone et al.

EU regulation to assess adulteration of high-value milk with cheaper cow milk 
(Addeo et al.  2009  ) . Therefore, the implementation of well-established analytical 
procedures with proteomic platforms for objective molecular marker identi fi cation 
is of greatest promise in this  fi eld. 

 Gel-free MS-based quantitative proteomics is a promising technology capable of 
bridging the gaps of the 2DE-based analysis (Fig.  24.1b ). This approach was made 
possible by the development of high-resolution mass analyzers and multistage MS 
instruments (i.e., Q-TOF, orbitrap, Fourier transform ion cyclotron resonance). 

 In the direct quanti fi cation of intact proteins, according to a “top-down” approach, 
the intensity of analyte multicharged ions is compared with that of internal or exter-
nal standards. To quantify cow’s milk allergens in mixed fruit-juice samples 
(Kuppannan et al.  2011  )  and whey drink (Huber et al.  1999  ) , several multiple-
charged ions of whey proteins were simultaneously monitored. In these speci fi c 
cases an external calibration was carried out. With a similar approach, but utilizing 
beta-lactoglobulin (BLG) from species different from bovine as an internal stan-
dard, Czerwenka et al. quanti fi ed cow BLG in different milk-derived products 
(Czerwenka et al.  2007  ) . 

 Nevertheless, the sensitivity of top-down mass spectrometry methods is limited 
by the wide distribution of protein charge states. Therefore, the analytical strategies 
named “shot-gun” proteomics, is being adopted in a number of research laboratories 
for the quantitative analysis of a number of analytes (Washburn et al.  2001  ) . This 
approach is built on the direct analysis by high-resolution LC-MS/MS of peptide 
derived from in-solution digestion of protein complex mixtures. 

 The use of bottom-up methodologies for quantitative analysis in proteomics is 
steadily increasing. Quantitative methodologies for large-scale quanti fi cation such 
as stable isotope labeling with amino acids in cell culture (SILAC), isotope-coded 
af fi nity tag (ICAT), isobaric tags for relative and absolute quantitation (iTRAQ), or 
label-free approaches are capable of exploring the dynamics of whole proteomes 
through the relative quanti fi cation among multiplexed samples (Wu et al.  2007 ; 
Gingras et al.  2007  ) . However, the above strategies were originally developed to 
determine differentially expressed proteins. For this reason, these quantitative meth-
ods have started to be addressed to the quanti fi cation of food adulterants only 
recently. 

 The selected reaction monitoring (SRM) MS approaches have emerged as tools 
for the precise quantitative determination of targeted proteins in complex samples 
(Picotti et al.  2010  ) . The most common applications of SRM in proteomics rely on 
the principles of stable isotope dilution (SID) methods (Mayya and Han  2006 ). 
Conceptually, SRM and SID are not new techniques, as they were introduced as 
early as the late 1970s for the quantitative analysis of small molecules by GC-MS. 
Their integration in proteomic platforms is  fi nding exponentially increasing appli-
cation so that they can be now considered the gold standard for absolute quanti fi cation. 
Multiple reaction monitoring (MRM) represents an improvement of SRM in 
terms of selectivity and sensitivity. Both techniques have been broadly adapted to 
QQQ-based instruments (QQQ, QQQ-IT, QQQ-TOF), in which the  fi rst quadrupole 
(Q1) mass analyzer is set to  fi lter only the preselected peptide precursor ion(s) of 
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choice and other ions are excluded. The second quadrupole (Q2) is a collision cell 
that fragments the precursor by collision-induced dissociation (CID) and transmits 
fragment ions to the third quadrupole (Q3). Q3, in turn, transmits to the detector 
only fragment ion(s) with pre-set  m/z , whereas all the remaining fragments are 
excluded (Careri et al.  2007  ) . MS is not intrinsically a quantitative analytical tech-
nique, because the ionization ef fi ciency of the protein/peptide is affected by a wide 
range of physicochemical properties (size, charge, hydrophobicity). For accurate 
quanti fi cation the protein/peptide amount must be referred to that of a suitable 
standard. 

 The typical work fl ow for this methodology is (1) isotopic labeling of protein 
sample; (2) digestion of combined labeled protein samples to obtain peptide mix-
tures; (3) chromatographic fractionation of mixed peptide samples; (4) analysis of 
the separated peptides by LC-ESI- MS/MS; and (5) processing of the MS results to 
obtain relative protein abundance as well as protein identi fi cation by database 
searching. 

 The core of quantitative proteomic analysis is the isotopic labeling (i.e., 12C/13C, 
14N/15N and 1H/2H) of proteins that permits direct comparison of two proteome 
states in a single analysis. In this way, the same peptides generated from the hydro-
lysis of different samples have a similar chemical performance, but a difference in 
mass detectable by MS techniques. Peptide peak intensities can be used for relative 
quanti fi cation of these peptides. 

 The purpose of quanti fi cation was successfully gained with the introduction of 
absolute quanti fi cation (AQUA) strategy based on the use of speci fi cally designed 
internal standards. AQUA standard peptides are synthetic copies of proteotypic pep-
tides, which are isotopically labeled to one or more amino acid positions in order to 
shift molecular mass, without appreciably in fl uencing retention time and ionization 
properties. Hydrolyzed protein samples are spiked with known amounts of standard 
AQUA peptides and both native and surrogate peptides are monitored by LC–MS 
operating in MRM mode. The absolute amount of peptide(s) is determined by the 
ratio of the ion intensities of AQUA peptide and its native cognate (Gerber et al. 
 2003 ; Mallick et al.  2007  ) . Applications to food contamination studies are still scarce 
but recently increasing in number. By this strategy, allergens in commercial soybean 
(Abdel Rahman et al.  2011  ) , tomato sauce (Brambilla et al.  2009  ) , and industrial crab 
production (Abdel Rahman et al.  2010 ; Barre et al.  2008  )  have been evaluated. 

 An alternative to SRM for less complex samples, when an extremely high 
speci fi city is not required, could be the single ion monitoring (SIM) which is com-
monly performed on a single quadrupole. During this process, the MS analysis time 
is focused only on analytes with a speci fi c mass corresponding to the ion of interest, 
whereas all others are excluded. SIM analysis often requires a high-resolution sepa-
ration in order to minimize interference from other species. 

 The protein extraction from the food matrix is a crucial step; interference by 
nonprotein compounds, such as tannins, should be carefully prevented. The choice 
of proteotypic peptides and ion transitions is also decisive and, although predictive 
software have been developed (Alves et al.  2011 ; Gallien et al.  2011  ) , they need to 
be de fi ned experimentally through a prior full-scan LC/MS analysis of the  proteolyzed 
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protein extract of the original food matrix (targeted analysis). The possible occurrence 
of isoforms of protein markers should be considered by selecting distinctive proteo-
typic peptides if markers are willing to be individually quanti fi ed. 

 A further critical step in large-scale SRM is the control of the conditions and the 
reproducibility of the HPLC separations. To overcome possible pitfalls in this sense 
and to assure reproducibility, the ef fi ciency of the stationary phase, the high quality 
of eluents, and a strict temperature control are mandatory. These precautions also 
allow us to narrow down the time window used to monitor the transitions of a 
speci fi c peptide, in order that the LC–MS run can be divided into a higher number 
of time segments, thus dramatically increasing the number of peptides analyzed 
during the entire LC–MS run. In this manner sensitivity can be increased at subfem-
tomole levels enabling the detection and quanti fi cation of low ppb of analyte. 

 A new and promising alternative for quantifying protein abundance changes in 
shotgun proteomic analyses is the so-called label-free comparative proteomics 
which avoid any chemical sample alteration (Ono et al.  2006  ) . The label-free 
approach has been designed to simplify the analytical procedure avoiding use of 
stable isotopes. Quanti fi cation is based on the measurement of signal intensity or of 
the so-de fi ned mass spectral counting (Liu et al.  2004 ; Choi et al.  2008  ) , both 
parameters linked to the protein abundance. 

 The label-free approach to the analysis of food adulteration is in its early stages 
and the number of applications is still limited. Using the distinctive peptides as 
protein markers, a label-free method has been set up for quantifying genetic variants 
of  a  

s1
 -casein content in bulk goat milk, which is an important parameter to evaluate 

the cheese-making aptitude of caprine milk (Picariello et al.  2009a  ) . The targeted 
monitoring of mass and transitions of selected proteotypic peptides, overcomes the 
bias due to the presence of a large number of dominant components. These proce-
dures are obviously strictly demanding in terms of chromatographic resolution and 
mass spectrometry performance, but their relatively low cost for standards and 
progress in the newest generation of MS instruments and in software development 
have made them quite attractive at least for semi-quanti fi cation.  

    24.5   Raw Materials and Ingredients: The Proteomic Approach 
to Quality and Authenticity Assessment 

 The application of proteomic technologies in food science is eventually aimed at 
de fi ning the entire and detailed (bio)chemical composition of a food and its 
modi fi cation along the production process to correctly evaluate its nutritional, toxi-
cological, and functional properties. 

 As a matter of principle, all the macrocomponents of a food may be used to trace 
its history. Thus, both glycomics and lipidomics strategies have been addressed to 
this purpose. Lipidomic procedures have been successfully applied to assess, for 
instance, the authenticity of composition of edible oils and butters (Picariello et al.  2007  )  
as well as to trace the modi fi cations related to heat treatments to reveal the improper 
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or illegal use of frying oils (Picariello et al.  2009b  ) . However, more than any other 
class of food components, the proteome re fl ects very closely the (bio)chemical pro-
cesses a system undergoes. The proteins of a food are, at the same time, a passive 
source of amino acids but also an active food component giving a food its textural, 
functional, and sensory characteristics. Proteins also play an active crucial role in 
inducing food modi fi cations during production, maturation, and storage, by cataly-
sis of processes such as oxidation, proteolysis, or lipolysis. In doing so, proteins are 
largely responsible for the overall characteristics of many food preparations. 
Because of the potential to generate a systematic view of protein composition and 
biological as well as chemical interactions, the application of proteomic analysis in 
food science is steadily growing. 

 The aim of these studies is eventually to de fi ne a complete database of the pro-
tein composition “ fi ngerprint” of a given food. This has also provided important 
outcomes in the  fi eld of food authentication. The European Food Safety Authority 
has recently established a comprehensive system of authentication and traceability 
of food and feed in to order to ensure food safety for human consumption at every 
stage of production. The EC regulation No. 509/2006 (EC Council Regulation  2006  )  
protects consumers through a system of effective and impartial controls that de fi ne 
the safeguard of the Protected Designation of Origin (PDO). From the legislative 
point of view, quality standards have been established through the requirement of 
quality labels that specify the chemical composition of each product and in most 
cases also geographical origin and production methods. This requirement has 
prompted an increased interest in developing analytical methods to assess quality 
and authenticity of food products. 

 The issue of food authentication, particularly urgent in the case of PDO food 
products, also requires ef fi cient traceability systems, to ensure the correct applica-
tion of the procedures throughout the productive processes and during distribution. 
The sensitivity, speci fi city, and speed in the analytical response candidate MS-based 
techniques are among the most accurate and versatile strategies to face the challeng-
ing tasks in this  fi eld. Moreover, proteins encrypt highly distinctive information 
about the identity and history of a speci fi c product. Thus, it is not surprising that 
targeted MS-analysis of both proteins and proteolytic peptides have been largely 
developed for food authentication purposes. Of great relevance are the studies aimed 
to  fi ngerprint the PDO typical products in terms of their peculiar metabolomic pat-
tern, in order to differentiate them from non-PDO imitation products. One such 
example is Napoli-type salami, a ripened sausage originated in Campania 
(South Italy) but now produced in any region of Italy. A consortium of producers in 
Campania has applied to the EU for the PDO label in order to protect the artisanal 
product from industrial imitations from other geographical areas. A way to distin-
guish the PDO product from the industrial resides in the proteomic as well in the 
metabolomic pro fi le (the overall metabolomic approach is illustrated in Fig.  24.2 ). 
In Fig.  24.3  the volatile pro fi le of the two products is compared from where differ-
ences emerge and also to  fi nd a molecular rationale in the different ingredients and 
technology employed.   
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  Fig. 24.2    Analytical proteomic and metabolomic approach for  fi ngerprinting of typical products, 
exempli fi ed by the case of Naples-type salami       
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 The wide-ranging contribution and potentialities of MS to assess the quality of 
milk-based products has recently been reviewed (Guy and Fenaille  2006 ). Several 
MS-based procedures have been developed to authenticate “raw materials” used in 
manufacturing dairy products. As already mentioned, addition of milk of higher 
commercial value with cheaper bovine milk is a quite frequent adulteration practice 
in cheese-making. Taking advantage of the species-speci fi c amino acid substitutions 
along the homologous protein chains that affect molecular weight of both caseins 
and whey proteins, it is possible to de fi ne  fi ngerprinting pro fi les of milk from differ-
ent species either by electrospray or MALDI–TOF–MS. 

 Angeletti et al.  (  1998  )  demonstrated the ef fi ciency of MALDI–TOF–MS in the 
detection of bovine caseins in water buffalo mozzarella cheese. Analogously, adul-
teration by bovine milk was detected in ewe cheese (Fanton et al.  1998  ) . On the basis 
of the identi fi cation of a water buffalo-speci fi c  b -casein by CE followed by of fl ine 
MS, an improved strategy to distinguish bovine and buffalo milk by monitoring the 
products of plasmin hydrolysis has recently been developed (Somma et al.  2008  ) . 
Selecting the whey proteins as biomarkers, Cozzolino et al.  (  2002  )  identi fi ed the 
fraudulent addition of bovine milk to buffalo and ewe dairy products at levels as low 
as 2%. Similarly, the detection of bovine BLG in goat milk by means of LC/ESI–MS 
has been reported (Chen et al.  2004  ) . 

 A CE-MS-based approach was proposed by Muller et al.  (  2008  )  for the detection 
of adulteration of caprine and ovine milk, with lower-value bovine milk. A low-pH 
electrolyte was selected in order to minimize the adsorption of the proteins onto the 
inner capillary wall. By analyzing the whey protein fraction from milk, the method 
allowed the detection of added bovine milk into the nonbovine ones within the con-
centration range of 5–95%. 

 As shown by the above example, in CE-MS special attention has to be paid to the 
selection of MS-compatible volatile separation buffers and the selection of the ade-
quate strategy when capillary coating is required to avoid MS signal suppression 
(Simpson and Smith  2005  ) . Recently CE-MS of proteins has been studied using 
both online and of fl ine detection (Haselberg et al.  2007  ) . A comprehensive study of 
the use of CE volatile separation buffers compatible with ESI-MS detection was 
carried out in order to obtain as much information as possible from the zein protein 
fraction from maize (Erny et al.  2007  ) . A coating with ethylpyrrolidine methacry-
late- N,N-dimethylacrylamide copolymer was used in order to avoid protein adsorp-
tion into the inner capillary wall. It was observed that the use of ammonium gradient 
during CE separation signi fi cantly enhanced the analysis of the zein fraction giving 
rise to ef fi ciency improvements of up to twentyfold. These  fi ndings were next 
applied in the analysis by CE-ESI- MS of the zein fraction of different maize culti-
vars using two different mass analyzers, that is, TOF and Ion Trap (Erny et al.  2008  ) . 
Although both instruments provided good results in terms of sensitivity and repeat-
ability, CE-ESI-TOF/MS allowed the identi fi cation of a higher number of proteins. 

 The molecular pro fi ling performed by MALDI-TOF-MS is emerging as a gen-
eral tool for the discovery of biomarkers also applied to food authentication. In meat 
and  fi sh authentication, and in food-borne bacterial identi fi cation MS-based tech-
niques have the capability to substitute or complement other available strategies, 



480 G. Mamone et al.

such as the multiplex PCR assay. In one study (Mazzeo et al.  2008  )  an innovative 
method based on MALDI-TOF mass spectrometry has been developed and success-
fully applied to  fi sh authentication. Highly speci fi c mass spectrometric pro fi les from 
25 different  fi sh species were obtained. Signals generated from proteins with molec-
ular weights of about 11 kDa have been selected as speci fi c biomarkers for unam-
biguous discrimination. This method is also suitable for verifying commercial 
product authenticity and to rapidly discriminate species subjected to fraudulent sub-
stitutions, such as those belonging to Gadidae and Pleuronectiformes. For example, 
biomarkers for  fi llets of sole, European plaice, and Greenland halibut were de fi ned 
in parvalbumins, differentiated on the basis of the different molecular weight. 
Proteome analysis has also been applied with the aim of  fi nding new marker pro-
teins suitable for seafood authentication (Pineiro et al.  2003  ) . Using gel-based 
methods, a polypeptide has been identi fi ed as a good candidate for the differentia-
tion of high-value hake species from other, less valuable species of the same  fi sh. 
Furthermore, marker proteins were suggested to test for shelf life and freshness of 
seafood as well as for the differentiation between fresh and frozen  fi sh.  

    24.6   Food Authenticity: Finding Markers of the Technological 
Process 

 A relatively new application of proteomic/peptidomic technologies for food authen-
tication is in the discovery of process markers, informative molecular markers 
indicative of both the use of speci fi c raw ingredients and of speci fi c industrial 
process. Food production in general requires a series of technological steps involv-
ing physical and chemical processes: thermal treatments, spray-drying, cooking, 
extrusion, gel or dough formation, chemical or enzymatic hydrolysis, cross-linking, 
and oxidation, just to mention a few, all of which may induce deep and different 
structural changes in the food constituents. For this reason, although in raw food 
materials the characterization of protein constituents, still in a relatively “native” 
state, can be considered quite standardized at present, proteomics of processed 
foods remains a challenging task and requires properly designed approaches in 
order to verify conformity of food components and characteristics with those 
declared and to reveal adulteration. 

 For example, the skim milk powders (MP) are largely utilized as feed or as ingre-
dients for the manufacture of products ranging from industrial cheeses to fermented 
meat products, in which they are added as emulsi fi er, texturizers, and for their high 
nutritional value. Soybean proteins are also frequently added to a variety of food 
products not only for economic reasons, as in the case of MP, but also because of 
their interesting functional properties during the processing of food. The addition of 
plant proteins to MP is, however, an illegal practice; therefore the detection and 
identi fi cation of adulterations in MP, typically by addition of low levels of cheap 
plant proteins (legume, cereal proteins) is an important issue to assess genuineness 
of several widespread industrial food preparation categories. 
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 Because of the complexity of the matrices (both milk and vegetal protein sources), 
the detection with traditional analytical methods (HPLC, electrophoresis) is imprac-
ticable at the very low amounts of adulteration frequently used. Also, the of fi cial 
EU reference capillary zone electrophoresis (CZE) method currently used to prove 
fraudulent addition of plant proteins to MP has limited reliability and accuracy. For 
these reasons, the application of proteomic methodologies, based on combined 
chromatographic and MS methods, opens up new possibilities in the routine quality 
control of MP. Two LC/ESI–MS/MS methods (Luykx et al.  2007 ; Cordewener et al. 
 2009  )  were successful in detecting peptides originated from the major seed proteins 
of soy (glycinin,  b -conglycinin) and pea (legumin, vicilin) in MP. They share the 
use of LC/ESI–Q–TOF–MS/MS aimed at targeting speci fi c tryptic peptides from 
legume proteins. The  fi rst one included a pre-fractionation step of the (adulterated) 
MP samples. The second more general approach is based on an untargeted analysis 
combined with statistical PCA analysis. This method also allows us to distinguish 
MP samples from different manufacturers or produced according to different pro-
cess conditions (milk protein composition, heat treatment). 

 A further example is that of mechanically recovered meat (MM). MM is indus-
trially obtained by recovering residual raw meat from animal bones or poultry 
carcasses from which the bulk of the meat has been already removed mechani-
cally. MM has the appearance of  fi nely comminuted meat and is incorporated in a 
wide range of meat products, as an inexpensive source of meat. Although MM has 
a similar chemical composition to authentic or hand deboned meat (HDM), it has 
a lower commercial value. This has led to the exclusion of MM from the EU 
de fi nition of meat  (  Directive of the European Parliament N. 101/2001  ) . As a con-
sequence analytical procedures are needed to differentiate it from hand-deboned 
meat. A very recent study has utilized a proteomic approach to  fi nd potential 
markers for the detection of chicken mechanically recovered meat. Intact proteins 
were extracted from raw meat and then analyzed with off-gel electrophoresis fol-
lowed by SDS-PAGE and identi fi cation of potential markers by nano-LC-MS/MS. 
By this analytical work fl ow it was possible to extract, separate, and identify key 
proteins from processed meat material and to de fi ne chicken MM markers 
(Surowiec et al.  2011  ) . 

 As a second example, a proteomic-based method has been developed for the 
detection of chicken meat within mixed meat preparations (Sentandreu et al. 
 2010  ) . The procedure is robust and simple, comprising the extraction of 
myo fi brillar proteins, enrichment of target proteins using off-gel isoelectric focus-
ing, in-solution trypsin digestion of myosin light chain 3, and analysis of the gen-
erated peptides by LC-MS/MS. Using this approach, it was possible, for example, 
to detect 0.5% contaminating chicken in pork meat with high con fi dence. 
Quantitative detection of chicken meat was done by using AQUA stable isotope 
peptides synthesized on the basis of the sequence of previously selected species 
speci fi c peptide biomarkers. Linearity was observed between the amount of the 
peptide biomarker and the amount of chicken present in the mixture; further inde-
pendent replication is required now to validate the method. In spite of its simplic-
ity, this approach can be used effectively for the detection of both raw and cooked 
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meat. It is amenable to highly processed foods, which can be particularly problematic 
as the tertiary protein  structure is often affected in processed food precluding 
immunoassays. In addition, proteomic analysis allowed identi fi cation of de fi nitive 
discriminatory peptide sequences, unlike the DNA/PCR-based methods used 
presently. Interestingly, the study also envisaged the translation of the technology 
to routine MS equipment, making the methodology suitable for public inspection 
laboratories. 

 Other limiting factors to proteomic analysis of processed foods are: (1) the 
increased protein complexity (e.g., production of oxidized protein families or of 
mixtures of hydrolytic fragments) and (2) the interaction of protein with other pro-
teins or with the other molecules within the food matrix (e.g., in the dough network 
formation or in the case of the condensation products between carbohydrates and 
proteins in the early stages of the Maillard reaction). However, these reactions not 
only constitute an analytical complication but, on the other hand, may also be pre-
cious markers of the type of process and of the modi fi cations of food quality. For 
this reason, recent procedures of protein chemistry, sometimes borrowed by classi-
cal biochemistry protocols, have been developed or adapted to obtain ef fi cient pro-
tein extraction and characterization from processed foods. 

 In meat products, soy proteins serve as emulsi fi ers to avoid fat coalescence 
 during heat treatment. However, regulatory authorities in some countries have 
forbidden soy protein or limited the amount that can be added, and if such thresh-
old levels for soybean protein content in foodstuffs have been established, appro-
priate analytical techniques are needed for the reliable detection and/or quantitation 
of soybean proteins (soy protein isolate, SPI) in meat products. Currently, there 
are only a limited number of methods available for the (semi)quantitative determi-
nation of soybean proteins in processed meat products. The AOAC Of fi cial 
Method (AOAC Of fi cial Method of Analysis 988.10) based on an ELISA, has 
been criticized by regulatory authorities (e.g., the U.S. Food and Drug 
Administration) because of reliability and accuracy. In addition, highly sensitive 
assays would be desirable to be able to detect low ppm amounts of soybean pro-
teins due to their allergenic potential (Koppelman et al.  2004  ) . Liquid chromato-
graphic assays which have been proposed are only applicable to raw meats. 
A recent proteomic study applied multidimensional HPLC-MS/MS to identify 
adulteration with SPI on heat-processed meat products from bovine, pork, chicken, 
and turkey (Leitner et al.  2006  ) . Pre-fractionation by perfusion chromatography 
was needed to isolate peaks of interest from meat products containing SPI. After 
enzymatic digestion using trypsin, the collected fractions were analyzed by 
nano fl ow LC-MS/MS. Several variants and subunits of the major seed proteins, 
glycinin and conglycinin, were identi fi ed in SPI, along with two other proteins. 
In soybean-protein-containing meat samples, different glycinin A subunits could 
be identi fi ed from the peak discriminating between samples with and without soy-
bean proteins added. Among those, glycinin G4 subunit A4 was consistently 
found in all samples. Consequently, this protein (subunit) can be used as a target 
for new analytical techniques in the course of identifying the addition of soybean 
protein to processed meat products. 



48324 The Role of Proteomics in the Discovery…

 Heat treatments preserve or improve organoleptic properties and nutritional 
value of foodstuffs. Prior to being eaten, packaged, or stored, many foods require 
thermal processing such as pasteurization, cooking, and roasting. Thermal  treatment 
results in enhanced food safety and quality but at same time may induce some unde-
sirable reactions that result in a loss of nutritional factors or in the formation of 
mutagenic and carcinogenic molecules (van Boekel et al.  2010 ; Seal et al.  2008  ) . 

