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 This book is dedicated to the late Dr. Stanley Gilliland, Regents Professor and 
Sitlington Endowed Chair in Food Microbiology at Oklahoma State University. 
Dr. Gilliland had an incredible career and was a pioneer in the fi elds of probiotics 
and direct-fed microbials. He mentored many graduate students and paved the way 
for the further advancement of the fi eld of direct-fed microbials through his teaching 
and research. Dr. Gilliland contributed to many journal articles, book chapters, and 
conferences during his career. He left behind a legacy of research and the inspira-
tion for quality scientifi c work. Dr. Gilliland will be missed but his contributions 
will not be forgotten. 

 Without Stan’s guidance and support this conference and book would not have taken 
place. While Dr. Gilliland was taken from us too soon, his impacts will be felt for 
years to come.     
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  Preface

In recent years, the role of the microbial ecosystem in both human and animal health 
has become more prominent (Finegold 2008; Ley et al. 2006; Murphy 2004; 
Turnbaugh et al. 2009; Turnbaugh et al. 2006; Xu and Gordon 2003). The “micro-
bial organ” is at last getting its due as a playing a part in health as well as production 
parameters (Lyte 2010). Though much of this research has focused on the effects of 
the microbial communities and cross-communication with the host in and on 
humans, increasing amounts of research has delved into the microbial organ of ani-
mals (Freestone and Lyte 2010). A new hypothesis has recently been advanced by 
Dr. Mark Lyte that probiotics may function as a drug as a delivery mechanism for 
neuroactive and bioactive compounds that affect the host. 

 In light of these changes in our understanding of intestinal microbial ecology 
based on new molecular and older culture-based methods, a revised vision of the 
role of Direct fed Microbials and prebiotics in animal agriculture was necessary. 
With this in mind, an American Dairy Science Association DISCOVER conference 
was held in 2009 on “Probiotics in Animal Agriculture: Science and Mechanisms of 
Action”. Following discussions with Dr. Gilliland and others at that conference, it 
was decided that a “state of the art” book needed to be produced for the animal and 
DFM industries. 

 The practice of supplementing direct fed microbial and prebiotic additives to 
domestic animals during growth is becoming more widespread in food animal pro-
duction. Benefi cial effects particularly in cattle, pigs and poultry including improved 
general health, foodborne pathogen reduction, more effi cient food utilization, faster 
growth rate and increased milk and egg production continue to be reported. The 
success associated with direct fed microbial and prebiotic applications in multiple 
species ensures their continued commercialization and widespread use of such 
additives. However, several fundamental questions remain. It appears that early 
establishment and retention of an ecological balance in the gastrointestinal tract is 
an important fi rst step for an external biological additive to be effective in young 
animals. Therefore, it is possible that the effectiveness of direct fed microbials 
and prebiotics in some animal species may only be an indirect consequence of 
speeding up the establishment of the dominant microfl ora characteristic of the adult 
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gastrointestinal tract. Consequently an understanding of the key processes during 
establishment of microfl ora in the gastrointestinal system that lead to the subse-
quent fermentation characteristics and ecological balance exhibited by the highly 
protective microfl ora is needed. Identifying these processes should lead to contin-
ued improvement in the effectiveness of available commercial products. Several 
additional areas of future research directions are also likely needed for further devel-
opment and implementation of these biologicals. 

 A critical area that is now becoming possible is the rapid identifi cation  in vivo  of 
characteristic microbial profi les to confi rm successful establishment. Such tech-
niques involve incorporation of molecular fi ngerprinting of both externally intro-
duced cultures as well as the indigenous gastrointestinal microfl ora. This may also 
potentially help to achieve a better understanding of the mechanism(s) required for 
successful selection and optimization of direct fed microbials and prebiotics. In 
addition, this will provide insight into environmental factors that may play a role in 
the ability of direct fed microbials to limit pathogen transmission. Other arenas in 
which direct fed microbials and prebiotics may be important are in limiting estab-
lishment of pathogens in older animals which possess a more mature and developed 
gut microfl ora and need removal of pathogens already colonized in animal gastroin-
testinal tracts. Here success will be dependent on a much more complete picture of 
gastrointestinal microbial ecology and may include organisms which have been 
overlooked when typical direct fed microfl ora have been identifi ed and character-
ized. In addition, modeling of microbial interactions in the gastrointestinal tract 
may be important to identify common factors within the complex matrix of the 
microbial consortium which help to serve as a barrier to prevent pathogens from 
coexisting with these microorganisms. Continued research on direct fed microbials 
and prebiotics in general should markedly expand their commercial applications. 

 Defi nitions 

 In this book, we use an overarching defi nition for  probiotics  as “a preparation or a 
product containing viable, defi ned microorganisms in suffi cient numbers, which 
alter the micro-fl ora (by implantation or colonization) in a compartment of the host 
and by that exert benefi cial health effects in this host”(Schrezenmeir and De Vrese 
2001).  Direct-fed microbials  (DFM) are a category of probiotics that are used in 
the animal industry in the United States (Fuller 1989; Schrezenmeir and De Vrese 
2001). Typically, DFM as a category includes: traditional “probiotics” (live bacte-
rial, fungal or yeast cultures), non-viable bacterial, fungal or yeast cultures, or end-
products of bacterial, fungal or yeast fermentations. Some of these products include 
cultures that utilize a mechanism of action similar to  Competitive Exclusion 
Cultures , but are not included in that FDA defi nition (CVM 1997).  Prebiotics  are 
defi ned as non-living compounds that can be degraded by the intestinal microfl ora, 
and are often considered a “colonic food”(Collins and Gibson 1999; Crittenden 
1999; Schrezenmeir and De Vrese 2001). Many of the yeast products (DFM) used 
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in the animal industry contain endproducts of fermentation that are prebiotics, or 
prebiotic like, which can explain some of the effects of those products on the micro-
bial population of the intestinal tract.

College Station, TX, USA Todd R. Callaway
Fayetteville, AR, USA Steven C. Ricke 
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  Abstract   The commensal microbiota in the intestinal tract are important to the 
host, not only in relation to food digestion, but also in terms of reducing infection 
by pathogens (colonization resistance) and it is becoming increasingly apparent that 
the commensal microbiota are important in developmental programming and func-
tion of organ systems in the adult. This is not surprising as there are ten times as 
many microbial cells as host cells and 100 times as many microbial genes. The com-
mensal microbiota could be considered an additional organ that not only infl uences 
function in the adult, but also development in the neonate. The commensal micro-
biota is an important component of the host animal’s genome. During and immedi-
ately after birth, the intestinal tract is colonized by a succession of bacteria. The 
presence of these bacteria is important for functional development of the intestinal 
tract (angiogenesis, epithelial tissues, mucosal system) and more recent data sug-
gests a role in development and function of the brain and hypothalamic pituitary 
axis (HPA) that last throughout life.      

 The commensal microbiota in the intestinal tract are important to the host, not only 
in relation to food digestion but also in terms of reducing infection by pathogens 
(colonization resistance). It is also becoming increasingly apparent that the com-
mensal microbiota are important in developmental programming and function of 
organ systems in the adult. This is not surprising as there are ten times as many 
microbial cells as host cells and 100 times as many microbial genes (Gill et al. 
 2006  ) . The commensal microbiota could be considered an additional organ that 
infl uences not only function in the adult but also development in the neonate (O’Hara 
and Shanahan  2006  ) . The commensal microbiota comprise an important component 
of the host animal’s genome. 

    J.  A.   Patterson   (*)
     Department of Animal Sciences ,  Purdue University ,   West Lafayette ,  IN ,  USA    
e-mail:  jpatters@purdue.edu   

    Chapter 1   
 The Commensal Microbiota       

       John   A.   Patterson         
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 During and immediately after birth, the intestinal tract is colonized by a succession 
of bacteria. The presence of these bacteria is important for functional development of 
the intestinal tract (angiogenesis, epithelial tissues, mucosal system), and more recent 
data suggest a role in the development and function of the brain and the hypotha-
lamic–pituitary axis (HPA) that lasts throughout life. From an ecological perspective, 
the intestinal tract could also be viewed as a major river running through a continent, 
originating in the headwaters and discharging after passing through the continent. 
The river ecosystem is dynamic and constantly changing and is infl uenced by the 
 surrounding land, as the land is affected by the river. The intestinal tract has major 
(e.g., rumen in ruminants; crop, proventriculus in birds) and minor (human, mouse) 
differences in stomach structure that infl uence subsequent microbial ecosystems. 
There are major differences between species in the structure of the small intestine, 
cecum, and large intestine that also infl uence the dynamics of the microbial ecosys-
tem. Individual differences in intestinal structure, pH, transit rate, water content, 
immune function, and expression of molecules lining the epithelium infl uence the 
unique microbiota in individual animals. 

 From a microbial ecological perspective, disturbances of ecosystems decrease 
microbial diversity and increase opportunities for invading species. For example, 
pasture soil may contain 3,500–8,800 bacterial species, whereas species diversity in 
arable land comprises some 140–350 species (Horner-Devine et al.  2004 ; Xavier 
et al.  2005  ) . The luminal contents of the intestinal tract are constantly being dis-
turbed, especially in the small intestine; and not only the number of bacteria but 
bacterial diversity is lower in the small intestine. However, estimates of bacterial 
diversity in the colon rarely exceed 1,000 species. From a nutritional competition 
perspective, high diversity in an established ecosystem is thought to inhibit invasion 
by new species, whether they are pathogens or benefi cial microorganisms. In envi-
ronmental ecosystems, the low susceptibility to invasion by high-diversity commu-
nities is due to low levels of available resources, which is because redundancy of 
species utilization of resources reduces the niche width. Disturbances in the ecosys-
tem may allow invading species to overcome resource-dependent limitations to 
invasion (Tilman  2004 ; Xavier et al.  2005  ) . In complex ecosystems, superior com-
petitors for a nutrient may be limited by growth rate; thus, they may be unable to 
exploit all of the available space, and inferior competitors can exploit these gaps if 
they have high growth rates (Amarasekare et al.  2004  ) . Lactic acidosis in cattle that 
were rapidly switched from a forage diet to a high grain diet is a good example. 
 Streptococcis bovis , which is normally a minor species in the rumen, has poor 
affi nity for carbohydrates but can grow rapidly when carbohydrates are available. 
 S. bovis  produces lactic acid, which rapidly decreases ruminal pH, inhibiting the 
normal dominant microbiota. There are a variety of ecosystems in the intestinal tract, 
and each exerts different ecological pressures on microbial colonization. Another 
example would be the growth rate or metabolic activity of different sections of the 
intestinal tract. Although the number of bacteria and bacterial species is lower in the 
small intestine, if one calculates the ATP per bacterial cell in each location, the 
metabolic activity of the microbiota in the small intestine is tenfold greater than that 
of the colon (Patterson, unpublished, adapted from Jensen and Jorgensen  1994  ) . 
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The conceptual framework of microbial ecological theory may help explain the 
 different enterotypes discussed by (Arumugam et al.    2011    and Yin et al.    2010  ) . 
Additional concepts for host contribution to species/enterotype colonization (e.g., 
differential gene expression resulting in unique epithelial cell composition/secre-
tions, mucosal immune status) need to be developed for host/microbiota ecological 
theory development. 

    1.1   Temporal Colonization of the Intestinal Tract 

 The intestinal tract is sterile at birth and becomes colonized in a series of succes-
sional steps (Dominguez-Bello et al.  2011 ; Ley et al.  2006 ; Koenig et al.  2011 ; Lu 
et al.  2003 ; Yin et al.  2010 ). Facultative microorganisms rapidly colonize the intes-
tinal tract; and as they modulate the nutritional and environmental (oxygen, pH, 
host gene expression) ecosystems of the intestinal tract, more anaerobic microor-
ganisms sequentially colonize it (Dominguez-Bello et al.  2011 ; Koenig et al.  2011 ; 
Ley et al.  2006 ; Wilkinson  2002  ) . The early, rapid initial colonization helps protect 
against pathogen invasion (colonization resistance), but the climax microbial popu-
lation may not become established for several years or even until the adolescent 
period in an animal (Marques et al.  2010  ) . Colonization is dependent on the micro-
organisms in the host animal’s environment, the host’s physiology, and the host 
animal’s response to the early colonizers. In adult animals, there is a gradient of 
oxygen from food and water consumption and a gradient from tissues into the lumen 
that infl uences species composition along the digestive tract (Wilkinson  2002  ) . 
There is an increase in total numbers of bacteria along the small intestinal tract, in 
the cecum, and in the proximal and distal large intestine resulting in facultative 
microorganism being <0.01–1.0% of the total population. The ecosystems infl uence 
the types of microorganism colonizing each ecosystem and are the source of micro-
organisms that colonize subsequent intestinal ecosystems (see Rawls et al.  2006  and 
Yin et al.  2010  for a discussion of the impact of the microbiota source and the host 
on microbial colonization). The stability of the intestinal microbiota also changes in 
the elderly (Claesson et al.  2011 ; Spor et al.  2011  ) .  

    1.2   Postnatal Programming 

 There is increasing information about fetal and postnatal programming, not only 
regarding behavior (Heijtz et al.  2011 ; Huang  2011 ; Li et al.  2009 ; Marques et al. 
 2010 ; Tarry-Adkins and Ozanne  2011  )  but also about metabolic and immune func-
tion (Badr and Mohany  2011 ; Leach and Mann  2011  ) . The most detailed example 
of postnatal programming interactions with the microbiota was offered by Hooper 
et al.  (  1999  ) . They described the programmed expression of fucose on epithelial cell 
surfaces in germ-free mice during early postnatal development and demonstrated 
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that fucose expression in germ-free mice lasted only briefl y. However, in the presence 
of  Bacteroides thetaiaotamicron , fucose expression expanded among epithelial 
cells and continued in the presence of  B. thetaiotamicron . They also showed that 
 B. thetaiotamicron  secreted a signal molecule stimulating expression of fucose, 
which the bacterium could use as a nutrient source. It would be naive to assume that 
this was the only molecule in the intestinal tract with programmed expression, with 
subsequent regulation by the presence of bacterial signals. 

 Another example of the importance of early colonization by specifi c microbial 
populations is that children who develop allergies are colonized less frequently with 
bifi dobacteria and enterococci but more frequently with  Clostridium diffi cile ; more-
over, there is a correlation between nonallergic children and secretory immuno-
globulin A (SIgA) levels. Early colonization with bifi dobacterium species correlated 
with higher levels of SIgA in Swedish infants 1 month after birth, whereas there was 
a negative correlation between  Bacteroides fragilis  and toll-like receptor 4 (TLR4), 
CCL4, and interleukin-6 (IL-6) expression in peripheral mononuclear cells 
12 months after birth (Sjögren et al.  2009  ) . 

 The initial inoculum is primarily thought to be bacteria from the mother’s rectal/
vaginal microbiota, although other environmental sources may also be important. 
Tapiainen et al.  (  2006  )  showed that the gut microbiota varied signifi cantly over the 
fi rst few days of life and varied among individuals. The fecal microbiota resembled 
that of both the mothers and their nurses 6 months after birth. Other factors infl uenc-
ing the microbiota include mode of delivery, gestational age, antibiotic use, hospi-
talization, surrounding environment, and maternal infection (Adlerberth and Wold 
 2009 ; Marques et al.  2010 ; Tanaka et al.  2009  ) . We (Patterson, unpublished data) 
have shown that chickens raised intensively versus on pasture carry  Salmonella  lon-
ger in the cecum but not the ileum. Yin et al.  (  2010  )  used two continuous culture 
inocula or material from adult birds or water to inoculate day-old chicks. Both con-
tinuous culture inocula contained ~36%  Bacteroides , 61%  Firmicutes , and 3% 
 Proteobacteria ; however, one inoculum was characterized by much higher levels of 
 Bacteroides fragilis , whereas the second inoculum contained much higher levels of 
 Prevotgella albensis ,  Acidaminococcus , and  Dorea . Over 15 days, the chicks devel-
oped signifi cantly different microbial populations, with the latter treatment and 
water inoculum having more similar populations. Gene expression in ileal samples 
was also different between the three inocula. Thus, certain microbial populations 
inoculated early have lasting effects on the subsequent microbial populations. 

 Early life exposure to microbes drives expansion and development of immune 
cells and tissues; and the diversity and specifi c types of microorganisms at least 
partially infl uence subsequent ability of the immune system to respond to allergens 
and infection (Bjorksten et al.  2001  ) . Exposure of neonatal piglets to low- and high-
hygiene environments showed a greater diversity of microbiota in low-hygiene-
raised piglets, slower accumulation of dendritic cells in the intestinal mucosa, and 
differential production of IL-2 and IL-4 by mucosal and systemic T cells (Inman 
et al.  2010  ) . Arumugam et al.  (  2011  )  found three enterotypes among humans from 
different cultures characterized by high levels of either  Bacteroides ,  Prevotella , or 
 Ruminococcus  species that differ in functional properties. Hydrogen disposal may 
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also be a factor in enterotype development as the high  Bacteroides  enterotype is 
associated with higher levels of  Desulfovibrio , and the high  Ruminococcus  entero-
type is associated with higher levels of  Methanobrevibacter . The newer high 
throughput molecular approaches may be able to identify other minor components 
of the microbiota that have important functions in the intestinal tract. Current infor-
mation is not detailed enough to determine the host properties that dictate the differ-
ent enterotypes and that may be infl uenced by host immune modulation (which may 
be infl uenced by early colonizers) and/or physiological factors such as transit time, 
dry matter content, or luminal pH. However (Spor et al.    2011  )  indicated some host 
genes associated with specifi c microbiota.  

    1.3   Impact of Stressors on the Intestinal Microbiota 

 It is well known that stress makes animals more susceptible to infection; and until 
recently it was thought that stress hormones acting through the HPA increased sus-
ceptibility through suppression of the immune system. Recent data show that cate-
cholamines do increase growth and expression of virulence genes in gram-pathogenic 
bacteria (Freestone et al.  2008 ; Lyte  2004 ; Lyte et al.  2011  ) . The central thesis from 
this group is that the intestinal microbiota is an organ, and the microbial species 
composition infl uences host homeostasis and disease susceptibility. Also, the host’s 
nervous system (in conjunction with the immune system) infl uences the species 
composition, and the microbiota has its own nervous system (quorum sensing as 
well as the ability to sense and secrete a variety of signal compounds) (Lyte  2010  ) . 
Massive release of norepinephrine caused by administration of a neurotoxin has 
been shown to cause a several-log-fold increase in  E. coli  within hours (Lyte and 
Bailey  1997  ) . Bailey et al.  (  2010,   2011  )  have shown that mild stressor exposure 
disrupts the commensal microbial population and that infection levels were associ-
ated with the presence of specifi c microbial genera.  

    1.4   Conclusions 

 The picture that is emerging is that the sterile intestine is rapidly colonized by a suc-
cession of bacterial species and then slowly approaches its climax population with 
increasing numbers and diversity of bacteria. The composition of this early micro-
biota has implications regarding programming not only of the climax microbiota but 
also the development of the intestinal epithelium, immune system, and brain. 
Furthermore, this early developmental programming may infl uence how these sys-
tems respond to stress and disease during adulthood. The data also suggest that 
although there are unique individual differences in microbial composition, the 
developmental and climax microbial populations may be manipulated to enhance 
animal well-being and resistance to stress and disease. The intestinal microbiota 
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secrete signals that affect the epithelium, mucosal immune system, and brain. In 
turn the epithelium, mucosal immune system, and brain infl uence the composition 
of the intestinal microbiota. The interactions between these systems during develop-
ment and homeostasis dictate how these systems respond to stressors and infection 
(Fig.  1.1 ).  

 Recent data suggest that the early microbial colonizers infl uence the development 
of subsequent microbial populations as well as host development and function. There 
is increasing interest in the use of probiotics, prebiotics, and other dietary additions 
to improve animal health and well-being. Although the effi cacy of these dietary 
additions is variable, it may be important to address offering these dietary additions 
shortly after birth (Bezirtzoglou and Stavropoulou  2011 ; Nava et al.  2005  ) .      
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  Abstract   The food industry is constantly shifting focus based on what is most 
important to the consumer. Products are marketed currently that are believed to 
provide health benefi ts to the consumer such as benefi cial effects on health or as 
disease preventatives. Much of the focus is on oligosaccharides as health-promoting 
substrates. Many oligosaccharides are resistant to digestion and absorption by mam-
malian enzymes and, therefore, reach the large bowel where they may be fermented 
by the resident bacteria. Beyond their potential as substrates for fermentation, oli-
gosaccharides are popular food additives due in large part to their low caloric value 
and their ability to enhance mineral absorption. Health benefi ts include alleviation 
of constipation, reduced risk of infection and diarrhea, and improved immune 
response. Many oligosaccharides modulate microbiota of the large bowel by increas-
ing bifi dobacteria and lactobacilli populations and decreasing clostridia popula-
tions. This review will describe the manufacturing processes for select non-digestible 
oligosaccharides and other food ingredients currently classifi ed as prebiotics and 
those with prebiotic potential.      

    2.1   Introduction 

 The food industry is constantly shifting focus based on what is most important to 
the consumer. Products are marketed currently that are believed to provide health 
benefi ts to the consumer. They are touted as either having benefi cial effects on 
health or as disease preventatives. Because of the increased demand for these types 
of product, there is a growing interest in this research area that not only helps food 
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companies make accurate claims on products but helps identify new products that 
may lead to enhanced health. 

 Much of the focus is on oligosaccharides as health-promoting substrates. 
Oligosaccharides are low-molecular-weight carbohydrates with a low degree of 
polymerization (DP). They are either 2–20 monosaccharide units or no more than 
10 monosaccharide units, depending on the offi cial defi nition used (IUP-IUPAC 
 1982 ; Food and Drug Administration  1993  ) . Many oligosaccharides are resistant to 
digestion and absorption by mammalian enzymes; and they therefore reach the large 
bowel, where they may be fermented by the resident bacteria. These oligosaccha-
rides cannot be digested because the anomeric carbon atom has a confi guration 
making the osidic bond resistant to mammalian enzymes. These oligosaccharides 
are termed “nondigestible oligosaccharides” (NDO). 