 Proteins are among the main targets of food thermal damage. Proteins are strictly 
related to identity and history (in most cases also to geographical origin and to pro-
duction methods), therefore monitoring of modi fi ed protein as a consequence of a 
heat treatment assesses quality and authenticity of each food product. 

 The most prominent modi fi cations of food when subjected to heat treatments, 
concentration, or drying is the nonenzymatic reaction known as the Maillard 
reaction (Friedman  1996  ) . The early stage of this reaction consists of interaction 
between amino acid residues and the carbonyl group of the reducing sugar, to 
give a Schiff base that is subsequently converted to the Amadori product 
(Chichester   1986 ). Maillard products are extremely important in food prepara-
tion for developing desirable  fl avor, odor, or color in food such as coffee, bakery 
products, and roasted meat or for improving the physicochemical properties of 
milk whey proteins (van Boekel MAJS  2006 ). On the other hand, an uncontrolled 
Maillard reaction (in consequence of incorrect or undeclared heat treatment), 
yields advanced glycation end products resulting in a decreasing of bio-availabil-
ity of several essential amino acids, (Birlouez-Aragon et al.  2004 ; Hewedi et al. 
 1994  ) , decreasing of protein digestibility, and formation of some undesirable 
compounds (Taylor et al.  2003 ; Uribarri and Tuttle  2006 ). Owing to sensitivity, 
speci fi city, and speed in the analytical response, MS represents an excellent ana-
lytical tool to face the challenge of characterizing Maillard product (Mamone 
et al.  2009  ) . In the last decades MS has been largely applied for determining 
Maillard products in complex food matrix. 

 Malt and beer are an example of food and beverages in which glycated proteins 
are produced during the malting process. Malt and beer proteins may undergo exten-
sive reactions with glucose generated from starch degradation. The degree of the 
protein glycation in fl uences the quality and the properties of the beer foam. Glycated 
forms of lipid transfer protein (LTP) in malt and beer have been identi fi ed by MS in 
combination with of gel-electrophoresis (Jégou et al.  2001  )  or monolithic chro-
matographic media (Bobalova and Chmelik  2007 ). More recently an interesting 
gel-free MS-based approach (2-D HPLC coupled to MALDI-TOF/TOF), allowed 
the characterization of barley glycated proteins during brewing, and identi fi cation 
of potential glycation markers for fast and ef fi cient monitoring of the correctness of 
the malting conversion. (Petry-Podgórska et al.  2010 ; Zídková et al.  2010  )  

 Because of their high lactose content, milk and dairy products are matrices where 
the potentiality of MS-based techniques have been better applied to study heat treat-
ment-induced modi fi cations. Based on the 324-Da molecular weight increase, lac-
tosylation protein can be easily detected (Siciliano et al.  2000  ) . Lactosylation of 
intact milk proteins has been evaluated by LC-ESI-MS analysis within commercial 
whey-based products (Hau and Bovetto  (  2001  ) ) and milk (liquid and powdered) 
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samples. (Siciliano et al.  2000 ; Scaloni et al.  2002  ) . MALDI-TOF-MS has been also 
applied for characterization of lactosylation of whey proteins in model milks 
(Meltretter et al.  2007 ; Catinella et al.  1996  ) , in heat treated milk (Meltretter et al. 
 2008  ) , and commercially available dairy products (Meltretter et al.  2009  ) . 

 BLG and  a -lactalbumin have been identi fi ed as main targets of the Maillard 
reaction (Siciliano et al.  2000  ) . Whey protein lactosylation accounted for almost 
3%, 30%, and 70% of the BLG content in pasteurized, UHT, and dry infant formula 
samples, respectively. Selective lactosylation upon different thermal processing 
demonstrated that whey proteins can be exploited as indicators to trace the quality 
and thermal history of milk (Siciliano et al.  2000 ; Morgan et al.  1997 ; Jones et al. 
 1998 ; Czerwenka et al.  2006 ; Losito et al.  2007 ; Monaci and van Hengel  2007 ). 

 MS/MS techniques have been successfully used to localize the main amino 
acid sites of lactosylated BLG (Leonil et al.  1997 ; Fogliano et al.  1998  ) , casein 
(Scaloni et al.  2002 ), and lysozyme (Yeboah et al.  2004  ) . Identi fi cation of minor 
lactosylated species has required the use of more speci fi c LC-MS/MS technique 
such as “neutral loss” or “precursor ion scanning” (Molle et al.  1998 ; Marvin et al. 
 2002 ; Fenaille et al.  2004  ) . 

 In some cases, glycated protein pre-separation alone is insuf fi cient for dealing 
with Maillard reaction complexity. Therefore, the most abundant casein and 
whey protein may have to be depleted from the sample. A selective depletion 
procedure was developed for identi fi cation of lactosylated sites in milk and in 
powdered milk infant formulas (Arena et al.  2010  )  using a combination of pro-
teomic techniques based on analyte capture by combinatorial peptide ligand 
libraries, selective trapping of lactosylated peptides by m-aminophenylboronic 
acid-agarose chromatography, and two different fragmentation MS/MS modes. 
By this approach 271 nonredundant modi fi cation sites in 33 milk proteins have 
been characterized. 

 A proteomic enrichment protocol has been recently developed to identify lac-
tosylated casein phosphopeptides in milk samples based on hydroxyapatite chro-
matography and MALDI-TOF-MS. The amount of modi fi ed peptides varied with 
heat treatment severity. With a 10% limit of detection of UHT milk addition to 
raw or pasteurized milk, casein phosphopeptides (CPP) were used as markers of 
thermal treatment in milks heated at various intensities (Pinto et al.  2012  ) . On the 
other side, proteomic techniques have been scarcely applied to detection of the 
advanced glycation end products (Henle et al.  1997 ; Hegele et al.  2008 ; Hasenkopf 
et al.  2001  )  in food samples. Among these products lactulosyl-lysine, N e -
carboxymethyl-lysine (CML), lysine aldehyde, methionine sulfoxide, cyclization 
of N-terminal glutamic acid, and oxidation of cysteine and tryptophan modi fi cation 
have been screened as the major heat-induced markers of alterations of whey 
milk proteins by MALDI-TOF-MS analysis (Birlouez-Aragon et al.  2004  ) . 
A more detailed presentation concerning the distribution of free and protein-
bound glycation-induced lysine modi fi cations in raw and processed cow milk has 
been described (Hegele et al.  2008  ) . More recently a method based on LC-MS/
MS using a stable isotope dilution assay has been proposed for quantitative anal-
ysis of CML in various dairy products. The method, based on enzymatic  digestion 
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and LC–MS/MS analysis, estimates a limit of detection for CML of 8-ng CML 
per mg protein and the limit of quanti fi cation of 27-ng CML per mg protein 
(Delatour et al.  2009  ) . 

 Other protein markers of heat treatment, not generated by reaction with lac-
tose, such as lysinoalanine, histidinoalanine, N-terminal pyrrolidone, or partial 
protein hydrolysis may also occur in milk (Friedman  1999  ) . The most interesting 
analytically are the heat-susceptible phosphorylated serine and threonine residues 
of caseins yielding dehydroalanine and methyl-dehydroalanine, respectively. The 
conjugated carbon–carbon double bond reacting with nucleophilic amino- (Lys), 
imidazole- (His), or thiol-(Cys) group forms lysinoalanine (LAL), histidinoala-
nine, and lanthionine residues, respectively. In particular, LAL has been deter-
mined in milk and cheese products by LC/ESI/MS in positive selected ion 
monitoring (Calabrese et al.  2009  ) . The method encompasses acid protein hydro-
lysis to amino acids prior to LC–MS/MS analysis. This approach has been use-
fully to demonstrate that LAL is not present in raw milk or some dairy products 
such as Mozzarella cheese; in contrast, high amounts of LAL are present in cal-
cium caseinate and milk powder, materials frequently used for fraudulent PDO 
cheeses adulteration. Because of the high speci fi city, LAL has been proposed as a 
useful marker to demonstrate either uncorrected heat treatments or the occurrence 
of heated milk/milk powders that could have been added to fresh milks for cheese 
adulteration. 

 The peptide composition dynamically changes in a food as the result of prote-
olysis, modi fi cations induced by technological treatments, and interactions with 
other components. They decisively affect both biological as well as functional 
properties of food products. Thus, food peptidomics, intended as the global charac-
terization of the peptidome of a given food product, embraces a wide research area 
that aims to establish the origin of the peptidome, its evolution, the impact on the 
sensorial properties, and its bene fi cial or adverse effects on human health. Food 
peptidomics also encompasses the development of analytical strategies to study the 
food peptidome. 

 Peptides retain memory of the history a food has undergone. Therefore, peptides 
are much more than just convenient analytical substitutes of parent proteins in many 
of the proteomics work fl ows; peptidome indeed provides matchless information 
about a given food product, for instance in the case of fermented foods. 

 The change in peptide composition of cheeses during ripening is a striking exam-
ple. The peptide pro fi le indicates the origin and evolution of the protein fraction. 
During the ripening period, the cheese chemical components undergo important 
chemical, physical, and enzymatic modi fi cations: proteolysis and other reactions, 
such as lipolysis and lactic and propionic acid fermentation, in fl uence the organo-
leptic properties of the  fi nal product. Proteolysis directly contributes to  fl avor 
(release of peptides and amino acids) and off- fl avors (bitter hydrophobic peptides), 
also liberating substrates for other reactions. Thus, for the development of an accept-
able cheese  fl avor, a well-balanced breakdown of the protein (i.e., casein) into small 
peptides and amino acids is necessary. On the other hand, recently there has been 
great interest in the protection of typical food products from adulteration, 
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 sophistication, and falsi fi cation. A large use of MS techniques has been made in the 
past to trace the proteolytic events that occur in the ripening of Parmigiano-
Reggiano, Emmenthal, or Cheddar cheeses (Piraino et al.  2007  ) . The peptidome 
pro fi le also indicates origin, authenticity, and typicality of PDO cheese. The prote-
olysis as a function of the rennet typology has been assessed in Fiore Sardo ovine 
PDO cheese (Pirisi et al.  2007  ) . 

 A peptidomic approach based on capillary electrophoresis-MS allowed us to 
identify speci fi c  b -casein fragments, referred to as  g  

4
 -casein, in buffalo milk 

arising from plasmin hydrolysis (Somma et al.  2008  ) . This polypeptide, being 
unique to water buffalo milk, might be conveniently used as a marker of this 
species milk. 

 Although to a minor extent, proteolysis also occurs on frozen foods. This is the 
case of the  g -caseins produced even during the cold storage of buffalo curd (Di 
Luccia et al.  2009  ) . Interestingly, peptidomics changes have also been observed in 
ice-stored  fi sh, in addition to the expected changes due to cooking (Bauchart et al. 
 2007  ) . The proteolytic peptides speci fi cally generated are molecular targets to dis-
tinguish fresh from cold-stored materials, and therefore to assess the fraudulent use 
of disallowed refrigerated or frozen ingredients. 

 The biochemical changes occurring during the processing of dry-cured ham 
have been studied with peptidomics techniques relying on MS-approaches. The 
intense action of endogenous proteolytic enzymes that are activated in the early 
post-mortem phase induces extensive degradation of muscle proteins. The recent 
identi fi cation of a large number of small peptides released from enzymes belong-
ing to the glycolytic pathway has con fi rmed that muscle sarcoplasmic proteins 
are relevant substrates for proteolysis (Mora et al.  2011a  ) . Generally in real 
foods, as in this case, the identi fi cation of the released peptides is made dif fi cult 
by the lack of a cleavage speci fi city. Nevertheless, the multistage MS-based pep-
tide sequencing can furnish information about the activity of early (calpains) as 
well as the medium- and long-term acting (cathepsins) endogenous proteases. 
The identi fi cation of oligopeptides characterized by the consecutive loss of ter-
minal amino acids has demonstrated an additional intense secondary proteolysis 
in dry-curing hams that is due to both amino- and carboxy-peptidases (Mora 
et al.  2009  ) . 

 The MS-based identi fi cation of large- and small-sized fragments of myosin 
(heavy and light chains) and actin has demonstrated that muscle myo fi brillar pro-
teins undergo extensive proteolysis as well, in the maturing of dry-cured ham (Mora 
et al.  2011b ; Di Luccia et al.  2005 ; Sentandreu et al.  2007  ) . 

 The proteolytic machinery of lactic acid bacteria concurs to a more extensive 
proteolysis of fermented sausages (Picariello et al.  2006  ) . However, a few pepti-
domic investigations have been published related to these products. The peptidomic 
de fi nition of proteolytic patterns could be helpful in assessing or predicting the suit-
ability of speci fi c strains of lactic acid bacteria as starter cultures for dry fermented 
sausages. The MS identi fi cation of species-speci fi c peptide biomarkers has been 
proposed as a tool for determining the authenticity of meat-derived products 
(Sentandreu and Sentandreu  2011  ) .  
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    24.7   Proteomics, Peptidomics, and Metabolomics 
in Food Maturation, Preservation, and Safety 

 From the metabolomic perspective, most foods can be considered as complex 
chemical mixtures consisting of various metabolites and chemical additives in a 
solid, semi-solid, or liquid matrix. Some foods consist of just a few different com-
pounds (arti fi cial energy drinks, soft drinks, puri fi ed vegetable oils) whereas other 
foods consist of hundreds of compounds (milk, cheese) and still others may have 
thousands of compounds (fruits, meats, and most prepared foods). These com-
pounds may constitute a  fi ngerprint of the food itself and of its history. In food 
technology, detection of the metabolomic pro fi le is gaining great importance for 
several  fi elds of applications. These include tracing the evolution of a product 
from the starting materials to  fi nished foods; evaluating the effects of either desired 
or undesired microbial action on food quality; monitoring the production or per-
sistence of functional and bioactive compounds; and, in general, measuring the 
action of technological treatments (physical, chemical, enzymatic) on the devel-
opment of rheological and sensory characteristics. Examples in dairy, cereal, wine, 
or meat products depict the metabolomic  fi ngerprint of these products. Wine 
metabolome analysis by ultrahigh-pressure liquid chromatography high-resolu-
tion Fourier transform ion cyclotron resonance mass spectrometry (UPLC-FT-
ICR-MS) in combination with multivariate statistical data processing has been 
proven able to discriminate the wines according to cultivar, vintage, provenance, 
maturation, and quality, opening the way to its extensive use in authentication 
studies (Cuadros-Inostroza et al.  2010 ; Liger-Belair et al.  2009 ; Gougeon et al. 
 2009  ) , at present still based on subjective sensory analysis or analysis of a limited 
number of compounds. The capability to distinguish among high- and low-quality 
products on the basis of a comprehensive metabolomic identi fi cation of measur-
able objective biomarkers or molecular pattern related to (sensory) quality is pro-
viding new powerful tools for the defense of PDO products from adulteration 
(the case of salami in Fig.  24.3 ). 

 Because of the globalized nature of food production and processing, along with 
the growing concerns over food safety and food quality, more stringent and precise 
food monitoring systems are being set up. Proteomic and metabolomic approaches 
are therefore also being applied to food safety control. 

 Milk and dairy product quality can be affected by mastitis, which is rather fre-
quent in intensive dairy farming (especially of high-milk yielding cows such as 
Holstein Friesian). The legal parameter used to evaluate the level of contamination 
of mastitic milk is the somatic cell count, that is, the mammary gland cell released 
in the milk by infected animals. However, this parameter is only an indirect indica-
tor of the milk status. Consequently, adulteration of healthy with mastitic milk or 
forbidden use of mastitic milk is a complex task. A direct evaluation could be pro-
vided by identi fi cation of speci fi c protein markers, as proposed by studies showing 
a different degree of milk protein hydrolysis in mastitic milk compared to healthy 
milk (Hogarth et al.  2004  ) . These proteomic approaches not only provide clues for 
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evaluating technological as well as nutritional losses due to infection, but 
identi fi cation of protein markers may be the basis for the development of analytical 
methods to evaluate illegal use of poor-quality mastitic milk in bulk milks. 

 A further issue is the evaluation of proteins speci fi cally expressed in mastitic 
milks, aimed to evaluate the ef fi cacy of adjunctive therapies for the treatment of 
in fl ammation associated with coliform mastitis in order to facilitate new veterinary 
drug approvals. At present, these studies are accomplished using ELISA tests. 
However, because a relatively limited number of bovine-speci fi c antibodies are 
commercially available, reliance on antibodies can be very limiting for biomarker 
discovery. Proteomic approaches have instead the capability to analyze a large num-
ber of protein targets in a single experiment, independent of antibody availability. 
Proteomic approaches based on LC-MS/MS, recently reviewed (Boehmer et al. 
 2010  ) , have been used as a means to characterize proteins in various bovine milk 
fractions, both under normal physiological conditions as well as during clinical 
mastitis. Temporal expression patterns generated using spectral counts, an LC-MS/
MS label-free quanti fi cation strategy, corresponded well with ELISA data for acute 
phase proteins with commercially available antibodies. Combined, the capability to 
identify low abundance proteins, and the potential to generate temporal expression 
pro fi les, indicate the advantages of using proteomics as a screening tool in bio-
marker discovery analyses to assess biologically relevant proteins modulated during 
mastitic disease, including previously uncharacterized targets. 

 The analysis of pathogenic microorganisms is also of particular interest, as the 
risks associated to their contamination are not limited to their living presence and 
capacity of infectivity, but they can generally release protein/peptide toxins able to 
survive for long time even in foods after bacterial cell contamination has been 
removed, as it happens for many of the microbes that cause food-borne diseases 
( L. monocytogenes ,  S. aureus ,  E. coli ,  C. botulinum , and various  Salmonella   species). 
These pathogens release protein virulence factors into extracellular medium and to 
the cell surface that have essential roles in the colonization and insurrection of the 
host cells, and thus re fl ect the degree of bacterial pathogenicity. These toxins, being 
heat-stable and resistant to food processing, can be a danger to consumer health. 
Bacterial protein toxins have been involved in a number of infectious and food-
borne diseases. Chromatographic methods coupled with MS have been carried out 
to de fi ne the toxin contamination levels of milk (Sospedra et al.  2011  )  and two rip-
ened PDO Italian cheeses, Grana Padano and Pecorino Romano (Schlosser et al. 
 2007 ; Ferranti  2005  ) . A procedure combining proteomic approaches with immuno-
chemical, chromatographic, and electrophoretic techniques and MS/MS analyses 
was developed to monitor production and levels of enterotoxin A and B of  S. aureus  
and Shiga-like toxins produced by  E. coli  O157:H7. By producing cheese samples 
using milk willingly contaminated with bacteria it was possible to monitor 
10–100 ppb contamination level, and analysis of market samples allowed to exclude 
toxin contamination in the two cheese types. 

 The development of fast and accurate methods for species differentiation of food 
pathogenic and spoilage bacteria is another important issue to ensure food quality 
and safety and to detect use of forbidden contaminated materials. MALDI-TOF-MS 
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has been applied to species identi fi cation of microorganisms, proving to be a rapid 
and cost-effective technique and allowing species differentiation due to the highly 
speci fi c spectral pro fi les obtained (Bohme et al.  2010  ) . The analysis of cell extracts 
by MALDI-TOF MS was also applied to create a mass spectral library of the main 
pathogenic and spoilage bacteria potentially present in seafood and was demon-
strated to be a rapid and accurate method for microbial species differentiation, as 
well as for the classi fi cation of unknown strains isolated from seafood. 

 Among contaminants along the food chain, algal toxins produced by cyanobac-
teria are another special concern. Cyanobacteria (blue-green algae), present world-
wide within water blooms in eutrophic lakes and drinking water reservoirs, 
producing several different biotoxins. Among these, potent peptide hepatotoxins 
such as microcystins, cyanopeptolins, and microviridins may be released in the 
water environment. The occurrence of hepatotoxins-containing algal blooms in 
freshwaters and subsequently in cultivated  fi sh and seafoods has been implicated 
in several animal and human poisoning outbreaks worldwide. Also, algae species 
such as Spirulina are  fi nding large application as ingredients of food, feed, and 
vitamin integrators. Therefore, methods to monitor the presence of hepatotoxins 
in water and animal tissues is of growing interest for surveillance agencies, because 
they can contaminate drinking water reservoirs and the food chain. Proteomic 
approaches based on MALDI-TOF-MS and Q-TOF/MS were revealed as useful 
for fast screening and accurate quantitative determination (LOD <0.1 ppb, limit of 
quanti fi cation (LOQ) 1 ppb) in water (Ferranti et al.  2011 ; Gallo et al.  2009 ; 
Ferranti et al.  2008,   2009  ) . The analysis was then extended to the set-up of a 
method for quantitative toxin determination in food and feed integrators for men 
and animals and also to detect protein markers to discover the illegal use of unsafe 
water in  fi sh and seafood aquaculture. It can be foreseen that these methods are 
being integrated to design sensitive sensors on a microchip surface for automated 
detection.  

    24.8   Genetically Modi fi ed Foods 

 A genetically modi fi ed organism (GMO) is an organism whose genome has been 
modi fi ed by genetic engineering with the introduction or deletion of speci fi c genes 
in order to create a new gene set. The constant search for agriculture development 
led to the introduction of GMOs in food technologies. The main modi fi cations con-
sist in (1) induction of higher resistance to environmental stress, pathogens, and 
parasitic plants; (2) increase of organoleptic, nutritional, and technological values, 
as for instance rice containing higher protein and ribo fl avin A levels or tomato with 
inhibitors of the enzymes responsible for pectin degradation or soy with greater 
amounts of lysine; and (3) reduction/inactivation of antinutritional factors. GM food 
world production is mainly concentrated in the United States, Brazil, Argentina, 
Canada, and China. Because of the on-going debate on possible hidden adverse 
effects on humans, GM plant cultivation has expanded quite slowly in Europe, 
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where, to date, only two GM vegetables can be grown: maize Mon810 (1998) and 
potato Am fl ora (2010) (  http://www.efsa.europa.eu/it    ). 

 The gene alteration implies the modi fi cation of only a limited group of target 
compounds, for example, the modi fi cation of already existing proteins or the gen-
eration of novel proteins. Potential disadvantages of this technique can be the under-
expression of the total seed storage protein or the production of unexpected proteins 
with potential allergic and/or toxic character (Finnie et al.  2004  ) . 

 Current legislation imposes the monitoring of all the production steps from cul-
tivation to transformation and commercialization, the traceability of raw transgenic 
materials, and the labeling of the  fi nal GM products. These aspects raise the needs 
for inexpensive and fast techniques for one-step detection of GM contamination in 
food products. 

 Furthermore, in several cases the presence of GMOs in food products can be due 
to an accidental cross-contamination, and the legislation admits the commercializa-
tion of products containing levels of GMO-derived materials with an amount <0.5% 
(Petit et al.  2007  ) . 

 However, GM raw materials can be also intentionally introduced in the food 
processing chain following deceptive adulteration, aimed to improve the quality of 
 fi nal products or to reduce costs of production. In all these cases the GM raw materi-
als occur in a much lower amount if compared to the raw material used, and this 
makes the detection of contamination dif fi cult. Another obstacle to assessment of 
GM material contamination is the intrinsic high complexity and variability of seed 
storage proteins and the high in fl uence of soil and climate factors on protein 
expression. 

 The GM material assessment is generally carried out by DNA pro fi ling based on 
PCR methods. However, although the detection of DNA markers bene fi ts from hav-
ing a well-de fi ned target gene and the combined use of database analysis and exper-
imental speci fi city reduce false positives, it has to be underlined that the presence of 
a transgene in a food product does not guarantee the phenotypic expression of the 
transgene traits. 

 Therefore, gene products have to consider more reliable target analytes than their 
gene counterparts. The typical approach for GM protein detection relies on the 
detection of recombinant proteins by immunochemical analysis and quanti fi cation 
by ELISA. These techniques are easy, inexpensive, and suitable to screen a large 
number of samples. In general, the set-up of these assays requires identi fi cation and 
characterization of the transgenic protein to raise speci fi c antibodies against the 
target (Farid  2004  ) . For instance, the lateral  fl ow strip protocol is a useful commer-
cial tool for the detection of RUR, Cry3Bb, and Cry1Ab proteins in corn and of CP4 
EPSPS, that is a transgenic protein that confers to several crops, including soybean 
and maize, the resistance to the herbicide glyphosate. This technique is very fast and 
sensitive as con fi rmed by a detection limit of 1 seed out of 1,000. As a relevant limi-
tation, this strategy necessitates that the target protein is in its native and immunoac-
tive form, thus implying that proteins in treated foodstuffs might escape detection. 
Furthermore, in several processed foods linear epitopes or toxic sequences can be 
hydrolyzed and released from the parent protein, although retaining their harmful 

http://www.efsa.europa.eu/it
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potential. These sequences tend to be underestimated by the most commonly  utilized 
sandwich ELISA-based tests. 

 Only in the last years, however,  fi rst attempts have been made to apply advanced 
proteomic techniques for comparison of protein pro fi les of transgenic material and 
control wild-type lines in order to detect peculiar modi fi cations of proteins and 
peptides to be used as molecular markers of GM contamination (a classical analyti-
cal scheme in Fig.  24.4 ). Comparison of 2DE maps of proteins extracted from a 
wild-type and a hybrid tomato, in which a virus-resistance gene trait, showed, how-
ever, that this modi fi cation is not detectable by the proteomic approach because the 
hybridization did not affect protein expression appreciably (Corpillo et al.  2004  ) . 
Similar results were obtained by Careri et al.  (  2003  )  who compared proteins 
extracted from transgenic potatoes with a control line and by Finnie et al.  (  2004  )  
who, comparing the protein maps of the Golden Promise barley cultivar with differ-
ent transgenic barley lines, restricted the potential alteration of the transgenic lines 
only to the pattern of post-translational modi fi cations.  

 On the other hand, the combination of 2DE, image analysis, and MS-based 
approaches has been demonstrated to be very effective for the comparison of GM 
and non-GM products when the modi fi cation interests an encoding gene trait. It has 
been shown that the introduction of a gene that induces increase of the amount of 
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low molecular weight (LMW) glutenins in the genome of a bread wheat cultivar, 
caused a positive improvement of dough viscoelastic properties. 2DE-PAGE pro fi le 
of proteins showed a signi fi cant over-expression of the LMW fraction and the down-
regulation of the remaining seed storage proteins (Scossa et al.  2008  ) . 

 One of the main drawbacks of the 2DE-based techniques is the gel-to-gel varia-
tion that complicates the image analysis. However, this limit can be overcome by 
2DE DIGE analysis. According to this technique proteins from GM and non-GM 
materials, after being labeled with two different ultrahigh-sensitive  fl uorescent dyes 
with different light emission frequency, were separated in a single gel. As described 
by Islam et al. this technique associated with peptide mass  fi ngerprinting, helped 
detection of 66 discriminating gene products that were characteristic of transgenic 
pea lines, properly designed to express  a -amylase inhibitor typical of common 
beans. 

 Only a few studies published up to now propose MALDI-TOF-MS and LC-MS/
MS analysis as additional useful tools for GM food traceability. Among these, Simó 
et al.  (  2010  )  described the comparison of hydrolyzed proteins from GM soybeans 
versus control lines by a shotgun proteomic approach exploiting CE-ESI-TOF-MS. 
Remarkably, no detectable changes were identi fi ed between the two pro fi les, thereby 
demonstrating that the process of GM soy production affects protein expression 
only to a minor degree. Differently, Fernandez Ocana et al.  (  2007,   2009  )  demon-
strated that the LC-MS approach may be diagnostic for the detection of the potential 
target CP4 EPSPS, with a detection limit of 0.9%. These contrasting reports indi-
cate that much extra work in the identi fi cation of suitable protein markers is still 
needed to make the proteomic/peptidomic approach as much versatile as the 
genomic one. On the other side, these studies are accumulating a huge set of infor-
mation from which compositional GM material databases are being constructed to 
direct the upcoming development of proteomic methods.  

    24.9   Conclusions and Perspectives 

 Proteomics and the related “omic” sciences are ideally positioned to be used in 
many areas of food science and nutrition research and to address a multiplicity of 
aspects, including component analysis, quality/authenticity assessment, consump-
tion monitoring, and study of the physiological impact in nutritional intervention 
studies. Nevertheless, the number of reports on food adulteration is relatively low 
when compared with other consolidated techniques of investigation. Despite their 
steadily increasing use and their enormous potential, marker-assisted proteomic 
strategies have not yet delivered the expected bene fi ts in the context of the  fi ght 
against food adulteration. One of the primary limiting factors is related undoubtedly 
to the instrumentation and maintenance costs. Taking into account the advantages 
deriving from the short operative time required for analyses, these drawbacks could 
be at least in part overcome by the establishment of uni fi ed monitoring centers and 
by an adequate policy of resource rationalization. The development of up-to-date 
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databases of food protein components also plods along to balance instrumental 
advances, actually restraining the informative level of the “omic”-based procedures. 
A general view displays a scenario where the technological platforms and methodi-
cal prerequisites are now available, so that proteomics can massively breach into 
food science with special focus on quality assessment, whereas the operative proce-
dures are not standardized and the process of data mining still appears to remain a 
challenge that hampers routine control programs. Thus, it emerges that signi fi cant 
improvements need to be made to optimize and automate the monitoring of target 
compounds and to render the assessment  fl owchart less dependent on the skills of 
the operators. In the view of the evolution toward automation the new trends in 
sample pre-treatment or pre-fractioning have also to be opportunely comprised. To 
this purpose, it has to be also underlined that comprehensive maps of validated 
markers of speci fi c food traits are still missing. The extended high-throughput appli-
cation of the omic methodologies is already now enlarging the panel of the “probes” 
to be monitored and is going to provide the means to standardize and validate the 
procedures for routine analyses and food authentication studies. It can be reason-
ably expected that in the future descriptive proteomic and omic studies will acceler-
ate the annotation of food components and the de fi nition of the (bio)chemical events 
induced by food processing, also including the complex pathways of biomolecular 
interactions that are emerging as key issues of the system biology in general, and of 
food and nutrition in this special case. As a conclusive stage of the entire process, 
legislative efforts would be required to progressively introduce innovative regula-
tions, in order to parallel the analytical advances at an applicative level, with the 
ultimate aim of concretely translating the scienti fi c achievements in terms of human 
health and wellness.      
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          25.1   Introduction 

 The question addressed in this chapter is whether the use of transgenesis to improve 
a plant variety (through the expression of a new desired trait) can lead to unintended 
effects, that is, effects going beyond that of the original genetic modi fi cation, and 
which could have an impact on human and animal health. Such pleiotropic effects 
could be due to altered expression of untargeted genes leading to metabolic changes, 
or could be the consequence of an unexpected metabolic effect of a novel gene 
product. 

 Genetically-engineered (GE) varieties are assessed for their food and feed safety 
and nutritional quality in a comparative manner using parental or near isogenic lines 
as reference (the latter being considered as safe). It is aimed at identifying differ-
ences between these comparators and subsequently at evaluating the implications in 
terms of human and animal health. Current tools to perform such comparative safety 
assessments are targeted compositional analyses, animal nutrition, and classical 
toxicology evaluations, as well as agronomic evaluations. A major principle and 
guiding tool for the food safety assessment of GE crops is the concept of substantial 
equivalence according to principles outlined in the Organization for Economic 
Cooperation and Development consensus documents (OECD  2006  ) . 

 In the last decade, new large-scale pro fi ling methodologies have been developed 
that allow, in theory, a holistic search for alterations in GE crops. Numerous 
 publications have examined whether the use of transgenesis as a plant breeding tool 
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could lead to unexpected changes in the transcriptome or metabolome (see Ricroch 
et al.  2011  ) . That these two biological levels (transcripts and metabolites) have been 
most frequently examined is not surprising considering the above-mentioned poten-
tial sources of unexpected effects linked to the insertion of a transgene. 

 However, proteomics have also been used in a number of studies that are summa-
rized here and which yield fairly convergent conclusions. Relevant questions also 
discussed here are: from a basic research point of view, are proteomics a powerful 
nontargeted approach to detect unintended effects in GE crops? Do proteomics lead 
to different conclusions from transcriptomics and metabolomics? Does our current 
experience with proteomics indicate that current methodologies are robust and 
suf fi ciently standardized to be used routinely for reglementary GE crop assessment?  

    25.2   Proteomic Analysis of GE Varieties of Crop Plants 

 The main data from the publications discussed below are summarized in Table  25.1 , 
which also brie fl y lists the methodologies used.  

    25.2.1   Grapevine 

 Sauvage et al.  (  2007  )  used two-dimensional electrophoresis (2DE) to study changes 
in leaf protein content from GE grapevine plants over- and under-expressing alcohol 
dehydrogenase (experimental nonmarketed lines). MS identi fi cation of peptides 
indicated that only a few proteins had a different abundance in the GE lines. 
Interestingly, these proteins were mainly from the chloroplasts and involved in sug-
ar-phosphate metabolism. It should also be noted that a consistency in the range of 
53–72% of matching spots was found between the triplicates with a given sample.  

    25.2.2   Maize 

 MON810 is a transgenic trait providing resistance to certain lepidopteran pests 
(such as the European corn borer). This trait has been introgressed in a large number 
of corn varieties. 

 The grain proteomes of two  fi eld-grown MON810/non-GE variety pairs were 
found to be almost identical, with few spots showing quantitative changes in the 
1–1.8-fold range (Coll et al.  2010a  ) . These differences were all variety-speci fi c 
(not present in both variety pairs). These data con fi rmed a previous study 
(Albo et al.  2007  )  on two different  fi eld-grown MON810 varieties. Another previ-
ous study (Zolla et al.  2008  )  found more differences between two MON810 variety 
pairs. In the latter study,  fi eld versus growth chamber growth conditions were also 
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compared and more changes detected than in the case of the genetic modi fi cation. 
Concerning the differences, these authors speculated that genome rearrangement 
occurred, but other explanations seem equally likely such as the use of not fully 
isogenic comparator lines. It is, however, dif fi cult to explain the discrepancy between 
the results by Zolla et al.  (  2008  )  and by Coll et al.  (  2010a  )  inasmuch as the latter 
team also used one of the two pairs used by the former. 

 More recently, another study on two variety pairs of MON810 and the compa-
rable non-GE counterpart grown in real agricultural conditions has been published 
(Coll et al.  2011  ) . A very small number of quantitative differential spots was found 
in a particular variety pair, not exceeding 1.2% of the proteins analyzed by 2DE. 
The differences between two conventional varieties were much greater (approx. 
40% nonmatching proteins). It should be mentioned that the same team found simi-
lar results when using a transcriptomic approach in leaf (Coll et al.  2008,   2010b  ) . 

 Barros et al.  (  2010  )  performed a transcriptomic, proteomic, and metabolomic com-
parison of kernels of two GE maize lines (MON810 and one line tolerant to the herbicide 
glyphosate) with the respective control lines. When plants were grown in the same loca-
tion over three seasons, the authors found more differences in gene expression, protein 
distribution, and metabolite content between seasons than differences linked to the genetic 
modi fi cation. That environment exerts a greater effect was also shown by the distinct 
pro fi les observed when plants were grown for one season in three different locations. 

 The occurrence of natural plant-to-plant variability (not linked to a genetic 
modi fi cation) was investigated by Batista and Oliveira  (  2010  ) . They compared 2DE 
protein patterns from MON810 and comparator lines obtained either from individ-
ual plants or from pooled plants. For individual samples,  fi ve different ears of  fi ve 
different maize plants were harvested. They observed, for some spots, a high quan-
titative variability between individual samples from one line and this variability was 
masked when plants were pooled. For other spots, variability existed between indi-
vidual samples and also between pools. 

 Leaf proteome was compared in two pairs of GE (MON810) and non-GE isogenic 
Brazilian varieties grown under controlled environmental conditions (Balsamo et al. 
 2011  ) . Leaf proteomic pro fi les of the four GE varieties were similar to their non-GE 
counterparts. Observed quantitative differences (in  fi ve spots) were not reproduc-
ible in all six 2DE performed. Reproducible qualitative differences were as follows: 
in the  fi rst pair, 1 exclusive spot in the GE line and 6 in the non-GE line; in the sec-
ond pair, 1 exclusive spot in the GE line and 4 in the non-GE line. Thus, 12 exclu-
sive proteins were observed in total; all of these leaf proteins were variety-speci fi c. 
Previous studies also found similar maize leaf transcriptome patterns in GE and 
their non-GE counterparts (Coll et al.  2008,   2009  ) .  

    25.2.3   Pea 

 Islam et al.  (  2009  )  performed a proteomic study on two pea lines producing a bean 
alpha-amylase inhibitor (AI1). About 30 seed protein spots were found to differ in 
abundance between each GE/comparator pair, but they were generally different between 
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pairs, although the GE lines produced AI1 at similar levels. These differences were 
minor for one pair, but strikingly quantitatively and qualitatively different (appearance 
and disappearances of 36 protein spots) for the second pair. According to the authors, 
differences of a “similar magnitude” exist between different pea cultivars. 

 Chen et al.  (  2009  )  found that 33 proteins differentially accumulated in AI1-
expressing lines compared with the parental line. They concluded that three of these 
differences were associated with the production of AI1 and the remaining 30 differ-
ences were due to the transformation events. Seed storage proteins, which are com-
mon food allergens, were among the protein exhibiting changes in their amounts. 
This illustrates the interest of using 2DE protein analysis and proteomics to detect 
new allergens in food (see below).  

    25.2.4   Potato 

 Important differences, both qualitative and quantitative, were found in the tuber 
proteome of  fi eld-grown varieties and landraces, and such differences were limited 
(quantitative) between the pairs constituted by experimental GE lines modi fi ed in 
cell wall structure or in ethylene/polyamine metabolism and their comparators 
(Lehesranta et al.  2005  ) . It should be noted that the same and related lines, plus lines 
expressing a sense and antisense fructokinase gene were also studied using metabo-
lomics (Defernez et al.  2004  )  or targeted composition analysis (Shepherd et al. 
 2006  ) , with similar conclusions.  

    25.2.5   Rice 

 Takahashi et al.  (  2005  )  used in vitro cultured cells from experimental GE rice over-
expressing the  YK1  gene, the homologue of maize HC-toxin reductase (HCTR) in 
rice. Out of a total of 668 polypeptides visualized by 2DE, 5 were increased in cells 
over-expressing  YK1  with respect to the control line, which included stress-related 
proteins such as osmotin-like protein and osr40c1 (an abscisic acid-responsive pro-
tein normally associated with salt tolerance).  

    25.2.6   Soybean 

 Using 2DE, Brandao et al.  (  2010  )  compared soybean GE (tolerant to the herbicide 
glyphosate) and non-GE comparator seeds. They found differences (greater than 
90% variation in protein spot area and/or intensity) for ten proteins, six of them with 
differences in area or intensity and four of them in volume and intensity. Two pro-
teins could not be identi fi ed. The other eight proteins identi fi ed by MS were seed 
storage proteins of glycinin and  b -conglycinin types (responsible for the main 
 nutritional, physicochemical, and physiological properties of soybeans), actin, 
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 sucrose-binding protein (involved in the storage of nutrients and sugar binding) and 
allergen Gly mBd 28 k (less than twofold increase).  

    25.2.7   Tomato 

 Corpillo et al.  (  2004  )  considered a virus-resistant GE tomato line to be “substan-
tially equivalent” to its non-GE counterpart from both proteomic and agronomic 
points of view, because no reproducible differences could be found in peptide abun-
dance in the GE line versus the control line. 

 Di Carli et al.  (  2009  )  used two transgenic plant models, a dwarf tomato line and 
tobacco, producing recombinant antibodies against two plant viruses. In each model, 
around 10 proteins out of around 2,000 spots were found to accumulate differen-
tially in the transgenic lines. The variation ratio was less than 2.4 on average. Most 
of the differentially accumulated proteins were related to photosynthesis or plant 
defense.  

    25.2.8   Wheat 

 Scossa et al.  (  2008  )  performed, in parallel, a transcriptional and proteomic compari-
son of seeds from a GE bread wheat line (over-producing a low molecular weight 
glutenin subunit) with respect to the nontransformed line. Differential accumulation 
of several classes of endosperm proteins was observed, and paralleled by corre-
sponding changes in transcript levels. The authors interpreted these observations as 
a compensatory mechanism of the strong over-expression of the transgenic glutenin 
gene (a consequence of the diversion of amino acid reserves).   

    25.3   Proteomic Analysis of  Arabidopsis thaliana  Relevant 
to GE Plant Safety 

  A. thaliana  is a basic research model plant that can also provide information about 
the potential impact of transgenesis (Wienkoop et al.  2010  ) . 

 A line containing the selectable bar marker gene (encoding phosphinotricin 
acetyl transferase) was used in several studies. Ren et al.  (  2009a  )  concluded that 
differences in metabolic pro fi les (major contributors were altered levels of alanine 
and threonine) were due to the bar gene. However, 2DE analysis on 12 bar-containing 
lines showed little consistent differences in the 4–14 protein spots that changed 
quantitatively in these lines (Ren et al.  2009b  ) . 

 Natural variability can also be important in  A. thaliana  ecotypes. After growing 
various ecotypes under controlled growth conditions, and using 2DE to analyze 
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seed proteins, Ruebelt et al.  (  2006  )  found that nearly half the spots were present or 
absent depending on the ecotype. In addition, 95% of the spots consistently found 
in all ecotypes were found to vary quantitatively. The seed proteome of 12 trans-
genic lines (using three different genes and three different promoters) were also 
compared to their parental line and to 12 ecotype lines, with no evidence for unin-
tended changes.  

    25.4   Allergen Detection 

 Evaluation of their allergenicity potential is part of the reglementary safety assess-
ment before marketing. 2DE of protein extracts may provide a complementary 
approach as shown by the following examples. 

 Batista et al.  (  2007  )  performed 2DE of  fl our protein extracts from a glyphosate-
tolerant soybean and its non-GE comparator. Blots were probed with sera from 
soybean-sensitive individuals. MS was also used to identify IgE-binding proteins. 
Allergen production apparently remained unaltered as a consequence of the genetic 
modi fi cation. 

 Nakamura et al.  (  2010  )  also used 2DE-based techniques to compare an experi-
mental GE potato line (producing an Arabidopsis transcription factor) with a con-
trol. The patterns of IgE-binding proteins were almost identical, with, however, 
several quantitative differences in these proteins (identi fi ed by MS/MS). 

 Satoh et al.  (  2011  )  used a similar approach in the case of GE rice. Salt-soluble 
proteins were probed with patient sera and antigen-speci fi c animal sera. No differ-
ences were found between GE or non-GE lines.  

    25.5   Discussion 

 These proteomic studies are heterogeneous and have to be considered as explor-
atory. Considering all sources of dif fi culties in data interpretation (such as plant to 
plant variation, the possibility that comparator lines are not necessarily fully 
isogenic, experimental errors, etc.), care has to be taken as to their biological 
signi fi cation. These studies form merely a compilation of data; no normalized and 
validated approaches are available for routine assessment of GE plants. 

 Nevertheless, some lessons can be learned from these studies. Some differences 
are found in the proteome of GE varieties compared to control varieties. However, 
these differences can be generally considered as quantitatively minor and, when 
data are available, comparison of various conventional varieties consistently shows 
more differences. This is due, on one hand, to the biodiversity of existing varieties 
and, on the other, to the fact that GE lines have been selected from the laboratory to 
the  fi eld by phenotypic comparison with a close comparator. In addition, for mar-
keted varieties, the transgenic trait has usually been introgressed into elite lines 
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(these crosses contribute to the elimination of unintended genomic modi fi cations). 
In some studies, environmental factors (such as  fi eld location or year of sampling) 
have consistently been shown to exert a greater impact than transgenesis. 

 As shown by Ricroch et al.  (  2011  ) , metabolomics are the prevalent “omic” 
approach to assess GE crops, followed by transcriptomics. Few laboratories have 
used different omics comparatively. Therefore, an exhaustive comparative assess-
ment of these techniques is not yet possible. Nevertheless, when data are available, 
there is no indication that proteomics will arrive at different general conclusions 
regarding the extent of unintended impact of transgenesis. 

 Perhaps the most useful role for 2DE protein analysis would be for allergenicity 
predictions. Proteomic and mass spectrometry methods can be used for qualitative 
and quantitative estimation of the allergen levels, including new ones. 

 None of these proteomic assessments has raised new safety concerns about mar-
keted GE varieties. This is not surprising considering the experience acquired after 
16 years of GE crop marketing. However, considering the highly polarized opinions 
on GE crops and a certain distrust in data provided by seed companies, it is impor-
tant that new approaches such as transcriptomics, proteomics, and metabolomics 
have been used by public research laboratories.      
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          26.1   Introduction 

 For millennia, microorganisms have been indispensable tools in food technology 
and biotechnology (Josic and Kovac  2008  ) . On the other hand, more than 250 known 
pathogens, mostly microbial ones and their toxins are known to cause food-borne 
illness. In the United States alone, about 48 million illnesses, 128,000 hospitaliza-
tions, and 3,000 deaths caused by food poisoning have been registered (CDC  2011a,   b  ) . 
Although not or only partially documented, this number is much higher in the Third 
World countries. Climatic factors in fl uence the growth and survival of pathogens in 
food, as well as transmission pathways (Kovats  2011 ; Risks  2009  ) . New risks are 
being encountered because of changing characteristics of the relevant microorgan-
isms, changing production methodologies, changes in the environment and the ecol-
ogy, and an increase of the global trade of foodstuffs. In addition, demands on food 
safety increase steadily. Due to the nature of both food pathogens and our food 
chain, measures to ensure food safety have to be implemented on a global scale, 
necessitating also a global approach. 

 Outbreaks of food-borne pathogens appear to be on the rise again in some 
industrialized countries, with a shift from traditional problems with food from 
mostly animal origin such as meat, eggs, milk, and milk products to fresh food of 
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plant origin (fruits and vegetables), shell fi sh, and dry products and ingredients 
(Havelaar et al.  2010  ) . In the last years numerous incidents have occurred in con-
tamination of fresh and processed food with food-borne pathogens (Austin et al. 
 1998 ). Despite numerous reported cases of food contamination with pathogen 
agents, throughout the developed countries generally were reported decreasing 
numbers of cases of food poisoning. It is due to advanced control measures regard-
ing general hygiene, food safety, and improved methods of food processing and 
storage (Hartung and Koeter  2008  ) . 

 Proteomic techniques offer considerable opportunities to assess animal and plant 
health and production and to monitor quality and safety of food of animal and plant 
origin (Gaso-Sokac et al.  2010  ) . Proteome analysis of pathogens in infected food 
provides reliable information about pathogen activities during infection, outbreak 
of disease, and healing period. Importantly, functionally relevant proteins are pref-
erentially identi fi ed and  in vivo  proteome data can thus help to guide further func-
tional analysis ef fi ciently (Scott and Cordwell  2009  ) . Technical limitations in the 
past concern quanti fi cation, identi fi cation of post-translational modi fi cations, and 
poor coverage of secreted and low-abundance proteins. New methods in genomics, 
proteomics, peptidomics, glycomics, and metabolomics together with already estab-
lished genomic methods are emerging to overcome most of these limitations and 
challenges. This will further improve  in vivo  investigations and enhance the value of 
these techniques as an important resource to investigate and combat infectious dis-
eases (Bumann  2010  ) . Around 3,705 microbial genomes have been completely 
sequenced, including 1,750 bacteria, 94 archaea, and 119 eukaryotes (  http://www.
microbesonline.org/    ). The sequenced microbial genomes provide large amounts of 
data that can be used for fast and high-throughput screening technologies (Cravatt 
et al.  2008 ; O’Flaherty and Klaenhammer  2011  ) . 

 This chapter focuses on the role of proteomics in assuring food safety. Pathogenic 
bacteria  Escherichia coli ,  Salmonella , and  Campylobacter  are those of greatest current 
concern in fresh products, and  Listeria monocytogenes  contamination is of primary 
concern in processed products (Tompkin  2002  ) . The pathogenic fungi  Aspergillus, 
Fusarium, Penicillium, Alternaria , and  Claviceps  are the eukaryotic food pathogens 
with the highest toxigenic potential (Capriotti et al.  2011  ) . Viruses and prions have 
recently been discussed as a further concern for safety, especially in food of animal 
origin (Gaso-Sokac et al.  2010  )  although this topic is beyond the scope of this review.  

    26.2   Factors Affecting the Survival and Growth of Pathogens 

 Various fundamental changes in an organism’s cellular physiology are caused by 
stress exposure. Stress responses are of particular importance to microorganisms, 
because their habitats are subjected to continuous changes of temperature, osmotic 
pressure, and availability of nutrients (Capozzi et al.  2009  ) . Pathogen survival and 
growth on food-produce is in fl uenced by a number of interdependent factors such as 
storage temperature, product type/combinations, minimal processing operations 

http://www.microbesonline.org/
http://www.microbesonline.org/
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(e.g., slicing, shredding, washing, and decontamination treatments), mild processing 
methods (e.g., high pressure, pulsed electric  fi eld processing, cold plasma, advanced 
heating), package atmosphere, and competition from the natural micro fl ora present 
on food-produce (Capozzi et al.  2009  ) . Antimicrobial washing by using different 
disinfectants and adding natural antimicrobial agents is another important factor that 
diminishes populations of microorganisms on fresh produce (Adams et al.  1989 ; 
Allende et al.  2006 ; Aureli et al.  1992 ; Burrows et al.  1999 ; Park et al.  2001  ) . 