 Beyond their potential as substrates for fermentation, NDO are popular food 
additives due in large part to their low caloric value and their ability to enhance 
mineral absorption. NDO are water-soluble and sweet tasting; however, the sweet-
ness decreases with increasing chain length. These products can aid in water bind-
ing and gelling, which can potentially decrease the amount of fat needed in a food 
product (   Roberfroid and Slavin  2002 ). Health benefi ts linked to NDO ingestion 
include alleviation of constipation (Marteau  2001 ; Kaur and Gupta  2002  ) , less risk 
of infection and diarrhea (Mussatto and Mancilha  2007  ) , and improved immune 
response (Jenkins et al.  1999 ; Kelly-Quagliana et al.  2003 ; Manning and Gibson 
 2004  ) . Other potential health benefi ts include modulation of lipid metabolism, 
reduced cancer risk, and treatment of hepatic encephalopathy (Swennen et al.  2006 ; 
Mussatto and Mancilha  2007  ) . Many NDO also benefi cially modulate microbiota of 
the large bowel by increasing bifi dobacteria and lactobacilli populations and 
decreasing clostridial populations. 

 Select NDO have been classifi ed as prebiotics. The concept of prebiotics was fi rst 
introduced in 1995 (Gibson and Roberfroid  1995  ) , and they have gained attention in 
industry and academia due to their potential health benefi ts. Prebiotics are defi ned as 
nondigestible food ingredients that are resistant to digestion and absorption (nondi-
gestible), are fermented by cecal/colonic microbiota, and selectively stimulate growth 
and/or activity of bacteria that contribute to colonic and host health (Gibson et al. 
 2004 ; Roberfroid  2007 ). Only three NDO to date can be defi nitively classifi ed as 
prebiotics: fructans, galactooligosaccharides (GOS), and lactulose. Although other 
NDO may have prebiotic potential, only limited research is available or the current 
data are confl icting, which does not allow them to be termed prebiotics. This review 
describes the manufacturing processes for select NDO and other food ingredients 
currently classifi ed as prebiotics and those with prebiotic potential. 

    2.1.1   Methods of Manufacture 

 Nondigestible oligosaccharides have many uses in the food industry beyond use as 
a prebiotic. They have been used in food products to add bulk, reduce sweetness 
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when other fl avors should predominate, mask the taste of artifi cial sweeteners, and 
improve the mouth feel owing to their viscosity properties (Crittenden and Playne 
 1996 ; Mussatto and Mancilha  2007  ) . Just as important, NDO are generally classi-
fi ed as “generally recognized as safe” (GRAS) and can be added to products meant 
for human and animal consumption. These products are generally safe and lead to 
only transient side effects when consumed in large doses; however, what constitutes 
a large dose is person/animal-dependent. Side effects of fermentable NDO include 
severe fl atulence, intestinal discomfort, and osmotic diarrhea (Pederson et al.  1997 ; 
Cummings et al.  2001 ; Marteau  2001 ; Juśkiewicz and Zduńczyk  2002  ) . 

 There are three main manufacturing processes for NDO: direct extraction from 
plants; controlled enzymatic hydrolysis of high-DP polysaccharides to lower DP 
oligosaccharides; and enzymatic-catalyzed synthesis via microbial action on simple 
sugars (Grizard and Barthomeuf  1999 ; L’Hocine et al.  2000  ) . These processes use 
various chemical reactions, defi ned in Table  2.1 . Inulin and soybean oligosaccha-
rides (raffi nose and stachyose) are two examples of NDO that can be directly 
extracted from plant sources (chicory root and soybeans, respectively). Commercially 
produced inulin, however, also undergoes hydrolysis of longer-chain polysaccha-
rides to create a fi nal product. Another example of controlled hydrolysis includes 
production of xylooligosaccharides from xylan. Finally, others are built using trans-
glycosylation reactions with simple sugars such as the production of lactulose 
(Prenosil et al.  1987 ; Nilsson  1988 ; Okazaki et al.  1990 ; Playne  1994 ; Crittenden 
and Playne  1996  ) .   

    2.1.2   Manufacture of Established Prebiotics 

 Fructans include inulin-type and levan-type oligosaccharides. Inulin-type fructans 
have  b -2,1- d- fructofuranosyl units, are found in plants and synthesized by fungi, 
and have a DP of 2–70. Levan-type fructans have  b -6,2- d- fructofuranosyl units, are 
found in plants and synthesized by bacteria, and have a DP > 30. Fructans occur 
naturally in plants such as chicory, Jerusalem artichoke, dahlia, salsify, gobo, onion, 
garlic, leek, and wheat by-products; and they serve as an energy source for these 
plants. Only inulin-type fructans are proven prebiotics (Roberfroid et al.  1998  ) . 

   Table 2.1    Defi nitions of some processing terms   
 Term  Defi nition 

 Hydrolysis  The cleaving of a molecule into two parts with the addition of a 
molecule of water 

 Extraction  Separation of compounds based on their solubility in two different 
liquids (usually water and an organic solvent) 

 Isomerization  The transformation of one molecule into a different one with the same 
molecular formula, but with a different structure 

 Transglycosylation  The transfer of a sugar residue from one glycoside to another 
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 Inulin is manufactured through direct hot water extraction from natural sources, 
mainly chicory root (Debruyn et al.  1992  ) . It is composed of  b (2-1) linkages 
of glucose and fructose [G 

py
 F 

n
 :  a - d -glucopyranosyl-( b - d -fructofuranosyl) 

n−1

 – d -fructofuranoside] or only fructose [F 
py

 F 
n
 :  b - d -fructopyranosyl-( a - d -fructo-

furanosyl) 
n−1

 – d -fructofuranoside] (Roberfroid and Delzenne  1998  ) . Between 2 and 
70 units of fructose may be present in native inulin, and it has an average DP of 
10–20. Inulin comprises 15–20% of chicory root fresh weight with 55% of oligo-
saccharides with a DP of 2–19, 28% with a DP of 20–40, and 17% with a DP of >40. 
It comprises 17–20% of Jerusalem artichoke fresh weight with 74% of oligosac-
charides with a DP of 2–19, 20% with a DP of 20–40, and 6% with a DP of >40 (Van 
Loo et al.  1995  ) . 

 After extraction of native inulin, the product then undergoes either industrial 
physical separation of long-chain fructans (De Leenheer  1996  )  or is partially hydro-
lyzed by endoinulinase to produce short-chain oligosaccharides, mainly oligofruc-
tose (Fig.  2.1 ). Oligofructose produced from inulin may or may not have a terminating 
glucose molecule, may contain longer-chain fructans (Crittenden and Playne  1996  ) , 
and has a DP of 2–10 (average 5) (Roberfroid and Delzenne  1998  ) . Alternatively, 
short-chain fructooligosaccharides can be produced synthetically through transfruc-
tosylation of sucrose using the  b -fructofuranosidase enzyme (Crittenden and Playne 
 1996  )  from  Aureobasidium pullulans  (Yun  1996 ; Yoshhikawa et al.  2008  )  or 
 Aspergillus niger  (Park and Almeida  1991  ) . These compounds contain 2–4 fructo-
syl units with a terminal glucose unit and an average DP of 3.5 (Roberfroid and 
Delzenne  1996 ). Synthetic fructooligosaccharides contain only G 

py
 F 

n
  oligomers. 

These products may contain free glucose, fructose, and sucrose, which can be 
removed via chromatographic procedures to increase the purity of the fi nal product. 
It should be noted, however, that a large amount of starting material is needed to 
achieve effi cient transglycosylation (Park and Almeida  1991  ) .  

 Fructans are perhaps the most well-established prebiotics (Roberfroid  2007  )  and 
the most extensively studied. They meet the three key criteria defi ning a prebiotic, 

  Fig. 2.1    Commercial production of inulin-type fructans from extracts of natural sources, partial 
enzymatic hydrolysis, or enzymatic synthesis from sucrose.  DP  degree of polymerization       
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that inulin-type fructans are nondigestible (Cherbut  2002 ), are fermented in the 
large bowel, and lead to selective growth of bacteria associated with health in vitro 
(Roberfroid et al.  1998  )  and in vivo [human subjects, including infants (Coppa et al. 
 2002  ) , adults (Harmsen et al.  1999  ) , and the elderly (Guigoz et al.  2002  ) ]. 

 Galactooligosaccharides are produced from lactose (Fig.  2.2 ) and are defi ned as 
oligosaccharides with 2–8 galactose or disaccharide units (two units of galactose) 
with a terminal glucose. Commercial production utilizes highly concentrated lac-
tose from cow milk whey. Lactose undergoes transglycosylation from  b -galactosi-
dase enzymes (the glycosyltransferases and glycohydrolases). The types of GOS 
produced depend on the type of  b -galactosidases used and the processing conditions 
(Mussatto and Mancilha  2007  ) .  

 Galactosyltransferases move a sugar unit from the donor to the receptor mole-
cule, forming a glycosidic bond (Tzortis and Vulevic  2009  ) . Although production of 
GOS is relatively effi cient, galactosyltransferase enzymes are diffi cult to fi nd; and 
the need for sugar nucleotides in the reaction makes them cost-prohibitive to the 
industry. Galactohydrase enzymes are more readily available but lack the specifi city 
of galactosyltransferases. Microbial stains used for enzyme production include 
 A. oryzae  and/or  Strep. thermophilus , which form  b -1,6 bonds, or  Bacillus circulans  
or  Cryptococcus laurentii , which form  b -1,4 bonds (Sako et al.  1999  ) . 

 Approximately 55% of the starting lactose is converted to GOS. These GOS 
produced are mostly trisaccharides (4 ¢ -galactosyllactose and 6 ¢ -galactosyllactose) 
that have 2–5 galactose units and longer-chain oligosaccharides with four or 
more monosaccharide units. Generally, 80% of the oligosaccharides formed are 
 trisaccharides (Playne and Crittenden  2004  ) . Other products present at the end of 
the reaction include lactose, galactose, and glucose disaccharides and transgalacto-
sylated disaccharides (Sako et al.  1999  ) . These transgalactosylated disaccharides 
produced are considered NDO as they have properties similar to those of longer-
chain GOS. 

  Fig. 2.2    Commerical production of lactose-derived prebiotics via transglycosylation to produce 
galactooligosaccharides, alkali isomerization to produce lactulose, or transglycosylation with 
sucrose to produce    lactosucrose       
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 Commercial GOS products are generally made in batch systems for simplicity; 
however, this method is the least effi cient, and most of the enzyme added to the ini-
tial reaction is lost. Continuous systems have been proposed to cut production costs 
by using ultrafi ltration to retain soluble enzymes via enzyme immobilization (Tzortis 
and Vulevic  2009  ) . During batch reactions, multiple enzymes may be added at the 
initial reaction or in sequence during the reaction. The mixture is heated to facilitate 
lactose solubilization and drive the formation of oligosaccharides over hydrolysis of 
lactose to monosaccharides (Playne and Crittenden  2004  ) . Unreacted products may 
be removed using chromatography, although lactose has been noted to be diffi cult to 
remove and leads to a loss of GOS. Furthermore, the product is decolorized, demin-
eralized, and concentrated to a syrup or powder form. A highly consistent product 
can be developed by maintaining strict production conditions, although all fi nal 
products are mixtures of various GOS products (Playne and Crittenden  2004  ) . 

 Although there is no overwhelming evidence of its prebiotic potential, as is the 
case with fructans, GOS are considered to be a proven prebiotic (Roberfroid  2007  ) . 
Evidence, though minimal, suggests that GOS are not hydrolyzed by mammalian 
enzymes (Tanaka et al.  1983  ) . It has been established that selective bacterial stimula-
tion occurs, however, as increases in bifi dobacteria and lactobacilli have been noted 
in several studies (Ito et al.  1990 ; Bouhnik et al.  1997 ; Moro et al.  2002  ) . Therefore, 
although it is probable that GOS are not digested by mammalian enzymes and it has 
been proven that they lead to selective growth of benefi cial bacteria, few data are 
available on their fermentation potential in the large bowel (Roberfroid  2007  ) . 

 Lactulose, like GOS, is produced from lactose (Fig.  2.2 ). It is formed through 
alkali isomerization of the glucose moiety of lactose to fructose, thereby making it 
a combination of fructose and galactose. The resulting disaccharides with  b -1,4 
linkages are not digested by mammalian enzymes. To manufacture lactulose, lac-
tose is mixed with an alkali (e.g., sodium hydroxide), and a catalyst may be added 
(Playne and Crittenden  2004  ) . The mixture then is heated to facilitate isomerization. 
The unreacted lactose is removed, and the product is pasteurized and then concen-
trated into syrups, powders, or crystals. 

 Commercial lactulose is expensive to produce, as only 20–30% of lactose is 
converted after isomerization, and expensive purifi cation techniques are required. 
Lactulose is known to have prebiotic effects and may be used in that capacity or as 
a low-calorie sweetener. Most lactulose (90%), however, is used pharmaceutically 
to prevent constipation and in patients with hepatic encephalopathy to reduce blood 
ammonia concentrations (Crittenden and Playne  1996  ) . 

 Despite the fact that lactulose is classifi ed as a proven prebiotic because of its 
extensive published human database, its use as a food supplement is limited 
(Roberfroid  2008  ) . This is probably because lactulose is resistant to mammalian 
enzymes (Gibson and Angus  2008 ), although research on the subject is limited. Key 
animal and human studies indicate that it is fermented in the large bowel, and it has 
the ability selectively to stimulate bifi dobacteria and lactobacilli populations (Terada 
et al.  1993 ; Ballongue et al.  1997 ; Tuohy et al.  2002  ) . Therefore, although further 
research would help clarify its status, lactulose is considered a proven prebiotic 
(Roberfroid  2007,   2008  ) .  
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    2.1.3   Manufacture of Promising Prebiotics 

 Isomaltooligosaccharides (IMO) consist of glucose monomers with  a -1,6 gluco-
sidic bonds (Fig.  2.3 ). Although the food industry uses commercially produced 
material, IMO occur naturally in miso, soy sauce, sake, and honey. Commercial 
production of IMO is a two-stage process, with starch as the starting material. Starch 
is fi rst hydrolyzed with  a -amylase and pullulanase to make a liquefi ed starch prod-
uct.  b -Amylase hydrolyzes the liquefi ed starch to maltose, and then the transglu-
cosidase activity of  a -glucosidase produces IMO with a maximum fi nal concentration 
of 40% of the total mixture (Casci and Rastall  2006  ) . Unreacted glucose (approxi-
mately 40% of the fi nal mixture) is then removed, and the product is concentrated. 
Although in vitro and cell culture data indicate that IMO have potential as prebiot-
ics, to date limited data are available to classify it as such.  

 Lactosucrose is a trisaccharide produced from lactose and sucrose in a reversible 
reaction (Fig.  2.2 ). The fructosyl moiety of sucrose forms a  b -2,1 glycosidic bond 
to the glucose residue of lactose to create lactosucrose. This is done by transglyco-
sylation via a  b -fructofuranosidase enzyme, which produces a nonreducing oligo-
saccharide (Hara et al.  1994  ) . This enzyme, however, also can hydrolyze sucrose 
(Mussatto and Mancilha  2007  ) . Therefore, in a batch system, with an initial equimo-
lar ratio, there is a yield of only 52% lactosucrose (Kawase et al.  2001  ) . Cleanup of 
this product is complicated and includes decolorization, fi ltration, concentration, 
purifi cation, fi ltration, deionization, and, again, concentration (Playne and Crittenden 
 2004  ) . Although lactosucrose has been noted to be bifi dogenic in small human trials 
(Kumemura  1992 ; Ohkusa et al.  1995  ) , the data regarding its bifi dogenic capabili-
ties are limited. Moreover, there are no data available on its ability to withstand 
hydrolysis in the gastrointestinal tract (Roberfroid  2008  ) . 

 Xylooligosaccharides (XOS) consist of chains of xylose molecules with  b -1,4 
linkages. It is a naturally occurring oligosaccharide found in honey, bamboo shoots, 
fruits, vegetables, and milk (Vázquez et al.  2000  ) . It also can be made by breaking 
down the polysaccharide, xylan, a major component of hemicelluloses, into XOS. 
Commercial production is conducted through enzymatic hydrolysis of primarily corn-
cobs but also straws, hardwoods, bagasse, hulls, and bran using endo-1,4- b -xylanase 

  Fig. 2.3    Commercial production of lactulose, a two-stage process. The fi rst stage hydrolyzes 
starch to a liquefi ed product. During the second phase, soluble starch undergoes transglycosylation 
to lactulose       
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(Fig.  2.4 ). Using enzymes with low exoxylanase and/or  b -xylosidase activity is 
prudent to minimize production of xylose. Xylanases are produced by  Trichoderma 
reesei ,  T. harzianum ,  T. viride ,  T. koningii , and  T. longibrachiatum  (Chen et al. 
 1997 ; Casci and Rastall  2006  ) . Other methods for extracting XOSs include (1) 
chemical fractionation of material to isolate xylan with further enzymatic hydroly-
sis and (2) hydrolytic degradation of xylan by steam, water, or dilute mineral acid 
solutions (Vázquez et al.  2000  ) . Chains produced through extraction in all processes 
include xylobiose, xylotriose, and xylotetraose (Hopkins et al.  1998  ) .  

 Prior to cleaning, the solution contains approximately 60–70% XOS (Playne and 
Crittenden  2004  ) . After production, xylose and other compounds are removed with 
ultrapurifi cation and reverse osmosis (Crittenden and Playne 1996  )  to create a prod-
uct generally containing 70% or 95% oligosaccharides (Xylooligo 70 and Xylooligo 
95, respectively) (Playne and Crittenden  2004  ) . Data indicate that XOS are bifi do-
genic (Okazaki et al.  1990 ; Campbell et al.  1997  ) . It is likely that they are resistant 
to hydrolytic digestion because xylan is a dietary fi ber, but there are no data to sup-
port this assumption. Therefore, XOS cannot currently be classifi ed as a prebiotic 
(Roberfroid  2008  ) .  

    2.1.4   Manufacture of Potential Prebiotics 

 In addition to the previously described NDO that are considered prebiotics or 
potential prebiotics, there are several others that have not yet met the burden of 
proof to be classifi ed as prebiotics. This is most commonly due to the limited 
research on these compounds. Alternatively, the limited data that do exist may 
show confl icting results, and some researchers have not evaluated changes in the 
microbiota. Beyond oligosaccharides, some longer-chain carbohydrate sources 
may also have prebiotic capabilities. Those potential prebiotic carbohydrates are 
listed in Table  2.2 . There are even noncarbohydrate food ingredients that have 
potential to be classifi ed as prebiotics, including lactoferrin, phenolic compounds 
(e.g., fl avonoids), and glutamine. To date, however, little research has been done on 
any of those compounds.  

 Interestingly, polysaccharides with prebiotic potential may be more benefi cial 
than some NDO prebiotics. This is due to the fact that polysaccharides can be con-
sumed in higher doses without adverse side effects, such as intestinal discomfort 

  Fig. 2.4    Commercial production of xylooligosaccharides, which are most commonly from corncobs 
but also can be extracted from hardwood. Xylooligosaccharides are extracted by hydrolyzing xylans 
in the starting material using endo-1,4- b -xylanase       
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and excessive fl atulence (Crittenden  2006  ) . Polysaccharides also have the potential 
of being fermented throughout the length of the colon, including the distal colon, 
the major site of large bowel disease. Potential prebiotics of interest include resis-
tant starch, whole grains, and polydextrose. 

 Not all dietary starch is hydrolyzed and absorbed, as some starch is resistant to 
enzymatic hydrolysis. This fraction is termed resistant starch. How much starch 
reaches the large bowel and if it can be fermented depend on its source and struc-
ture. Resistant starch is classifi ed in one of four ways (1) RS1, which is physically 
inaccessible starch (e.g., starch in whole grains); (2) RS2, which is granular starch 
(e.g., starch in green bananas or uncooked potatoes); (3) RS3, which is retrograded 
starch (e.g., starch in cooked, then cooled, potatoes); or (4) chemically modifi ed 
starch (e.g., esterifi ed starch) (Brown  1996  ) . 

 Research on the prebiotic effects of resistant starch has focused on RS2 and RS3. 
Although research is lacking overall, RS2 and RS3 have been noted to have prebi-
otic capabilities in animals and animal models (Brown et al.  1997 ; Silvi et al.  1999 ; 
Wang et al.  2002 ; Dongowski et al.  2005 ; Jabocasch et al.  2006  )  and humans 
(Bouhnik et al.  2004  ) . Resistant starch has been noted in several studies to increase 
bifi dobacteria and/or lactobacilli populations (Kleessen et al.  1997 ; Silvi et al.  1999 ; 
Wang et al.  2002 ; Dongowski et al.  2005 ; Jabocasch et al.  2006  )  and to increase 
short-chain fatty acids   , especially butyrate (Brown et al.  1997  ) . Not all studies, how-
ever, report a bifi dogenic response by resistant starches (Bird et al.  2004  ) . Although 
it is evident that resistant starch is not digested by mammalian enzymes and can be 
fermented, the largest question remaining as to its prebiotic potential is its selectiv-
ity, as many other bacterial species are amylolytic, and many of the health benefi ts 
of resistant starch can be attributed to the production of butyrate (Crittenden  2006  ) . 

 Polysaccharides are beginning to receive more attention as potential prebiotics. 
Furthermore, the use of whole grains in the food industry has increased markedly. 
Whole grains themselves have been investigated, as well as oligosaccharides that 
can be obtained through breakdown of polysaccharides by glyconases (Mussatto 
and Mancilha  2007  ) . Limited research indicates these oligosaccharides have prebi-
otic potential (Rastall and Maitin  2002  ) . 

 The best studied whole grain components include  b -glucans and arabinoxylan 
oligosaccharides, which are fermented in the gastrointestinal tract (Fleming et al. 
 1983 ; Fincher and Stone  1986  ) . In vitro studies indicate that  b -glucans are not well 

   Table 2.2    Potential prebiotic carbohydrates   

 • Soybean oligosaccharides  • Mannanoligosaccharides (yeast cell wall) 
 • Glucooligosaccharides  • Lactose 
 • Cyclodextrins  • Resistant starch and derivatives 
 • Gentiooligosaccharides  • Oligosaccharides from melobiose 
 • Germinated barley foodstuffs  • N-acetylchitooligosaccharides 
 • Oligodextrans  • Polydextrose 
 • Glucuronic acid  • Sugar alcohols 
 • Gentiooligosaccharides  • Konjac glucomannan 
 • Pectic oligosaccharides  • Whole grains 
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fermented by bifi dobacteria and lactobacilli (Crittenden et al.  2002  ) . Arabinoxylan, 
however, may have a bifi dogenic effect and may be of particular use as it is more 
slowly fermented than inulin (Karppinen et al.  2000  ) . 