 The latest consumer preference for less processed food containing lower amounts 
of preservatives signi fi cantly changed the current situation regarding food safety 
(Allende et al.  2006 ; Elmnasser et al.  2007 ). Especially the so-called “ready to eat” 
minimally processed vegetables that are popular among consumers. Such foods 
retain much of the indigenous micro fl ora, and also some potential bacterial patho-
gens, such as  Aeromonas  spp. and  Yersinia  spp. (Xantopoulos et al.  2010  ) . It is also 
documented that the serious outbreak of food poisoning in Northern Europe in years 
2010/2011, caused by a novel strain of  E. coli  appeared after consuming such mini-
mally processed food (   Fenugreek seeds with high probability for EHEC O104; 
German Federal Institute of Risk Assessment 2011).  

    26.3   Proteomics in Microbial Stress Adaptation 

 The adaptive stress response of bacteria is a crucial mode of cellular protection 
towards environmental and food-relevant stresses. Cellular biomarkers are quantita-
tively correlated to adaptive stress and can also predict the impact of changing envi-
ronments on bacterial ability to resistance and survival. Cross-protection phenomena 
preservation strategy is another problem to ensure microbial safety and stability, as 
well as the sensory and nutritional quality of minimally processed food (Konieczny 
and Kijowski  2005  ) . The right combination of hurdles may be effective in control-
ling growth bacteria and pathogens, and food spoilage and minimizing organoleptic 
changes in food. Long and short time exposures to mild stress conditions such as 
heat, acid, salt, and oxidative agents induce (cross-) protection towards otherwise 
lethal stress conditions (Abee and Wouters  1999 ; Skandamis et al.  2008  )  and might 
even affect the virulence of pathogens (Cotter and Hill  2003 ; Gahan and Hill  1999  ) . 
The ability of microorganisms to develop resistance upon activation of adaptive 
stress responses is also bene fi cial for various industrial applications (Serrazanetti 
et al.  2009  ) , including the development of reliable starter cultures (van de Guchte 
et al.  2002  )  and selection of stabile probiotic strains (Culligan et al.  2009  ) . Den 
Besten et al. ( 2010 ) identi fi ed several cellular biomarkers for bacterial stress adap-
tive behavior at the transcriptome, proteome, and metabolome levels. In  Bacillus 
cereus  as a model microorganism, potential candidate biomarkers to stress response 
were identi fi ed, such as transcriptional regulator  s  B , catalases involved in H 

2
 O 

2
 -

scavenging, chaperones, and ATP-dependent Clp proteases involved in protein 
repair and maintenance. In an overview, Abee et al.  (  2011  )  integrated three different 
research strategies that have led to the identi fi cation of biomarkers important for 



518 J. Giacometti and D. Josić

robustness in  Bacillus cereus , and based on two-component systems (TCS) using 
comparative genomics, a meta-transcriptome data analysis of the RsbKY-controlled 
 s  B  regulon and protease transcript levels and catalase in prediction of the robustness 
level of stress-adapted  B. cereus  cells towards lethal stresses. 

 The investigations using a wide variety of environmental changes were further 
performed with  B. cereus , and were extended to the other bacteria including  Bacillus 
subtilis ,  Listeria monocytogenes ,  Escherichia coli  (Petersohn et al.  2001 ; Allen et al. 
 2008 ; van der Veen et al.  2007  ) , and  Chronobacter turicensis  (Carranza et al.  2009  ) , 
as well as with different yeast specii (Causton et al.  2001 ; Gasch et al.  2000  ) . This 
quantitative approach leads to prediction of microbial performance using cellular 
biomarkers for the early detection of food pathogens and to the control of their adap-
tive behavior that results in enhanced resistance (Callahan et al.  2006 ; Dupuis et al. 
 2008 ; Levin  2009 ). 

    26.3.1   Cold- and Heat-Stress Adaptation 

 Cold stress impairs cellular replication, transcription, and translation processes (Schmid 
et al.  2009  ) . After cold shock, mesophilic bacteria have to cope with several recognized 
problems such as too low membrane  fl uidity, too high superhelical density of the DNA 
for opening of the double helix, decrease in enzyme activities and adjusted protein 
levels, adaptation of ribosome function at low temperatures, and initiation of transla-
tion of secondary structures in RNA. Upon these conditions, appropriate signal trans-
duction processes are activated and subsequently lead to the mobilization of necessary 
stress protection measures through modi fi cations in gene expression and protein func-
tion activities (Graumann and Marahiel  1999  ) . Insights into gene expression changes 
mobilized during stress adaptation responses have recently been gained through tran-
scriptome and proteome stress analysis in bacteria. The transcriptional regulator  s  B  
functions as a central regulator of general stress responses in Gram-positive bacteria 
including the genera  Bacillus ,  Staphylococcus , and  Listeria.  This sigma factor is absent 
in various lactic acid bacteria (van de Guchte et al.  2002 ; van Schaik and Abee  2005a  ) , 
suggesting that these bacteria have developed different stress regulatory networks. 

 In  B. cereus , heat shock also had a strong  s  B -activating effect, but other stresses 
(such as ethanol shock, osmotic shock, and acid stress) were also found to lead to 
the activation of  s  B  (van Schaik et al.  2004  ) . A mechanistic understanding of the 
 s  B -activation processes and assessment of its regulons could provide tools for patho-
gen control and inactivation both in the food industry and clinical settings. 

 Some investigations studied the cold-shock response and cold-shock proteins 
using  E. coli  and  B. subtilis  as model systems. Using a combined transcriptomic and 
proteomic approach, Budde et al.  (  2006  )  identi fi ed the members of the chill-stress 
stimulon of  B. subtilis  on a genome-wide scale. A total of 580 genes, representing 
approximately 14% of the protein-coding capacity of  B. subtilis , displayed temper-
ature-dependent alterations: 279 genes were induced and 301 genes were repressed 
(Budde et al.  2006  ) . The complementation of the transcriptional pro fi ling by a 
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 proteomic approach allowed the identi fi cation of a substantial number of proteins 
up- or downregulated in low-temperature-grown  B. subtilis  cells whose structural 
genes were not identi fi ed as differentially expressed by this transcriptional analysis. 
The rather large size of this group of proteins indicates that post-transcriptional 
regulatory phenomena make major contributions to the adaptation of  B. subtilis  to 
growth at low temperature. Accumulation of stress proteins including disaggrega-
tion chaperones (DnaK and ClpB) and components of the RNA degradosome, eno-
lase, and polynucleotide phosphorylase (PNP) was increased at higher temperatures 
in  E. coli . At 42°C, over-expression of the inclusion body-associated proteins A and 
B (ibpAB) and increased alpha-glucosidase activity were noted in the study of 
Lethanh et al.  (  2005  ) . These authors suggest that the ratio of IbpA/IbpB has heat-
shock proteins a major function in cell protection during stressful situations. Better 
understanding of the cold-shock response of food-borne pathogens is necessary to 
prevent food spoilage and poisoning. The enterohemorrhagic  E. coli  O157 (EHEC) 
strain (B-1) showed signi fi cantly higher resistance to cold stress compared to non-
pathogenic  E. coli  K-12 DH5 a . Using comparative proteomic analysis of hypo-
thermally adapted  E. coli  O157 wild-type and rpoS mutant strains, Vidovic et al. 
 (  2011,    2012  )  identi fi ed proteins that were differentially expressed upon cold tem-
perature, for example, RpoS, a 37.8-kDa protein that regulates the expression of 
proteins involved in homeoviscous adaptation during cold shock, as well as various 
proteins involved in central metabolic pathways of this food-borne pathogen. 

 Bacterial thermosensing functions probably stem from the membrane and are 
compatible with the proposed membrane location of peptidyl glutamyl peptide 
hydrolase (PgpH). Liu et al.  (  2006  )  suggest that the PgpH multidrug resistance pro-
tein is a potential mediator of cold signaling in  L. monocytogenes . Altered expres-
sion of numerous gene transcripts and proteins was observed in  L.monocytogenes  
cells adapted to cold exposure (Cacace et al.  2010 ; Schmid et al.  2009 ; Chan 
et al.   2008  ) . Cacace et al.  (  2010  )  analyzed proteomic changes underlying the cold 
adaptation response into key cellular events of  L. monocytogenes  that allow the 
survival and multiplication even at refrigeration temperatures. Adaptation processes 
related to proteins implicated in metabolic pathways for energy production, such as 
glycolysis and Pta-AckA pathway, were present at a higher level in the cells grown 
at 4°C. Increased cold-shock protein (Csp) synthesis and activity at low tempera-
tures provides DNA and RNA chaperone functions, which are needed in cold-
exposed  L. monocytogenes  cells to help resolve structural hurdles of nucleic acids 
(Schmid et al.  2009  ) . These proteins are required for ef fi cient cold as well as osmotic 
stress tolerance of this bacterium. Schmid et al.  (  2009  )  showed that their functional 
importance differs, depending on the environmental stress conditions: 
CspA > CspD > CspB in response to cold stress versus CspD > CspA/CspB in 
response to NaCl salt osmotic stress. In addition, CspA homologues are involved in 
diverse phenomena such as response to freezing conditions, stationary phase, 
osmotic stress, starvation, antibiotic biosynthesis, resistance to antimicrobial pep-
tides, inhibition of replication, heat resistance of the spores, UV sensitivity, and so 
on (Derzelle et al.  2003 ; Katzif et al.  2003 ; Leblanc et al.  2003 ; Mangoli et al.  2001 ; 
Movahedi and Waites  2002 ; Yamanaka and Inouye  1997  ) . 
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 In  Cronobacter turicensis 3032  (Carranza et al.  2009  )  14 housekeeping factors 
were identi fi ed under various stress conditions. These proteins belong to membrane-
bound zinc metalloproteases, cytoplasmic proteases, complex-forming ATPase, 
periplasmic serine proteases, and peptidases. In a following study Carranza et al.’s 
 (  2010  )  quantitative proteomics approach was used to investigate the adaptive resil-
ience of this bacterium grown at different temperatures. The presented study sug-
gests that the opportunistic pathogen compensates suboptimal growth temperatures 
by multifaceted alterations in its protein expression pro fi le and increases the pro-
duction of various potential virulence factors when exposed to elevated 
temperature. 

 Inasmuch as temperature treatment for food occurs at approximately 12°C, it is 
expected that  Staphylococcus aureus  adjusts its metabolism to colder temperatures 
before growing in this matrix. Sánchez et al.  (  2010  )  performed a proteomic com-
parison following two molecular strategies,  in vivo , for the process of acclimatisa-
tion of  S.aureus  to cold temperatures. The identi fi cation of two different protein 
patterns associated with cold acclimation shows differentiation between patterns in 
glycolytic proteins (pattern A) and general stress and regulatory proteins (pattern 
B). It should be mentioned that the protein cell-binding factor (PEB1),  fi bronectin 
binding protein (CadF), and cytolethal distending toxin B (CDT) have been known 
to be virulence factors of  Campylobacter jejuni  (van Vliet and Ketley  2001 ; Konkel 
et al.  2001  ) . 

 Fifteen and twenty differentially expressed proteins were de fi ned for  C. jejuni  
cultured at 37°C and 42°C on agar and in broth, respectively. Subsets of these pro-
teins are optimally expressed at 37°C and may contribute to the host adaptation and/
or the pathogenicity in the human intestinal tract (Zhang et al.  2009  ) . Hwang et al. 
 (  2011  )  studied survivability of an rpoN missing mutant compared with the wild-
type  C. jejuni  under various stress conditions. The rpoN mutant was more sensitive 
to osmotic stress (0.8%, w/v, NaCl), more susceptible to acid stress (pH 5), more 
resistant to hydrogen peroxide, and had little resistance to alkaline pH, heat, cold, 
and antimicrobials. The authors suggest that RpoN plays an important role in 
 C. jejuni’s  defense against various stresses which this bacterial pathogen may 
encounter during transmission to and infection of humans. 

 Better cryotolerance is exhibited by cells that are cold-shocked prior to freezing. 
Therefore, food-spoilage bacteria can be sensitized to damage caused by cold tem-
peratures through direct freezing of the food (Willimsky et al.  1992 ; Azizoglu et al. 
 2009 ; Grzadkowska and Grif fi ths  2001  ) . Similarly, cryotolerance of economically 
important microorganisms such as lactic acid bacteria starter cultures can be 
improved, so that economic losses resulting from reduced starter culture’s activity/
viability due to harsh temperature changes in the fermentation processes are mini-
mized (Kim and Dunn  1997 ; Bâati et al.  2000 ; Streit et al.  2008  ) . 

 Under heat stress, upregulated genes are coding proteins involved in processes of 
immediate pertinence, including energy production through carbohydrate and lipid 
metabolism, metabolite transport, respiration, redox balance, and ROS detoxi fi cation, 
cell wall modi fi cation, and DNA damage repair as well as protein chaperones that 
are used for refolding and degradation. Görner et al.  (  2002  )  show that phosphorylation 



52126 Microbial Proteomics for Food Safety

of the nuclear localization signal of Msn2p transcription factors by protein kinase 
A (PKA) controls the cytoplasmic relocalization of the protein speci fi cally in 
response to glucose repletion. On the other hand, the relocalization of Msn2p in 
response to other conditions is independent of this domain and may be primarily 
controlled by alterations in nuclear export. Transcription factors Msn2 and Msn4 
are involved in heat-stress response. The mRNA levels of translation-related genes 
tend to decrease, until the heat-shock factor Hsf1 does not change (Fonseca et al. 
 2012  ) . Hsf1 and Msn2/Msn4 transcription factors in  Saccharomyces cerevisiae  play 
important roles in cellular homeostasis by activating gene expression in response to 
multiple stresses including heat shock, oxidative stress, and nutrient starvation. 
Yak1 kinase plays a central role in mediating PKA-dependent inhibition of Hsf1 
and Msn2/Msn4 (Lee et al.  2008  ) . This knowledge will help us to understand the 
remarkable ability of yeast and other organisms to survive stressful variations in 
their environment. 

 The mold  Aspergillus fumigatus  is able to survive at temperatures higher than 
55°C (around 70°C). This heat resistance of  A. fumigatus  differs from other  Aspergilli  
and may contribute to its virulence by increased level of heat-shock proteins (Hsp) 
(Bhabhra and Askew  2005  ) . During the heat-shock response, the proteins Hsp30/
Hsp42 and Hsp90 showed the highest increase in abundance (Albrecht et al.  2010  ) . 

 In order to survive stress caused by processing, food-borne pathogens have 
developed distinct regulatory mechanisms as an adaptation to new environmental 
conditions (see Table  26.1 ). For example, a diverse range of post-translational 
modi fi cations after cold- and heat-stress factors can further regulate the activity and 
abundance of speci fi c proteins in bacterial, yeast, and fungal cells, thereby control-
ling key processes that contribute to the virulence of these organisms.   

    26.3.2   Osmotic Stress Adaptation 

 Salt (NaCl) is one of the most commonly employed agents for food preservation, 
allowing considerable increase in storage time by reducing water activity. Osmotic 
stress of pathogens is linked to survival and growth at high salt levels and low water 
activity. Cellular stress adaptation can contribute to a better understanding of strate-
gies and possible cross-protection mechanisms on the basis of transcriptomic and 
phenotypic characteristics (den Besten et al.  2009  ) . The transcriptome pro fi les for 
two salt conditions were compared in order to investigate the overlap and to identify 
speci fi c responses of mildly (2.5% NaCl,w/v) and severely (5% NaCl, w/v) salt-
stressed cells. The whole-genome expression analyses of mildly and severely salt-
stressed  Bacillus cereus  cells revealed an overlap in the transcriptome response. 

 The physiological response of  Bacillus subtilis  to changing osmolality has been 
analyzed in substantial detail at the level of single genes or proteins (Bremer  2002  ) . 
It is known that many membrane proteins, especially transporters of compatible 
solutes and ions, play a crucial role in adaptation of  B. subtilis  to salt stress. 
Transcriptomic and proteomic approaches can provide a view of the dynamic 
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changes occurring in salt-stressed  B. subtilis  cultures because these studies provide 
an unbiased view of cells copying with high salinity. Furthermore, salt stress induced 
the transcription of osmoprotectant transporters and can also provide protection 
against other stresses, such as heat (Holtmann and Bremer  2004  )  and chilling 
(Wemekamp-Kamphuis et al.  2004a  ) . 

 Hahne et al.  (  2010  )  applied whole genome microarray technology and meta-
bolic labeling by use  14 N- and  15 N-labeled media for quantitative proteomic analy-
sis. Their results indicate a well-coordinated induction of gene expression 
subsequent to an osmotic upshift, that involves large parts of the SigB, SigW, SigM, 
and SigX regulons (genes that regulated by the same regulatory protein). About 
500 osmotic upregulation genes of  B. subtilis  genes were detected and they are a 
rich basis for further in-depth investigation of the physiological and genetic 
responses of  B. subtilis  to hyperosmotic stress. 

  Listeria monocytogenes  can survive a variety of environmental stresses, such as 
high salt levels, as well as a range of temperatures and also it is able to tolerate acidic 
conditions. Consequently this high degree of bacteria resistance is a reason for 
dif fi culties in controlling this pathogen in food (Soni et al.  2011a  ) . Another problem 
is the  L.monocytogenes  resistance related to treatment during food processing and 
preservation. Accumulation of glycine betaine and carnitine occurs via glycine 
betaine transporters encoded by the betL gene and the gbu operon (Ko and Smith 
 1999 ; Sleator et al.  1999  )  and carnitine transporter encoded by the opuC operon 
(Angelidis et al.  2002  ) . Increased uptake of glycine betaine and carnitine osmolytes 
via betL, gbu, and opuC encoded transporters is crucial under hyperosmotic condi-
tions and prevents intracellular water loss by counteracting external osmolarity and 
keeping the macromolecular structure of the cells intact (Gardan et al.  2003 ; Soni 
et al.  2011a,   b  ) . In order to achieve a better understanding of the impact of salt stress 
during food processing and preservation, Duché et al.  (  2002a,   b  )  studied the effect 
of NaCl (3.0– 6% NaCl, w/v, concentration) on protein expression of  L. monocyto-
genes . Identi fi cation of salt-shock proteins and salt-acclimation proteins was per-
formed by 2-D electrophoresis followed by mass spectrometry (MS) or N-terminal 
sequence analysis and database searching (Duché et al.  2002a,   b  ) . Salt presence 
stimulates the synthesis of glyceraldehyde-3-phosphate dehydrogenase (Gap), pyru-
vate dehydrogenase A (PdhA), pyruvate dehydrogenase D (PdhD), and phospho-
glycerate mutase (Pgm). These proteins may represent vital enzymes of catabolic 
metabolism. Other salt-stress proteins identi fi ed in  L. monocytogenes  also appeared 
to have a broad spectrum of functions. Duché et al.  (  2002a  )  revealed that one pro-
tein, GbuA, over-expressed in the presence of salt, is directly connected to the salt-
stress response. This response is also connected with the general stress response, as 
two general stress proteins, Gsp (heat-shock protein, DnaK, and general stress pro-
tein, Ctc), were induced after salt stress. 

 These transporter systems expressed under hyperosmotic stress conditions were 
also found as the ones expressed under cold stress (Mendum and Smith  2002 ; 
Schmid et al.  2009 ; Wemekamp-Kamphuis et al.  2004a  ) , suggesting that some of 
the mechanisms counteracting osmotic and cold stress may be common in  L. mono-
cytogenes . These observations also reveal a complex process in understanding the 
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mechanisms of actions of both salt-shock proteins (Ssp) and stress acclimation 
 proteins (Sap) (Duché et al.  2002a  ) . 

 The overview of some genomics and proteomics investigations and identi fi ed 
genes and proteins associated with salt stress in two most studied bacteria 
 L. monocytogenes  and  B. cereus  is shown in Table  26.2 .   

    26.3.3   High Hydrostatic Pressure (HHP) Stress Adaptation 

 High-pressure processing (HHP) is a nonthermal process used in inactivation and 
elimination of pathogenic and food spoilage microorganisms (Considine et al. 
 2008  ) . The use of HHP technology is one of the recently developed methods for 
food preservation (Hugas et al.  2002  ) . 

 Pressure treatment induced various changes in microbial cells, including altera-
tions in the cell membrane, cell morphology, effects on proteins, including enzymes, 
and effects on genetic mechanisms of microrganisms. However, the mechanisms of 
microbial inactivation by HHP are still not fully understood (Pagán and Mackey 
 2000  ) . Martínez-Gomariz et al.  (  2009  )  analyzed changes in the proteome of  Bacillus 
cereus  during the HHP treatment and found qualitative differences in some identi fi ed 
differently expressed proteins. 

 Microorganisms vary in their response to pressure (Patterson  2005  ) . Generally, 
Gram-positive bacteria are more resistant to pressure than Gram-negatives and 
cocci. Certain bacteria and strains, such as  Escherichia coli  O157:H7 and three 
strains of  Listeria monocytogenes  can be exceptionally pressure resistant. HHP 
treatment ranges from 200 to 800 MPa for a period from 5 to 30 min depending on 
the food matrices and microorganisms (Patterson  2005  ) . Little is known about the 
pressure sensitivity of toxic mold growth. Their inactivation was often combined 
with shock or other processes such as post heat shock (Tribst et al.  2009  ) . 

  E.coli  shows that its physiological tolerance limits are well below pressure levels 
applied during food HPP, which typically ranges from 300 to 800 MPa. It is assumed 
that many cellular processes are involved in cell maintenance and repair (Manãs and 
Mackey  2004 ; Bozoglu et al.  2004  ) . 

 Vanlint et al.  (  2012  )  examined and compared the intrinsic potential for HHP 
resistance development among strains of  Escherichia coli, Shigella  fl exneri, 
Salmonella typhimurium, Salmonella enteritidis, Yersinia enterocolitica, Aeromonas 
hydrophila, Pseudomonas aeruginosa , and  Listeria innocua  using a selective enrich-
ment approach. 

 It was found that HHP resistance could only be detected in some of the  E. coli  
strains, indicating that a speci fi c genetic predisposition might be required for resis-
tance development. HHP resistance proved to be a very stable trait that was main-
tained for >80 generations in the absence of HHP exposure. The authors suggest 
that, at the mechanistic level, HHP resistance not necessarily linked to derepression 
of the heat-shock genes, and not related to the phenomenon of persistence. 
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   Table 26.2    Overview of some gene and proteins associated with salt stress in  Listeria  monocytogenes  
and  Bacillus cereus    

 Stress adaptation gene/
protein system  Functional description 

  Listeria 
monocytogenes  

  Bacillus 
cereus  

  Chaperons  
 dnaK/Hsp70  Chaperone Hsp70, 

co-chaperone 
with DnaJ 

 Duché et al.  (  2002a  )  

 ClpB, ClpC, ClpE, ClpP  ATP dependent Clp 
chaperone 
and protease 

 den Besten 
et al.  (  2009  )  

  Metabolism  
  Carbohydrate metabolism  
 odhA  L-lactate dehydrogenase 

A chain 
 den Besten 

et al.  (  2009  )  
 PdhA  PdhA protein  Duché et al.  (  2002a  )  
  Hydrogen peroxide; superoxide metabolic process  
 katA  den Besten 

et al.  (  2009  )   katB 
 PerR  Olsen et al.  (  2005  )  
  Primary metabolic process  
 YvyD  Duché et al.  (  2002a  )  
  Organic acid metabolic 

process  
 Ack A  Acetate kinase  Duché et al.  (  2002a  )  
  Amino-acids synthesis  
 CysK  Cysteine synthase A  Duché et al.  (  2002a  )  
  Protein biosynthesis  
 TufA  Protein translation 

elongation factors 
 den Besten 

et al.  (  2009  )  
 EF-Tu  Elongation factor Tu  Duché et al.  (  2002a  )  
  Guanosine tetraphosphate metabolic process  
 PgpH  Bifunctional (p) ppGpp 

synthase/hydrolase 
SpoT 

 Liu et al.  (  2006  )  

  Translation  
 rpsJ  30S ribosomal protein 

S10 
 den Besten 

et al.  (  2009  )  
 S6  30S ribosomal protein 

S6 
 Duché et al.  (  2002a  )  

  Transcription  
 lisRK  Two-component 

regulatory system 
 Sleator and Hill  (  2005  )  

 RsbV  Anti-antisigma factor 
protein 

 Raengpradub et al. 
 (  2008  )  

 SigB  Truncated RNA 
polymerase sigma 
factor SigB 

 den Besten et al.  (  2009  )  

 rsbY  Activator of SigB ( s  B ) 

(continued)
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Table 26.2 (continued)

 Stress adaptation gene/
protein system  Functional description 

  Listeria 
monocytogenes  

  Bacillus 
cereus  

 Csps  Cold shock domain 
proteins, CspA, 
CspB, CspG, CspI 

 Schmid et al.  (  2009  )  

 CarD-like transcriptional 
regulators 

 Transcriptional regulator  den Besten 
et al.  (  2009  )  

 CcpA  Catbolite control 
protein A 

 Duché et al.  (  2002a  )  

  Transport  
 OppA  Oligopeptide-binding 

protein oppA 
 Bergholz et al.  (  2010  )  

 opuA  Osmoprotectant ABC 
transporters 

 den Besten et al .  
 (  2009  )  

 opuB/C  Osmoprotectant ABC 
transporters 

 opuD/betL  Glycine betaine 
transporter 

 opuE  Osmoregulated proline 
transporter 

 AppA  Oligopeptide ABC 
transporter 

 Duché et al.  (  2002a  )  

  Redox homeostasis and antioxidant activity  
 AhpC  Alkyl hydroperoxide 

reductase 
 den Besten et al. 

 (  2009  )  
 RpoB  RNA polymerase 
 PdhD  Dihydrolipoyl 

dehydrogenase 
 Duché et al.  (  2002a  )  

 Fri  DNA binding protein of 
starved cells (Dps) 

 Olsen et al.  (  2005  )  

  Stress response  
 Hfq  RNA chaperone  Raengpradub et al. 

 (  2008  )  
 Ctc  General stress protein 

CTC 
 Duché et al .   (  2002a  )  

 HtrA  Serine protease  Stack et al .   (  2005  )  
  ATP binding and nucteotide-binding  
 OpuC, Gbu  Glycine betaine-binding 

ABC transporter 
protein (osmolyte 
transporter) 

 Wemekamp-Kamphuis 
et al.  (  2004a  )  

  Others  
 Gap  Duché et al.  (  2002a  )  
 GuaB 
 PbhD 

 The survival of  L. monocytogenes  when exposed to HHP may be in fl uenced by the 
pre-induction of stress response regulators such as SigB, which can activate several 
protective genes under stressful conditions (Karatzas et al.  2005  ) . Cold-shock pro-
teins have been observed previously to be strongly upregulated by HHP treatments 
and low temperature in  L. monocytogenes  (Wemekamp-Kamphuis et al.  2004b  ) . 
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  C. jejuni  had a speci fi c response to HHP treatment which could not be anticipated 
from the responses of other bacterial species to this stress. Examining the response 
of  C. jejuni  to HHP shock, only proteins speci fi c to oxidative stress were induced 
(Bièche et al.  2012  ) . This could explain why  C. jejuni  is rather more sensitive to 
this treatment than other Gram-negative bacteria (Solomon and Hoover  2004  ) .  

    26.3.4   Other Stress Factors 

 Antimicrobial chemicals are widely applied to clean and disinfect food- contacting 
surfaces. Oxidative stress is commonly induced by chemicals. However, the cel-
lular response of bacteria to various disinfectants is unclear. Using a genome-
wide comparative transcriptional approach, Ceragioli et al.  (  2010  )  analyze the 
general and speci fi c transcriptome responses of  B. cereus  ATCC 14579 upon 
exposure to various disinfectant treatments, such as benzalkonium chloride 
(BC), sodium hypochlorite (SH), hydrogen peroxide (HP), and peracetic acid 
(PAA). In this study, exposure to BC resulted in the upregulation of genes 
involved in fatty acid metabolism. Exposure of  B. cereus  cells to BC and SH 
treatments also resulted in upregulation of quaternary ammonium compounds 
(QACs) resistance membrane-bounded proteins that are able to enhance bacte-
rial tolerance towards other antibacterial compounds. Exposure of  B. cereus  
ATCC 14579 to HP and PAA resulted in increased levels of genes that activated 
the DNA damage repair system, including the SOS response. These results may 
affect the recontamination capacity of  B. cereus  and, in this way, food quality 
and safety. 

 The central role of RsbY in regulating the activity of  s  B  shows that in  B. cereus  
the pathway leading to the activation of  s  B  is markedly different from that in other 
Gram-positive bacteria (van Schaik et al.  2005b  ) . 

 Catalase production and activation is the important line of defense of bacteria 
against H 

2
 O 

2
 . Most bacteria produce one or more catalases, which are a by-product 

of aerobic growth of bacteria.  B. cereus  has two catalases: a thermolabile catalase 
present in vegetative cells and a thermostable catalase present in spores. van Schaik 
et al.  (  2005c  )  investigated the hyperresistance to H 

2
 O 

2
  of the  s  B  deletion mutant of 

 B. cereus  ATCC 14579. It was found that the upregulated transcription of the katA 
gene coded the main vegetative cell catalase of this bacterium played an important 
role in the hyperresistance to H 

2
 O 

2
  of this deletion of mutant. 

 Abee et al.  (  2011  )  clearly display a pattern of organization of the samples using 
three of the transcriptome samples and clustered transcriptoma data including stres-
sors as detergents (benzalkonium chloride, hydrogen peroxide, peracetic acid, 
sodium hypochlorite), ethanol, heat, various acids (HCl, lactic acid, acetic acid), 
and salt stress at different time intervals and concentrations. 

 QACs such as benzalkonium chloride (BC) and cetrimide are frequently used for 
disinfection and preservation. Several studies have linked intrinsic/natural resis-
tance of Gram-negative bacteria to tenside-based disinfectants, such as QACs, to the 
low permeability of the outer membrane, or broad-spectrum ef fl ux systems 
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(Denyer and Maillard  2002 ; Nikaido  2001  ) . Acquisition of resistance in  Escherichia 
coli  has been related mainly to changes in the composition of lipopolysaccharide 
(LPS) and fatty acids in the membrane (Ishikawa et al.  2002 ; Sakagami et al.  1989  ) . 
In contrast to antibiotics, which have very speci fi c targets within the bacterial cell, 
the biocides affect multiple cellular components. 

 Hypochlorite-responsive transcription factor, YjiE, was identi fi ed as regulator of 
a large number of genes upon hypochlorite stress. YjiE confers hypochlorite resis-
tance to  E. coli  cells (Gebendorfer et al.  2012  ) . Adapted strains, such as  E. coli  K-12 
showed increased tolerance to BC including responses normally related to the mul-
tiple antibiotic resistance (Mar) regulon and protection against oxidative stress 
(Bore et al.  2007  ) . 

  s  B  controls a large regulon in  Staphylococcus aureus , whose activation requires 
RsbU, a protein phosphatase 2C (PP2C)-type phosphatase. Pané-Farré et al.  (  2009  )  
investigated the role of RsbU (a stress signaling protein phosphatase) in controlling 
 s  B  activity in  Staphylococcus aureus  following alkaline stress. Contrary to the case 
in  B. subtilis , the induced expression of RsbU was suf fi cient to stimulate  s  B -depen-
dent transcription in  S. aureus . The obtained results suggest that the activity of the 
 S. aureus  RsbU and hence  s  B  may be subjected to different regulation in compari-
son to that in  B. subtilis . 

 Prolonged exposure to a high concentration of propionate (PA) during food pro-
cessing systems and within the gut of infected hosts have a stress effect on the pro-
teome of  Salmonella enteritidis . Calhoun et al.  (  2010  )  noted a signi fi cant difference 
in the proteomes of PA adapted and unadapted  S. enteritidis  and af fi rmed the con-
tribution of Dps and CpxR in PA-induced acid resistance. 

 A DNA-binding protein, designated as SEp22 is related to the pathogenicity of 
 Salmonella enteridis  from poultry farms. Amano  (  2011  )  analyzed diverse roles of 
this protein that are expressed during starvation of bacterial cells, and demonstrates 
its importance in the stress responses in infection and survival, as well as regulation 
of bacterial growth. 

 In conclusion, new strategies and technologies have been developed in order to 
minimize the number of cases of food contamination with pathogen agents. However, 
there are also new risks, caused by the adaptation of food-borne pathogens and 
development of new survival strategies. As a part of a survival strategy to defend 
against the host response and treatment by microbicidal agents, many food-borne 
pathogens, bacteria as well as fungi, are able to form bio fi lms. Studies of bio fi lm-
forming pathogenic bacteria and fungi are presented in the next chapter.   

    26.4   Bio fi lms 

 Many pathogenic and nonpathogenic microorganisms such as bacteria and fungi are 
able to form bio fi lms (Sauer  2003  ) . Formation of bacterial bio fi lm is the process by 
which bacteria attach to abiotic surfaces, the surfaces of other unicellular organisms, 
the epithelia of multicellular organisms, and interfaces such as that between air and 
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water (Absalon et al.  2011  ) . The type of surface adhesion enables bacteria to adapt 
themselves favorably in their environment and to survive. Surface-attached bacteria, 
which may form monolayer and multilayer bio fi lms (Karatan and Watnick  2009  ) , use 
distinct structures for adhesion in bio fi lms, and develop distinct transcriptional 
pro fi les within these two structures (Moorthy and Watnick  2005  ) . Extracellular poly-
meric substances (EPS) are comprised of biological polymers such as exopolysac-
charide, protein, and DNA (Flemming and Wingender  2010  ) ; mediate bacterial 
aggregation and surface attachment; as well as possibly also serving as a reservoir for 
extracellular degradative enzymes and the nutrients released by their function. 

 EPS substances (or matrix) is important both in the formation and structure of 
the bio fi lm and also protects the cells by preventing access of the antimicrobial and 
xenobiotics to the cells in the bio fi lm and confers protection against environmental 
stresses such as UV radiation, pH change, osmotic shock, and dessication (Hall-
Stoodley and Stoodley  2005 ; de Carvalho and da Fonseca  2007  ) . 

 The propensity to form a bio fi lm is guided by numerous environmental signals 
such as mechanical signals, nutritional and metabolic pathways, inorganic mole-
cules, osmolarity, host-derived signals, antimicrobials, and quorum sensing (QS) 
(Karatan and Watnick  2009  ) . 

 Quorum sensing (QS) regulated gene expression also contributes to bio fi lm tol-
erance (Kjelleberg and Givskov  2007  ) . In addition to QS molecules, a diversity of 
other signals triggers bio fi lm formation. These include secondary metabolites such 
as antibiotics, pigments, and siderophores (López et al.  2010  ) . A study of these 
signals in their natural setting is critical to an understanding of their role in adapta-
tion of the bacterium to its environment. 

 The nutritional status of the environment affects the propensity of a bacterium to 
form a multilayer bio fi lm (Karatan and Watnick  2009  ) . In response to nutrient limi-
tation, some bacteria such as  Salmonella enterica serovar Typhimurium  join a mul-
tilayer bio fi lm (Gerstel and Romling  2001  ) . In these organisms, the stationary-phase 
sigma factor, RpoS, activates many of the genes needed for bio fi lm formation 
(Gerstel and Romling  2003  ) . 

 On the other hand, nutrient-rich environments promote bio fi lm formation in 
 V. cholerae , where RpoS participates in repression of genes required for bio fi lm 
formation (Yildiz et al.  2004  ) . It follows that formation of bio fi lm depends on the 
environment and bacterium that inhabit it. 

 The phenomenon of resistance within bio fi lms can be explained by several 
mechanisms, including delayed penetration of the antimicrobial agents into the 
bio fi lm extracellular matrix, slowing of growth rate of organisms within the bio fi lm, 
or other changes that include interaction of the organisms with a surface. Better 
knowledge of bio fi lm formation and the mechanism of its degradation will provide 
important information for successful development of sanitation plans (Lewis and 
Klibanov  2005  ) . The ultimate composite is a bio fi lm that is resistant to cleaners and 
sanitizers and is extremely dif fi cult to remove (Bridier et al.  2011 ; Krysinski et al. 
 1992 ; Zottola  1994  ) . 

 A signi fi cant number of studies reported on the persistence of some food-borne 
pathogens on food contact surfaces and bio fi lms, affecting the quality and safety of 
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the food products (Simões et al.  2010  ) . If microorganisms from food contact  surfaces 
are not completely removed, they can contribute to bio fi lm formation and also 
increase the potential of cross-contamination (Hinton and Mead  1991  ) . These new 
control strategies are constantly emerging with main incidence in the use of biosolu-
tions (enzymes, phages, interspecies interactions, and antimicrobial molecules from 
microbial origin) (Sillankorva et al.  2004 ; Chaignon et al.  2007 ; Dean et al.  2011  ) . 

 In the food industry, the occurrence of bio fi lms in food-processing environments 
can cause post-processing contamination leading to lower shelf-life of products 
and transmission of diseases (Poulsen  1999  ) . Various structures such as  fl agella, 
 fi mbriae, outer membrane proteins, curli, and EPS are involved in bio fi lm forma-
tion. Flagella play an important role in the early stages of bacterial attachment by 
overcoming the repulsive forces associated with the substratum (Giaouris and 
Nychas  2006  ) . 

 Some microorganisms, such as the sporogen bacterium  Bacillus cereus  
(Oosthuizen et al.  2002  ) , the Gram-positive bacterium  Listeria monocytogenes  
(Trémoulet et al.  2002a  ) , and some pathogenic  E. coli strains  (Trémoulet et al. 
 2002b  ) , form bio fi lm on the surface of stainless containers and other abiotic sur-
faces.  B. cereus , a dairy-associated toxigenic bacterium, readily forms bio fi lm on 
various surfaces and was used to gain a better understanding of bio fi lm development 
by Gram-positive aerobic rods. The uniquely secreted PGW-bio fi lm proteins include 
both enzymes and signal molecules. The amounts of several proteins in attached and 
planktonic cells grown in the presence of glass wool (PGW) cells are signi fi cantly 
different from the amounts in planktonic cells. 

 It was found that increased levels of sporulation protein YhbH in both attached 
and PGW cells were observed within 2 h, indicating that this protein may play an 
important role in regulation of the bio fi lm phenotype of  B. cereus . Authors conclude 
that  B. cereus  DL5 readily adapt to an attached mode of growth, with dense bio fi lm 
structures developing within 18 h after inoculation when glass wool was used as a 
surface (Oosthuizen et al.  2002  ) . 

 The presence of microorganisms on food contact surfaces due to inadequate 
cleaning and disinfection of food-processing environments as well as the ability of 
pathogens to adhere and form bio fi lms, is one of the most common causes of food 
spoilage and transmission of food-borne diseases.  Listeria monocytogenes  and 
 Salmonella enterica  are two of the most common food-borne pathogens responsible 
for numerous disease outbreaks worldwide every year (CDC  2011a,   b  ) . The bio fi lm-
forming bacteria can resist very aggressive cleaning procedures, and can cause seri-
ous contaminations in the pharmaceutical and food industries. Better knowledge of 
bio fi lm formation and the mechanism of its degradation can be useful to prevent 
contamination by these bacteria (Rodrigues et al.  2011  ) . 

 Mangalappalli-Illathu et al.  (  2008  )  examined the adaptive response and survival 
of planktonic and bio fi lm phenotypes of  Salmonella enterica  serovar  Enteritidis  
adapted to benzalkonium chloride (BC). Their results suggest that enhanced bio fi lm-
speci fi c upregulation of 17 unique proteins, along with the increased expression of 
CspA, TrxA, Tsf, YjgF, and a probable peroxidase, phenotype-speci fi c alterations 
in cell surface roughness, and a shift in fatty acid composition were affected 



53526 Microbial Proteomics for Food Safety

to enhance survival to the BC-adapted bio fi lm cell population relative to their 
BC-adapted planktonic cell counterparts. 

 Bio fi lm formation can be important in the colonization of the food-borne pathogen 
 Listeria monocytogenes  in the food-processing environment (Hefford et al.  2005  ) . 
After growth at 37°C, 568 formed adherent multicellular layers were examined on 
a variety of test surfaces with multiple transfers of the test surface into fresh medium. 
The proteomes from bio fi lm- and planktonic-grown cells from the same cultures 
were compared. Nineteen proteins were successfully identi fi ed from the 2-D gels 
using a combination of MALDI-TOF and MS/MS. Highly expressed proteins in 
bio fi lm-grown cells were involved in stress response, envelope and protein synthe-
sis, biosynthesis, energy generation, and regulatory functions. 

 van der Veen and Abee  (  2010  )  investigated the role of sigB in  L. monocytogenes  
static and continuous- fl ow bio fi lm formation and its function in the resistance of 
bio fi lm cells to the disinfectants benzalkonium chloride and peracetic acid. 

 Quantitative real-time PCR and promoter reporter studies showed that sigB is 
activated in static and continuous- fl ow bio fi lms. Bio fi lm formation studies using an 
in-frame sigB deletion mutant and complementation mutant showed that the pres-
ence of SigB is required to obtain wild-type levels of both static and continuous-
 fl ow bio fi lms. Finally, disinfection treatments of planktonically grown cells and 
cells dispersed from static and continuous- fl ow bio fi lms showed that SigB is 
involved in the resistance of both planktonic cells and bio fi lms to the disinfectants 
benzalkonium chloride and peracetic acid. 

  Escherichia coli  0157:H7 bio fi lms were studied in order to identify some of the 
proteins involved in the bio fi lm phenotype (Trémoulet et al.  2002b  ) . Using pro-
teomic analysis of sessile or planktonic bacteria of the same age and comparison of 
two-dimensional gels showed clear differences between protein patterns of sessile 
and planktonic cells. Seventeen proteins were found in bio fi lms, of which 14 
increased and 3 decreased in bio fi lms. Ten proteins were identi fi ed by MALDI-
TOF-MS and classi fi ed into four categories according to their function: (1) general 
metabolism proteins (malate dehydrogenase, thiamine–phosphate pyrophosphory-
lase), (2) sugar and amino acid transporters (d-ribose-binding periplasmic protein, 
d-galactose-binding protein, YBEJ), (3) regulator proteins (DNA starvation protein 
and H-NS), and (4) three proteins with unknown function. The results of this study 
showed that  E. coli  O157:H7 modi fi ed the expression of several proteins involved 
in bio fi lm growth mode. 

  Camphylobacter jejuni  11168 can form bio fi lms on a variety of surfaces 
(Kalmokoff et al.  2006  ) . Proteomic analyses of planktonic and bio fi lm-grown cells 
showed differences in protein expression pro fi les between these two growth modes. 
Proteins in bio fi lms involved in the motility complex, such as the  fl agellins (FlaA, 
FlaB), the  fi lament cap(FliD), the basal body (FlgG, FlgG2), and the chemotactic 
protein (CheA), exhibited higher levels of expression than those found in the sta-
tionary-phase planktonic cells. In addition, Kalmokoff et al.  (  2006  )  showed the 
increased expression of proteins involved in the general (GroEL, GroES) and oxida-
tive (Tpx, Ahp) stress responses, two known adhesins (Peb1, FlaC), and proteins 
involved in biosynthesis, energy generation, and catabolic functions. Inactivation 
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of genes that affect the  fl agellar  fi lament ( fl iA,  fl aA,  fl aB,  fl aG) or the expression of 
the cell adhesin ( fl aC) also resulted in a delay in pellicle formation. These results 
indicate that the  fl agellar motility complex plays a crucial role in the initial attach-
ment of  C. jejuni  11168 to solid surfaces during bio fi lm formation as well as in the 
cell-to-cell interactions required for pellicle formation, and suggests a role for the 
 fl agellar apparatus in the bio fi lm phenotype. 

 Proteomic analysis of the bio fi lm matrix of a Gram-negative bacterium,  Vibrio 
cholerae , was performed in order to explain the function of bio fi lm matrix proteins 
(Absalon et al.  2011  ) . The prepared protein mixtures were analyzed by MS/MS. 
Using  in silico  strategy to predict the subcellular localization of identi fi ed proteins, 
Absalon et al.  (  2011  )  found that 10 of 74 extracytoplasmic proteins were secreted 
and were candidate bio fi lm matrix-associated proteins. NusA, a transcription elon-
gation factor, was identi fi ed in the proteomic analysis, predicted to be secreted. 
Other identi fi ed secreted proteins included bacterial appendages such as the man-
nose-sensitive hemagglutinin type IV pilus (MshA) and the  fl agellum as well as 
RbmA and RbmC, co-regulated with the VPS synthesis genes. Three proteins not 
previously associated with bio fi lms were also identi fi ed, such as a hemolysin 
(HlyA), a chitinase, and the hemagglutinin/protease (HAP). Of these proteins 17 
were located in the outer membrane (OM), and 26 were located in the periplasm. 
The location of 18 proteins could not be predicted with certainty. It was found that 
the RbmA protein, which is evenly distributed in the bio fi lm, strengthens intercel-
lular interactions, whereas communally synthesized Bap1 concentrated at the 
bio fi lm–surface interface and stabilized the association of the multilayer bio fi lm 
with the surface. This study provided evidence for spatial and functional differentia-
tion of proteins in the bio fi lm matrix and suggested bacterial cooperation in stabili-
zation of multilayer bio fi lm surface association and recruitment of new members. 

  Candida albicans  is the most commonly isolated fungus associated with bio fi lms, 
drug-resistant microbial communities formed on medical devices. Lattif et al.  (  2008  )  
used two-dimensional difference-in-gel electrophoresis (DIGE)-based proteomics 
to identify differentially expressed proteins in C. albicans bio fi lms grown to early 
and mature phases, compared to planktonic cells. This study provided a proteomic 
dataset subjected to pathway mapping to reveal phase-speci fi c pathways that are 
differentially expressed in bio fi lm cell walls and extracellular matrix (EPS). There 
were 107 proteins differentially expressed in EPS, and 44 were differentially 
expressed in cell walls during bio fi lm formation, compared to planktonic controls. 
Furthermore, 95% (102/107) and 68% (30/44) of these differentially expressed pro-
teins were upregulated in EPS and cell walls of bio fi lms and were mapped to cel-
lular pathways. Taking into account the results obtained from this study, the authors 
demonstrated that EPS and cell walls of  C. albicans  bio fi lms increase levels of 
speci fi c proteins within pathways in a phase-dependent manner. They suggested 
that these pathways, especially glycolysis/gluconeogenesis, play critical roles in 
fungal bio fi lm formation and maintenance. 

 Villena et al.  (  2009  )  investigated an initial pro fi ling of the intracellular proteome 
of  Aspergillus niger  ATCC 10864 bio fi lm cultures developed on polyester cloth. 
Using 2D-PAGE and MS-TOF analysis, the proteome of conventionally grown 
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free-living submerged cultures was compared to  A. niger  ATCC 10864. Proteomic 
maps showed different expression patterns in both culture systems with differen-
tially expressed proteins in each case, where in bio fi lm cultures were over-expressed 
and differentially expressed 19% and 32% of the selected protein spots. These pre-
sented results shows signi fi cant differences between the proteomes of  A. niger  
bio fi lm and free-living mycelia. These results indicate that cell adhesion is the most 
important stimulus responsible for bio fi lm development which is the basis of sur-
face adhesion fermentation (Villena et al.  2009  ) . 

 Proteomics have been helpful to gain some insight to increased microorganism 
resistance in bio fi lms. Despite the remarkable improvements in proteomics tech-
nologies in the past few years, the number of these studies is still insuf fi cient. 

 For this reason, more aggressive, innovative, high-throughput, global-level pro-
teomic studies are required, particularly for bio fi lms from  in vivo  clinical sources as 
well as in food safety. 

 The use of proteomics with the simultaneous application of genomics and other 
multidimensional technologies may provide a complete view of these problems.      
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          27.1   Introduction 

 Diseases caused by infectious prions, otherwise called transmissible spongiform 
encephalopathies (TSEs) make up a rare group of invariably fatal neurodegenerative 
diseases that affect both humans and animals (Prusiner  1998  ) . The most notable 
being bovine spongiform encephalopathy (BSE) or mad cow disease in cattle that 
has had major agricultural and economic impacts worldwide, especially in Western 
Europe and North America. The prion is a unique infectious agent composed 
entirely, or almost entirely, of an abnormal conformer (PrP Sc ) of the normal host 
prion protein (PrP C ) that accumulates during disease progression. The major public 
health concern is that BSE prions can be transmitted to humans by ingestion of 
contaminated beef to cause the new variant Creutzfeldt–Jakob disease (vCJD). 
Recently, human-to-human transmission of vCJD, has been reported through blood 
transfusion (Llewelyn et al.  2004  ) . Of concern recent evidence suggests that such 
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human-adapted prions are much more readily transmitted from human to human via 
this route than via the ingestion of BSE prions from contaminated meat products 
(Bishop et al.  2006  ) . Other food animals affected by TSEs are sheep and goats 
(Scrapie) and deer and elk (Chronic Wasting Disease, CWD). Although scrapie has 
been endemic for hundreds of years in many parts of the world its transmission to 
humans has never been reported. CWD has only recently been recognized, however, 
the incidence has increased markedly within North America and although it has not 
been linked to CJD either epidemiologically, or by laboratory con fi rmation, there is 
still a concern over the possibility for cross-species transmission (Belay et al.  2004 ; 
Raymond et al.  2000  ) . 