 Whole grains have limited fermentation potential in vitro, but after processing 
the substrates produce greater quantities of total short-chain fatty acids (Hernot 
et al.  2008  ) ; however, bacterial population changes were not reported in that study. 
In vivo, whole grains resulted in greater  Bifi dobacterium  spp. and lactobacilli con-
centrations in healthy adults after consuming wheat bran as a wheat bran-based 
breakfast cereal or whole grain as a 100% whole grain wheat cereal. This effect was 
greater with whole grains (Constabile et al.  2008  ) . It is clear that whole grains and 
their components have potential prebiotic effects, but more research is needed 
regarding their fermentative capabilities and bacterial selectivity. 

 Polydextrose is a polysaccharide formed through acid-catalyzed vacuum thermal 
polymerization of glucose and sorbitol that has an average DP of 12 but can be as 
high as 30 (Stowell  2009 ; Li  2010  ) . It is a highly branched compound, with  b -1,6 
linkages predominating. Polydextrose currently is used to replace fat and sucrose in 
food products, as a humectant, and to provide mouth feel and bulk to food products 
(Murphy  2001  ) . It is well documented that it resists enzymatic hydrolysis by mam-
malian enzymes (Figdor and Rennhard  1981 ; Achour et al.  1994 ; Fava et al.  2007  ) . 
Animal and human studies report that approximately 30–50% of polydextrose is 
fermented in the large bowel (Figdor and Rennhard  1981 ; Achour et al.  1994  ) . 

 In vitro studies indicate that polydextrose enhances butyrate and other short-
chain fatty acid production (Stowell  2010  ) . There is emerging evidence that poly-
dextrose leads to selective increases in benefi cial bacteria. Jie et al.  (  2000  )  reported 
increased  Bifi dobacterium  and  Lactobacillus  spp. in healthy adult humans, and 
Tiihonen et al.  (  2008  )  noted greater bifi dobacteria species in healthy adults fed 
polydextrose plus a probiotic compared with the probiotic alone. Therefore, poly-
dextrose likely has prebiotic capabilities, but more research is needed to determine 
conclusively if this is the case.   

    2.2   Conclusions 

 There are three carbohydrates proven to meet all requirements of the prebiotic 
defi nition: inulin-type fructans, GOS, and lactulose. All three prebiotics are man-
ufactured in a unique manner but have a common characteristic in that all need a 
large amount of starting substrate to produce the end-product. Relatively consis-
tent fi nal products for use by humans and animals result from the manufacturing 
process. 

 Several other NDO show promising results in the limited research available 
regarding their prebiotic potential. Some prebiotics with promising results include 
IMO, lactosucrose, and XOS. Finally, there are even more carbohydrate and noncar-
bohydrate food ingredients that may have prebiotic effects when fed to animals and 
humans. More research defi ning their prebiotic potential is needed.      
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  Abstract   A systematic screening approach is vital for the selection of successful 
direct-fed microbials. Only well thought out in vitro testing and selection followed 
by comprehensive in vivo testing can help ensure a direct-fed microbial product that 
is maximally benefi cial to the host animal. The microorganism must be able to sur-
vive transit through the digestive process of the host animal. Survival through the 
gastrointestinal tract is reliant on acid and bile tolerance of the direct-fed microbial 
strain. It is also well agreed upon that subsisting in the intestinal tract by coloniza-
tion for some length of time and the ability to adhere to epithelial cells and/or intes-
tinal mucus is important. It may be advantageous to select the candidate direct-fed 
microbial strains from the species for which they are intended to benefi t. However, 
in vitro and in vivo testing may show that some strains can colonize and provide 
benefi ts across the specifi c animal species tested. The preparation of direct-fed 
microbial cultures may affect their in vivo activity, such as the need to activate 
inducible starch-hydrolyzing enzymes for a product to aid in starch utilization. If 
multiple strains of microorganisms are to be used, their compatibility and combined 
effects need to be thoroughly tested.      

    3.1   Introduction 

 There is a long history of the use of probiotics for the health benefi ts of humans, and 
there is now an ever-growing interest for the successful use of direct-fed microbials 
in animals. More often than not, live microorganism feed supplements for animals 
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are referred to as direct-fed microbials but sometimes are still called probiotics. The 
U.S. Food and Drug Administration (FDA) uses the term “direct-fed microbial 
products” to defi ne these products for animals (U.S. FDA  1995  ) . This chapter 
focuses on the selection criteria for successful direct-fed microbials and the species 
involved, as listed by the Association of American Feed Control Offi cials and 
reviewed and found to be safe by the U.S. FDA and the Center for Veterinary 
Medicine.  

    3.2   General Selection Criteria 

    3.2.1   Acid and Bile Tolerance 

 Bacteria that are selected as direct-fed microbials or probiotics need to have some 
degree of acid and bile tolerance to survive the gastrointestinal tract (Chou and 
Weimer  1999 ; Tuomola et al.  2001  ) . The digestive process involves an acidic envi-
ronment, and it is crucial that a direct-fed microbial be able to withstand it (Conway 
et al.  1987 ; Brashears et al.  2003  ) . The bile present in the small intestine can disrupt 
cell membranes of bacteria, resulting in cell death (Gilliland et al.  1984  ) . A study 
conducted by Gilliland et al.  (  1984  )  investigated the ability to establish intestinal 
growth in dairy calves by two strains of  Lactobacillus acidophilus  with differing 
levels of bile tolerance. The strain of  L. acidophilus  with the highest degree of bile 
tolerance had the most growth in the upper small intestines of calves. An increase in 
the colonization of direct-fed microbials in the upper intestine might be important 
for controlling the proliferation of intestinal pathogens as they enter the intestinal 
tract (Gilliland et al.  1984  ) .  

    3.2.2   Adherence to Epithelial Cells and Intestinal Mucus 

 Screening potential direct-fed microbial strains for the ability to adhere to epithelial 
cells and mucosal surfaces of the host species is an important selection criterion for 
successful colonization (Rojas et al.  2002 ; Conway et al.  1987 ; Salminen et al. 
 1996  ) . Rojas et al.  (  2002  )  extracted, purifi ed, and characterized a cell surface pro-
tein from  L. fermentum  strain 104R. This surface protein demonstrated an affi nity to 
bind to small intestinal mucus from 35-day-old piglets and pig gastric mucin. 

 The use of in vitro assays as a screening tool for selecting direct-fed microbials 
needs to be validated to eliminate some of the variables seen across similar experi-
ments (Blum et al.  1999  ) . Bacterial growth conditions, such as types of growth 
media used and incubation times and temperatures, can affect the adhesion of direct-
fed microbial and probiotic cultures. A more standardized approach to these assays 
can increase their reliability. 
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 Adhesion testing for the proposed colonization site of the direct-fed microbial 
may also be important. The differences between the mucosal surfaces of the small 
and large intestine may infl uence colonization by microorganisms. Therefore, an 
adhesion model would ideally combine the three components of the mucosa – 
epithelial cells, mucus covering epithelial cells, mucosa-associated microbiota – 
although it would be a diffi cult undertaking (Ouwehand and Salminen  2003  ) .  

    3.2.3   Host Specifi city 

 The concept of host specifi city is a debated topic. Some early probiotic studies sup-
port host specifi city (Gilliland et al.  1975 ; Barrow et al.  1980  ) , whereas some cur-
rent studies do not (Rinkinen et al.  2003  ) . The in vitro studies conducted by Rinkinen 
et al.  (  2003  )  showed that the lactic acid bacterial strains they were testing adhered 
to human, canine, possum, bird, and fi sh mucus. Their group argued that it is not the 
host specifi city that drives the adhesion properties but the individual strain’s adhe-
sion ability. Other studies have produced similar fi ndings, such as the ability of 
human-derived probiotic strains to adhere to fi sh mucus (Nikoskelainen et al.  2001  ) . 
This may be true in some instances, but it must be remembered that these are in vitro 
assays and it is diffi cult to simulate the conditions of adhesion in vivo (Ouwehand 
and Salminen  2003  ) . When using an in vitro test such as this for screening purposes, 
it is necessary to correlate the results with follow-up in vivo testing.   

    3.3   Strain Specifi city and Direct-Fed Microbial Preparation 

    3.3.1   Strain Specifi city 

 The activities of a successful probiotic or direct-fed microbial are strain-specifi c. 
All species of direct-fed microbials do not behave the same way, and neither do dif-
ferent strain types within a given species (Gilliland  2001  ) . Brashears et al.  (  2003  )  
tested 686 bacterial isolates from cattle manure regarding their ability to inhibit a 
four-strain mixture of  Escherichia coli  O157:H7. This was the fi rst round of screen-
ing for a potential competitive exclusion direct-fed microbial to reduce  E. coli  
O157:H7 in cattle. The next step of isolate and strain selection was to test the 75 
isolates demonstrating the greatest bactericidal effects for acid and bile tolerance. 
The strains carried on from this screening step were subjected to further  E. coli  
O157:H7 inhibition analyses in manure and rumen fl uid as well as tests for antibi-
otic resistance. In the end, this step-by-step process identifi ed a strain that was the 
best candidate for this competitive exclusion direct-fed microbial. The next step in 
the process would be to test the isolate for its activity in cattle-feeding trials.  
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    3.3.2   Preparing Cultures to Promote Desired Benefi ts 

 The direct-fed microbial must be selected based on its ability to impart the desired 
benefi t to the host. In addition, the strain selected must be produced for use in a 
manner that promotes the action for which it is chosen. An example is the selection 
of a direct-fed microbial to aid in starch utilization of the host animal. The direct-fed 
microbial would need to be produced under conditions to induce the production of 
extracellular starch-degrading enzymes. Ryan et al.  (  2006  )  screened 42 bifi dobacte-
rial strains for their ability to degrade starch, amylopectin, and pullulan. All of the 
cultures were tested by growing them in a carbon- and energy-limiting basal medium 
with added 1% starch, amylopectin, or pullulan. They found that 19 of the 42 strains 
could utilize starch, but only 11 could utilize amylopectin and pullulan. The 
researchers also determined that the bacterial enzymes were extracellular. These 
results support both strain specifi city and the need to prepare the culture to be used 
in a manner that promotes the desired activity.  

    3.3.3   Preparing Cultures for Environmental Stressors 

 Direct-fed microbial cultures may also be selected and prepared based on the envi-
ronmental stressors they are likely to encounter in an animal or food system. 
Interestingly,    Jan et al. ( 2001 ) found that  Propionibacterium freudenreichii  strain 
SI41 underwent both genotypic and phenotypic changes owing to acid stress adap-
tation. Triggering an acid-adaptive response might aid in the survival of larger num-
bers of direct-fed microbials in a host animal.  

    3.3.4   Preparing Multiple Strain Direct-Fed Microbials 

 In some cases, a mixture of experimentally selected strains for direct-fed microbials 
may be necessary to deliver the intended benefi t to the host animal (Gilliland  2001  ) . 
If more than one strain is used, they must be tested for their compatibility with one 
another in vitro and in vivo. It may be necessary to grow and prepare each culture 
separately to ensure maximal growth for each strain. 

 An example of a multiple strain product is the use of selected  Propionibacterium 
freudenreichii  strains in combination with  L. acidophilus  strains for cattle-feeding 
trials. This combination of lactate-producing and lactate-utilizing direct-fed micro-
bials has been well characterized through a variety of cattle-feeding trials to refi ne 
the optimal strain combinations and doses in vivo. The cultures are administered as 
a rehydrated freeze–dried preparation that is then mixed into the feed each day 
(Elam et al.  2003 ; Younts-Dahl et al.  2005 ; Vasconcelos et al.  2008  ) .  



313 Microbial Species Characteristics and Selection

    3.3.5   Stability of Direct-Fed Microbials in Feed Products 

 The stability of the culture for commercial production needs to be addressed. The 
direct-fed microbial product must retain its desired properties and remain viable 
during production, distribution, and storage of the feed product (Gilliland  2001  ) . 
The appropriate time to add the culture to the product can be determined through 
experimentation and shelf-life studies. Some products currently on the market are 
added to the feed at the time of mixing as a lyophilized preparation. The lyophilized 
product is stored frozen until the time of use. Other technologies exist as well, such 
as microencapsulation, which might be useful for keeping a culture viable through-
out the feed-making process.   

    3.4   Species Involved 

 The following lists of species of direct-fed microbials are derived from the 
Association of American Feed Control Offi cials 1999 offi cial publication (AAFCO 
 1999  ) . The lists represented in this chapter are broken down by genus and microor-
ganism type.

   Lactobacillus

    • L. acidophilus   
   • L. reuteri   
   • L. casei   
   • L. fermentum   
   • L. plantarum   
   • L. brevis   
   • L. buchneri  (cattle only)  
   • L. delbrueckii   
   • L. helveticus   
   • L. lactis   
   • L. bulgaricus   
   • L. cellobiosis   
   • L. curvatus   
   • L. farciminis  (swine only)     

  Bifi dobacterium

    • B. adolescentis   
   • B. animalis   
   • B. bifi dum   
   • B. infantis   
   • B. longum   
   • B. thermophilum      
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  Propionibacterium

    • P. freudenreichii   
   • P. shermanii      

  Enterococcus

    • E. faecium   
   • E. intermedius   
   • E. lactis   
   • E. thermophilus   
   • E. cremoris   
   • E. diacetylactis      

  Pediococcus

    • P. acidilacticii   
   • P. cerevisiae (damnosus)   
   • P. pentosaceus      

  Bacillus

    • B. coagulans   
   • B. lentus   
   • B. licheniformis   
   • B. pumilus   
   • B. subtilis      

  Bacteroides

    • B. amylophilus   
   • B. capillosus   
   • B. ruminocola   
   • B. suis      

  Yeasts

    • Saccharomyces cerevisiae      

  Molds

    • Aspergillus niger   
   • Aspergillus oryzae             
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  Abstract   Modern molecular methods are currently growing exponentially,  enhancing 
our ability to evaluate the microbiome of animals and the interaction of the complex 
consortium of organisms with the host. Current limitations include a lack of ability 
to propagate many types of bacteria that might prove to be valuable direct-fed micro-
bial resources. Also lacking are genomic tools for animal origin probiotics. During 
the past few years, however, an incredible revolution in the area of evaluating the 
microbiome of animals has been initiated with the advent of molecular methods such 
as the pyrosequencing-based bTEFAP. Metagenomic molecular and bioinformatics 
tools and resources are likely to continue to revolutionize our understanding of how 
probiotics interact and enhance gut health in animals, particularly those of economic 
importance. Future directions in whole-community transplants (e.g., fecal bacterial 
transplant therapy) seem a logical step from single bacterial direct-fed microbials 
especially as modern methods for ensuring and monitoring safety and effi cacy are 
now becoming available.      

    D.  K.   Ajithdoss ,  B.V.Sc., M.V.Sc., Ph.D.   (*)
     Department of Veterinary Pathobiology ,  College of Veterinary Medicine 
and Biomedical Sciences, Texas A&M University ,   College Station ,  TX ,  USA    
e-mail:  dajithdoss@cvm.tamu.edu  

     S.  E.   Dowd ,  Ph.D.  
     Director Research and Testing Laboratory ,  Director Medical Biofi lm Research Institute , 
  Lubbock ,  TX ,  USA    
e-mail:  sdowd@pathogenresearch.org  

     J.  S.   Suchodolski ,  med.vet., Dr. med.vet., Ph.D.  
     Gastrointestinal Laboratory, Department of Small Animal Clinical Sciences , 
 Texas A&M University, College of Veterinary Medicine ,   College Station ,  TX ,  USA    
e-mail:  JSuchodolski@cvm.tamu.edu   

    Chapter 4   
 Genomics of Probiotic–Host Interactions       

       Dharani   K.   Ajithdoss        ,    Scot   E.   Dowd        , and    Jan   S.   Suchodolski          



36 D.K. Ajithdoss et al.

    4.1   Introduction 

 The typical gastrointestinal tract of the mammals and birds contains several hundreds 
of diverse, and complex species of nonpathogenic bacteria, collectively known as 
the gut microbiota. A healthy newborn acquires the microbiota during the fi rst few 
weeks of life. Upon colonization, the microbiota establishes a symbiotic relation-
ship with the host, which remains relatively unchanged throughout life. It plays a 
pivotal role in the host’s metabolism, gut integrity and motility, intestinal immune 
response, and protection against pathogenic bacteria. Direct-fed microbials, tradi-
tionally known as probiotics (or benefi cial bacteria), are derived from the normal 
gut microbiota and are widely used as feed additives to augment health and growth 
and to control as well as treat bacterial infections in livestock and poultry. The joint 
United Nations Food and Agricultural Organization/World Health Organization 
(FAO/WHO) group report defi nes probiotics as “live microorganisms which when 
administered in adequate amounts confer a health benefi t on the host.” There are 
several lines of evidence that support the benefi cial effects of veterinary probiotics. 
Yet, the mechanisms by which they operate inside the animal gut are poorly under-
stood at the molecular level. In 1995, for the fi rst time, a genome of bacteria, namely 
 Haemophilus infl uenzae , was completely sequenced, revolutionizing the fi eld of 
microbial genomics. Since then, whole-genome sequencing of a large number of 
bacteria including, for example, probiotic bacteria such as  Bifi dobacterium longum  
NCC2705 has been completed. Importantly, genome sequences of probiotic bacte-
ria provide information on the evolution of the gut microbiota, genome diversity, 
functional properties, and probiotic–host interactions. In this chapter, we highlight 
some of the current knowledge on genome technologies, genomics of probiotics, 
and genomics of probiotic–animal interactions.  

    4.2   Genomic Tools to Study Gut Bacteria 

 A wide range of techniques are currently available to study the gut microbiota in 
animals and poultry. Much of the current knowledge on the characteristics of the 
microbiota has originated from studies based on the conventional culturing tech-
nique. This technique is effective in the evaluation of the viability, cultivability, 
metabolic activity, infectivity, and antibiotic susceptibility of the gut bacteria. 
Furthermore, typing of individual isolates can be useful for a better understanding 
of the epidemiological and ecological aspects of the gut microbiota. Unfortunately, 
this approach has several intrinsic limitations. First, a large number of bacteria pres-
ent in the gut cannot be cultured even today, primarily because of a lack of knowl-
edge of their optimal, or even their minimal, growth requirements. With the present 
laboratory conditions and even with heroic efforts (hundreds of media and environ-
mental combinations), only about 20% of the gut bacteria can be grown. Thus, it is 
not surprising that the total viable counts are typically lower than direct microscopic 
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counts of the gut bacteria using fl uorescent dyes. Second, the existence of microbe–
microbe and microbe–host interactions in the gut is an impediment to successful 
isolation of the bacteria. Third, the outcome of bacterial culture depends on appro-
priate handling, storage, transportation, and processing of samples. Finally, cur-
rently available phenotypic and biochemical tests have limited utility for proper 
identifi cation and classifi cation of the isolates. 

 A variety of molecular biology-based techniques are increasingly being used by 
many researchers to study the diversity of gut microbiota (Bailey et al.  2010 ; 
Callaway et al.  2010 ; Callaway et al.  2009 ; Dethlefsen et al.  2006 ; Dowd et al. 
 2008a,   c ; Ritchie et al.  2008 ; Suchodolski et al.  2008  ) . These techniques involve 
extraction of either DNA or RNA from gut samples, following which a conserved 
gene present in the bacterial genome – e.g., 16S ribosomal RNA (rRNA) gene – is 
amplifi ed using universal primers in a standard polymerase chain reaction (PCR) 
(Zoetendal et al.  2004  ) . The 16S rRNA gene (~1,550 bp) is by far the most fre-
quently used gene in these techniques because not only is it universally present in 
bacteria, it is highly conserved. Furthermore, the availability of thousands of 16S 
rRNA gene sequences in GenBank makes it an attractive candidate gene for com-
parative genomic studies. Other less commonly targeted genes include the 16S–23S 
internal transcribed spacer (ITS) region and the chaperonin (cpn60) sequences 
(Desai et al.  2009  ) . Following amplifi cation, the PCR products are separated using 
gel electrophoresis to generate a “fi ngerprint” of the gut bacterial community unique 
to individual animals. This approach allows concurrent analysis and comparison of 
bacterial communities in multiple gut samples. Examples of routinely used tech-
niques include denaturing gradient gel electrophoresis (DGGE), temperature gradi-
ent gel electrophoresis (TGGE), and terminal restriction fragment length 
polymorphism (T-RFLP). The separation of amplifi ed sequences in the DGGE 
(Dowd et al.  2008b  )  and TGGE systems is based on a linear gradient of denaturing 
agents and a gradient of temperature, respectively. Both DGGE and TGGE are eco-
nomical and easy to use. The major limitation of these techniques is that they gener-
ate small, poorly resolving bands on the gel. 

 In addition to generating a profi le, the bacterial communities can be quantifi ed 
using T-RFLP. With this method, amplifi cation of the target gene is achieved with a 
fl uorescence-labeled primer; the amplicons are then digested with a restriction 
enzyme. The digested products are further separated by electrophoresis, and fl uo-
rescent signals from the amplicons are detected and quantifi ed, creating a profi le of 
that sample. T-RFLP is highly reproducible, but the bands cannot be extracted for 
further sequencing. An alternative to generating patterns is to clone the amplifi ed 
products, sequence them, and compare them with sequences available in databases 
(Forney et al.  2004 ; Zoetendal et al.  2004  ) . Novel, high-throughput sequencing plat-
forms such as 454-pyrosequencing and the bTEFAP methodology are increasingly 
being used in the fi eld of gut microbiology. A major advantage of these techniques 
is that cloning of PCR products for sequencing is circumvented. Using this plat-
form, several thousand sequences from the gut microbiota can be generated and 
analyzed within a few hours (Bailey et al.  2010 ; Callaway et al.  2009,   2010 ; 
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Dethlefsen et al.  2008 ; Dowd et al.  2008a,   c ; Suchodolski et al.  2009  ) . Various 
molecular techniques have been employed to quantify gut bacterial communities, 
including quantitative real-time PCR assays (Desai et al.  2009 ; Lubbs et al.  2009  ) , 
fl uorescent in situ hybridization (FISH) (Janeczko et al.  2008  ) , RNA dot blot hybrid-
ization (Lipski et al.  2001 ; Sghir et al.  2000  ) , and fl ow cytometry. Among these 
techniques, FISH is most commonly used as it also provides information about the 
specifi c location of the bacteria in the gut epithelium. 