 The prion protein, PrP C , is a ubiquitously expressed, 35–36-kDa glycoprotein 
linked to the cell membrane, in lipid rafts, by a glycosylphosphatidylinoisitol (GPI) 
anchor. Its normal structure is predominantly alpha-helical whereas the disease 
associated conformer, PrP Sc , is enriched in beta-sheets and is protease resistant. The 
molecular process that drives this conformational change is still poorly understood 
but speci fi c post-translational modi fi cations do not appear to play a role. PrP Sc  has 
characteristic biochemical and biophysical properties, most notably resistance to 
treatments such as denaturants, hydrolysis, radiation, and high temperatures that 
would normally inactivate infectious agents. These include autoclaving at 121°C, 
0.5% bleach, hydrogen peroxide, or ultraviolet (UV) irradiation. Decontamination 
of prions requires on autoclaving at 134°C for extended periods of an hour or more, 
chemical treatment with 2M NaOH for an hour or mixing with bleach for a  fi nal 
concentration of 2% available chlorine for one    hour prior to disposal. In practical 
terms this means that prions that are contaminating food-stuffs cannot be inacti-
vated by usual means. 

 On a positive note methodologies to detect PrP Sc  are both sensitive and com-
pletely speci fi c for post-mortem diagnosis of infected animals by analysis of brain 
tissue. PrP C  is most highly expressed in the brain and this tissue therefore provides 
the substrate pool and site for the majority of prion replication and PrP Sc  accumula-
tion. PrP Sc  is resistant to the enzyme proteinase K (PK) and can be selectively 
detected by Western Blot or ELISA after PK digestion of brain tissue. It is this PK 
resistance of PrP Sc  that is exploited by all commercially available  tests used for 
TSE’s. Live animal surveillance, however, would require methodologies suitable for 
testing readily accessible tissues such as blood or urine. However, PrP C , and hence 
PrP Sc , are present in extremely small amounts in body  fl uids as well as in peripheral 
tissues such as muscle; this precludes direct testing. Recently novel ampli fi cation 
techniques have been developed that can considerably increase the sensitivity of 
PrP Sc  detection. These are based on the ability of PrP Sc  to recruit and catalyze the 
conversion of a pool of normal PrP C , thus “amplifying” the original infectious seed. 
Ampli fi cation can be increased by breaking down the resulting aggregated seeds of 
PrP Sc  to smaller units which in turn act as seeds for further replication until levels of 
PrP Sc  are detectable by Western blot or ELISA. This methodology is almost analo-
gous to that of the polymerase chain reaction for nucleic acids and the term  protein 
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misfolding cyclic ampli fi cation  (PMCA) has been coined to describe it (Barria et al. 
 2012  ) . These developments may provide the sensitivity necessary for a blood or 
food screening test useful for some of the transmissible TSEs. One caveat, however, 
is the recently reported existence of PK-sensitive, pathological isoforms of PrP that 
may have a signi fi cant role in the pathogenesis of some prion diseases (Gambetti 
et al.  2008  ) . These novel isoforms of PrP Sc  have unique biochemical properties 
including increased sensitivity to PK digestion, and may be generated in sporadic or 
acquired disease. Given this nuance and the tiny amounts of PrP Sc  present in readily 
sampled tissues, the development of alternative diagnostic tests that do not rely on 
PK digestion would be useful. 

 The search for nonprion biomarkers of TSE disease has had a long history, pri-
marily in regard to diagnosis of human cases of Creutzfeldt–Jakob disease, rather 
than animal TSEs. A biomarker can be any discriminative feature that can be mea-
sured objectively and used as an indicator of biological processes such as normal 
health, pathogenic processes, or pharmacological responses to a therapeutic treat-
ment. Biomarkers include physical traits such as temperature or blood pressure, 
imaging of pathological features such as amyloid deposition or ventricular volume 
changes in the brain, and the presence of biological molecules in tissues and body 
 fl uids such as blood or urine. Proteomics are particularly suited to  fi nding protein 
markers that may be indicative of disease and these can subsequently be harnessed 
in a manner appropriate for high-throughput testing, such as ELISA. 

 The detection of nonprion protein markers by Western blotting or ELISA of 
cerebrospinal  fl uid (CSF) from patients is routinely used in the diagnosis of CJD. 
One of these proteins is a 30-kDa polypeptide that belongs to the 14–3–3 family 
of proteins, which is a normal neuronal protein that is released into the CSF after 
neuronal insult. Its detection, in conjunction with clinical indicators of prion dis-
ease, is widely used as diagnostic evidence of sCJD (sporadic CJD), iCJD (iatro-
genic SJD), and the genetic form of CJD (Blennow et al.  2005  ) . It is, however, 
much less sensitive for diagnosis of vCJD (variant CJD), GSS (Gerstmann-
Sträussler-Scheinker syndrome), and FFI (fatal familial insomnia) (Green et al. 
 2001  ) . Other proteins are also increased in the CSF of CJD patients including Tau 
and phospho-Tau, S-100ß, and neuron-speci fi c enolase (NSE). Levels of the tau 
protein are raised in patients affected by all forms of CJD including vCJD 
(Sanchez-Juan et al.  2006  ) . Given the utility of these CSF biomarkers in 
con fi rmatory diagnostics of CJD cases it is reasonable to assume that the use of 
the latest sensitive proteomic tools will uncover new biomarkers for human TSEs. 
In animals, however, CSF is not a convenient tissue for testing. Any biomarker to 
have comprehensive value for testing for prions within human food would ideally 
be detectable in animal muscle, blood, or urine, and be present even at preclinical 
stages of infection. 

 This review focuses on efforts to date to harness proteomic technologies to iden-
tify potential diagnostic biomarkers in livestock and animal products as a means of 
protecting the food supply.  
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    27.2   Detection of PrP Sc  

 PrP Sc  itself is the biomarker most intimately associated with disease and its detec-
tion is the cornerstone of all approved con fi rmatory and screening-based diagnos-
tics currently in use. These tests all rely on the acquisition of PK resistance when 
the normal host prion protein is refolded into the disease related form PrP Sc . 
Although this form is biophysically distinct, both PrP C  and PrP Sc  are covalently 
identical and therefore cannot be directly identi fi ed by methods such as mass spec-
troscopy. New methods have been developed in the last 5 years that depend on the 
ability of TSE-associated forms of prion to seed the conversion of their normal 
counterpart. This PrP C  substrate can conveniently be provided as bacterially 
expressed recombinant PrP. The resulting protease-resistant PrP can be readily 
detected either by Western blot, or by binding to an amyloid indicator such as the 
small molecule dye thio fl avin T (ThT), which has the advantage of being more 
readily adapted to a high-throughput assay. A number of methodologies show 
signi fi cant potential as ultrasensitive prion detection methods including variations 
of the protein misfolding cyclic ampli fi cation (PMCA) (Saa et al.  2006 ; Chen et al. 
 2010 ; Atarashi et al.  2007  ) , the amyloid seeding assay (ASA) (Colby et al.  2007  )  
and quaking-induced conversion (QuiC) (Colby et al.  2007 ; Atarashi et al.  2008 ; 
Wilham et al.  2010 ; Orru et al.  2012  ) . Ampli fi cations of over one billion fold have 
been reported, enabling the detection of close to a single infectious unit ( £ 10 −15   m g) 
of prion. 

 The real-time quaking induced conversion assay (RT-QuIC) developed by 
Atarashi et al. includes a high-throughput multiwall plate format and a readout 
based on ThT amyloid (Atarashi et al.  2011a  ) . One drawback of the ThT detection 
method is that over time negative control samples can attain positive signals due to 
the spontaneous formation of amyloid  fi brils independent of PrP Sc . In Atarashi’s 
method conditions were selected to minimize this reaction and the method proved 
highly successful for the detection of sporadic CJD (sCJD) in samples of brain 
homogenate containing only 1 fg of CJD prion. Subsequently RT-QUIC was used to 
examine more than 200 CSF samples from patients with sCJD and without sCJD 
but with other neurodegenerative conditions with over 80% sensitivity and 100% 
speci fi city for sCJD,  fi gures higher than obtained by the standard 14–3–3 methods 
currently in use (Atarashi et al.  2011b  ) . 

 Further to this a recent study reports the development of eQuIC which appears to 
substantially improve on this method, increasing sensitivity by several orders of 
magnitude (Orru et al.  2011  ) . In eQuIC an initial immunoprecipation step is used to 
separate prion seeds from blood, plasma, or tissue material that may be inhibitory to 
the conversion process prior to initiating the reaction. In addition, fresh substrate is 
introduced during the RT-QuIC step, a method that has previously been shown to 
enhance conversion (Rubenstein et al.  2010  ) . This method has only been tested with 
scrapie-infected hamster blood to date and it will be interesting to determine whether 
eQuIC will increase the sensitivity of diagnosis in sCJD in comparison to Atarashi 
RT-QuIC study. The accuracy of such tests, if translated to practical screening, could 
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be applicable to pre-mortem detection, the testing of some foodstuffs, and pre-clin-
ical screening; thus precluding the need for nonprion predictive biomarkers, except 
perhaps in the case of newly described prion etiologies involving proteinase K sen-
sitive PrP (Gambetti et al.  2008  ) .  

    27.3   Nonprion Protein Biomarkers 

 Mass spectrometry-based proteomics technology is a burgeoning  fi eld for the detec-
tion of biomarkers predictive of numerous diseases including neurodegenerative 
diseases. Given the public health concerns regarding prions and the need for pre-
clinical test development it is perhaps surprisingly under-represented in the litera-
ture regarding TSE pathobiology. The main reason for this is undoubtedly the 
requirement for strict biosafety conditions when analyzing prion-contaminated 
samples, which precludes the use of expensive mass spectrometry equipment 
 primarily located in core facilities. The majority of published studies are therefore 
not performed on state-of-the-art equipment but using methodologies that are 
affordable and practical in a containment laboratory. 

 Cerebrospinal  fl uid (CSF) as an anatomical component to the CNS is accordingly 
considered as perhaps the most sensitive window for evaluating alterations in the 
CNS proteome during disease. Given the close association with brain tissue as the 
location for the majority of prion replication there may also be a greater potential for 
CSF to contain biomarkers speci fi c to prion replication in comparison to some other 
peripheral tissues. CSF constituents are secreted by both active and passive transport 
systems from the choroid plexuses in brain ventricles or via drainage of the intersti-
tial liquid of the nervous tissues. Proteins and polypeptides that pass through the 
blood–brain barrier are found here as well as secreted biologically activated peptides. 
Therefore alteration in the CSF protein components may re fl ect the pathological and 
physiological status of the CNS and be a reservoir for diagnostic markers. It should 
be noted also that the CSF also contains salts and hormones and other cellular metab-
olites as a method of active homeostasis from the brain and in addition to proteomic 
strategies the metabolomic pro fi ling of these CSF constituents is undoubtedly exceed-
ingly promising as a new  fi eld for diagnostic biomarker discovery. 

 CSF protein pro fi ling has been performed in numerous CNS degenerative dis-
eases over the past few years, including a small number of studies on prion diseases, 
mainly human in origin. As mentioned, the presence of the 14–3–3 protein in CSF 
is part of the diagnostic criteria for the ante-mortem diagnosis of sCJD, however, it 
is not 100% speci fi c and can give false-positive results in several neurodegenerative 
conditions, as well as conspicuous false-negatives in vCJD patients (Green et al. 
 2001  ) . This has prompted further studies, mainly employing two-dimensional elec-
trophoresis (2DE), to be performed in an attempt to improve the speci fi city of diag-
nosis of human prion diseases. In  2002  Choe et al. reported the identi fi cation of 
seven CSF proteins that can distinguish vCJD from sCJD using a 2DE approach, 
one of these being apolipoprotein E, a protein well known to be implicated in 
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neurodegeneration (Choe et al.  2002  ) . A similar approach used by Sanchez et al. in 
2003 identi fi ed a potential CJD marker, fatty acid binding protein (FABP), that was 
increased in eight affected patients (Guillaume et al.  2003  ) . The authors also vali-
dated a signi fi cant increase in one isoform of the FABP protein in plasma samples 
speci fi cally in a small group of patients affected with CJD over a control group of 
patients with other neurodegenerative conditions. These data illustrate the potential 
usefulness of CSF analysis for translation to a speci fi c blood test. 

 A subsequent study by the same group used a different technology, SELDI-TOF 
(surface-enhanced laser desorption/ionization-TOF) spectrometry and identi fi ed a 
protein of 13.4 kDa that was more abundant in the CSF of a small group of CJD 
patients (Sanchez et al.  2004  ) . Further analysis using cationic exchange chromatog-
raphy, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 
and liquid chromatography-tandem mass spectrometry (LC-MS/MS) revealed this 
protein to be cystatin C. Immunoblotting further con fi rmed the signi fi cant increase 
in cystatin C abundance in all eight CJD-affected patients. However, alteration in 
the abundance of cystatin C has also been identi fi ed in studies of other degenerative 
conditions including Alzheimer’s and therefore is likely not to be speci fi c to prion 
diseases. It is also of interest to note from this paper that the authors found that 
cystatin C undergoes proteolysis on long-term storage at −20°C which may affect 
its use as a pre-clinical marker. Given that in prion diseases the numbers of cases are 
few and far between, it is therefore often the case that clinical material available for 
proteomic pro fi ling has often been stored for lengthy periods, and freeze-thawed, 
which should be an important consideration in study design. 

 In 2006 a second group also used 2DE to pro fi le CSF from six patients in com-
parison with the same number of healthy controls (Piubelli et al.  2006  ) . In total, 28 
polypeptide chains were differentially modulated in the sCJD samples, of which 10 
were upregulated, and the remaining 18 being downregulated. Of these, 13 were 
identi fi ed upon digestion and MALDI-TOF, MS analysis. Cystatin C was again one 
of the proteins determined to be increased in CJD CSF along with 14–3–3 proteins, 
transferrin, ubiquitin, gelsolin, complement factor/3a, Apoliprotein J, and some 
unidenti fi ed polypeptides. Use of a panel of such proteins may provide increased 
speci fi city for diagnosis. Interestingly many, if not all, of the genes mentioned above 
have been identi fi ed as differentially expressed at the gene level in brain tissue of 
rodents infected with prions. A study by Brown et al. also links the levels of differ-
entially expressed genes to protein levels in the CSF, an observation that suggests 
that candidate gene panels identi fi ed from animal genomic studies could be used for 
prediction of disease-associated CSF biomarkers (Brown et al.  2004  ) . This type of 
strategy is advantageous in prion diseases given the fact that prion-infected tissues 
can generally not be disseminated to mass spectrometry core facilities and validation 
of gene expression studies by Western blotting is practical for many laboratories. 

 One caveat of many of the published studies is the use of CSF from healthy sub-
jects as control material for the proteomic comparisons. To determine prion-speci fi c 
biomarkers for diagnosis it is absolutely necessary to be able to discriminate with a 
range of neurodegenerative conditions that are undoubtedly much more common in 
the population. This needs to be addressed in future studies. A recent study published 
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in 2008 by Brechlin et al. does indeed employ a pool of control subjects suffering 
from a number of neurodegenerative conditions as well as including a larger number 
of CJD patients than previously reported (Brechlin et al.  2008  ) . The  resulting data 
con fi rmed the increase in several known surrogate markers of sCJD in the 36 affected 
patients including 14–3–3 protein, neuron-speci fi c enolase, and lactate dehydroge-
nase. They also identi fi ed a protein with an approximate molecular mass of 85 kDa 
as a marker for sCJD with high diagnostic speci fi city and sensitivity 

 In a study employing the more sophisticated technique of MALDI-TOF (matrix-
assisted laser desorption/ionization-TOF) protein pro fi ling, Qualtieri et al. report the 
detection of 61 peptides differentially expressed in 15 patients affected by sporadic 
and genetic forms of CJD versus 10 healthy control subjects plus 8 non-CJD relaps-
ing-remitting multiple sclerosis patients (Qualtieri et al.  2010  ) . Among the 61 sig-
nals, the three signals that had increased levels and the highest statistical signi fi cance 
were further characterized and the identities of two were determined as thymosin  b 4 
N-acetylated and free ubiquitin (increased abundance of ubiquitin had previously 
been associated with CJD, (Manaka et al.  1992  ) ). Ubiquitin was also identi fi ed in a 
recently reported study of CJD CSF biomarker analysis using the SELDI-TOF 
methodology by Steinaker et al.  (  2010  ) . The validity of thymosin  b 4 levels as a 
marker for CJD was further tested by the Qualtieri group in a panel of CSFs from 
three CJD patients,  fi ve healthy subjects, and six non-CJD relapsing-remitting mul-
tiple sclerosis samples and determined congruent with the initial analysis (Urso 
et al.  2010  ) . In a subsequent study reported very recently in 2012, these authors 
further tested the contribution of CSF thymosin  b 4 levels to the clinical differentia-
tion of CJD on 21 patients with neuropathologically con fi rmed CJD; 15 patients 
with frontotemporal dementia; 18 patients with probable Alzheimer disease; and 9 
patients with a rapid-onset progressive dementia (Le Pera et al.  2012  ) . The control 
group consisted of 25 noncognitively impaired individuals without CJD or demen-
tia. The thymosin  b 4 cerebrospinal  fl uid levels were markedly increased in CJD 
samples compared with frontotemporal cases and patients with Alzheimer disease. 
A lower signi fi cance was observed versus the group with rapid-onset progressive 
dementia thus by employing a cutoff value of thymosin  b 4 use of this protein as a 
CSF biomarker for CJD was estimated at 100% sensitivity with 98.5% speci fi city. 

 A novel methodology pro fi ling only proteins or peptides between 1 and 10 KD 
was published in early 2012 by Cao Chen et al .   (  2012  ) . CSF from 40 probable spo-
radic CJD patients, 32 non-CJD patients with dementia, and 17 non-CJD patients 
without dementia were enriched by magnetic bead-based weak cation exchange 
chromatography, and trypsin digested and identi fi ed by reverse phase-HPLC-QTOF 
MS/MS. In total, 42, 53, and 47 signals of proteins were identi fi ed in the CSF of 
probable sCJD, non-CJD with dementia and non-CJD without dementia, respec-
tively. Nine CSF proteins were found to be speci fi cally observed in the probable 
sCJD group and included cystatin C, gelsolin, secreted phosphoprotein, and dik-
kopf-related protein 3. No further validation of any of the nine potential markers 
was, however, done in this study but the analysis of cleaved fragments of cellular 
proteins in CSF, perhaps created by disease-related protease activity, may be a 
promising strategy to determine biomarkers. 
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 Animal models of prion disease have been little used as a basis for CSF pro-
teomic screens, presumably as this would be a rather impractical tissue for any kind 
of live-animal screening protocol. However, as the data from Sanchez et al .  showed, 
CSF biomarkers may sometimes be translated to blood as found for the fatty acid 
binding protein, although this type of cross-validation hasn’t been either explored, 
or reported further, in the literature (Guillaume et al.  2003  ) . Recently, a proof of 
principle study to identify pre-clinical protein signatures from the CSF of prion-
infected animals was found to have reasonable predicative accuracy (Herbst et al .  
 2009 . In this study the combination of MALDI-FTMS, in addition to machine learn-
ing for the classi fi cation of mass spectral features, was able to identify pre-clinical 
protein signatures from the CSF of prion-infected animals with reasonable predica-
tive accuracy. CSF was isolated from 21 infected and 22 control hamsters at a time-
point when approximately 80% of the expected incubation period had been 
completed. Peptide pro fi les were identi fi ed and the peaks compared using IonSpec 
peak picking software; a number of peptide peaks exhibiting differential abundances 
were identi fi ed. A linear support vector machine (SVM) and tenfold leave-one-out 
cross-validation was used to evaluate the predictive accuracy of the peptide peaks 
showing the greatest differences in abundance between infected and noninfected 
hamsters. The predictive accuracy was determined to be 72%; a true positive rate of 
73% and false positive rate of 27% using a tenfold leave-one-out cross-validation. 
However, the identity of these peptides was not resolved in this study. Although 
speci fi city was fairly low, as mentioned by Herbst et al . , this type of approach com-
bined with a prefractionation step to improve the accuracy of biomarker detection in 
the range of low-abundance proteins could well result in identi fi cation of a panel of 
markers with diagnostic potential. In this case the small size of hamsters and small 
volumes of CSF precludes this approach, so larger animal models would be optimal 
for future studies. 

 For preclinical testing of animals due to enter the human food chain, blood or urine 
provide much more accessible tissues for screens than CSF. Blood or plasma is a 
notoriously dif fi cult tissue for biomarker analysis due to the limited dynamic range of 
detection and sample complexity. Very few proteomic studies to detect potential bio-
markers in food animal species that have the potential to be infected by prions, scrapie 
in sheep and BSE in cattle, have been performed. Samples from such animals, espe-
cially naturally BSE-infected cattle for validation are extremely scarce. Recently 
Batxelli-Molina et al .  reported the determination of proteins differentially expressed 
at early and late time-points in sheep plasma using SELDI-TOF MS technology 
(Batxelli-Mollina et al.  2010  ) . A protein signature pattern, which discriminated 
between early phase scrapie samples and control sera, was identi fi ed using a small 
number of low molecular weight proteins. These biomarkers showed a sensitivity of 
87% and speci fi city of 90% for all the studied sheep in the early stage of the disease. 
One of these potential biomarkers was identi fi ed as a major fragment of the transthy-
retin monomer. This was validated in a SELDI-TOF MS kinetic study of sera from 
Syrian hamsters infected by scrapie, by Western blot analysis and ELISA quantita-
tion. Diagnostic signatures of BSE have also been identi fi ed in serum of infected 
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cattle by multivariate analysis of infrared spectra in a study by Martin et al . , at a 
sensitivity of 85% and a speci fi city of 90%. This supports the hypothesis that infection 
with prion agents leads to speci fi c changes in the molecular content of serum, how-
ever, similar proteomic data have not yet been reported (Martin et al.  2004  ) . 

 One approach to tackling the obstacle of complexity within blood or plasma is 
to target a speci fi c fraction of proteins that intuitively may be involved in the dis-
ease process. In one such study published in 2001 glycoproteins were speci fi cally 
targeted for analysis (Wei et al.  2011  ) . Glycosylation is altered in cells infected 
with prions that may indicate perturbations in the general glycosylation machinery 
of cells during prion replication (Rudd et al.  1999  ) . This may in turn lead to glyco-
protein pro fi le changes within the cell resulting in a targeted pool of disease-
speci fi c biomarkers. Wei et al .  used lectin af fi nity chromatography and 
multidimensional separations to enrich and isolate low abundance glycoproteins. 
The relative quantitation of a panel of proteins was obtained by a combination of 
isotopic labeling and validated by spectral counting. Overall 708 proteins were 
identi fi ed, 53 of which showed more than twofold increase in concentration 
whereas 58 exhibited more than twofold decrease. Western blot validation was 
performed on serum amyloid protein, suggesting its potential use as a biomarker 
for prion disease. Given that a number of potential biomarkers identi fi ed in previ-
ous studies were also picked out as were a signi fi cant number of novel proteins, 
this method shows promise for determining new biomarkers that are potentially 
disease speci fi c. 

 Alterations in the pattern of urinary protein excretion have been shown for a 
multitude of conditions, even those where pathology is restricted to remote organs. 
Recently, Simon et al .  found BSE-induced biomarkers in the urine of infected 
cattle over the time course of the disease using a combination of 2-D-DIGE and 
mass spectrometry analysis (Simon et al.  2008  ) . Their results suggest that the dif-
ferences observed over time were due speci fi cally to changes in the protein con-
centration in the blood plasma from the diseased state, rather than a general 
response to renal injury. They identi fi ed four classi fi er proteins that were of 
signi fi cance. Two of these proteins, immunoglobulin Gamma-2 chain C region 
and clusterin had signi fi cantly increased abundance over time. Clusterin discrimi-
nation of infected versus noninfected animals was achieved with 100% accuracy 
over the course of their study. The over-abundance of immunoglobulins has been 
previously reported in the urine of scrapie-infected hamsters (Serban et al.  2004  ) . 
However, the study size in these experiments was very small and limited to a sin-
gle experimental sample group so further validation is required. A second group 
has also identi fi ed urine biomarkers of prion disease using a targeted approach. 
A list of secreted proteins that were identi fi ed as differentially expressed in prion-
infected brain tissue from a rodent model was used as the starting point for further 
validation. One protein in particular, urinary alpha1-antichymotrypsin, was found 
to be dramatically increased in the urine of patients suffering from sporadic 
Creutzfeldt–Jakob disease and a number of other animal models of prion disease 
(Miele et al.  2008  ) .  
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 In summary, we provide Table  27.1  as an overview of those nonprion biomarkers 
that have been identi fi ed to date in human and animal bio fl uids using proteomic 
methodologies.  

    27.4   Detection of CNS as Prion Risk Material in Meat 
Products 

 Following con fi rmation of the presence of BSE in domestic cattle populations many 
countries introduced a requirement that brain and spinal cord, some lymphoid tis-
sue, and part of the intestine have to be removed from cattle destined for the human 
food chain at slaughter. This ban on so-called speci fi ed risk material (SRM) is cur-
rently the most important measure to protect against any risk of human ingestion of 
prion-contaminated meat products, in particular BSE as found in cattle. Development 
of an analytical method for the detection of SRM contamination in meat products 
themselves would be bene fi cial. The detection of CNS tissue is the major focus of 
this work as these tissues contain the highest titer of prions. In addition, to develop 
a comprehensive test for all SRMs, which by de fi nition contain a complex mix of 
tissues restricted to animals of certain ages and species, would likely be impossible. 
A proteomics approach to the detection of biomarkers to identify these tissues is one 
option, although this hasn’t been explored as yet. A number of protein markers have 
already been tested in this respect, however. These include neuron-speci fi c enolase, 
myelin basic protein, synaptophysin, and glial acidic protein (GFAP) as well as 
several brain-speci fi c fatty acids. Recently a sensitive immunopolymerase chain 
reaction assay for sensitive detection of GFAP protein has been developed and used 
to perform a marker survey on 687 sausage samples (Weigel et al.  2010  ) . At least 11 
of these samples tested positive by the GFAP test for the presence of contaminating 
CNS material. However, translation of this type of methodology to widespread 
 testing is beset by practical dif fi culties due to meat processing. For example heat 
treatment, which severely compromises the detectability of CNS protein markers. 
To date, an analytical approach using GC/MS is the only procedure that appears to 
perform quantitatively and at present may be the best methodology for CNS con-
taminant detection in heat-treated meat products (Lucker et al.  2010  ) . Lucker’s data 
determined that the undeclared addition of CNS tissue in the preparation of meat 
products is fairly rare, however, the development of further sensitive tests may be 
warranted.  

    27.5   Conclusion 

 Considerable advances have been made in regard to the detection of prions in 
 biological materials in recent years. Most signi fi cant are the rapid strides in increas-
ing the sensitivity of methodologies based on PrP Sc   seeding, such as PMCA using 
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recombinant prion substrates, and the QuIC, RT-QuIC, and eQuIC assays. These 
provide practical, sensitive, and quantitative methods to detect prion seeding in mul-
tiple sample types including tissues such as muscle, and dilute  fl uids, even those 
containing inhibitors such as blood plasma. Signal ampli fi cations of a billion fold 
promise highly speci fi c detection of infectious prions with sensitivities pushing 
closer to 100%. Less progress has been made in the development of predictive tests 
based on identi fi cation of nonprion biomarkers despite signi fi cant advances in the 
sensitivity of proteomics and prefractionation methods. This is due to a number of 
reasons; not least the requirement for prion samples to be treated according to 
speci fi c biosafety provisos based upon the inability to decontaminate infectious 
material by conventional chemical and physical procedures. This precludes their 
transfer to core facilities for analysis by state-of-the-art expensive mass spectrom-
eters. In addition there are few samples from clinical cases available for validatory 
studies and experimental studies on food animals such as cattle and sheep are par-
ticularly expensive and lengthy. Studies in rodents are therefore useful, but it is 
unclear whether markers detected in such studies can be translated to larger 
animals. 

 The complexity and etiological heterogeneity of TSEs along with their unique 
molecular mechanisms pose huge challenges to understanding their biology and for 
the identi fi cation of common ante-mortem biomarkers. TSEs transmitted by diges-
tion, such as BSE, characteristically involve initial replication of the agent in the 
periphery prior to neuroinvasion and progression of the disease. The implication of 
this diversity in the distribution of infectivity within the host during pre-clinical 
stages of disease, and between the different forms and strains of prions, is that diag-
nostic biomarkers will unlikely be inclusive for all TSEs. The maintenance of the 
ban on speci fi ed risk material from foods destined for human consumption is there-
fore. Strategies for the detection of biomarkers to indicate the contamination of 
foods by SRMs may well present one of the most bene fi cial applications of pro-
teomics to the prion food safety issue. An interesting extension of this issue is the 
recent  fi nding using proteomic pro fi ling that prion protein copuri fi es with urine-
derived gonadotrophins that are extracted from urine for the treatment of infertility. 
These data suggest that if the urine donor was a pre-clinical TSE patient then infec-
tious prions could conceivably be concentrated in the urine preparations and be a 
source of iatrogenic transmission (Vab Dorsselaer et al.  2011  ) . This identi fi es a use 
for proteomics in yet another context in relation to prion disease, as a proactive 
approach to identify and mitigate potential risks for prion transmission. 

 TSE biomarker studies remain an active area of research and the development of 
direct detection methods for PrPSc is proceeding at a rapid rate. It is, however, 
clearly evident that a signi fi cant amount of further work needs to be conducted 
before TSE preclinical diagnostic testing of blood and urine samples as well as post-
mortem testing of foods becomes a reality. Primary objectives for such studies will 
be to determine the disease stage at which prions can be detected in a particular tis-
sue, and the speci fi city of this detection. The combination of a number of different 
types of test will undoubtedly be required to ensure the maintenance of a prion-free 
food supply.      
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          28.1   Introduction 

 In food production fungi are Jekyll and Hyde. Fungal spoilage is a major cause of 
food spoilage and as such they represent a health hazard. In contrast fungi have been 
used for many centuries to produce and preserve food and food ingredients in a way 
that still today is considered to be safe. The application of fungi and of products 
derived from fungi in the food industry is nowadays very broad; fungal enzymes are 
ubiquitous, used in starch processing, in the bakery and brewery, and to produce 
beverages including wines and in food fermentation. The major classes of fungal 
food enzymes are proteases, pectinases, amylases, xylanases, lipases, and cellu-
lases. The over-representation of fungal polysaccharide-modifying enzymes as food 
enzymes is a re fl ection of the high proportion of plant-derived material in our food 
products. The application of these enzymes has been reviewed elsewhere (de Vries 
and Visser  2001 ; van den Brink and de Vries  2011  ) . 

 In this chapter we concentrate on the application of the use of proteomics tools 
in the analysis of proteins that are important in food and food processes. We have 
made one important restriction by limiting ourselves to  fi lamentous fungi. We do 
realize in this way we have excluded a very important group of fungi, that is, yeasts, 
but we think this is bene fi cial for the clarity and structure of this chapter. 

 Traditionally many enzymes that are used in food and food production are extra-
cellular enzymes that are secreted by fungi into their environment. Before the devel-
opment of sophisticated proteomics methods, these culture broths were screened 
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in application tests to discover the desired enzyme activities. Upon the development 
of molecular biology of  fi lamentous fungi, genes encoding enzymes used by the 
food industry were cloned and a more re fi ned testing and screening could be per-
formed under conditions free of “contaminating” activities. In this aspect the work 
of Jaap Visser and his coworkers on the cloning of genes encoding pectin lyases and 
polygalacturonases has been pioneering in this  fi eld. On the basis of biochemical 
data it was expected for both the pectin lyases and the polygalacturonases to  fi nd 
two genes encoding pectin lyase I and II and polygalacturonase I and II, respec-
tively. Screening of an  Aspergillus niger  gene library showed the two protein bands 
were actually a family of proteins encoded by  pelA ,  pelB ,  pelC , and  pelD  (Gysler 
et al.  1990 ; Harmsen et al.  1990 ; Kusters-van Someren et al.  1991  )  and the  pgaI, 
pgaII  and  pgaC  (Bussink et al.  1992  ) . In addition to the endo-acting enzymes  A. 
niger  produces many exo-polygalacturonases (Martens-Uzunova et al.  2006  ) . This 
work actually showed the genomic complexity of the encoding genes involved and 
preluded a decade of search for genes encoding novel enzymes. 

 With the publication of the  A. niger  genome sequence by Pel et al.  (  2007  )  the 
search for novel enzymes entered the genomics era. Although many new carbohy-
drate-modifying enzymes could be recognized on the basis of their resemblance to 
previously characterized genes and many of these new enzymes could be assigned 
to a particular class of carbohydrate-active enzymes (CAZY) (Cantarel et al.  2009  ) , 
the elucidation of the speci fi c characteristics of these new enzymes still needs bio-
chemical characterization. In this aspect the availability of many genome sequences 
of  fi lamentous fungi that are of importance for food industry has its most important 
impact on the correlation of genes and proteins in proteomics analysis. By using 
functional annotation and bioinformatics tools a theoretical proteome is inferred 
from the genome sequence, which is used to screen the peptides against that result 
from the proteomic analysis. 

 The increase in importance of proteomics in recent years can be deduced from 
the increase in the number of publications. As of 2008 there is a strong increase, as 
illustrated in Fig.  28.1  for Aspergilli, which is paralleled by an increase in the num-
ber of citations in the same period. This increase is the result of different develop-
ments, for example, the increased number of genome sequences that have become 
available, the technological developments with respect to the analysis of protein 
mixtures and the improved bioinformatics tools. The still relatively low number of 
publications is a re fl ection of the degree of dif fi culty in generating the protein sam-
ples and interpretation of the results from MS analysis in a biological context.   

    28.2   Proteomics Methodology 

 With the introduction of next generation sequencing technologies it is quite eco-
nomical to sequence the genome of a microorganism. Sequencing and genome 
assembly is usually followed by structural and functional genome annotation, a 
two-step process that tries to identify genetic elements on the genome, mostly gene, 
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gene structure, and ORF prediction followed by the attachment of functional 
 information to these elements. Automatic annotation tools try to perform both steps 
computationally resulting in a theoretical proteome. Experimental validation of pre-
dicted genes via proteogenomics is currently the best option to identify protein-
coding genes (Ansong et al.  2008  ) . Proteogenomics is the parallel analysis of the 
genome and the proteome. 

 In such a bottom-up approach, proteins are proteolytic digested with a protease 
with a strict speci fi city, for instance, by trypsin prior to analysis by mass spectrom-
etry. With trypsin, cleavage occurs exclusively at the C-terminal to arginine or 
lysine. Subsequently the masses of proteolytic peptides or their tandem mass spec-
tra are compared with theoretical peptide masses or tandem mass spectra of poten-
tially matching theoretical peptide sequences that conform to the rules of tryptic 
speci fi city and are derived from the inferred proteome. Many search engines such as 
Sequest, Mascot, X!Tandem, OMSSA, and Myrimath have been developed to match 
the spectra generated by tandem mass spectrometry (MS/MS) with peptides from a 
target protein sequence database (Eng et al.  1994 ; Perkins et al.  1999 ; Craig and 
Beavis  2004 ; Geer et al.  2004 ; Tabb et al.  2007  ) . In this way peptides correlating 
with a measured mass or with a theoretical spectrum correlating with an experimen-
tal tandem mass spectrum can be automatically identi fi ed. The identi fi ed peptides 
receive a correlation con fi dence score and are combined into lists of identi fi ed pro-
teins. Multiple correlating peptide identi fi cations scoring above a certain con fi dence 
threshold can subsequently be used for protein identi fi cation (Aebersold and 
Mann  2003 ; Chait  2006  ) . In a technique known as shotgun proteomics this setup is 
applied to complex or crude protein extracts that are digested directly, followed by 
separation of the peptides by liquid chromatography coupled with mass spectrom-
etry (Wolters et al.  2001  ) . Because on average every tenth amino acid residue is 
either an arginine or a lysine, the resulting peptide mixtures tend to be very com-
plex. Sample complexity can be effectively reduced through pre-fractionation of the 
protein extracts by 1D SDS-PAGE followed by gel slicing and in-gel digestion. 
Peptides from each slice are subsequently analyzed by MS/MS (Fig.  28.2 ).  

  Fig. 28.1    Illustration of the increased importance of proteomics in research on secreted proteins by 
 fi lamentous fungi. Publication in the Web of Science database were selected by using the keywords 
“secretome” or “secretomes” or “proteome” or “proteomics” or “proteomic” AND aspergillus       
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 Due to the highly complex nature of peptide samples, automatically assigned 
peptide spectral matches (PSM) are associated with varying degrees of con fi dence. 
This con fi dence level is the measure for the similarity between the experimental 
MS/MS spectra of the actual peptide and theoretical spectra of candidate peptides 
contained in the target database. In proteomics a standard metric for estimation of 
con fi dence is the false discovery rate (FDR) (Elias and Gygi  2007  ) . The FDR is the 
likelihood that a positive identi fi cation is a false positive. For example, a 1% FDR 
indicates that out of 100 PSMs above a set con fi dence threshold level, one is 
expected to be a false positive. 

 FDRs for PSMs are usually derived with a target–decoy database search strategy. 
In this strategy the search is performed simultaneously against a target protein pep-
tide database and against a decoy peptide database derived from compositionally 
similar but unrelated protein sequences. The decoy database sequences are usually 
generated by reversing or randomly reshuf fl ing the target protein database sequences 
but can also be taken from a pool of unrelated sequences in other organisms. 

 Proteins are indirectly identi fi ed through their peptide matches. Various 
 techniques are available to estimate the FDR for protein identi fi cation by consider-
ing the decoy matches as an estimate for the amount of false positive PSMs 
(Nesvizhskii et al.  2003 ; Ma et al.  2009  ) . 

 In principle MS-based proteomics can correct genome annotation errors by dis-
covering unannotated novel genes and reading frames and can validate gene func-
tions, and hypothetical open reading frames. In addition MS-based proteomics can 
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  Fig. 28.2    Shotgun proteomics work fl ow. Sample proteins are directly digested into peptides with 
a protease of strict speci fi city such as trypsin and then separated by liquid chromatography directly 
coupled to a mass spectrometer. Next peptides are sequentially subjected to tandem mass spec-
trometry analysis resulting in an experimental MS/MS spectrum ( blue ), which is compared with a 
theoretical MS/MS spectrum of candidate peptides of similar mass ( red ). Possible peptide matches 
are reported with an associated con fi dence score       
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facilitate the discovery of important post-translational modi fi cations (Ansong et al. 
 2008 ; Armengaud  2009  ) . 

 The computational strategy of automatic peptide spectrum matching of (shot-
gun) proteomics data, however, depends on a high-quality theoretical proteome. In 
other words one needs to know very accurately which peptides one can expect. 
Although by and large correct, gene-model predictions of  fi lamentous fungi suffer 
from incorrect exon-identi fi cation and incorrect start and termination sites, leading 
to identi fi cation failures despite the acquisition of good-quality tandem mass spec-
tra. Other reasons for not obtaining peptide to spectrum matches can be due to 
alternative splicing, missed genes or genetic variation, and single nucleotide poly-
morphisms leading to coding SNP protein isoforms between the investigated and 
the sequenced strains. 

 Alternative computational work fl ows have been developed to overcome the com-
putational bias imposed by the use of a computationally predicted protein sequence 
database. A simple alternative approach would be a naive six-frame translation of 
the genome and basic  fi ltering of the obtained hypothetical proteins for the presence 
of trypsinated peptides of suf fi cient size. Although this approach is not dependent 
on the quality of the functional genome annotation, this analysis method may, how-
ever, suffer from a high false discovery rate and thus results in low proteomics 
identi fi cation ef fi ciency inasmuch as most of the generated hypothetical peptides 
used for matching will be nonexistent (Nesvizhskii  2010  ) . 

 Because mRNA expression is a clear prerequisite for protein expression research 
groups have started to use mRNA, EST, and also RNA-Seq data to build customized 
sample-speci fi c protein databases for searches (Desgagne-Penix et al.  2010 ; 
Lundberg et al.  2010 ; Adamidi et al.  2011  ) . Despite their obvious potential, tran-
scriptome-derived customized databases have seen limited use in improving protein 
identi fi cation in fungal shotgun proteomics studies. 

    28.2.1   Post-Translational Modi fi cations 

 A second way of not getting a peptide to spectrum match is due to covalent post-
translational modi fi cation (PTM) of proteins at one or more sites. Two categories 
exist: post-translational modi fi cation due to post-harvest sample treatment such car-
bamidomethylation of cysteines and naturally occurring enzyme-catalyzed 
modi fi cations on the side chains or amino acid backbones. The  fi ve most common 
types of naturally occurring enzyme-catalyzed covalent additions to proteins are 
phosphorylation, acylation, alkylation, glycosylation, and oxidation. 

 Modi fi cations due to sample treatment are usually treated as  fi xed modi fi cations 
and different masses are used for the modi fi ed residue(s). For example, selecting 
carboxymethyl (C) as a  fi xed modi fi cation means that all calculations will use 
161 Da as the new mass of cysteine. Naturally occurring enzyme-catalyzed covalent 
additions to proteins with a known difference in mass are usually treated as variable 
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modi fi cationa. In other words, both peptides with the unmodi fi ed and the modi fi ed 
form of the particular amino acid will be put to the test. However, even a single vari-
able modi fi cation with a  fi xed mass difference with the unmodi fi ed amino acid will 
generate many possible additional peptides to be tested, thereby signi fi cantly 
increasing the search space and hence the false discovery rate. 

 Two types of covalent glycosylation are quite common for secreted proteins in 
eukaryotes. N-glycosylation of proteins is the most common and is typically more 
complex in structure and more diverse in architecture than O-glycosylation. The 
N-linked glycosylation process occurs in the lumen of the endoplasmic reticulum. 
A pre-assembled core glycan unit usually consisting of three glucose, nine man-
nose, and two N-acetylglucosamine molecules is covalently attached to the side 
chain of selected asparagine residues. N-Linked glycosylation usually occurs at Asn 
residues in the Asn-X-Ser/Thr core sequence motif where X denotes any amino acid 
except proline in the polypeptide chain of the target protein. Further modi fi cation 
occurs in the Golgi apparatus. Three main subtypes are generated: high-mannose, 
hybrid, and complex N-glycan. Most fungal secreted N-glycans are of the high-
mannose subtype. The precise composition and architecture of the complex 
N-glycans and therefore the mass difference cannot be predicted and thus a 
“variable modi fi cation” search strategy cannot be directly applied for N-glycosylation. 
N-Glycosylation, however, can be effectively removed with PNGase F (Koutsioulis 
et al.  2008  ) . Important for further analysis is that PNGase F digestion also deami-
nates the asparagine residue to an aspartic acid residue. 

 O-Mannosylation is also commonly found in fungal glycoproteins. O-Mannosylation 
has been studied extensively in the unicellular yeast S. cerevisiae. In S. cerevisiae, the 
oligosaccharides are attached to the protein by a mannosyl residue which is transferred 
to Ser/Thr residues in the endoplasmic reticulum by protein O-D-mannosyltransferase. 
The oligosaccharide is then linearly elongated in the Golgi by up to seven mannose 
residues by mannosyltransferases that utilize guanosine diphosphate mannose (GDP-
mannose) as the mannosyl donor for the elongation process (Lussier et al.  1999  ) . Again 
the precise composition and architecture in  fi lamentous fungi cannot be predicted.   

    28.3   Comparative Genomics 

    28.3.1   Comparing Protein Repertoires: The XlnR Regulon 

 The advent of high-throughput whole genome sequencing techniques has enabled 
comprehensive gene repertoire evaluations between organisms, simplifying 
 phenotypic characterizations. Comparative analyses have revealed major  differences 
between prokaryotes and eukaryotes in interspeci fi c gene content variations. For 
example, whereas prokaryotes experience horizontal gene transfer as a dominant 
force in genome evolution (Dagan and Martin  2007 ; van Passel et al.  2008  ) , eukary-
otes seem to be generally less prone to gene acquisitions (Andersson  2005  ) , and 
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speci fi cally yeasts and  fi lamentous fungi are thought to favor gene or even whole 
genome duplications, followed by diversi fi cation and differential gene loss events 
(Ochman et al.  2005 ; Fedorova et al.  2008  ) . 

 In Aspergilli, the gene repertoires of 11 strains have been elucidated (Galagan 
et al.  2005 ; Machida et al.  2005 , Pel et al.  2007 , Andersen et al.  2011  ) . Interest lies 
mostly with the citric acid producing  A. niger , which is also highly relevant in the 
food industry for its food enzyme production, and the pathogenic  Aspergillus fumig-
atus , both of which have multiple fully sequenced representatives.  Aspergillus 
oryzae  is a species widely recognized for its use in traditional oriental food fermen-
tations (e.g., soy sauce, sake, and vinegar production) (Machida et al.  2005  ) . 

 Next to gene and genome duplication events, some studies suggest that species-
speci fi c genes are still acquired by horizontal gene transfer (Khaldi and Wolfe  2008 ; 
Andersen et al.  2011  ) , whereas the analysis of core and lineage-speci fi c elements in 
 A. fumigatus, Aspergillus clavatus , and  Neosartorya  fi scheri  revealed that the most-
encountered gene novelty is thought to have originated by duplication, representing 
potential “gene factories,” hotspots of genetic innovation (Fedorova et al.  2008  ) . 
This teaches us that pursuing the comprehensive reconstructing of Aspergillus 
genome evolution is particularly precarious due to the range of molecular mecha-
nisms that shape genomes over large time-scales, such as whole genome duplica-
tions, massive gene loss, and horizontal gene transfer. 

 Here we focus on a speci fi c suite of genes encoding xylan backbone-degrading 
enzymes, their associated accessory enzymes, cellulose-degrading enzymes, and 
enzymes involved in the pentose catabolic pathway, which are cooperatively involved in 
the breakdown of plant cell wall material (van Peij et al.  1998b , Stricker et al.  2008 ; 
Mach-Aigner et al.  2012  ) . These enzymes coordinately degrade the heterogeneous 
plant cell wall polysaccharide xylan and cellulose, one of the most abundant natural 
biopolymers. The XlnR regulon in  A. niger  has been intensively studied, with respect to 
the range of genes encoding the variety of enzymes (de Vries et al.  1997 ; Gielkens et al. 
 1999 ; Hasper et al.  2000,   2002  )  and the dedicated regulatory switch XlnR (van Peij 
et al.  1998a,   b  ) , as well as regulation on the level of catabolite repression (de Vries et al. 
 1999 ; Mach-Aigner et al.  2012  ) . Some of the genes encoding xylanolytic enzymes have 
in fact  fi rst been discovered in Aspergilli other than  A. niger , and several comparative 
analyses have been performed to assess the presence of homologous xylanolytic regu-
lons in a limited number of sequenced Aspergilli (van den Brink and de Vries  2011  ) . 
With the availability of the full genomes of 11  Aspergillus  species, we set out to uncover 
the variations in xylanolytic capacity in all sequenced Aspergilli. The dynamics in gene 
content of glycosyl hydrolases could identify targets for strain improvement, and further 
catalogue the array of enzymatic activities that these fungi have at their disposal. 

 In brief, the proteomes were obtained from NCBI, and the proteins encoded by 
the  A. niger  XlnR regulon described previously (van Peij et al.  1998b ; Mach-Aigner 
et al.  2012  )  were used as queries in a reciprocal best blast hit (E-value 10 −10 )  analysis 
for orthologues. For the detection of putative related auxiliary enzymes, the proteins 
encoded by the predicted xylanolytic regulons of each strain were used as an inter-
nal query with its respective proteome, using cutoff values of 60% amino acid simi-
larity and 80% alignment length. Protein descriptions were taken from NCBI. 
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 First, we  fi nd that the xylose-activated regulator XlnR is conserved among all 
sequenced isolates (Table  28.1 ), and displays a phylogenetic pattern very similar to 
that of the entire Aspergillus genus based (Wang et al.  2009  ) , suggesting the regulon 
is functionally conserved between all isolates over evolutionary time. Next, with 
respect to the set of 22 proteins described by Mach-Aigner et al. (Mach-Aigner 
et al.  2012  ) , substantial variations in orthologue distributions are observed, which 
are in agreement with the relationship between the strains. For example, the 22 
orthologues are fully conserved between the two  A. niger  and  A. kawachii  isolates, 
which are closely related. In contrast,  A. fumigatus  A1163 has lost the a-L-arabino-
furanosidase B gene since it split from  A. fumigatus  A293. Overall, the conservation 
of this xylanolytic regulon varies from 22/22 (in  A. niger  CBS and  A. kawachii ) to 
17/22 in  Aspergillus clavatus .  

 When using these orthologous proteins as an internal query for additional puta-
tive xylan- or cellulose-degrading enzymes, we  fi nd between two ( A. clavatus  and 
 A. nidulans ) and seven ( N.  fi scheri ) auxiliary enzymes (Table  28.2 ). Most of these 
genes fall in the category of “xylan-backbone modifying enzymes” (such as XlnB 
and XlnC) or the “cellulose-degrading enzymes” (such as CbhA and EglB), with 
frequent multiple extra copies of genes encoding these enzymes. This could point to 
a degree of variation in activity on, for example, substrate composition or accessi-
bility. Genes belonging to the categories xylan-accessory enzymes and D-xylose 
metabolic enzymes seem to be more conserved among these isolates.         

 These glycosyl hydrolase repertoire variations emphasize the dynamical nature 
of adaptive processes that may have occurred, perhaps even during the domestica-
tion of the important food strains. These protein sets could also be checked for sig-
natures of positive selection based on synonymous and nonsynonymous substitution 
frequencies between closely related strains. Such analyses could aid in customizing 
more functional enzymes. More interestingly, these variations in the observed 
xylanolytic enzymes seem to be primarily due to the endo-acting enzymes (such as 
the endo xylanases (XlnB) and endo glucanases (EglB)). This suggests that there 
have been selective duplications in these strains to specialize in different extracel-
lular substrate compositions or conditions. For applications in the food industry, this 
means that there may be an even larger variety of relevant enzymes encoded in other 
related Aspergillus strains, potentially expanding the catalytic potential both in 
speci fi cities as well as activities.   