 Metagenomics and transcriptomics are emerging as powerful approaches for 
gaining valuable information on the biology of uncultivable gut bacteria. With 
metagenomics, DNA that has been isolated from a gut sample is cloned into a suit-
able vector to create metagenomic libraries, which are then screened for specifi c 
markers or phenotypic traits or are randomly sequenced. This approach generates a 
staggering amount of information about the gene pool and the functional potential 
of the microbiome. With transcriptomics, mRNA is analyzed from a gut sample, 
which yields information on the gene expression pattern. These novel techniques 
provide us with an unprecedented opportunity to understand the microbial–host 
interactions in health and disease.  

    4.3   Probiogenomics 

 Bacterial species belonging to the genus  Lactobacillus  and  Bifi dobacterium  are the 
most commonly utilized veterinary probiotic supplements. Examples of  Lactobacillus  
species that have been approved for veterinary use in the United States include  aci-
dophilus ,  brevis ,  bucheri ,  casei ,  cellobiosus ,  curvatus ,  lactis ,  plantarum , and  reu-
teri . The most commonly used  Bifi dobacterium  species include  adolescentis , 
 animalis ,  bifi dum ,  infantis ,  lactis ,  longum , and  thermophilum . During the current 
decade, determination and analysis of complete genome sequences of members of 
the genera  Lactobacillus  and  Bifi dobacterium  have received considerable attention 
as they offer new insights into the genetics, physiology, ecology, and molecular 
basis of interactions of probiotics with host and other gut bacteria. The genome 
information can also be used for further development of strains and assessment of 
the safety of probiotics. The evolution and genetic diversity can be better under-
stood by comparing the genomes of various probiotic species. Recently, the term 
“probiogenomics” has been proposed to denote the sequencing and analysis of pro-
biotic genomes. 

 To date, nine  Bifi dobacterium  strains have been completely sequenced, and the 
full genome sequencing of at least 12 more strains are currently underway in many 
laboratories. Most, if not all, of these strains are originally isolated from human 
feces or gut. Complete genome sequencing of animal-origin bifi dobacteria has not 
yet been reported in the literature. Table  4.1  summarizes the genome characteristics 
of select bifi dobacteria strains. Not surprisingly, these organisms share many genes 
responsible for their adaptation to the gut environment. For instance, once in the 
gut, they encounter harsh conditions such as bile acids. To survive this condition, 
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many bifi dobacteria encode for bile salt hydrolase, which causes the deconjugation 
of glycine- or taurine-linked bile salts.  

 On the other hand, probiotics may carry some unique genes that offer an advan-
tage for survival in the gut milieu. Historically, the fi rst probiotic bacterium to be 
completely sequenced was  B. longum  NCC2705 isolated from human infant feces. 
Analysis of its genome has revealed a novel gene,  BL065 , which encodes for a 
fi mbriae-like, cell-surface motif that could mediate attachment and colonization of 
host cells (Schell et al.  2002  ) . It is noteworthy that fi mbriae had not been previously 
identifi ed in any of the  Bifi dobacterium  species. Intriguingly, a serine protease 
inhibitor (serpin) (BL0108) with similarities to eukaryotic serpins was also discov-
ered in this study. Recently, a similar serpin gene with 96% homology to BL0108 
has been uncovered in the genome of  B .  longum  subsp.  infantis  strain ATCC15697 
(Sela et al.  2008  ) . Serpins, never before described in bacteria, are known to modu-
late protease functions in infl ammation, coagulation, fi brinolysis, and phagocytosis 
(Silverman et al.  2001  ) . This suggests a novel mechanism by which bifi dobacteria 
could modulate the host immune response. 

 The ability to utilize larger sugar substrates is illustrated by the discovery of the 
 b -fructofuranosidase gene in the genome of  B .  animalis  subsp.  lactis  AD011 (Kim 
et al.  2009  ) . The major function of  b -fructofuranosidase is to degrade the bifi odo-
genic factors such as short-chained fructooligosacharides. In contrast, the host or 
other bacteria such as  E. coli  cannot breakdown these complex carbohydrates for 
energy (Ryan et al.  2005  ) . Recently, the genomes of both  B .  animalis  subsp.  lactis  
strains DSM 10140 and B1-04 have been reported to carry four genes ( cap A,  cap B, 
 ebp S,  fbp ) that may function as cell surface ligands for the host cell receptors 
(Barrangou et al.  2009  ) . In contrast, such cell surface proteins have not been found 
in the genome of  B .  longum  subsp.  infantis  strain ATCC15697, but it codes for 
solute-binding proteins (SBPs) that perhaps mediate interaction with the host (Sela 
et al.  2008  ) . A unique feature that differentiates the genome of  B .  longum  strain 
DJO10A from other bifi dobacteria genomes is the 10.2-kb gene cluster encoding 
lanthionine-containing antibiotic peptides (lantibiotics) (Lee et al.  2008  ) . Bactericidal 
activities of lantibiotics offer an advantage for this probiotic to survive in the highly 
competitive environment in the gut. 

  Lactobacillus plantarum  WCFS1 isolated from human saliva was the fi rst 
 Lactobacillus  bacterium to be completely sequenced (Kleerebezem et al.  2003  ) . 
Since then, 20 more  Lactobacillus  strains have been completely sequenced. The 
genomes of about 40 more strains are currently being sequenced, and the results 
are expected within the next few years. The general features of a few  Lactobacillus  
genomes are presented in Table  4.1 . Recently,  L. johnsonii  strain FI9785 isolated 
from poultry gut has been completely sequenced (Wegmann et al.  2009  ) . The 
genome has a circular 1,755,993 bp chromosome with a guanine–cyosine (GC) 
content of 34%. The G + C percent is similar to that of the human strain  L. john-
sonii  NCC 533 (34%), but it is the lowest when compared with most, if not all, 
other human isolates such as  L. plantarum  (44%), and  L. rhamnosus  (46%). It 
contains about 1,710 genes, four rRNA operons, 53 tRNA genes, and one complete 
prophage genome. Furthermore, it contains two circular plasmids, p9785S 
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(3,471 bp) and p9785L (25,652 bp) with GC contents of 36% and 30%, respec-
tively. Recently, the complete genome sequence of  L. crispatus  strain ST1, origi-
nally isolated from the crop of a chicken, has been determined (Ojala et al.  2010  ) . 
It has a 2.04 Mbp, 37% G + C, single circular chromosomal replicon containing 64 
tRNA genes, four rRNA operons, and two CRISPR loci. This study also identifi ed 
2,024 probable coding regions comprising 77% of the genome. Of these, 10%, and 
13% of the conserved coding sequences (CDSs) have been noted as conserved and 
novel, respectively.  

 The genome of  L. plantarum  WCFS1 is the largest  Lactobacillus  genome so far 
sequenced (Kleerebezem et al.  2003  ) . The 3,308,279-bp genome has been pre-
dicted to encode for more than 200 extracellular proteins, containing a signal pep-
tide and at least one anchoring domain. It has been suggested that these proteins 
may function as adhesion proteins for cell receptors in microbe–host interactions. 
An interesting feature of  L. salivarius  genome is that it contains about four or fi ve 
copies of a 242-kb megaplasmid pM118, and it contains nonessential genes that 
play a role in the pentose phosphate pathway, catabolism of rhamnose and sialic 
acid, and utilization of sorbitol (Claesson et al.  2006  ) . This plasmid has not been 
identifi ed before in other lactic acid bacteria. Because of this plasmid,  L. salivarius  
is able to utilize a carbon source effi ciently for energy compared to other bacteria. 
Analysis of the genome sequence for  L. rhamnosus  ATCC 53103 has revealed 
three gene clusters encoding surface proteins with a C-terminal WxL domain 
(Morita et al.  2009  ) . Proteins with this domain are also identifi ed in  L. plantarum  
(19 proteins) and  L. sakei  (15 proteins). Recently, these proteins have been shown 
to interact with the peptidoglycan. Although the exact functions are unknown, 
these proteins are predicted to play a role in bacteria–bacteria interactions. 
Following whole-genomic analysis of  L. rhamnosus  GG, a unique gene cluster 
( SpaCBA ) encoding for pilus was uncovered (Kankainen et al.  2009  ) . Notably, it 
has been demonstrated that spaCBA is indispensible for adhesion of the bacteria to 
human intestinal mucus; thus, it contributes to a prolonged stay of the probiotic in 
the intestine. In contrast,  L. rhamnosus  strain LC705, which lacks  spaCBA , cannot 
persist in the intestine for an extended period (Kankainen et al.  2009  ) . As many as 
14 genes encoding for mucus-binding proteins, the highest number for lactobacilli 
sequenced so far, have been discovered in the genome  L. gasseri  ATCC 33323 
(Azcarate-Peril et al.  2008  ) . Based on earlier studies with similar mucus-binding 
domain-containing proteins, these proteins are predicted to mediate adhesion to 
mucin secreted by the host cells. The genome also encodes for several exopolysac-
charides (EPSs) involved in adhesion of the bacteria to the gut. Genes encoding the 
cell-wall anchor motif and mucin-binding glycoproteins have been identifi ed in the 
genome of  L. acidophilus  NCFM (Altermann et al.  2005  ) . The ability of  L. acido-
philus  NCFM to bind fi bronectin is illustrated by the presence of the fi bronectin-
binding protein FbpA. Similar analogous proteins are also found in other lactobacilli, 
such as  L. johnsonii  and  L. plantarum . Many proteins that promote binding of  L. 
johnsonii  NCC 533 to the gut are noteworthy. These include three mucus-binding 
proteins, glycosylated fi mbriae, and immunoglobulin A (IgA) protease (Pridmore 
et al.  2004  ) .  



42 D.K. Ajithdoss et al.

    4.4   Genomics of Probiotic–Host Interactions 

 Molecular knowledge on the nature and consequences of probiotic–host interactions 
is invaluable for determining their use in animals. Little research has yet focused on 
the interaction between veterinary species and probiotics at the molecular level, 
however. Although the information discussed here comes from studies on probiotics 
intended for human use, the general principles of interactions are pertinent for ani-
mal probiotics as well. 

    4.4.1   Overview of Probiotic–Host Interactions 

 Most commonly, probiotics interact with two types of cell in the gut: intestinal epi-
thelial cells and dendritic cells. Specifi cally, this interaction occurs between the host 
receptors and probiotic ligands, the molecular details of which are not completely 
understood. The host receptors, called pattern recognition receptors (PRRs), are 
recognized by the microorganism-associated molecular patterns (MAMPs). These 
MAMPs are most commonly located on the bacterial surface, although some are 
secreted in the gut lumen. It is noteworthy that MAMPs are not exclusive to probiot-
ics but can be expressed by any bacterial species, including pathogenic bacteria. 
Examples of probiotic MAMPs include fl agella, fi mbriae, secreted proteins (e.g., 
p40), SlpA, cell wall-associated polysaccharides (CPSs), lipoteichoic acid, lipopoly-
saccharide (LPS), and peptidoglycan. Toll-like receptors (TLRs), located on the 
host cell surface, are the most studied PRRs in mammals. Of the ten well-known 
TLRs, bacteria are capable of interacting only with TLR1, TLR2, TLR4, TLR5, and 
TLR9 (Takeda et al.  2003  ) . At present, it is not clear how PRRs on the host cells 
differentiate probiotic ligands from those of pathogens. It is possible that structure, 
accessibility, and cellular localization of MAMPs may determine the nature of the 
interaction. Following activation by MAMPs, the PRRs induce intracellular signal-
ing through the NF- k B and mitogen-activated protein kinase (MAPK) pathways. 
This in turn activates transcription of genes such as those involved in host defense 
mechanisms; thus, probiotics induce expression of defensin (Schlee et al.  2007  ) , 
proinfl ammatory cytokines such as interleukin-8 (IL-8) (Granato et al.  2004  ) , and 
tumor necrosis factor  a  (TNF a ) (Matsuguchi et al.  2003  ) . They also induce mucus 
secretion (Mack et al.  2003  )  and antiapoptosis (Yan et al.  2007  ) . 

 In addition to TLRs, the host cell contains the nucleotide-binding oligomeriza-
tion domain (NOD) family of proteins, NOD-1 and NOD-2, which function as cyto-
solic pattern recognition receptors. Upon activation by bacterial peptidoglycans, 
these receptors induce host-signaling pathways similar to TLRs. As stated above, 
these interactions can be mediated by both pathogenic and probiotic bacteria. 
Although poorly understood, the fi nal response is infl uenced by both host and pro-
biotic factors.  
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    4.4.2   Host Side of Probiotic–Host Interactions 

 The availability of complete bovine, swine, and chicken genomic sequences offers 
tremendous opportunities to understand the molecular basis of probiotic–host inter-
actions in the gut. Of particular interest is the study of probiotic-induced alterations 
of host gene expression. At this time, DNA microarray technology is widely 
employed to study concurrently the differential expression of a large fraction of the 
genome between a control and the host inoculated with probiotics. Results obtained 
from microarray analysis are further validated by quantitative real-time reverse tran-
scription (RT)-PCR. Because probiotics carry out a wide range of functions, it is not 
surprising to learn that they modulate multiple host genes such as those involved in 
RNA transcription and processing, protein synthesis and transport, metabolism, cell 
proliferation, cell adhesion, and protein degradation via ubiquitinization. Using 
microarrays, a limited number of studies have been carried out in humans, mice, 
and poultry. To our knowledge, however, such detailed study has not been attempted 
in cattle or swine. The response of the host includes up-regulation and/or down-
regulation of genes that are involved in the above-mentioned functions. The results 
of some of these published studies are summarized in Table     4.2 .  

 A DNA microarray-based study has identifi ed the effects of  Lactobacillus casei  
strain Shirota or  Bifi dobacterium breve  strain Yakult on gene expression in small 
intestine epithelial cells or colonic epithelial cells isolated from germ-free BALB/c 
mice (Shima et al.  2008  ) . When compared with  B. breve  Yakult,  L. casei  Shirota 
up-regulated more genes in the small intestine; however, both down-regulated a 
similar number of genes. Many of these up-regulated genes play a role in the defense 
against pathogens – their growth and development, metabolism, and transport. In 
contrast, the number of both up- and down-regulated genes in colonic epithelial 
cells was greater with  B. breve  Yakult than with  L. casei  Shirota. The up-regulated 
genes are those involved in cell communication, growth and development, and 
metabolism. It is clearly evident from these fi ndings that the type of probiotic and 
the regions of the gut determine the type of host gene expression. 

 Interestingly, the signature of host gene expression depends not only on the type 
of probiotic strain but also on its components. Indeed, the only microarray analysis 
on chicken cecal tonsil lymphocytes treated with the peptidoglycan-enriched cell 
envelope extract (PECE), DNA, and cell envelope fractions of  Lactobacillus acido-
philus  revealed up-regulation of 18, 9, and 0 genes, respectively (Brisbin et al. 
 2008  ) . In this study, DNA was found to be the superior stimulus among the cellular 
components and enhanced the expression of many genes belonging to the immune 
system such as  b  

2
 -microglobulin, major histocompatibility complex (MHC) class I 

heavy chain, caspase 3, CD25, CD44, CD45, c-myc, IL-2 a  receptor (CD25), invari-
ant chain, STAT2, and STAT4. 

 Most probiotic–host interaction studies are focused on an individual probiotic 
strain. However, multispecies probiotic supplements are commonly used nowadays. 
In this scenario, it is essential to understand how hosts are stimulated by these sup-
plements for identifying suitable combination of probiotics. For instance,  Escherichia 
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coli  strain 6-1, isolated from a healthy infant, has been shown to up-regulate and 
down-regulate 155 and 177 genes, respectively, in Caco-2 cells (Panigrahi et al. 
 2007  ) . In contrast,  Lactobacillus plantarum  has been found to up-regulate and 
down-regulate 45 and 36 genes, respectively. However, when incubated together, 
these bacteria have been shown to up-regulate 27 genes and down-regulate 59 genes. 
Recently, it has been reported that co-colonization of  B. thetaiotaomicron  and 
 B. longum  induce maximum expression of interferon (IFN)-responsive genes such 
IFN-induced protein with TPR2 (Ifi t2), IFN a -inducible protein (Isg 15), and IFN-
induced protein with TPR1 (Ifi t1) in gnotobiotic mouse cecal epithelial cells 
(Sonnenburg et al.  2006  ) . In contrast, although  B. thetaiotaomicron  alone can up-
regulate these genes, the level of expression is low. Collectively, these results indi-
cate the diversity and complexity of the host response to multiple probiotics and that 
probiotics may not be selected solely based on results with single probiotic 
bacteria.  

   Table 4.2    Probiotic-induced gene expression in host cells   

 Probiotic  Host 
 Major up-regulated 
host genes  Reference 

  Lactobacillus 
acidophilus  
NCFM 

 Murine dendritic cells  IFN-beta, IL-12, IL-10  Weiss et al.  (  2010  )  

  Lactobacillus 
acidophilus  
NCFM 

 Caco-2 cells  CCL2, PTX3, TNFRSF9  Wang et al.  (  2009b  )  

  Lactobacillus 
rhamnosus  GG 

 C57BL/6 J mice  Dusp3, Areg, CDK2, 
Ku70, FoxF2, Errb2, 
Sox4, Jak2, Ho-1 

 Lin et al.  (  2008  )  

  Lactobacillus 
casei  Shirota 

 S.I epithelial cells 
of BALB/c mice 

 Cryptdin 1–3, matrilysin, 
PPAR- g , intestinal 
fatty acid binding 
protein, colipase, 
phopholipaseA2 

 Shima et al.  (  2008  )  

  Escherichia coli  
Nissle 1917 

 Polarized intestinal 
epithelial cells, T84 

 CLARP, IKB, IL4R, 
MIP3 a , NFATC3, 
NF-IL6, NF k B p65, 
PSMD12 p55, TNFAIP3 

 Zyrek et al.  (  2007  )  

  Lactobacillus  GG  Mouse colonic 
intestinal epithelial 
cell line 

 Hsp70-3, Hsp68, Hsp27 
internal deletion 
variant b, DNA cytosine 
methyltransferase, 
Protein tyrosine phos-
phatase, nonreceptor 
type 21, nexin 6, Hsp25, 
heparin-binding 
EGF-like growth 
factor precursor 

 Tao et al.  (  2006  )  
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    4.4.3   Probiotic Side of Probiotic–Host Interactions 

 A growing body of literature suggests that there is a distinct difference between 
in vitro and in vivo gene expression profi les of probiotics. Apparently, the genes 
induced during colonization are dedicated for survival, adaptation, and growth of 
probiotics in the gut ecosystem. It is remarkable that many of these genes have also 
been found to be up-regulated in pathogenic organisms, revealing the existence of a 
common survival mechanism for probiotics and pathogens. Based on in vivo expres-
sion technology (IVET), it has been shown that three specifi c genes – xylose 
isomerase ( xylA ), peptide methionine sulfoxide reductase ( msrB ), a conserved 
hypothetical gene – were highly expressed in reconstituted  Lactobacillus -free (RLF) 
mice inoculated with  L. reuteri  100-23 (Walter et al.  2003  ) . Whereas xylose 
isomerase is important for degradation of xylose for energy generation, peptide 
methionine sulfoxide reductase protects  L. reuteri  against oxidative damage. Using 
resolvase-based IVET, Bron et al.  (  2004  )  identifi ed 72 genes in  L. plantarum  
WCFS1 genome that were induced during colonization in the mouse gut. These 
genes play a role in sugar transport and utilization, acquisition and biosynthesis of 
nonsugar compounds, stress, and host interaction. With a microarray, Denou et al. 
 (  2007  )  analyzed the gene expression profi le of  L. johnsonii  NCC533 in the gut seg-
ments of C3H/HeJ mice. The total number of genes highly expressed in the stom-
ach, cecum, jejunum, and colon were 786, 391, 296, and 26, respectively. It is clearly 
evident from this study that probiotic genome expression depends on the local gut 
factors. Unfortunately, microarray expression data are lacking for probiotics of vet-
erinary importance at this time. Future studies on this line undoubtedly would 
expand our knowledge on microbial gut colonization.   

    4.5   Effects of Probiotics on the Gut Microbiota 

 In addition to the host cells, probiotics interact with the bacteria present in the host 
gut. On one hand, probiotics may contribute to the growth of certain bacteria by 
supplying readily usable metabolites through the breakdown of complex nutrients. 
On the other hand, they may inhibit the growth of others, particularly pathogenic 
bacteria, by competing for nutrients and adhesion sites, production of acids and 
antimicrobial substances, and stimulation of intestinal immune response. 
Traditionally, the changes in the composition of the gut microbiota have been stud-
ied by culture techniques using selective agar media. Studies in animals concerning 
this aspect are limited, however. The results of some experimental animals studies 
involving the supplementation of probiotics are briefl y presented here. Administration 
of a probiotic combination composed of  L. reuteri ,  Enterococcus faecium ,  B. ani-
malis ,  Pediococcus acidilactici , and  L. salivarius  has been shown to signifi cantly 
increase  Bifi dobacterium  spp.,  Lactobacillus  spp., and Gram-positive cocci counts 
in 1-day-old chickens (Mountzouris et al.  2007  ) . In contrast, a signifi cant reduction 
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in the total concentrations of gut bacteria belonging to  Enterococcus  spp. and 
 E. faecalis  has been reported in 14-day-old piglets supplemented with  E. faecium  
NCIMB10415 (Vahjen et al.  2007  ) . Similarly, administration of  L. murinus  
DPC6003 has been shown to reduce signifi cantly the number of fecal Entero-
bacteriaceae in pigs (Gardiner et al.  2004  ) . Probiotics can also be applied to reduce 
colonization of pathogenic bacteria and decrease the severity of diarrhea in animals. 
Indeed, Casey et al.  (  2007  )  observed a signifi cant reduction in the fecal  Salmonella 
enterica  serovar typhimurium PT12 count at day 15 in pigs treated with a fi ve-strain 
probiotic mixture composed of  L. murinus  DPC6002 and DPC6003, 
 L .pentosus  DPC6004,  L. salivaris  DPC6005, and  P. pentosaceus . 

 It is well established that feedlot cattle are most important reservoirs of Shiga 
toxin-producing  Escherichia coli  including O157:H7 strain (Dowd  2007 ; Dowd 
et al.  2010 ; Dowd and Ishizaki  2006  ) , the causative agent of hemorrhagic colitis and 
hemolytic-uremic syndrome in humans. About 30% of cattle are asymptomatic car-
riers and shed the bacterium in their feces, which serve as a source of carcass con-
tamination during slaughter. With the aim of reducing the fecal shedding, several 
probiotic-based preharvest interventions have been tested with varying success. 
A direct-fed microbial (DFM) composed of two probiotic strains (i.e.,  Streptococcus 
bovis  LCB6 and  Lactobacillus gallinarum  LCB 12) has been reported to inhibit 
completely the fecal shedding of  E. coli  O157 by increasing the production of vola-
tile fatty acids, particularly acetic acid, in Holstein calves (Ohya et al.  2000  ) . 
Recently, Stephens et al.  (  2007  )  used different  L. acidophilus  strains to examine 
their ability to reduce  E. coli  O157 in feces. In this study, 26.3% of control yearling 
steers shed  E. coli  O157 in feces, whereas the incidences in steers fed with  L. aci-
dophilus  strains NP51, NP28, and NP-51-NP35 were estimated to be 13%, 11%, 
and 11%, respectively. Similarly, the feces from the controls had the highest con-
centration of  E. coli  O157 (3.2 log MPN/g) compared to the cattle supplemented 
with  L. acidophilus  strains NP51, NP28, and NP-51-NP35 (0.9, 1.1, and 1.7 log 
MPN/g of feces, respectively). It has been suggested by Peterson et al.  (  2007  )  that 
cattle supplemented with a daily dose of 10 9  CFU of  L. acidophilus  strains NP51 
shed 35% less  E. coli  O157 than the controls over a 2-year period (Peterson et al. 
 2007  ) . In contrast, a number of studies have shown that several other probiotic 
strains have no positive effects on fecal shedding of  E. coli  O157. 

 Unfortunately, more than 80% of gut bacteria cannot be cultured under current 
laboratory conditions, limiting assessment of the effects of probiotics on the gut 
microbiota. This drawback, however, has been overcome today to a large extent 
by employing molecular techniques. Examples of these techniques include 16S 
ribosomal RNA analysis, DGGE, RFLF, T-RFLP, and FISH   . Using FISH, Gerard 
et al.  (  2008  )  studied the impact of  Lactobacillus  sp. no. 1-2673 on the  Atopobium  
group,  Bacteroides-Prevotella  group,  Bifi dobacterium  group,  Clostridium 
 coccoides  group,  Faecalibacterium prusnitzii  group, Enterobacteria, and 
 Lactobacillus - Enterococcus  group in 4- and 19-day-old chickens. In this study, 
the probiotic did not change the composition of the cecal microbiota. On the other 
hand, the authors observed a highly diverse  Lactobacillus  group based on  temporal 
temperature gradient gel electrophoresis only in 19-day-old chickens following 
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consumption of  Lactobacillus  sp. no. 1-2673. Similarly, using DGGE and T-RFLP, 
Fuentes reported a signifi cant increase in the  Lactobacillus  spp. diversity in mice 
gut and feces administered  L. casei  and  L. plantarum  (Fuentes et al.  2008  ) . 
However, there were no remarkable changes in the bacterial community in feces. 
Recently, Su et al.  (  2008  )  employed 16S rRNA-based PCR/DGGE and real-time 
PCR to investigate changes in the gut bacterial diversity of pigs following  L. sorbius  
strain S1 supplementation. A specifi c band related to  Clostridium disporicum  and 
 Streptoccus suis  was found in the DGGE profi les of the control and treatment 
groups, respectively. However, the composition of the overall microbial  community 
remained unchanged in both groups.  

    4.6   Effects of Probiotics in Bovines 

 Several probiotic strains have been shown to augment feed effi ciency, body weight 
gain, and milk production and to decrease disease incidence and fecal shedding of 
 E.coli  in cattle. Table  4.4  summarizes some of the effects of probiotics on cattle 
performance. Often, the outcome of these studies is highly variable as several fac-
tors (such as age, gut microbiota, feed, strain of probiotic, dose and type of formula-
tions) can modify the effects of probiotics. Based on previous studies in feedlot 
cattle, it has been suggested that probiotics increase daily gain and feed effi ciency 
by 2.5–5.0% and 2.0%, respectively; and the average carcass weight gain is 6–7 kg 
(Krehbiel et al.  2003  ) . Several researchers have demonstrated that the incidence of 
diarrhea can be decreased in calves by feeding them probiotics. For example, giving 
Holstein-Friesian calves a calf-specifi c multistrain probiotic (CSPB) containing six 
 Lactobacillus  strains markedly reduced the incidence (50%) and duration (58%) of 
diarrhea (Timmerman et al.  2005  ) . Probiotics can also be employed to improve milk 
production in cows. In a recent experiment by Stein et al.  (  2006  ) , Holstein cows fed 
 Propionibacterium  strain P169 at a dose of 6 × 10 10  (low dose) or 6 × 10 11  (high dose) 
cfu/cow had signifi cantly higher milk production (7.1–8.5% FCM) than controls 
(4.0% FCM) during the 25-week study. However, the authors did not observe a 
signifi cant difference between the high-dose P169 and low-dose P169 cows.   

    4.7   Effects of Probiotics in Swine 

 Environmental, psychological, and nutritional factors contribute to weaning-associ-
ated stress in piglets. Stress-induced changes include villous atrophy of small intes-
tine and a decreased gut immune response, signifi cantly increasing the susceptibility 
to infection caused by enteric pathogens. Several investigators have reported the 
benefi cial effects of probiotics on recovery from postweaning stress. For example, 
administration of  Lactobacillus plantarum  Lq80 alone or with  Megasphaera els-
denii  iNP-001 increased the villous heights of the small intestine in piglets (Yoshida 
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et al.  2009  ) . Similarly, villous height has been reported to be higher in piglets given 
supplements of  Pediococcus acidilactici  than in those of the control group 
(Di Giancamillo et al.  2008  ) . Feeding  Bacillus cereus  var. toyoi to weaned piglets 
increased IgA levels in feces (Scharek et al.  2007  )  and reduced the incidence of 
diarrhea by 59% (Taras et al.  2005  ) . Enterotoxigenic  Escherichia coli  (ETEC) is the 
most common cause of devastating diarrhea in young pigs, leading to severe eco-
nomic loss. A number of studies evaluated the effect of probiotics on lowering the 
incidence of  E. coli -induced diarrhea. Indeed, the oral administration of  Bacillus 
subtilis  signifi cantly decreased fecal scouring and mortality compared with that in 
the controls (Bhandari et al.  2008  ) . Similar results were obtained in piglets fed 
 L. sobrius  (Konstantinov et al.  2008  ) ,  Enterococcus faecium  EK13 (Strompfova 
et al.  2006  ) ,  Enterococcus faecium  NCIMB 10415 (Taras et al.  2006  ) , or  B. lactis  
HN019 (Shu et al.  2001  ) . Furthermore, growth performance can be improved by 
including  Lactobacillus sorbrius  (Konstantinov et al.  2008  )  or a probiotic contain-
ing  Bacillus lichniformis  and  Bacillus subtilis  spores in pig feed (Alexopoulos et al. 
 2004  ) . Recent studies on probiotic effects in pigs are summarized in Table  4.5 .   

    4.8   Effects of Probiotics in Poultry 

 Zhou et al.  (  2010  )  found a signifi cantly higher fi nal weight and daily weight gain in 
chickens fed  Bacillus coagulans  ZJU0616. The authors noted that the dosage of pro-
biotic did not alter the outcome. In contrast, Jung et al.  (  2008  )  studied the effect of 
 Bifi dobacterium lactis  D 300 on the performance of broiler chickens and reported that 
it did not improve body weight, feed intake, or the feed conversion ratio. These con-
trasting outcomes are not surprising as one of the determining factors for the perfor-
mance is the strain of probiotics. Coccidiosis caused by  Eimeria  species is an 
economically important disease of poultry. To control the disease in chickens, various 
probiotics have been tested. Lee et al.  (  2007  )  reported that chickens treated with 
 Pediococcus acidilactici  had signifi cantly reduced  E. acervulina  oocysts but not 
 E. tenella  oocysts in feces. The mechanism of a probiotic defense against coccidiosis 
remains to be explored. It has been shown that broiler chickens fed a probiotic mix 
composed of  Bacillus licheniformis  and  B. subtilis  had a signifi cantly higher medial 
and lateral wall thickness of the tibiotarsi, percentage ash, and phosphorus content 
(Mutus et al.  2006  ) ; thus, probiotics may affect the development of bone. The effect 
of a probiotic product composed of  L. acidophilus ,  L. casei ,  B. bifi dium , and 
 Enterococccus faecium  on mucus dynamics in chickens was investigated by Smirnov 
et al.  (  2005  ) , and the results revealed that there was a signifi cant increase in mucin 
expression at both the RNA and protein level in the jejunum of the probiotic-
supplemented group. It is clearly evident from the study by Haghighi et al.  (  2006  )  that 
a probiotic mix containing  L. acidophilus ,  B. bifi dium , and  Streptococcus faecalis  
could signifi cantly boost the level of serum and intestinal antibodies against tetanus 
toxoid (TT) and  Clostridium perfringens   a -toxin, intestinal IgA against BSA, and 
intestinal IgG antibodies against TT in chickens. Table  4.6  summarizes the latest 
 fi ndings of the effects of probiotics on poultry growth, performance, and health.   
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    4.9   Fecal Bacteriotherapy and Fecal Transplants 

 Taking a single bacterium or a group of bacteria isolated and propagated under 
laboratory conditions represents a logical and controlled commercial model. It is 
well known that after propagation in the laboratory many types of bacteria lose 
inherent capabilities and even entire genes that might enhance their ability to be 
optimized as a therapeutic agent. The notion of bacteriotherapy and fecal transplan-
tation is not a novel concept and has been practiced in various forms for centuries. 
Taking feces from healthy animals and feeding it to sick animals may seem outra-
geous to some, but it is a poorly publicized practice in many parts of the world. 
There is a resurgence of bacteriotherapy in modern medicine (Floch  2010 ; Khoruts 
et al.  2010 ; Marteau et al.  2009 ; Russell et al.  2010  ) , and historical accounts that go 
back beyond 1885 (Journal  1885  )  set the stage for what may be the future of probiotics. 
The consideration that we can take entire gut populations with their existing com-
munity interactions and stabilities from a healthy high-production animal and transfer 
such a benefi t to a sick or low-effi ciency animal and effectively monitor this at the 
microbiome (such as with the bTEFAP method) and at the physiological level is an 
attractive option for future consideration. Replacing a dysfunctional microbiome 
with a complete and functional microbiome inherently and ecologically is more 
logical than taking a laboratory strain of bacteria and hoping it can survive and 
thrive in the extreme and competitive environment of the gut. Philosophy and 
postulation aside, the future of probiotics will develop into a more ecologically 
sound approach and foundation driven by modern science.  

    4.10   Conclusion and Future Directions 

 Probiotics and their effects on gut health and the existing microbiome have entered 
the age of modern genomics. Future work in sequencing genomes of notable 
 animal-related probiotic strains, metagenomic studies to evaluate the effects of 
 probiotic therapies, and microbiome efforts will continue to shed light on how we 
can best identify and optimize probiotic therapies and isolates. Further efforts on 
isolating new types of bacteria should be considered. As we have noted, only a 
small percentage of bacteria can be propagated in the laboratory. Many important 
probiotic microbes may still be undiscovered and their potential untapped because 
we do not have suffi cient technologies to enable their propagation. Future controlled 
efforts in whole microbe community (microbiome) transplantation (taking the 
microbiome intact from highly effi cient, healthy animals and transplanting it into 
sick or low-effi ciency animals) may represent a coming evolution (or resurgence) in 
the fi eld of probiotics, especially as our ability to evaluate entire metagenomes (the 
cumulative genome of an entire population) is improving. Host genomic interac-
tions with the microbiome is only now beginning to be elucidated; and, again, as 
modern scientifi c methods become more cost-effective and powerful we will reveal 
the hidden secrets that continue to enhance our ability to cooperate with our micro-
bial partners.      
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  Abstract   The gastrointestinal (GI) tract is the largest interface between an animal’s 
internal milieu and its exterior environment. As such, it forms a physical barrier 
between the two environments. However, the function of the GI tract in the well-
being of an animal is more complex than this passive role. The GI tract not only 
regulates the selective entry of nutrients while keeping vigilant against pathogens, 
it is largely responsible for shaping the immune response. Through specialized 
receptors and other general mechanisms, the GI tract senses changes in its environ-
ment and actively responds to the changes. These responses allow the intestine to 
contribute to the defense against microbes as well as control and regulate the local 
immune response. In addition, the luminal microbial ecosystem is a highly complex 
community of primarily bacterial microbes that communicates extensively with 
itself and the host. The microbial community has major infl uences on the host, 
including effects on nutrient absorption, cancer, infl ammation, host metabolism, 
barrier function, and gut function (neuromotor, immunological, vascular) among 
others. Regulation of the immune response is the basis for the use of probiotics and 
prebiotics reviewed in this chapter.  

  Abbreviations  

  BSA    Bovine serum albumin   
  GALT    Gut-associated lymphoid tissue   
  GI    Gastrointestinal   
  Ig    Immunoglobulin   
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  IFN    Interferon   
  IL    Interleukin   
  LPS    Lipopolysaccharide   
  MAMP    Microbial-associated molecular pattern   
  NLR    NOD-like receptor   
  PRR    Pattern recognition receptor   
  SE     Salmonella enterica  serovar Enteritidis   
  ST     Salmonella enterica  serovar Typhimurium   
  TGF    Transforming growth factor   
  TLR    Toll-like receptor   
  TNF    Tumor necrosis factor   
  TT    Tetanus toxoid         

    5.1   Overview of the Immune Response 

 The immune system is a multifaceted arrangement of membranes (skin, epithelial, 
mucus), cells, and molecules whose function is to purge a host of invading patho-
gens and cancer cells. Working together, the various components of the immune 
system perform a careful balance of being lethal enough to kill pathogens or cancer 
cells yet suffi ciently specifi c to not cause extensive damage to healthy “self” tissues 
of the host. A properly functioning immune system is a requirement for a “healthy” 
life in the modern animal world. 

 The foremost function of an immune response is to identify and eliminate patho-
genic infections. The immune system of vertebrates is made up of two functional 
elements – innate and acquired responses – which contrast in their mechanisms of 
pathogen recognition (Medzhitov and Janeway  1997a  ) . The innate system uses 
germ-line encoded receptors, known as pattern recognition receptors (PRRs) that 
recognize the evolutionarily conserved molecular components [microbial-associated 
molecular patterns (MAMPs)] of infectious microbes (Fearon and Locksley  1996 ; 
Medzhitov and Janeway  1997b ; Medzhitov and Janeway  2000 ; Janeway and 
Medzhitov  2002 ; Carpenter and O’Neill  2007  ) . The acquired response uses highly 
specifi c antigen receptors on T and B lymphocytes that are generated by random 
processes by gene rearrangement (Fearon and Locksley  1996 ; Carpenter and O’Neill 
 2007  ) . Therefore, antigen receptors of the acquired immune system can be produced 
for any given antigen. One should not regard the acquired and innate systems as 
autonomous networks working independently of each other, however. Instead, the 
two systems are heterogeneous constituents of a single interdependent network. 

 Nowhere is this interdependence between the innate and acquired systems more 
pertinent than at the mucosal surface of the GI tract, which contains the largest num-
ber of immune cells and the highest concentration of pathogens and potential patho-
gens but also harmless dietary antigens and large populations of commensal bacterial 
fl ora (Neish  2009  ) . Thus, the mucosal immune system must be tightly controlled to 
assess and respond to antigens to which it is exposed and mount an appropriate 
effector or regulatory response (Monteleone et al.  2006 ; Neish  2009  ) . Hence, the 
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concurrent establishment of resident intestinal microbiota and the development of 
resident immune cells produces a state of “physiological infl ammation” that is 
responsible for a rapid host response to a pathogenic infection (Sansonetti  2004  ) .  

    5.2   Components of Gastrointestinal Mucosal Immunity 

    5.2.1   Innate Responses 

 The primary cell type that intervenes between the intestinal lumen community and 
the immune system is the epithelial cell. In fact, it may be the most signifi cant part 
of the mucosal immune system. The intestinal epithelium is a critical component of 
a communications network that is essential for transmitting signals generated in 
response to infection with microbial pathogens to cells of the innate and acquired 
immune systems in the underlying intestinal mucosa (Winkler et al.  2007 ; Artis 
 2008  ) . Intestinal epithelial cells are in a continuous state of response to the normal 
microbial ecology and, through their products, regulate the composition of this 
community. Because of these functions, the epithelium is considered a “microbial 
sensor” (Artis  2008  ) . Recognition of structural components of microbes by mem-
brane-associated and cytosolic PRRs of epithelial cells is a primary infl uence on the 
development of immune responses. Specifi cally, Toll-like receptors (TLRs) and the 
nucleotide-binding domain, leucine-rich repeat-containing family of proteins 
[nucleotide-binding oligomerization (NOD)-like receptors (NLRs)], are two impor-
tant families of PRRs required for microbial recognition, gut homeostasis, and 
induction and regulation of the innate and adaptive immune responses (Kim et al. 
 2004 ; Rakoff-Nahoun et al.  2004  ) . Recognizing components of microbes triggers 
both innate and adaptive immune responses that eliminate pathogens and shape the 
intestinal microfl ora, including the synthesis of antimicrobial peptides, proinfl am-
matory cytokines and chemokines (Trinchieri and Sher  2007  ) . Also triggered are 
the secondary anti-infl ammatory responses required for the resolution of infl amma-
tion (He et al.  2007  ) . In addition, a humoral component of the innate immune sys-
tem has been identifi ed, comprising natural antibodies (Matson et al.  2005  ) . Natural 
antibodies are unique among immunoglobulin (Ig) molecules because their pres-
ence does not require previous exposure to a specifi c antigen. Natural antibodies act 
as recognition molecules capable of opsonizing invading pathogens and initiating 
the complement enzyme cascade (Carroll and Prodeus  1999  ) .  

    5.2.2   Acquired Responses 

 Gut-associated lymphoid tissue (GALT) holds a crucial component of the total 
immunological capacity of the host in recognizing and selectively handling specifi c 
antigens for the initiation of acquired immune responses mediated by T and B 
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lymphocytes (Bauer et al.  2006  ) . The GALT, including Peyer’s patches, constitutes 
the largest mass of immune cells in the body and provides specifi c, acquired immune 
responses. Peyer’s patches, located in the lamina propria and submucosa of the 
small intestine, are discrete areas of organized lymphoid tissue with defi ned T- and 
B-lymphocyte areas. Close, tightly orchestrated interactions between the intestinal 
epithelium and the GALT system are critical for normal intestinal absorptive and 
immunological functions.  

    5.2.3   Microbiota 

 As a whole, the intestinal microbiota can be considered as an organ within the host. 
The immune system continuously adapts to the intestinal microbiota in a dynamic 
cross-talk manner, where intestinal epithelial cells instruct noninfl ammatory 
responses for steady-state control of bacterial growth or triggering infl ammatory 
mechanisms that can clear the GI tract of harmful invaders (Kelley et al.  2005 ; 
Corthesy et al.  2007 ; Winkler et al.  2007 ; Artis  2008 ; Abreu  2010  ) . The system is 
complex and robust in the sense that many players with partially overlapping roles 
act to maintain the integrity of the intestinal mucosal barrier. 

 Microbes are continuously interacting with the host through direct interactions 
with epithelial and subepithelial components of the GALT both within the lumen 
and after translocation. They are also interacting indirectly through production of a 
variety of secreted factors that interact with both innate and adaptive components of 
the GALT. The response of the host to these microbial factors is represented by a 
normal state of immunological ignorance, tolerance, and immunity (both humoral 
and cellular) resulting from both microbial regulation of host immunity and host 
regulation of the microbial ecology. The relationship between the host and microbes 
is long term, with its onset early in life so the community of luminal microbes is 
immunologically perceived as “self” – as if it were an organ system unto itself that 
actively participates in the host’s homeostasis (Kelley et al.  2005 ; Corthesy et al. 
 2007 ; Winkler et al.  2007 ; Artis  2008 ; Neish  2009 ; Abreu  2010  ) .   

    5.3   Modulation of Intestinal Immunity 

 Close, tightly orchestrated interactions between the intestinal epithelium and the 
mucosa-associated immune system are critical for normal intestinal absorptive 
and immunological functions. Recent data indicate that the commensal intestinal 
microbiota represents a major modulator of intestinal homeostasis. Because there is 
a benefi cial and symbiotic relationship between the host and the endogenous micro-
biota of the GI tract, strategies aimed at directly modulating the intestinal microbi-
ota with regard to disease prevention or treatment can be developed. 
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    5.3.1   Probiotics 

 One strategy for modulating intestinal immunity involves administering viable pro-
biotic bacteria. Probiotics are defi ned as live, well-defi ned bacteria or yeasts that, 
when administered in adequate amounts, confer a health benefi t on the host GI tract. 
Although this benefi cial effect was originally thought to be due to improvements in 
the intestinal microbial balance, there is increasing evidence that the success of 
probiotics is associated with their potential to modulate barrier properties of the 
intestinal wall and host immunity. They accomplish this by allowing transient 
release of local and systemic acting bioactive compounds from the intestinal epithe-
lium, including mucins, defensins, bacterocins, and cytokines and chemokines, 
which promote adaptive immune responses such as by secretory IgA and regulatory 
T cells (see recent reviews by Corthesy et al.  2007 ; Hord  2008 ; Neish  2009  ) .  