    28.4   Proteomics Analysis 

 Most of the proteomics work on  fi lamentous fungi has concentrated on the analysis 
of secretomes since these protein mixtures have relatively low complexity. One of 
the  fi rst publications in this  fi eld is a proteomics analysis of the secretome of 
 A. oryzae  after growth on wheat bran (Oda et al.  2006  ) . In this work protein spots on 
2DE gels were analyzed and 29 proteins were identi fi ed from 85 protein spots from 
a solid-state fermentation and 110 spots from a submerse fermentation. The proteins 
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identi fi ed are relevant enzymes for the food industry such as  a -amylase, glucoamy-
lase,  b -glucosidase, xylanase, and protease including alanyl dipeptidyl peptidase. 

 A number of studies have analyzed the  A. niger  secretome under conditions of 
polysaccharidase production. These studies have in common a combined analytical 
and computational approach exploiting the genome sequence to select gene models 
that encode proteins that have a signal peptide (Tsang et al.  2009 ; Braaksma et al. 
 2010 ; de Oliveira et al.  2011  ) . In their study Tsang et al. could identify 222 secreted 
proteins from the analyzed culture broths. Two different methods’ predictive tools 
were used to predict 691 secreted proteins encoded by the  A. niger  ATTC1015 
genome; 23% of these 691 proteins were identi fi ed as secreted proteins. These pre-
dictions depend to a high degree on the correctness of the gene models in the anno-
tated genome. Braaksma et al.  2010  used the genome sequences available for 
 A. niger  ssp. and closely related Aspergilli such as a.o.  A. oryzae,  to cross-validate 
and improve the quality of the predictions of signal sequences. With these improved 
methods they have analyzed the secretome of  A. niger  under conditions of pectinase 
production and of carbon starvation and were able to identify 209 secreted proteins. 
Moreover, they were able to identify 40 additional proteins in the datasets of Tsang 
et al.  (  2009  )  and Lu et al.  (  2010  ) , indicative of the superiority of this approach. 

 Secretome analysis as described above has not only validated the expression and 
secretion of proteins that are of great importance in the food industry, but also has 
contributed to the expression and secretion of novel enzymes under speci fi c growth 
conditions. An iTRAQ-based (quantitative) analysis revealed that many proteins 
relevant for food and food processing could be detected in the secretome of  A. niger  
when grown on 50 mM D-glucose for 144 h (Adav et al.  2010  ) . Although not 
speci fi cally induced, many polysaccharidases and peptidases were found using 
these conditions, probably resulting from derepression due to carbon starvation. In 
addition to many characterized enzymes, such as, for example, pectinases,  a -L-
arabinofuranosidase (Flipphi et al.  1993a,   b,   c  ) , and  a -L-rhamnosidase (Manzanares 
et al.  1997  ) , the authors were able to show that in many genes that were annotated 
as encoding hypothetical enzymes, the corresponding proteins indeed were found in 
the fermentation broth. 

 In a more speci fi c approach, Lu et al.  (  2010  ) , Ferreira de Oliveira et al.  (  2010  ) , 
and de Oliveira et al.  (  2011  )  studied the induction of enzymes by D-xylose and 
D-maltose in  A. niger . D-xylose induces the hemicellulase encoding genes of the 
XlnR regulon (van Peij et al.  1998a,   b  ) . D-maltose induces the amylolytic enzymes 
of the AmyR regulon, whereas D-xylose acts as a repressor. Whereas Lu et al. 
 (  2010  )  analyzed selected spots from 2DE, Ferreira de Oliveira et al.  (  2010  )  used a 
shotgun approach for the analysis of the secretome. Despite these technical differ-
ences in the approach of the analysis of the secretome; the outcome of both studies 
was essentially the same. In D-xylose-induced conditions the enzyme mixture con-
sists mostly of the xylanolytic enzymes of the XlnR regulon, and when induced 
with D-maltose glucoamylase is dominantly present in the secretome, representing 
over 50% of the extracellular proteome. Xylanolytic enzymes were completely 
absent under D-maltose induction conditions. In addition to these polysaccharidases 
enzymes such as sulfhydryl oxidase (Sox) and catalase (Cat) were detected. 
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 Both the studies of Lu et al.  (  2010  )  and Ferreira de Oliveira et al.  (  2010  )  have 
analyzed the changes of the intracellular proteome upon changes in the induction 
regime. Lu et al.  (  2010  )  studied the proteins in a cleared total cell free extract. Their 
results show a major difference in the intracellular proteome in mycelium from 
shake  fl ask and bioreactor grown cultures. The differences between these two 
growth conditions directly relate to the availability of oxygen. Bioreactor grown 
mycelium is rich in glycolytic enzymes and enzymes involved in protection against 
oxygen stress, while these are present in far lower amounts or are even absent in 
shake  fl ask grown mycelium. 

 In addition to these metabolic enzymes, bioreactor-grown mycelium contained 
many chaperones and foldases. In the study of Ferreira de Oliveira et al.  (  2010  )  
speci fi cally, the proteins involved in secretion of the extracellular enzymes were 
studied by a proteomic analysis of enriched microsomal fractions from D-xylose 
and D-maltose induced conditions. In this analysis more than 1,000 proteins were 
identi fi ed of which 25% were predicted to be involved in the secretion process. This 
study con fi rms that D-maltose and D-xylose each induce the secretion of speci fi c 
extracellular enzymes. Moreover, their data show that induction by D-xylose and 
D-maltose also results in the association of the 20S core of the proteasome with 
secretory organelles. This suggests that the recruitment of the proteasome may be a 
general feature of the shift to a secretion state of the cell. 

 The differences in the intracellular proteome of shake  fl ask-grown mycelium 
versus bioreactor-grown mycelium as was shown by Lu et al.  (  2010  )  underpins the 
importance of controlled growth conditions in the study of these basic processes. 
Essentially this study shows the intracellular proteome largely depends on the 
amount of oxygen available during growth. Secretion-related proteins such as chap-
erones and foldases are present in larger amounts in bioreactor cultures, resulting in 
higher amounts of extracellular proteins.  

    28.5   Conclusions and Future Prospects 

 We have given an overview here of the recent developments of proteomics analysis 
applied to fungi that are of major importance in the production of food enzymes. 
Most of the studies have been performed using  A. niger  re fl ecting the dominance of 
this organism in food biotechnology. 

 The proteomics analysis of complex protein mixtures goes through a process of 
rapid development; analytical techniques become more sophisticated and easier to 
apply. This combined with the availability of much more and also more reliable 
genome data and more advanced bioinformatics tools, will lead to a strong increase 
in the application of proteomics analysis as an aid in strain improvement and in 
understanding fermentation phenotypes. As we discussed, proteome data will help 
to improve gene models, which contributes to the availability of more reliable 
genome data. This combined with more user-friendly bioinformatics tools, contrib-
utes to a wider application of proteomics studies. 
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 The availability of many more genome sequences, also from fungi, allows 
 comparative genomic and proteomic studies. The comparative studies contribute to 
a better understanding of the recruitment or loss of genetic information by fungi as 
part of their adaption process or specialization. Also these studies provide insight to 
the generation of variation of enzymes in organisms and between organisms. This 
not only contributes to a better understanding of the biological processes, but also 
enlarges the resources that can be applied in food biotechnology. 

 The results of these recent studies have shown that the proteomics analysis of 
extracellular proteins of fungi, that are mostly enzymes involved in food processes, 
provide valuable additional information in addition to the data derived from 
genome sequences. The conditional expression of speci fi c enzymes can be studied 
in this way and gives leads for the function of particular proteins. However, it is 
very important to note that speci fi c characterization of the protein is needed to 
determine its activity and mode of action. The characterization of these novel 
enzymes is still a challenging task to perform. Developments in the  fi eld of syn-
thetic biology, easing the process of high-level expression of proteins, combined 
with high-throughput analysis of the protein activity will contribute to ease the 
characterization.      
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  A. thaliana  proteomic analysis , 512–513  
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 pea , 510–511  
 potato , 511  
 rice , 511  
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 tomato , 512  
 transcriptomics , 514  
 wheat , 512   

  Genetically modifi ed foods , 491–494   
  Genetically modifi ed organism (GMO) , 

491, 492   
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 handling and crowding, chronic stressors , 
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 protein expression profi le, kidnet , 197   
  Glutenin allelic composition, wheat grain 

proteomics , 357–358   
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adaptation , 530, 532–533   
  High-pressure homogenization (HPH) , 25   
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   Hordeum vulgare  L.    See  Barley  
  Hydrophilic interaction chromatography 

(HILIC) , 78–79   
  Hypocholesterolemic peptide , 453    

  I 
  Immobilized metal affi nity chromatography 

(IMAC) , 34   
  Immunoinformatics , 360   
  Immunomodulatory peptides , 453   
  Immunoprecipitation , 32   
  In-gel and in-solution digestion , 35   
  Intracellular transcytosis , 233   
  Ion-exchange chromatography , 33, 71–73   
  Ionization techniques , 85–86   
  Ion trap analyzers , 88–89   
  Isobaric tagging for relative and absolute 

quantifi cation (ITRAQ) method , 278   
  Isoelectric focusing (IEF) , 33    

  K 
  Kjeldahl assay , 287   
  Kolbach index , 405   
  Kunitz type protease inhibitors , 427    

  L 
  Lactic acid bacteria (LAB) 

 biogenic amine production , 278–279  
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 in cheese ripening process , 277–278  
 in dairy industry , 261  
 fi ngerprinting , 279  
 food matrices , 277–278  
 identifi cation , 279  
 laboratory model conditions 

 adaptation of , 262  
 global stress signatures , 263  
 physicochemical stresses , 262  
 species-specifi c responses , 263, 275–276  
 stress-specifi c responses , 276–277  

 in meat products , 261  
 starters 

 food fermentation , 261  
 protein regulation , 263–274   

   Lactococci lactis  , 275–277, 280   
  Laser capture microdissection approach , 176   
  Lectins type protease inhibitors , 427   
  Limiting amino acids , 426   
  Liquid chromatography (LC) , 33   
   Listeria monocytogenes  , 174–175  

 biofi lms , 536, 537  
 cold adaptation , 521  
 environmental stress , 529  
 high hydrostatic pressure treatments , 

530, 532  
 peptidyl glutamyl peptide hydrolase , 521  
 salt-stress proteins , 529–531   

   Longissimus thoracis  , 129   
  Low-pressure liquid chromatography , 40–41    

  M 
  Maillard reaction , 485, 486   
  Marine capture fi sheries production , 205–206   
  Mass fi ngerprinting, dry-cured ham , 151–153   
  Mass spectrometry (MS) , 11–12  

 applications 
 adulteration , 96–97  
 food allergens , 94  
 food processing , 95–96  
 pathogens , 94–95  

 dry-cured ham 
 mass fi ngerprinting , 151–153  
 tandem mass spectrometry , 153–155  

 egg white proteins 
 combinatorial peptide ligand libraries , 

311–312  
 2-D-electrophoresis , 307–309  
 1D-PAGE , 309–310  

 egg yolk proteins , 312–313  
 combinatorial peptide ligand libraries , 

314  
 1D-PAGE, mass spectrometry , 313–314  

 food adulteration 
 capillary electrophoresis , 474  
 gel-free/gel-based proteomic 

approaches , 472  
 LC-ESI-MS/MS , 473–474  
 multiple reaction monitoring , 473  
 peptide-centric methodologies , 473  
 proteotypic peptides , 473  
 shotgun approach , 472, 474  
 top-down approach , 472  

 hybrid instrument , 91–93  
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 orbitrap , 90–91  
 and principal ionization sources , 86, 87  
 prion diseases, biomarkers of , 558, 559  
 and proteomics , 83–85  
 tandem MS , 86  
 time-of-fl ight mass analyzer , 87–88  
 triple quadrupole , 89–90  
 wine protein analysis , 289   

  Matrix-assisted laser desorption ionization–
time-of-fl ight (MALDI–TOF) mass 
spectrometry 

 beer peptides , 414  
 food allergens , 94  
 pathogens , 94–95  
 peptide mass fi ngerprinting , 212  
 wheat proteins , 343, 357–360   
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 biological network of proteins , 139  
  ceteris paribus  , 129  
 2DE and MS approach 

 proteomic network analysis , 136–138  
 proteomics observations , 130–131  
 TNNT3 and HSP27 isoforms , 131–136  
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  E. coli  0157:H7 , 537  
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 formation of , 534–535  
  Listeria monocytogenes  , 536, 537  
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 quorum sensing , 535  
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  Vibrio cholerae  , 538  
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 factors affecting , 518–519  
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 cellular biomarkers , 519  
 cold and heat , 520–523  
 cross-protection phenomena , 519  
 high-pressure processing , 530, 532–533  
 osmotic , 523, 529–530  
 oxidative stress , 533   

  Milk 
 digestion and bioavailability, of milk 

proteins , 236  
 ingredients , 224  
 processing 

 heat-induced protein modifi cations , 
236–237  

 proteomic characterization , 237–239  
 proteins , 431, 432  

 as allergens , 437  
 caseins , 433–434  
 high-abundance , 434  
 low-abundance proteins , 435  
 milk fat globule membrane , 

432, 433, 436  
 milk separation , 432  
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 whey proteins , 435–436  

 proteome 
 functional milk proteins , 225–226  
 MFGM , 227–228  
 milk secretion , 226–227  
 protein constituents, in milk secretome , 
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  Nonenzymatic post-translational protein 
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  Nonprion protein biomarkers 

 animal model , 556  
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 cerebrospinal fl uid protein profi ling , 553  
 CSF proteins , 555  
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 ELISA , 556  
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 thymosin  b 4 cerebrospinal fl uid levels , 555  
 ubiquitin , 555  
 urinary protein excretion , 557  
 western blotting , 554   
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 limiting amino acids , 426  
 plant proteins 

 fruit and vegetable proteomics , 442  
 seed proteins , 437–442  
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  Off-Gel IEF , 33   
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  One-dimensional PAGE MS 
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  Plant proteins 

 fruit and vegetable proteomics , 442  
 seed proteins , 437–438  

 celiac disease , 440–441  
 cereal proteins , 438–440  
 legumes , 441–442   

  Plasmin , 250   
  Post-mortem meat 

 protein modifi cations , 112–113  
 detection , 113–116  
 impacts on muscle food quality , 116  

 protein modifi cations, in muscle food 
 degradation , 120–121  
 oxidation , 118–120  
 phosphorylation , 117–118   

  Post-translational modifi cation (PTM) 
 controlled degradation , 7  
 detection of proteomes , 8  
 glycosylation , 5–6  
 phosphorylation , 6–7   

  Potato , 328–329   
  Power , 59   
  Precipitation , 32   
  Pre-slaughter crowding , 167   
  Principal component analysis (PCA) , 60   
  Prion biomarkers 

 CNS detection, in meat products , 559  
 PrP C  , 550, 552  
 PrP Sc  

 biochemical/biophysical properties , 550  
 detection of , 552–553  
 enzyme proteinase K , 550  
 isoforms of , 551   

  Pro-Q Diamond , 114   
  Protein misfolding cyclic amplifi cation 

(PMCA) , 550–552, 559   
  Proteins 

 digestion , 34–36  
 egg shell , 315  

 cuticle proteins , 316–317  
 matrix proteins , 315–316  
 membrane proteins , 315  

 egg white , 306–307  
 combinatorial peptide ligand libraries , 

311–312  
 2-D-electrophoresis mass spectrometry , 

307–309  
 1D-PAGE mass spectrometry , 309–310  

 egg yolk , 312–313  
 combinatorial peptide ligand libraries , 314  
 1D-PAGE: mass spectrometry , 313–314  

 extraction and fractionation   ( see  Food 
protein extraction and fractionation)  
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  Proteogenomics , 567   
  Proteolytic activity, cheese , 250   
  Proteome mining , 342   
  Proteomics 

 advantages , 103  
 applications 

 early post-mortem meat , 106–108  
 post-mortem meat   ( see  Post-mortem 

meat) 
 complexity , 4–5  
 food 

 and health , 14–15  
 production , 14  
 quality and technology , 16  
 safety , 15  

 functional protein complexes , 8–9  
 homologous proteins , 8  
 muscle food 

 gel-based proteomic approaches , 105–106  
 gel-free proteomic approaches , 106  

 PTM 
 controlled degradation , 7  
 detection of proteomes , 8  
 glycosylation , 5–6  
 phosphorylation , 6–7  

 skeletal muscle , 104–105  
 technology 

 mass spectrometry , 11–12  
 targeted proteomics , 12–13  
 two-dimentional electrophoresis , 10–11   

  Proteotypic peptides , 473   
  PTM.    See  Post-translational modifi cation 

(PTM)  
  Puroindolines , 356    
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  Q-Exactive instrument , 93   
  Quorum sensing , 535    
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(RT-QuIC) , 552   
  Rennet , 250   
  Reversed-phase high-performance liquid 

chromatography (RP-HPLC) , 
76–78, 454   

  Rice cultivation , 379–380   
  Rice proteomics 

 environmental stress 
 grain weight , 389  
 morphological evaluations , 387  
 panicle exsertion failure , 388  
 peduncle elongation , 388, 389  

 salinity effect , 387, 388  
 spikelet fertility , 387  
 storage protein accumulation , 389  
 temperature effects , 387  
 yield trait analysis , 386–387  

 stress tolerance mechanisms 
 abiotic stress , 390, 392  
 developmental stage, of plant , 389–390  
 factors affecting , 389  
 fertilizer application , 389  
 genetic background , 390, 392  
 intensity/duration and type of , 390  
 physiological and cellular responses , 

390, 391  
 temperature effects , 390   

  Rice seed proteomics 
 germination 

 alpha-amylase , 383  
 carbonylation , 386  
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 defi nition , 383  
 long-time storage , 386  
 reactive oxygen species , 386  
 stages of , 384  
 starch degradation , 383–385  
 starch granules accumulation , 385  
 water uptake , 383  

 grain fi lling period 
 description , 380  
 differentially displayed proteins , 

381, 382  
 drought , 381  
 economic characteristics , 380  
 gene expression, RNA level , 381  
 OsMADS6 transcription factor , 381   

  Rotor-stator homogenizers , 23    

  S 
   Saccharomyces cerevisiae  , 403   
   Salmonella enteritidis  , 534   
  Salting-out process , 32   
  Sarcomere , 186   
  Sarcoplasmic proteins , 148  

 proteolysis during dry-cured ham 
processing , 149–150   

  Saturation labeling , 55   
  Seafood 

 defi nition , 164  
 pre-mortem quality and safety aspects 

 exposure to environmental 
contaminants , 168–170  

 production method, crowding and 
feeds , 166–168  

 species and size , 166  
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 microbial and contaminations , 174–175  
 post-mortem changes and sensory 

attributes , 170–172  
 processing and storage , 172–174   

  Selected reaction monitoring (SRM) , 13, 90, 
363, 364   

  Senegalese sole , 199–200   
  Shotgun approach 

 food adulterants, detection and 
quantifi cation of , 472, 474  

 GM biomarker detection/identifi cation , 493   
  Shotgun proteomics , 567, 568   
  Six-row barely , 400   
  Size-exclusion chromatography (SEC) , 

34, 72–75, 150, 151   
  Skeletal muscle proteomics , 104   
  Skim milk , 225   
   Solanum lycopersicum  , 325–328   
  Solid-phase extraction (SPE) , 41–42, 76   
  Solubilization/precipitation 

 aqueous enzymatic extraction , 29–31  
 aqueous solutions , 28–29  
 organic solvents , 26–28  
 subcritical water , 31   

  Soybean proteins , 482, 484   
   Sparus aurata .    See  Gilthead sea bream  
  Sporadic Creutzfeldt–Jakob disease (sCJD) , 

551–555, 557   
   Staphylococcus aureus  

 acclimatisation process , 522  
 RsbU role , 534  
  s  B -activity , 534   

  Starch biosynthesis , 354, 355   
  Stone fruits , 329   
  Strawberry , 329   
   Streptococcus thermophilus  
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 stress response , 276   

  Strong cation exchange (SCX) fractionation , 227   
  Structural proteomics , 342   
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(SELDI) proteomics , 169   
  Synthetic index , 129–130    
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153–155   
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  Teleostei orders , 164   
  Tender meat.    See  Meat tenderness  
  Testis proteomics , 199–200   

  Time-of-fl ight mass analyzer , 87–88   
  Tomato , 325–328   
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 detection of contaminating proteins , 
296–297  

 varietal/geographical differentiation , 
295–296   

  Transcytosis , 229   
  Transmissible spongiform encephalopathies 

(TSEs) , 549–553, 560   
  Tricholoracetic acid (TCA)/acetone 

precipitation , 27–28   
  Trifl uoroacetic acid (TFA) , 77   
  Triple quadrupoles , 89–90   
   Triticum aestivum  gene index , 361, 362   
  Two-dimensional electrophoresis (2DE) , 10–11  

 barley-malt Italian lager beer , 410  
 beer protein characterization , 408  
 data analysis 

 data pre-processing steps , 58  
 multivariate , 59–62  
 univariate , 58–59  

 DIGE , 53–56  
 egg white proteins , 307–309  
 genetically  vs.  non-genetically engineered 

varieties , 507–509  
 image analysis , 55–57  
 LAB , 277, 279, 280  
 meat tenderness 

 proteomic network analysis , 136–138  
 proteomics observations , 130–131  
 TNNT3 and HSP27 isoforms , 131–136  

 under native conditions , 64  
 under nonreducing conditions , 64–65  
 prion diseases, biomarkers of , 558, 559  
 pros and cons of , 62–64   

  Two-dimensional PAGE map, of farmed 
 Sparus aurata  

 kidney , 197, 198  
 liver , 191, 192  
 serum , 195   

  Two-row barely , 400    
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  Ultrafi ltration , 37–40   
  Ultrasonic homogenization , 25   
  Univariate statistical tests , 59    

  V 
  Variant Creutzfeldt–Jakob disease (vCJD) , 

549, 551, 553   
   Vibrio parahaemolyticus  , 175    
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  Western-blot analysis , 113   
  Wet-milling , 23   
  Wheat bran proteomes , 349–350   
  Wheat germ proteomes 

 composition of , 348  
 gel-based 2-D proteomics tools , 348  
 protein composition , 348–349  
 stress associated proteins , 348   

  Wheat grain proteomics 
 amyloplast proteome , 347–348  
 applications , 350–354  
 clustered transcripts , 362, 363  
 endosperm proteomes , 345–346  
 epitopes 

 B-cell , 361–362  
 description , 360  
 identifi cation methods of , 361  

 extraction methods, in seed proteomics , 344  
 functional proteomics , 342  
 glutenin allelic composition , 357–358  
 milling and grain hardness , 356–357  
 MudPIT , 343  
 peptide mass fi ngerprinting , 343, 344  
 proteome mining , 342  
 puroindolines , 356  
 seed science, proteome-level approach , 

342, 343  
 SRM mass spectrometry assays , 363, 364  
 starch and protein accumulation , 355  
 structural proteomics , 342  
 subproteome analysis , 342, 350  
  T. aestivum  gene index , 361, 362  
 vaccine gene candidate identifi cation , 

361–362  
 wheat allergy 

 celiac disease , 358–359  
 description , 358  
 fl our-soluble fraction , 359  
 gluten content of food , 359, 360  
 immunoinformatics , 360  
 peptide-based therapeutic vaccine , 360  

 wheat bran , 349–350  
 wheat germ , 348–349  
 wheat seed protein isolation , 344–345  
 wheat seed storage proteins , 342   

  Wheat sensitivity , 358   
  Whey proteins , 435–436   
  Whey proteomes 

 complement system , 231–232  
 cytokines and chemokines , 235  
 immunoglobulins , 229–231  
 milk nutrient regulation , 235  
 transepithelial transport, milk proteins , 

233–235   
  Wild and farmed fi sh.    See  Fish, farmed and 

wild  
  Wine proteins 

 characterization methods , 288–289  
 grapevine, domestifcation of , 285  
 origin of , 290  
 quantifi cation method 

 densitometric quantifi cation , 
287, 288  

 HPLC-based techniques , 287–288  
 Kjeldahl assay , 287  
 non-wine standard protein , 288  
 SDS-PAGE protein bands , 287, 288  
 spectrophotometric detections , 287  
 white  vs.  red wines , 287  

 role of 
 foam formation and stability , 294  
 haze formation , 291–294  
 heat-unstable proteins , 291–294  

 scientifi c reviews , 286  
 traceability tool 

 detection of contaminating proteins , 
296–297  

 varietal/geographical differentiation , 
295–296  

 wine trade, importance of , 286   
  Wine proteomics.    See  Wine proteins   
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  YjiE, hypochlorite-responsive transcription 
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