    5.3.2   Prebiotics 

 Prebiotics are defi ned as dietary supplements that are nondigestible in the host but 
that provide a benefi cial physiological effect on the host by selectively stimulating 
favorable growth or activity of a limited number of indigenous bacteria. Prebiotics 
function complementary to, and possibly synergistically with, probiotics (Hord 
 2008  ) . Prebiotics are often polysaccharides that can withstand acidic and enzymatic 
digestion. They can be utilized by probiotics and gut microfl ora for growth and 
activities that benefi t the host’s health including enhancing immunity, especially 
increasing titers of secretory and serum immunoglobulins (Janardhana et al.  2009  ) .   

    5.4   Effects of Probiotics and Prebiotics 
on Immunity in Poultry 

 Probiotics and prebiotics are becoming favorable alternatives to antibiotics as prod-
ucts that reduce the populations of food-borne pathogenic bacteria and eliminate 
pathogens that negatively impact animal production or food safety in the poultry 
industry. Over the last decade, an increasing number of studies have been conducted 
to evaluate the effects and mechanisms of probiotics on avian immunity. 

    5.4.1   Innate Immunity 

 The acute-phase response is an early innate response characterized by infl ammation, 
fever, muscle catabolism, and anorexia. Using injected lipopolysaccharide (LPS) to 
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induce an acute-phase response in 14-day-old chickens, Jiang et al.  2010  evaluated 
whether dietary supplementation of a multispecies probiotic would alleviate growth 
suppression and anorexia associated with the acute phase response. Probiotic sup-
plementation lessened the anorexic effects of LPS, resulting in improvement in 
body weight gain when compared to the non-LPS-injected control birds. 

 Haghighi et al.  (  2006  )  provided evidence that probiotic treatment of nonimmu-
nized chickens increased induction of natural antibodies. Following application of a 
three-strain probiotic to 1-day-old chickens, serum and intestinal antibodies against 
tetanus toxoid (TT) and  Clostridium perfringens   a -toxin as well as intestinal IgA 
reactive to bovine serum albumin (BSA) were increased in nonimmunized chickens. 
In addition, IgG antibodies reactive to TT were increased in the intestines of probi-
otic-treated chickens when compared to untreated controls. In serum, IgG and IgM 
reactive to TT and  a -toxin were increased in probiotic-treated, nonimmunized 
chickens compared to levels in untreated controls. 

 Recently, the possible role of antimicrobial peptides in probiotic-mediated protec-
tion against  Salmonella  in chickens was investigated (Akbari et al.  2008  ) . Chickens 
given only probiotics had no change in the expression of any of the fi ve avian antimi-
crobial peptide genes investigated.  Salmonella  infection led to elevated expression of 
all the antimicrobial genes studied; however, probiotic treatment prior to infection 
eliminated the effect of  Salmonella  infection on the expression of antimicrobial 
genes. The results imply that expression of antimicrobial peptides may be repressed 
by probiotics during a  Salmonella  infection or indicate that because there is dramatic 
reduction in  Salmonella  load in the intestine these genes may not be induced. 

 Probiotics have also been shown to have immune-modulating effects on cellular 
components of the innate response of chickens. Heterophils are the primary poly-
morphonuclear white blood cell of poultry. Heterophils isolated from chickens fed 
three separate probiotic bacterial isolates ( Bacillus subtilis ,  Lactococcus lactis , or 
 Lactobacillus acidophilus ) were shown to have a signifi cant increase in functional 
activities when compared to heterophils isolated from untreated control birds 
(Farnell et al.  2006  ) . Likewise, intestinal leukocytes isolated from both layer-type 
and meat-type chickens fed probiotic lactobacilli had increased phagocytic and bac-
tericidal activity against  Salmonella enterica  serovar Enteritidis (SE) (Koenen et al. 
 2004  ) . Conversely, probiotic treatment of young chickens has no consistent effect 
on macrophage phagocytosis of SE (Higgins et al.  2007  ) .  

    5.4.2   Acquired Immunity 

 There was signifi cantly higher antibody production in chickens fed probiotics than in 
control birds (Kabir et al.  2004  ) . In addition, these investigators found that the differ-
ences in the weights of the spleen and bursa of probiotic-fed and conventional-fed 
broilers could be attributed to different levels of antibody production in response to 
sheep red blood cells (Kabir et al.  2004  ) . Similarly, in a group of broiler chickens 
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given a probiotic supplement the antibody titer was signifi cantly higher at 5 and 10 
days after immunization than in the controls (Khaksefi di and Ghoorchi  2006  ) . Early 
colonization of intestines of 1-day-old chickens by a probiotic containing  Lactobacillus 
acidophilus ,  Bifi dobacterium bifi dum , and  Streptococcus faecalis  results in signifi -
cant enhancement of the systemic IgM response to sheep red blood cells (Haghighi 
et al.  2005  ) . Dalloul et al.  (  2003a  )  found that feeding chickens a  Lactobacillus -based 
probiotic had a positive impact in that it stimulated some of the early immune 
responses against  Eimeria acervulina , characterized by early interferon (IFN)- g  and 
interleukin (IL)-2 secretions, resulting in improved local immune defenses against 
coccidiosis. Numerous studies have demonstrated that giving probiotics has benefi -
cial effects on humoral immune responses (Dalloul et al.  2003b ; Huang et al.  2004 ; 
Koenen et al.  2004 ; Revolledo et al.  2006 ; Nayebpor et al.  2007 ; Mathivanan et al. 
 2007 ; Apata  2008  ) . 

 Chicken cecal tonsil and splenic mononuclear cells have a differential response 
to structural constituents of  L. acidophilus  (Brisbin et al.  2008  ) . Immune system 
genes were induced in cecal tonsil cells more rapidly than spleen cells when the 
cells were exposed to bacterial stimuli; the most potent stimulus for cecal tonsil 
cells was DNA, and for spenocytes it was bacterial cell wall components. The genes 
of the transcription factors STAT2 and STAT4 were highly induced in the spleno-
cytes and cecal tonsil cells. Furthermore, the expression of IL-18, IFN a , and IFN g  
genes were up-regulated in cecal tonsil cells after treatment with  L. acidophilus  
DNA. This group further investigated the immunological mechanisms of probiotic 
treatment during infection with  Salmonella enterica  serovar Typhimurium (ST) 
(Haghighi et al.  2008  ) . There was no signifi cant difference in IL-6 or IL-10 gene 
expression in cecal tonsils of chickens given a probiotic or a conventional diet. 
Although ST infection resulted in a signifi cant increase in IL-12 expression in cecal 
tonsils, chickens treated with probiotics prior to experimental infection with 
 Salmonella  had IL-12 expression levels similar to that observed in uninfected con-
trol chickens. Furthermore, treatment of birds with probiotics resulted in a signifi -
cant decrease in IFN g  gene expression in cecal tonsils of chickens infected with 
 Salmonella  compared to the  Salmonella -infected birds not treated with probiotics. 
Thus, repression of IL-12 and IFN g  expression in the GALT of the chicken is asso-
ciated with probiotic-mediated reduction in intestinal colonization with ST. 

 Although the use of prebiotics as feed additives in poultry diets have been shown 
to improve feed conversion, reduce disease severity, and lower mortality, there have 
been few studies evaluating their effects on the immune response of poultry (Fukata 
et al.  1999 ; Chen et al.  2003  ) . However, two recent studies have shown that prebiot-
ics either alone (Janardhana et al.  2009  )  or in combination with a probiotic culture 
(Li et al.  2009  )  had benefi cial effects on the local systemic immune responses, 
including serum antibody titers, T-cell numbers, and relative immune organ weights. 
It should be pointed out that two oligosaccharides fed to chickens caused a reduc-
tion in relative B-cell numbers and the mitogen responsiveness of T cells, and they 
had no effect on the expression of proinfl ammatory or antiinfl ammatory cytokine 
gene expression in cells isolated from cecal tonsils    (Janardhana et al.  2009  ) .   
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    5.5   Effects of Probiotics and Prebiotics on Immunity in Swine 

 As in poultry, most of the studies on the effects of probiotics on intestinal and sys-
temic immunity in swine have been reported during the last few years. In early stud-
ies using a probiotic  Enterococcus faecium  strain in sows and piglets, the total serum 
IgG of the sows was unaffected. Piglets of both groups showed similar IgG levels up 
to 5 weeks after birth, but by 8 weeks of age the total IgG levels of the probiotic-
treated animals were signifi cantly lower. No differences were observed in the popu-
lations of CD4+ (helper) and CD8+ (cytotoxic) T cells in Peyer’s patches, although 
the number of CD8+ T cells in the jejunal epithelium of piglets of the probiotic-
treated group were signifi cantly reduced (Pollmann et al.  2005 ; Scharek et al.  2005 ; 
Taras et al.  2006  ) . Changes in the humoral immune system were observed in swine 
(Scharek et al.  2007a  ) , as were changes in the immune cell populations in the intes-
tinal intraepithelial layer and the lamina propria (Scharek et al.  2007b  ) . Szabo et al. 
 (  2009  )  investigated the infl uence of treating weanling pigs orally with the probiotic 
bacterium  Enterococcus faecium  to determine its effect on  Salmonella typhimurium  
strain DT104 (ST DT104) infections. Interestingly, the probiotic treatment resulted 
in greater production of specifi c antibodies (serum IgG, IgM, and IgA) against ST, 
but it enhanced intestinal colonization by ST DT104. Administration of the probi-
otic  Enterococcus faecium  also modulated the composition of the blood lymphocyte 
populations in piglets (Duncker et al.  2006 ; Scharek et al.  2007b  ) . On the other 
hand, the effect of the probiotic strain  Escherichia coli  Nissle 1917 had only minor 
effects on the distribution of mucosal immune cells in the gut of healthy young pigs 
(Duncker et al.  2006  ) . In addition, mRNA analysis revealed no changes in mucosal 
mRNA expression of cytokines [IFN g , tumor necrosis factor  a  (TNF a ), transform-
ing growth factor  b  (TGF b ), IL-10] or antimicrobial peptides (PR-39, NK-lysin, 
prepro-defensin- b 1, protegrins) (Duncker et al.  2006  ) . Administration of live yeast 
( Saccharomyces cerevisiae  spp.  boulardii ) to weaned pigs for 3–4 weeks improved 
growth performance after weaning and increased the number of macrophages at 
various sites of the small intestine (Baum et al.  2002 ; Bontempo et al.  2006  ) . 

 Changing immune parameters during pregnancy have previously been reported 
and have been suggested to contribute to increased susceptibility to infections. Thus, 
in a recent study, the effect of probiotics on the peripartum immune status of preg-
nant sows was studied (Schierack et al.  2009  ) . Feed supplementation with a probi-
otic strain of  Bacillus cereus  was shown to reverse partially the immunological 
shifts due to pregnancy. The proliferative response of peripheral blood mononuclear 
cells of probiotic-treated sows increased during pregnancy. Bacterial antigens pri-
marily stimulated the proliferation of naive CD21+ lymphocytes; and the relative 
CD21+ lymphocyte numbers were elevated in the probiotic-treated group in the 
absence of effects on other immune cell populations (Schierack et al.  2009  ) . 

 One study has investigated the possible synergistic action of a prebiotic (fructoo-
ligosaccharides) with a probiotic strain of  Bifi dobacterium animalis  on TLR gene 
expression in various organs of weaned piglets (Trevisi et al.  2008  ) . The prebiotic 
or probiotic doses did not affect expression of the TLR2-encoding gene in the jeju-
num or the TLR4- and TNF a -encoding gene expressions in the jejunum, liver, or 
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ileocecal lymph nodes of the pigs 2 weeks after weaning. A synergistic, dose-
dependent effect of  B. animalis  on the expression of the TLR2 gene in the lymph 
nodes was observed when fructooligosaccharides were added to the diet. TNF a -
encoding gene expression was positively correlated with TLR4- and TLR2-encoding 
gene expression. Moreover, expression of the TLR4 showed a positive correlation 
with TLR2-encoding gene expression.  

    5.6   Effects of Probiotics and Prebiotics on Immunity in Cattle 

 Relatively few reports have been published describing the effects of probiotics on 
immune function in cattle. Thompson et al.  (  2009  )  reported on the transcriptional 
profi le of selected innate immune genes in primary bovine intestinal epithelial cells 
that were assessed over a time course of incubation with the probiotic  Lactobacillus 
plantarum  (Lp299v). Incubation of bovine intestinal epithelial cells with Lp299v 
was performed in vitro, and gene expression was analyzed through a quantitative 
reverse transcriptase-polymerase chain reaction. Cytokine genes (IFN a , IFN b , 
IL-6, TNF a ) were up-regulated throughout the 12-h exposure. In addition, MyD88, 
a universal adapter protein used by TLRs to activate the transcription factor NF- k B, 
showed the most signifi cant increase in gene expression at the 6- and 12-h time 
points. Supplementing the diet of neonatal calves with a prebiotic product was 
found to have virtually no effect on the number of CD4+ and CD8+ T lymphocytes 
in the peripheral blood for the 8 weeks of the trial (Heinrichs et al.  2009  ) . Likewise, 
there were no effects on fecal IgA concentrations in the calves on the control diet 
when compared to those with the probiotic-supplemented diet observed during the 
experimental period.      
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  Abstract   Probiotics are marketed in the human food sector as being benefi cial to 
gut health. As is often the case, this led to similar trends in the pet food and supple-
ment markets. Although it is diffi cult to incorporate probiotics into pet diets because 
of processing problems, supplements and diets containing probiotics are now avail-
able. There is limited oversight of these products, however, so their application in a 
clinical setting is limited. Despite this situation, research on the topic is continuing 
to increase, and more outcomes regarding gut health are being evaluated. Overall, 
many of the probiotics evaluated in dogs and cats had positive effects on immune 
health, and some strains reduced potentially pathogenic bacterial species in the large 
bowel, all without affecting nutrient digestibility. There is more research needed, 
especially in regard to animals in diseased states, the determination of effi cacious 
dosages for each bacterial strain, and evaluating the use of symbiotics.      

    6.1   Introduction 

 The companion animal industry continues its robust growth with a global market 
value of approximately US$60 billion for pet food and pet care products, with dog 
and cat food making up more than 70% of the market. Pet food sales have continued 
to rise in times of recession, growing 4.5% from 2008 to 2009, which translates to 
US$17.77 billion in sales (Packaged Facts  2010  ) . This market is driven in part by an 
increase in pet ownership, humanization of pets by owners, and an increased popu-
larity of commercially produced pet foods (Higgins  2007  ) . As more people treat 
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their pets as a part of the family, it has led to a growing market of pet foods and 
supplements with proven health benefi ts as are marketed to humans. Many people 
also expect functional ingredients with noted benefi ts to be included in pet diets or 
supplements. 

 Probiotics have the potential to play a major role in the development of new pet 
food products now and in the future based on several factors. Many owners are par-
ticularly concerned for their pet’s health, which drives the demand for high-quality 
foods, especially those containing functional ingredients already marketed to 
humans. Probiotics have been reported to affect a number of biomarkers of health 
status in humans and animal models with minimal side effects, thereby making 
them ideal functional ingredients to address health concerns in pets. This is helped 
by the fact that probiotic-containing products also are being advertised for human 
consumption and so are recognized by people who purchase these foods and supple-
ments for their animals. Additionally, more niche diets are being formulated to 
appeal to consumers with demands for high-quality, human-grade ingredients. 
Again, probiotics will be viewed as important components of these health-enhanc-
ing diets and supplements. 

 It is the intent of this chapter to provide a comprehensive review of the research 
that has been conducted to date in the dog and cat related to the application of pro-
biotics. Several outcome variables have been measured to test the effi cacy of these 
compounds in pet animals; but relative to the research reported on rodents, humans, 
livestock, and poultry, it is clear that much less research is available on this topic for 
pets than for many other animal species. 

    6.1.1   Application of Probiotics in the Pet Industry 

 Many probiotic studies using dogs or cats reported only the ability of the probiotic 
to survive in the gastrointestinal tract due to probiotic usage in pets being a rela-
tively new concept. Many of these studies were performed prospectively to deter-
mine potential effects of certain bacterial strains. Little information is available as 
to the dosage that is most appropriate or effi cacious for each bacterial species. A 
diffi culty with creating pet foods that contain probiotic strains is the fact that most 
pet foods marketed today are in kibble or moist (canned) form. To create a kibble, 
ingredients are extruded, which uses high heat and pressure for short periods of time 
to cook the starch in the food. All canned moist diets undergo retort, which uses 
high heat to sterilize the product. Both processes (extrusion and retort) kill most 
bacteria in the food and would kill any probiotic strains. Therefore, any probiotic 
must be added after extrusion for the bacteria to survive; however, additions to diets 
after canning are not possible. A further hindrance of adding probiotics is that most 
pet foods have a guaranteed shelf life of up to 1 year. Many probiotics may not be 
able to survive this length of time in large enough numbers to remain effi cacious; 
and therefore no label guarantee can be made. Owing to these limitations, probiotics 
often are included as supplements and not within the food itself. 
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 Although some pet foods on the market are claimed to contain probiotics, the 
ability of companies to produce these diets that are shelf-stable is suspect. Weese 
and Arroyo  (  2003  )  evaluated 19 commercial pet foods claiming to contain probiot-
ics (13 for dogs, 6 for cats). All diets were purchased from pet food retailers and 
tested prior to the indicated expiration date. None of the diets tested contained all of 
the organisms listed on the ingredient label. Of the 19 diets, 10 (53%) contained at 
least one microorganism listed on the ingredient label when tested; 5 (26%) prod-
ucts had no probiotic bacteria present. The foods tested contained between 0 and 
1.8 × 10 5  colony forming units (cfu)/g, but it is unknown if this was the intended 
dose or due to decreases during storage. Furthermore, some diets listed bacterial 
fermentation products on the label without the bacteria themselves listed as ingredi-
ents, yet still claimed to contain a probiotic (Weese and Arroyo  2003  ) . 

 Testing supplements was similar to the results of testing pet diets. The label 
claim was tested on 13 probiotic supplements (5 for human use, 8 for veterinary 
use) (Weese  2002  ) . Few of these supplements, especially those marketed for veteri-
nary use (3/8), provided exact bacterial species included in the supplement or the 
concentration present. Furthermore, all the veterinary products contained less than 
2% of the listed concentration of bacteria on the label, with the highest actual con-
centration measured at 1.6 × 10 8  cfu. The author suggested that the dosage was 
below those known to elicit a response in humans, 1 × 10 9  to 1 × 10 10  cfu (Weese 
 2002  ) , and was also below the dosage used in much of the published literature 
regarding dogs and cats. Further testing of 44 human and veterinary product labels 
indicated striking issues with supplement label claim oversight (Weese  2003  ) . Many 
of the products, intended for both human and veterinary use, contained misspelled 
(18%), misidentifi ed, or nonexistent bacterial species (35%); and none stated the 
number of organisms that should be present at the expiration date. This clearly indi-
cates that more needs to be done regarding proper ingredient labeling, oversight of 
claims, and guidelines for probiotic inclusion in supplements and pet foods.  

    6.1.2   Probiotic Evaluation in Vitro 

 Probiotic evaluation in vitro is leading to better understanding of the potential of 
many probiotic strains. To date, much of the research has focused on isolating 
potentially probiotic strains and evaluating their ability to survive in the upper gas-
trointestinal (GI) tract as well as their mucus adhesion capabilities. The ability of a 
probiotic to survive in the gut often is measured in vitro through tests of bile acid 
tolerance and pH tolerance. Mucus adhesion often is determined as a measure of the 
potential of a probiotic to attach and colonize within the GI tract. Attachment is 
important because bacteria that adhere to the mucus are in close contact to immune 
cells and therefore may be able to modulate the immune system and have antimicro-
bial activity toward potentially pathogenic bacterial species. 

 Lactic acid bacteria have been the most commonly studied probiotics in vitro for 
applications to pets. Several strains of lactobacilli [ L. rhamnosus  (human commercial 
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strain),  L. johnsonii  (human commercial strain) , L. casei  (human commercial strain), 
 L. pentosus  (UK1A, isolated from dog feces), and  L. pentosus  (SK2A, isolated from 
dog jejunal chyme)],  Bifi dobacterium lactis  Bb12 (human commercial strain), and 
 Enterococcus faecium  (animal commercial strains) (Rinkinen et al.  2000  )  were 
evaluated in vitro using dog jejunal chyme as inoculum.  L. rhamnosus  adhered to 
canine mucus better than all other bacterial strains. Pretreatment with jejunal chyme 
to simulate digestion limited adherence of all bacterial species, but three of the 
human-origin bacterial species,  L. johnsonii  (0% change),  L. casei  (0% change), 
and  Bifi dobacterium lactis  (~53% decrease), were able to maintain more adhesion 
than other human strains and all strains isolated from dogs. 

 Other studies have evaluated isolated bacterial strains of canine origin regarding 
their ability to survive and attach to the mucus in the GI tract. Strompfova et al. 
 (  2006  )  evaluated canine-derived  L. fermentum  in vitro and in vivo. It was noted that 
86% of the probiotic survived at pH 3 after 3 h, and 75.4% survived in the presence 
of bile in vitro. Approximately 2% adhesion to canine mucus was achieved and 
2.7% to human mucus. In vivo, it was noted that fecal enterococci and lactobacilli 
species increased, but no changes were noted for  Escherichia coli  or  Staphylococcus  
spp. after 7 days of supplementation.  Lactobacilli  spp. appear to have variable abil-
ity to survive in bile salts. Strains of  L. acidophilus  had higher bile tolerance than  L. 
reuteri  isolated from canine feces (McCoy and Gilliland  2007  ) . There were two  L. 
reuteri  strains (X-27 and X-18), however, that were able to tolerate bile salts, inhibit 
 Salmonella typhimurium , and produced reuterin, an antimicrobial substance. The 
adhesion capabilities of these strains, however, were not determined. Canine-derived 
 L. murinus  strains (LbP2, LbP6, LbP10) were able to withstand pH 3.5 (50% reduc-
tion for the most tolerant strain) and bile salt concentration of 0.3% (27% reduction 
for the most tolerant strain); they also had antimicrobial activity against  E. coli  and 
 Clostridium perfringens  strains (inhibitions zones between 10 and 17) and were 
able to adhere to mucus (5–16% adhesion) (Perelmuter et al.  2008  ) . 

  Enterococcus  strains of canine origin (six strains) have been evaluated as poten-
tial probiotics (Strompfová et al.  2004  ) . Approximately 72–98% of the total popula-
tion of selected strains were able to survive 1% bile salts, and 76–87% were able to 
survive pH 3. Percentage adherence to canine mucus ranged from 4% to 11%. Most 
strains (75%) produced bacteriocin-like inhibitory substances against select gram-
positive bacteria. The question of safety regarding  Enterococcus faecium  probiotics 
has been raised (Rinkinen et al.  2003  ) .  Enterococcus faecium  strains M74 and 
SF273 enhanced adhesion of  C. jejuni  135% and 206%, respectively. If this also 
occurs in vivo, dogs could be considered carriers of C . jejuni , which can cause 
infections in humans. 

 In addition to the ability of probiotics to survive in the GI tract, some researchers 
have begun evaluating their ability to address health issues of dogs and cats. 
Duodenal samples from dogs with intestinal infl ammation due to chronic enteropa-
thies were used to evaluate the ability of a probiotic to decrease infl ammation 
(Sauter et al.  2005  ) . A probiotic cocktail [ L. acidophilus  (NCC2628 and NCC2766) 
and  L. johnsonii  (NCC2767)] decreased mRNA expression of anti-infl ammatory 
cytokine interleukin-10 (IL-10) and thereby decreased the ratio of pro-infl ammatory 



796 Current Status of Practical Applications: Pets

cytokines [tumor necrosis factor  a  (TNF a ), interferon  g  (IFN g ), and IL-12 p40] to 
anti-infl ammatory cytokine IL-10. Urinary oxalate stone formation is a common 
clinical problem in dogs and cats, and there is no current method of dissolving the 
stones. Therefore, several bifi dobacteria and lactobacilli were evaluated for their 
ability to degrade ammonium oxalate (Murphy et al.  2009  ) . None of the bifi dobac-
teria was capable, but some select strains of lactobacilli were able to degrade it.  L. 
animalis  (27–68% reduction compared to control) and  L. murinus  (41–72% reduc-
tion compared to control) had oxalate degradation capability compared to the 
control. 

 These in vitro studies provide preliminary evidence that many probiotic strains 
may have benefi cial effects in dogs and cats. The ability of these strains to withstand 
bile salts and pH and adhere to canine mucus indicate that they would survive the 
upper GI tract of the animal and survive to colonize the large bowel. Furthermore, 
these studies indicate that the use of probiotics in disease states may have benefi cial 
effects on health biomarkers.  

    6.1.3   Probiotic Use in Vivo 

 Probiotic use in pets was reviewed by Vester and Fahey  (  2009  ) ; the review pre-
sented new literature and summarized previously reviewed work. The most com-
mon microbial species evaluated and utilized as probiotics in pets include 
 Lactobacillus acidophilus  and  Entercoccus faecium . Although there are a moderate 
number of studies to date evaluating probiotic use in dogs, only three studies have 
currently been conducted in cats. Recent studies (2009 to the present) and research 
not reviewed by Vester and Fahey  (  2009  )  are described in detail in Table  6.1 .  

 Probiotic use appears to have benefi cial effects in vivo, but some confl icting 
results occur. It is diffi cult to compare results among studies because of the varying 
doses and modes of administration of the probiotic. Overall, it appears that probiotic 
bacteria, administered at a suffi ciently high dose, lead to increases in gut probiotic 
bacterial species; and many exert antimicrobial effects leading to reduced numbers 
of potentially pathogenic bacterial species. During feeding of a probiotic, all studies 
that measured the probiotic in feces indicated the presence of, or a signifi cant 
increase in, the probiotic species in the feces. Five studies indicated a decrease in 
fecal  C. perfringens  or  E.  coli, which often are considered pathogenic when allowed 
to grow above normal levels. One recent study noted an average 6% decrease in 
total fecal clostridial counts at 5 and 6 weeks after  Bifi dobacteria animalis  AHC7 
supplementation of adult dogs (O’Mahony et al.  2009  ) . Furthermore,  Clostridium 
diffi cile  counts were 28% lower by week 6 in supplemented versus placebo-fed 
dogs. 

 One major issue with probiotic supplementation is that upon cessation of con-
sumption the probiotic bacteria disappear. This indicates that probiotic bacteria 
likely are not attaching and colonizing the GI tract in great enough numbers to 
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encourage a self-sustaining population. Biourge et al.  (  1998  )  indicated no detection 
of probiotic species ( Bacillus  CIP 5832) after 3 days of probiotic cessation, and 
Weese and Anderson  (  2002  )  noted  Lactobacillus rhamnosus  probiotic present in 
only one dog 72 h after cessation. Manninen et al.  (  2006  )  noted no  L. fermentum  
(LAB8) or  L. mucosae  (LAB12) within 7 days of probiotic cessation. These results 
were contrary to those of Marciňáková et al.  (  2006  ) , who noted survival of  E. fae-
cium  EE3 after a 3-month cessation of probiotic treatment. The authors indicated 
that  E. faecium  EE3 is a strain that has adhesive capability in human and canine 
mucus (human 7.3% adhesion, canine 7.4%) (Marciňáková et al.  2006  ) . Additionally 
Strompfova et al.  (  2006  )  noted the presence of the probiotic bacterium  L. fermentum  
6 months after supplement cessation, indicating that this bacterial species may be 
able to colonize the large bowel effectively. 

 More recent published literature, however, supports the fi ndings of Biourge et al. 
 (  1998  ) , Weese and Anderson  (  2002  ) , and Manninen et al.  (  2006  ) , in which rats were 
fed probiotics of canine origin (O’Mahony et al.  2009  ) . After 5 days’ cessation of 
feeding probiotic strains of  L. murinus/ruminus ,  Bifi dobacterium globosum/pseudo-
longum , or  B. animalis , no probiotic bacteria were found in the feces. It should be 
noted that all animals in these studies were fed the respective probiotic for a similar 
number of days before cessation (approximately 7 days), and longer-term supple-
mentation may lead to different results. 

 Total tract apparent macronutrient digestibility does not appear to be infl uenced by 
probiotic supplementation. Crude fi ber digestion decreased 16% in mongrel puppies 
supplemented with  L. acidophilus  (Pasupathy et al.  2001  ) , but the authors argued that 
this decrease in fi ber utilization was negligible. Dry matter and CP digestibility tended 
to increase (2%) in adult dogs supplemented with  L. acidophilus  for 28 days (Swanson 
et al.  2002  ) . This tendency, however, was noted in only one of two replicated experi-
ments. Other studies evaluating digestibility found no differences due to probiotic 
supplementation. More recent studies have not reported nutrient digestibility data. 

 Studies evaluating the effects of probiotics supplementation on immunological 
changes or as disease treatments are limited but have increased in recent years. 
Benyacoub et al.  (  2003  )  noted an increase in fecal and plasma immunoglobulin A 
(IgA) in puppies fed an  Enterococcus faecium  strain for 44 weeks. An increased 
response to canine distemper virus – determined as an increased proportion of 
mature B cells and increased surface expression of major histocompatibility com-
plex II (MHC II) molecule in monocytes – also was observed. This immune response 
would be benefi cial because of the stressful time period of weaning in all species. In 
healthy adult dogs, increased serum IgG, decreased erythrocyte fragility, and 
increased white blood cell (WBC) and monocyte numbers were noted after 4 weeks 
of  L. acidophilus  supplementation (Baillon et al.  2004  ) . Increased CD4+ lympho-
cyte concentration, but no changes in IgG, IgA, WBC counts, or response to vacci-
nation were noted in kittens fed  E. faecium  for 20 weeks (Vier et al.  2007  ) . 

 The most recent work evaluating probiotics has focused on disease states or 
immunocompromised dogs, cats, or animal model species. These studies provide 
critical information to practicing clinicians regarding the use of probiotics for treat-
ment or prevention of common diseases of dogs and cats. Overall, it appears that 
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some diseases or acute conditions can be modifi ed by probiotic supplementation; 
however, a preventive versus a treatment role has not been determined for all condi-
tions studied. Previously reviewed literature noted mixed results regarding effects of 
probiotic supplementation of dogs with GI disease. Dogs with nonspecifi c dietary 
sensitivities had improved defecation frequency and fecal scores when supplemented 
with  L. acidophilus  (Pascher et al.  2008  ) . Dogs with food-responsive diarrhea fed an 
elimination diet tended to have reduced duodenal IL-10 (proinfl ammatory cytokine) 
mRNA concentrations when supplemented with a lactobacilli cocktail, but these 
changes were not associated with improved clinical signs (Sauter et al.  2006  ) . 

 Puppies predisposed to atopic dermatitis challenged with  Dermatophagoides 
farinae  and supplemented with  L. rhamnosus  GG from 3 weeks to 6 months of age 
had decreased IgE titers against  D. farinae  and a milder reaction to skin testing 
(Marsella  2009  ) . Additionally, the interval from initiation of treatment to the fi rst 
normal stool was shorter (1.3 vs. 2.2 days) in dogs suffering from acute gastroen-
teritis (defi ned as acute diarrhea or acute diarrhea and vomiting) when supplemented 
with a probiotic cocktail ( L. acidophilus ,  Pediococcus acidilactici ,  Bacillus subtil-
lus ,  Bacillus licheniformis , and  L. farciminis ) (Herstad et al.  2010  ) . This indicates 
that probiotics may have a place in a clinical setting for acute treatment of gastroen-
teritis. Lastly,  Bifi dobacterium animalis  and  L. murinus/ruminus  (AHC3133) of 
canine origin inhibited translocation of  Salmonella typhimurium  in challenged mice 
compared to placebo-treated mice (O’Mahony et al.  2009  ) . The probiotic was pro-
vided prior to challenging with  Salmonella typhimurium , indicating that the probi-
otic may provide a protective effect to bacterial infection. 

 Hasegawa et al.  (  1993,   1996  )  and Kanasugi et al.  (  1996  )  evaluated the use of 
heat-killed  Enterococcus faecalis  FK-23 oral supplementation to treat neutropenia 
in adult dogs. Neutropenia is a common side effect of cancer treatment drugs and is 
defi ned as a low level of circulating neutrophils. Supplemented dogs with artifi cially 
induced neutropenia had improved neutrophil-reconstituting capacity and an 
increased myeloid/erythroid ratio in the bone marrow. There may be a role for heat-
killed  E. faecalis  in a clinical setting in dogs undergoing cancer treatment, espe-
cially considering that the availability of providing cancer treatment continues to 
increase and the fact that more people are considering it as a treatment option. 

 Not all studies, however, have indicated positive results from probiotic supple-
mentation during disease. Dogs with naturally occurring giardiasis had no changes 
in cyst shedding, fecal IgA concentrations, or leukocyte phagocytic activity when 
supplemented with  E. faecium  SF68 for 6 weeks (Simpson et al.  2009  ) .  E. faecium  
SF68 supplementation (112 days) also had no effect on feline herpesvirus-1 (FHV-
1) shedding or immune indices in cats with naturally occurring chronic FHV-1 
infection (Lappin et al.  2009  ) . There was, however, a trend for supplemented cats to 
have fewer days of conjunctivitis compared to placebo cats (16.8% vs. 30.9%, 
respectively). This may indicate a clinical effect but not an effect of underlying 
immune indices. Although this area of research is rapidly expanding, more clear 
trends are necessary to make specifi c recommendations. It is clear, however, that 
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probiotic supplementation appears to have a positive infl uence on the gut health of 
dogs and cats and may play a role in prevention and treatment of some diseases. 
Finding optimal doses as well as combinations of prebiotics and probiotics may 
provide further answers in this area.  

    6.1.4   Synbiotics in Dogs and Cats 

 Synbiotics are defi ned as the combination of probiotics and prebiotics to obtain a 
synergistic growth effect. This is not a novel concept, but information is limited in 
regard to canine and feline nutrition. Prebiotic supplementation is better studied 
than probiotic use in dogs and cats, but little has been done with a combination of 
the two. Three lactobacilli strains ( L. mucosae ,  L. acidophilus ,  L. reuteri ) were eval-
uated for their ability to have synergistic effects when grown on various carbohy-
drates (Tzortzis et al.  2004a  ) . Measures of antagonistic compounds against  E. coli  
and  Salmonella enterica  (serotype Typhimurium) were studied. The carbohydrate 
substrate used in conjunction with the lactobacilli species had an infl uence on the 
production of antibiotic compounds; however, each bacterial species reacted differ-
ently with each carbohydrate source. Each of the lactobacilli strains produced anti-
microbial compounds when grown in sugar mixtures consisting of  a -glucosidases 
(dp 1–4), this production was dose-responsive and more reactive at a lower pH 
(Tzortzis et al.  2004a  ) . 

 Further work pairing the bacteria with an oligosaccharide synthesized by the 
bacterial species ( L. reuteri ) led to the most benefi cial changes in microbial ecology 
in vitro using adult dog fecal inoculum (Tzortzis et al.  2004b  ) . Combination of a 
galactosyl melibiose mixture (GMM) +  L. reuteri  increased benefi cial bacterial pop-
ulations and decreased clostridial and  E. coli  populations. Although the changes 
were not always more extensive than with a prebiotic alone, higher bifi dobacteria 
and lactobacilli counts and greater acetate production were noted with the GMM +  L. 
reuteri  synbiotic (Tzortzis et al.  2004b  ) . These in vitro studies may provide starting 
points for testing synbiotics in dogs and cats. 

 Only one study has evaluated synbiotic usage in dogs, and no studies in cats have 
been reported. In the dog study, replicate experiments were conducted. Dogs were 
randomly assigned to one of four dietary treatments: control, short-chain fructooli-
gosaccharides (scFOS) alone,  Lactobacillus acidophilus  (1 × 10 9  cfu/day) alone, or 
2 g scFOS +  L. acidophilus  (1 × 10 9  cfu/day) (Swanson et al.  2002  ) . In one of the 
replicate experiments, fecal putrefactive compounds (biogenic amines, BCFA, phe-
nols, indoles) decreased in dogs given the scFOS +  L. acidophilus  treatment. Because 
it occurred in only one of two replicate experiments, further work is needed to deter-
mine if this combination of prebiotic and probiotic has a benefi cial synergistic effect 
in vivo. More evaluation of synbiotics in vivo is needed to determine potential syn-
ergistic effects and effi cacious combinations in companion animals.   
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    6.2   Conclusions 

 Overall, it is apparent that probiotics can be benefi cial to companion animals. 
Although their use is still limited outside of research, the market for them is grow-
ing. Because of the diffi culty of including these bacterial species in foods, it is likely 
that they will continue to be most commonly provided as supplements. Research 
indicates that probiotics as part of the daily consumption by companion animals 
leads to increases in fecal concentrations of that probiotic bacterium (indicating it 
reached the large bowel), reductions in potentially pathogenic bacteria, and stimula-
tion of the immune system, with no change in nutrient digestibility. Despite this, it 
is still unclear what dosage is effi cacious for each bacterial species and which bacte-
rial species may be most benefi cial. Furthermore, the use of synbiotics is limited but 
may lead to improvements in adhesion and colonization of the probiotic bacteria in 
the large bowel. Also, testing probiotics and synbiotics in more disease states is 
warranted, as is further research specifi c to cats. This is an area of research that is 
growing rapidly and will likely lead to advancements in the near future.      
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  Abstract   In the United States, consumption of chicken and turkey continues to 
increase and there has been a shift in the dynamics of poultry production. With these 
signifi cant changes, effective strategies for intervention are required to maintain the 
food safety of these products to protect public health. In recent years, there have 
been growing concerns regarding antibiotic resistance, prohibition of growth pro-
moters, and consumer demand for antibiotic or chemical-free produce. Such factors 
are critical in identifying potentially safe and alternative strategies in bird produc-
tion. In this context, considering the use of probiotics in poultry production would 
be prudent as food safety remains a contemporary issue. Their implementation has 
great potential in delivering promising results by reducing the intestinal pathogenic 
load and thereby reducing the subsequent contamination in poultry production. 
Several mechanisms of action have been proposed including resistance to coloniza-
tion, competitive exclusion, production of toxic and inhibitory compounds, compe-
tition for nutrients and stimulation of the immune system. Probiotics also offer 
potential host-protective health effects and bird growth benefi ts by modulating the 
gut microfl ora.      

    7.1   Introduction 

 Food-borne illness and its implications for the food industry and the general public 
is a concern, and this impact could be reduced by establishing effective, novel inter-
ventions to enhance food safety in a “farm to fork” approach (Oliver et al.  2009  ) . 
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Conventionally, most of the efforts for controlling the pathogens have focused on 
the period after harvesting (postharvest); however, limiting the spread of food-borne 
pathogens prior to harvest (as they are reservoirs/asymptomatic carriers of several 
food-borne pathogens) has increasingly gained interest and focus among food safety 
researchers, policy makers, government offi cials [Food Safety and Inspection 
Service/U.S. Department of Agriculture (FSIS/USDA)], and consumers (Tuohy 
et al.  2005 ; Choct  2009 ; FSIS/USDA  2010  ) . Preharvest food safety is now being 
considered equally essential to protect the food supply as food-borne pathogens not 
only can originate from birds entering slaughter but cross contamination may occur 
with workers or machinery in the processing environment or by direct contact with 
feces or digesta from the intestinal tract (Corry et al.  2002 ; Rasschaert et al.  2006 ; 
Rasschaert et al.  2008  ) .  

    7.2   Food-Borne Pathogens Associated with Poultry 

 The Centers for Disease Control and Prevention (CDC) estimated that there are 76 
million cases of food-borne diseases with 325,000 hospitalizations and 5,000 deaths 
occurring every year in the United States (CDC  2009  ) . Most of these food-borne 
illness/outbreaks have been linked to contaminated poultry products or contact with 
food animals, waste, and enteric pathogens in poultry (Doyle and Erickson  2006  ) . 
Food-borne pathogens mainly transmitted through raw and processed poultry prod-
ucts are  Salmonella  and  Campylobacter  (Mead et al.  1999 ; Bryan  2001 ; Park et al. 
 2008  )  .  In 2008, the incidences of food-borne diseases associated with  Salmonella  
and  Campylobacter  were 16.2% and 12.68%, respectively (Vugia et al.  2009  ) . 
In addition to the common bacterial pathogens, zoonotic parasitic infestations such 
as  Trichinella spiralis  and  Toxoplasma gondii  can pose health risks to consumers 
(Gebreyes et al.  2008  ) . 

 Salmonellosis is the second most commonly reported food-borne disease associ-
ated with consumption of meat, poultry, eggs, milk, and seafood in the United States 
(Vugia et al.  2007  ) . According to CDC estimates, every year in the United States 
there are approximately 1.4 million cases of salmonellosis that are responsible for 
17,000 hospitalizations and 585 deaths (Mead et al.  1999 ; Voetsch et al.  2004  ) . 
Farm animals such as chicken and turkey represent a major reservoir of  Salmonella  
and can also act as asymptomatic carriers in the absence of clinical disease (Oliver 
et al.  2009  ) . 

  Salmonella  in chickens can contaminate meat and eggs and have become a per-
sistent problem associated with the poultry industry in the United States on an 
annual basis (USDA  2007a,   b  ) . Factors such as age,  Salmonella  serotype and the 
initial challenge dose level, stress, presence of feed additives (antimicrobials and 
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anticoccidials), survival through low pH of the crop, competition with gut micro-
fl ora, and the presence of compatible colonization sites infl uences the susceptibility 
of poultry to  Salmonella  colonization (Bailey  1988  ) . 

  Campylobacter jejuni  is one of the major food-borne agents associated with diar-
rhea and gastroenteritis and represents a major concern to the poultry industry 
(Altekruse et al.  1999 ; Newell and Fearnly  2003  ) . The prevalence of  Campylobacter  
in poultry in the United States is 32–53% (Miller and Mandrell  2005  ) . Over the 
years,  Campylobacter  has evolved and adapted to colonize in poultry intestine, 
which can pose serious public health hazards (Heuer et al.  2001 ; Newell and Davison 
 2003  ) . 

 According to the preliminary surveillance data by FoodNet in 2008, the esti-
mated incidences associated with  Salmonella ,  Campylobacter , and other food-borne 
pathogens did not change signifi cantly when compared to the previous 3 years 
(Vugia et al.  2009  ) . This reinstates the importance and demand for effective control 
strategies and interventions to produce wholesome food products.  

    7.3   Preharvest Control Strategies 

 Developing interventions that have potential in reducing pathogens substantially in 
the live animal can improve food security and safety (Loneragan and Brashears 
 2005 ; Ricke and Jones  2010  ) . A wide range of intervention strategies have been 
developed to reduce the burden of food-borne pathogens in poultry, including 
genetic selection of animals that are resistant to colonization, sanitation practices, 
additives (feed or water), and biological treatments that directly or indirectly inacti-
vate the pathogen within the host (Doyle and Erickson  2006  ) . However, use of anti-
biotics and chemotherapeutics in prophylactic doses for prolonged periods has led 
to concerns across the world regarding cross resistance and multiple antibiotic resis-
tances among food-borne pathogens (Mathur and Singh  2005  ) . Furthermore, use of 
antibiotics as growth promoters in feed to reduce pathogens affects the export of 
meat and poultry products to European countries (EC  2001 ; EC  2003  ) . This, then, 
has generated interest in the development of novel, innovative, and safe alternatives 
that would boost natural defense mechanisms, including such interventions as acidi-
fi cation of feed by organic acids and feeding probiotic organisms and prebiotic 
compounds (Williams et al.  2001 ; Patterson and Burkholder  2003 ; Oliver et al. 
 2009 ; Ricke and Jones  2010  ) . In addition to food safety issues, high protein prices 
and environmental concerns have caused the poultry industry to consider adopting 
feed supplements such as probiotics that would positively infl uence the birds’ per-
formance by modulating the gut microfl ora (Tuohy et al.  2005  ) .  



92 A.V.S. Perumalla et al.

    7.4   Chicken Gut Microfl ora 

 The chicken gut [also referred as the digestive tract or gastrointestinal (GI) tract] 
begins with the mouth and ends at the cloaca with several important organs in 
between [e.g., esophagus, crop, proventriculus (true stomach), gizzard/ventriculus, 
small intestine, ceca, large intestine]. Based on the microfl ora dynamics and their 
colonization perspective, the poultry intestine can be divided into three parts: (1) 
duodenum and the small intestine, where bacteria numbers are relatively low 
(< 10 8 /g); (2) ceca, the major site of bacterial colonization and microbial fermenta-
tion (10 11 –10 12 /g; wet weight); (3) large intestine (Barnes  1972 ; Barnes et al.  1972  ) . 

 The GI tract and its associated tissues in poultry during hatching time are rela-
tively sterile and underdeveloped (Cressman  2009  ) . However, as the chick or poult 
grows, the GI tract provides the required conditions for bacterial colonization, 
including attachment sites, optimal pH, substrate/nutrients, and waste removal. 
At this stage, healthy broilers exhibit signifi cant changes, such as more rapid pro-
portional weight increases of GI tissues when compared to total body mass and 
increased villi volume (three- to fi vefold) between the 2nd and 14th day and crypt 
depth (two- to threefold by day 14) (Uni et al.  1998  ) . Similar increases have also 
been observed in poults although not to the same extent (Uni et al.  1999  ) . 

 Development of the normal GI microfl ora of poultry has been studied exten-
sively in specifi c pathogen-free (SPF) chickens, which should be unbiased owing to 
the absence of competitive microfl ora. The use of SPF birds is more advantageous 
than using conventionally raised chickens as there is no risk of additional infectious 
agents such as viruses and parasites that may be present in the latter (Coloe et al. 
 1984  ) . In the same study on the development of normal gut microfl ora in SPF chick-
ens, no bacteria were detected at hatching (day 1); in addition, signifi cant levels 
(10 8  cfu/g) of facultative anaerobes such as fecal streptococci and coliforms had 
developed by day 3 and  Proteus  sp. (> 10 7  cfu/g) by day 7 in the cecum. 

 In poultry, major sites of colonization by gut microfl ora in GI tract are the crop, 
proventriculus, gizzard, small intestine, colon, and ceca (Chichlowski et al.  2007a ; 
Gaskins et al.  2002 ; Heczko et al.  2000 ; Rastall  2004  ) . Normal GI microfl ora and 
representative bacteria in various parts of the healthy chicken GI tract are presented 
in Table  7.1 . In the proximal part of the intestine (crop, gizzard, proventriculus) 
there are usually low numbers of anaerobic bacteria due to the presence of oxygen, 
low luminal pH, and hydrochloric acid originating from the proventriculus (Rastall 
 2004  ) . Despite these unfavorable conditions, lactobacilli can survive in the chicken 
crop owing to surface receptors on lactobacilli that have the ability to adhere to the 
squamous epithelial cells of the crop to be retained in high numbers (10 7 –0 8 ) (Fuller 
 2001  )  and exhibit stable, persistent, host-specifi c adhesion effects (Fuller  1973  ) . 
Consequently, a predominance of lactobacilli in the crop results in the production of 
lactic acid, which can reduce the number of  Escherichia coli  and  Salmonella  signifi -
cantly during contamination (Fuller  1977 ; Durant et al.  1999,   2000  ) .  

 Microbial colonization of the poultry GI tract starts with microbial contact from 
the eggshell, feed, and other environmental sources immediately after hatching 
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(Cressman  2009  ) . Normal microfl ora colonize the GI tract beginning at the early 
posthatch period, develop a biological association with the host, and can have a 
signifi cant impact on the uptake and utilization of energy and nutrients (Choct et al. 
 1996 ; Smits et al.  1997 ; Apajalahti and Bedford  2000 ; Torok et al.  2007  ) . 
Development of the small intestinal microfl ora is observed during the fi rst 2 weeks 
of the posthatching period until several weeks after hatching (Ochi et al.  1964 ; 
Smith  1965 ; Smirnov et al.  2006  ) . Immediately after hatching, there is evidence that 
bacteria, particularly streptococci and enterobacteria, multiply initially in the ceca 
and spread throughout the alimentary tract within 24 h (Smith  1965  ) . Lactobacilli 
can become established by the third day, whereas the streptococci and enterobacte-
ria slowly decline in the GI tract except in the ceca (Barnes et al.  1972  ) . By 2 weeks 
of age, lactobacilli became the predominant microfl ora with occasional streptococci 
and enterobacteria in the duodenum and lower portions of the small intestine (Barnes 
et al.  1972  ) . In the cecum,  Bifi dobacterium  becomes established as the predominant 
microfl ora by 30 days (Ochi et al.  1964  ) . Recent evidence based on real-time poly-
merase chain reaction (PCR) analyses of feces from 3- to 12-day-old broilers also 
indicates the presence of methanogens in these young birds (Saengkerdsub et al. 
 2007b  ) . In adult birds most of these methanogens have been identifi ed as 
 Methanobrevibacter woesei  (Saengkerdsub et al.  2007a  ) . Overall, the composition 
of the microfl ora undergoes major changes during the time of hatching, and the 
anaerobic microfl ora becomes established, which requires signifi cant amounts of 
substrates such as carbohydrates (Apajalahti et al.  2002  ) . 

   Table 7.1    Gut microfl ora of the chicken with predominant microfl ora observed in primary gastro-
intestinal sections   

 GI tract 
section  pH a  

 Density b  
(cfu/g) 

 Representative 
Gut microfl ora c  

 Indigenous microfl ora with 
potential probiotic properties 

 Crop, gizzard, 
duodenum 

 3.0–6.0  10 3 –10 5   Lactobacilli, coliforms, 
Streptococci 

 Acid-tolerant lactobacilli 

 Small intestine  6.5–7.5  10 8 –10 9   Facultative anaerobes 
(lactobacilli, streptococci, 
enterobacteria), anaerobes 
 (Bifi dobacterium  spp., 
 Bacteroides  spp., 
 Clostridia  spp.), 
 Eubacterium , coliforms 

 Lactobacilli 

 Ceca  7.0–7.5  10 10 –10 12   Facultative anaerobes 
(streptococci, coliforms, 
 Proteus ), obligate 
anaerobes ( Clostridium ), 
 Eubacterium, 
Bacteroides , 
 Lactobacillus, 
Methanobrevibacter 
 woesei  

  Bifi dobacterium  

   a  Adapted from Chandrasekhar  (  2009  )  
  b  Barnes et al.  (  1972  ) , Coloe et al.  (  1984  ) , Fuller  (  2001  ) , Chichlowski et al.  (  2007b  ) , and 
Saengkerdsub et al.  (  2007a  )   
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 The diverse microbial community profi le thus developed over time can be identi-
fi ed through molecular techniques such as denatured gradient gel electrophoresis 
(DGGE), percent guanine-cytosine (% G+C) profi ling, and 16S rDNA sequencing 
(Apajalahti et al.  2002 ; Gong et al.  2002 ; Hanning and Ricke  2011 ; Holben et al. 
 2002 ; Zhu et al.  2002  ) . In studies based on combination of% G+C profi ling and 16S 
rDNA sequencing and using certain criteria described by Maidak et al.  (  1999  ) , it 
was concluded that: (1) only 10% of the GI bacteria are previously known bacterial 
species; (2) thirty fi ve percent represent previously unknown species within a known 
bacterial genus; (3) the remaining 55% represent bacteria for which even the genus 
is completely unknown. A total of 640 species and 140 bacterial genera have been 
tentatively identifi ed in the chicken GI tract (Apajalahti et al.  2004  ) . 

 The microbial community profi le in the chicken GI tract is chiefl y infl uenced by 
the diet (grain base) and the age of the bird (Barnes et al.  1972  ) . Apajalahati and 
Bedford  (  2000  )  studied the effect of grains (wheat, corn, rye) on the microbial com-
munity profi le and concluded that incorporation of rye in the diet increased the 
abundance of bacteria with a 35–40% G+C content when compared to wheat and 
corn. Although this study did not identify individual bacteria, the authors conclude 
that incorporation of diets with corn favored low% G+C microorganisms (e.g., 
 Clostridia ,  Campylobacter ), whereas the wheat-based diets favored higher% G + C 
microorganisms (e.g.,  Propionibacteria ,  Bifi dobacteria ). In addition to diets, pro-
cessing of grains has signifi cant effects: Differently processed diets favored differ-
ent bacteria in the GI tract of the chicken regardless of whether the dietary mix 
originated from the same raw material (Apajalahti et al.  2001  ) . Furthermore, anaer-
obes and lactobacilli were found to be signifi cantly lower in gizzards of broilers fed 
sorghum- and wheat-based diets when compared to broilers raised on barley and 
maize diets (Shakouri et al.  2008  ) . Similar differences were observed in the cecum, 
whereas in the ileum there was no effect of grains on anaerobic and lactobacilli 
populations (Shakouri et al.  2008  ) . Supplementation of the diets with fats and their 
source has been observed to infl uence the microbiota structure (Knarreborg et al. 
 2002 ; Dänicke et al.  1999  ) . Knarreborg et al.  (  2002  )  studied the effect of animal- 
and plant-derived fats on the microbiota in the ileum of broilers (14–21 days) and 
reported that the source of dietary fat signifi cantly altered the viable populations of 
 Clostridium perfringens  whereas  Lactobacillus  species were not affected. Dänicke 
et al.  (  1999  )  demonstrated that broilers fed diets with beef tallow compared to soy-
bean oil had signifi cantly more Gram-positive cocci in the crop, jejunum, and ileum 
(1.18, 1.05, 1.36, and 2.10 cfu/log 

10
  higher) at day 16.  Enterobacter  was substan-

tially higher in the crop and duodenum (1.05 and 1.30 cfu/log 
10

  higher, respectively) 
in birds fed with soybean oil; and the total number of anaerobes did not vary sub-
stantially across intestinal segments based on the source of fat. 

    7.4.1   Microfl ora Changes in Adult Chicken 

 The age of the bird also infl uences colonization and susceptibility to infectious 
agents in the GI tract (Corrier et al.  1999 ; Apajalahti et al.  2004  ) . Even though gut 
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microfl ora in the normal adult chicken constitutes suffi cient microbial complexity 
and is relatively resistant to enteric pathogens, stress associated conditions can make 
the host susceptible to pathogen infection and colonization (Ricke  2003b ; Ricke 
et al.  2004 ; Dunkley et al.  2007a,   b,   d ; Dunkley et al.  2009 ; Norberg et al.  2010  ) . 
Feed withdrawal was historically followed as the standard practice to induce molt-
ing and is a current practice in broilers prior to shipping to clear fecal content in the 
GI tract and reduce the potential fecal contamination of carcasses (Ricke  2003b ; 
Appleby et al.  2004 ; Park et al.  2008 ; Doyle and Erickson  2006  ) . Although this 
practice has reduced the number of carcasses with fecal contamination, it can sig-
nifi cantly increase the  Salmonella  and  Campylobacter  populations in broiler crops 
(May and Lott  1990 ; Ramirez et al.  1997 ; Byrd et al.  1998  ) . Artifi cial molting in 
laying hens by withdrawing feed can increase intestinal shedding and dissemination 
of  Salmonella Enteritidis  to internal organs (ceca, spleen, liver, ovary), thus poten-
tially increasing the public health incidence and susceptibility of salmonellosis 
through contaminated eggs (Holt et al.  1995 ; Corrier et al.  1997 ; Durant et al.  1999 ; 
Ricke  2003b ; Dunkley et al.  2007c,   2009  ) . This can be due to decreases and shifts 
in benefi cial microfl ora and its host-protective activities such as microbial fermenta-
tion to produce volatile fatty acids (VFAs) in the host’s GI tract (Ricke  2003a ; Ricke 
et al.  2004 ; Dunkley et al.  2007d ; Dunkley et al.  2009  ) . 

 In adult birds there is increasing evidence that providing substrates for fermenta-
tion is suffi cient to retain protective GI tract microfl ora that minimizes colonization 
by food-borne pathogens such as  Salmonella  (Ricke  2003b ; Dunkley et al.  2009 ; 
Norberg et al.  2010  ) . In layers, feeding alternative low-energy molt induction diets 
that are rich in fermentable dietary fi ber such as alfalfa have been used successfully 
to produce short-chain fatty acids (SCFAs) in the cecum, thereby reducing the colo-
nization of  S. Enteritidis  and retaining benefi cial microfl ora (Ricke  2003a ; Woodward 
et al.  2005 ; Dunkley et al.  2007d,   2009 ; Norberg et al.  2010  ) . Feeding alfalfa crum-
ble diets to laying hens reduced the colonization of  S. Enteritidis  by various mecha-
nisms: It reduced the virulence expression of  Salmonella  virulence gene regulator 
 hilA  response compared to the feed withdrawal  hilA  levels associated with stress 
(Dunkley et al.  2007c  ) , and it increased production of SCFAs, which also may limit 
 Salmonella  (Dunkley et al.  2007d  ) . Furthermore, feeding alfalfa diets favorably 
infl uenced some of the physiological metabolites and stress indicators, such as total 
protein, uric acid, calcium, triglyceride concentration levels, heterophil to lympho-
cyte ratios, and   a   

1
 -acid glycoprotein (AGP) levels that accompany feed withdrawal 

stress conditions (Dunkley et al.  2007a,   b  ) . 
 In addition, alternative diet regimens containing wheat middlings have been suc-

cessfully used as molt inducers to limit  Salmonella  colonization (Seo et al.  2001  ) . 
Similarly, glucose-based treatments and their commercial products, such as  d -glu-
cose polymer (maltodextrin), with added salts and vitamins can reduce the microbial 
load of  S .  Typhimurium  (in the crop) or  Campylobacter  infection (Hinton et al.  2000 ; 
Northcutt et al.  2003  ) . Addition of zinc acetate (10,000 ppm) in laying hen diets has 
been shown to reduce  S .  Enteritidis  colonization in crop during induced molt, but it 
depends on the zinc concentration (Moore et al.  2004 ; Park et al.  2008  ) . Furthermore, 
incorporation of carbon substrates such as lactose into drinking water in conjunction 
with a feed withdrawal molt has been shown to improve the resistance to  S .  Enteritidis  
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colonization by enhancing the fermentative cecal population without dietary 
intervention (Corrier et al.  1997  ) . In broilers, feeding alternative diets consisting of 
semisynthetic ingredients during the last 72 h before slaughter yielded less feed 
intake and lower live weights (0.24% less per hour) than broilers subjected to 
feed withdrawal, thereby decreasing the gut contents that would ultimately be involved 
in contamination of the carcasses during evisceration (Nijdam et al.  2006  ) .   

    7.5   Probiotics 

 Probiotic in Greek means “for life” (Gibson and Fuller  2000  )  and here is defi ned as 
“a dietary supplement of living bacteria that exhibits benefi cial effects in the host 
through its effect in the intestinal tract” (Roberfroid  2000  ) . Probiotic supplementa-
tion is a strategy that promotes the growth of benefi cial microorganisms that are 
competitive or antagonistic to food-borne pathogens. Conceptionally, this infers the 
establishment of microbial niches in the gut that prevent the colonization of patho-
genic bacteria. 

    7.5.1   Historical Background 

 For centuries, microorganisms have been used in food processing such as for fer-
mented dairy and meat products (Johnson and Steele  2007 ; Ricke et al.  2007  ) . 
Metchinkoff  (  1907  )  proposed that “the dependence of the intestinal microbes on the 
food makes it possible to adopt measures to modify the fl ora in our bodies and to 
replace the harmful microbes by useful microbes.” Consumption of dairy foods such 
as fermented milk, buttermilk, and yogurt is associated with health benefi ts and lon-
gevity in Bulgarian peasant populations; and Metchinkoff  (  1908  )  proposed the sci-
entifi c reasons for their benefi cial effects. The term probiotic was defi ned by Parker 
 (  1974  )  as “organisms and substances that contribute to intestinal microbial balance.” 
Fuller  (  1989  )  attempted to refi ne the defi nition of probiotic as “a live microbial feed 
supplement which benefi cially affects the host animal by improving its intestinal 
microbial balance.” In later years, there were several attempts to further modify the 
defi nition of probiotics by including products in addition to microorganisms or their 
preparations, proposing the phrase “alteration of microfl ora” over enhancing the 
benefi cial effects of microfl ora and by redefi ning the term indigenous microfl ora 
(Havenaar and Huis in’t veld  1992 ; Salminen et al.  1996 ; Schaafsma  1996  ) .  

    7.5.2   Regulatory Considerations of Probiotics 

 In the United States, probiotics used as feed supplements are required to have “gen-
erally recognized as safe” (GRAS) status, which is regulated by the U.S. Food and 
Drug Administration. Feed supplements claiming the presence of probiotic bacteria 
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must cite the name of the exact taxonomical species of probiotic(s) to avoid 
misidentifi cation. Manufacturers should also provide the “best before” date of the 
product with recommended storage conditions; and the strength of the probiotic 
should match what is declared on the label with a maximum deviation of one or 
two logarithmic units (Czinn and Blanchard  2009  ) . 

 Although there are numerous advantages of probiotic feed supplements, their 
usage is often associated with adverse side effects, unreliability, and unconfi rmed 
clinical signifi cance (Przyrembel  2001  ) . To ensure product equality, safety, reliabil-
ity, and appropriate usage, the United Nations Food and Agricultural Organization 
(FAO) formulated guidelines that led to the development of operating standards in 
2002 (Reid  2005  ) . An overview of guidelines for evaluating the commercial probi-
otics including labeling requirements is presented in Table  7.2 . Furthermore, these 

   Table 7.2    Overview of labeling guidelines/information and selection criteria that should be fol-
lowed by commercial probiotic feed or supplements (International Probiotic association & World 
Health Organization) (Dash  2009 ; Przyrembel  2001 ; Reid  2005  )    

 Step  Approach  Points of consideration  References 

 1  Identifi cation and 
confi rmation of 
probiotics 

 Genus, species, and strain 
identifi cation through genotype 
and phenotype methods 

 Wang et al.  (  2002  ) , 
Gardiner et al.  (  2002  ) , 
and Burton et al.  (  2003  )  

 2  Determination 
and validation 
of probiotic 
stability 

 In vitro tests should be performed 
to confi rm the ability to adhere 
to surfaces, inhibit growth, 
and attachment of pathogens 
and resistance to the 
environmental stress, etc. 

 Reid et al.  (  1987  )  and 
Conway et al.  (  1987  )  

 3  Safety of probiotics  Validation of newly introduced 
probiotics and their safety through 
in vitro tests, laboratory animal 
feeding trials, and genomic 
sequence 

 Marteau  (  2002  )  

 4  Effi cacy of probiotic 
on host health 

 Evaluation of the health benefi ts 
incurred by probiotic usage 
and compare with a placebo trial 

 Reid  (  2005  )  

 5  Health claims and 
labeling 

 Involves labeling guidelines and 
specifi c health claims: genus, 
specie,s and functionality of the 
strain on the label 

 Dash  (  2009  )  

 Strength of the probiotic strain 
(cfu/ml or g) in the product 

 Serving size and effective dose of 
probiotic 

 Total servings per container 
 Proven health claims 

(scientifi c research validation) 
 Storage conditions 
 Manufactureer’s name and contact 

address 
 Manufacturer’s lot number and 

expiration date 



98 A.V.S. Perumalla et al.

guidelines and recommendations are considered essential to identify and accurately 
defi ne the health benefi ts claimed by the probiotics (FAO/WHO  2002  ) . In view of 
numerous probiotics in the current market claiming various health benefi ts, they 
should be selected and used based on the appropriate criteria as discussed in the 
following section.   

    7.5.3   Selection Criteria of Probiotic Strains 

 Identifying appropriate probiotic strains to achieve maximum benefi cial effects in 
the host is a challenging task. Ideal characteristics for an optimal probiotic are pre-
sented in Table  7.3 . Selection of suitable probiotic strains is infl uenced by factors 
such as the colonizing ability of the microfl ora in the gut, resistance to antibacterial 
factors such as hydrochloric acid in the proventriculus and gizzard, bile acids in the 
small intestine and SCFAs in the ceca, stability and safety, and the ability to produce 
antibacterial compounds. Proper criteria as discussed in the previous section 
(Table  7.2 ) should be followed for safety, production, administration, application, 
survival, and colonization in the host (Dash  2009  ) .    

    7.6   Potential Mechanisms of Action of Probiotics in Poultry 

 Ever since the concept of probiotics was introduced, there has been a drastic change 
in the perspectives regarding the composition and knowledge of the gut microfl ora 
(both obligate and facultative anaerobes) and their mechanisms of action in the 
concerned host. Microorganisms in the host are present as diverse and complex 
communities that are dependent on each other and their environment, in contrast to 
the general opinion that they are independent from surrounding bacteria (Nisbet 
 2002 ; Apajalahti et al.  2004 ; Ricke et al.  2004  ) . Most of the bacteria have certain 
growth requirements, as yet not completely identifi ed, that are satisfi ed by their 
natural habitats and other synergistic bacterial species living in the same community 
(Nisbet et al.  1996a,   b ; Apajalahti et al.  2004  ) . 

   Table 7.3    Ideal characteristics of optimal probiotics   

 Characteristic  Reference 

 Nonpathogenic and nontoxic; be host origin  Lan et al.  (  2003  )  
 Resistant and persistent to stress, processing and storage, gastric 

acid and bile 
 Rastall  (  2004  )  

 Suitable adherence factors to attach in intestinal epithelium or 
mucus and compete for binding sites 

 Chichlowski et al.  (  2007a  )  

 Produce toxic conditions and antimicrobial/inhibitory compounds 
(e.g., VFAs, low pH, bacteriocins) 

 Saavedra  (  1995  )  

 Stimulate/modulate host immune system  Saavedra et al.  (  1994  )  
 Alter microbial activities by demonstrating microbial antagonism  Gibson et al.  (  1997  )  
 Genetically stable and viable at high populations 
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 Introduction of probiotic microfl ora into the host gut should lead to the formation 
of a complex ecosystem and generation of additional microbial interactions among 
the gut microfl ora (Guillot  2009  ) . However, these interactions should be balanced, 
well-established biological defenses against pathogenic organisms. There are sev-
eral mechanisms of action through which probiotics can act in the host, some of 
which are discussed in the following sections. 

    7.6.1   Immune System Stimulation 

 Most studies have demonstrated the effect of probiotics on systemic immunity of 
the host. Incorporation of probiotics in the animal diet can stimulate the immune 
system by migrating through the intestinal wall as viable cells and multiply to a 
limited extent, causing production of immunogenic compounds, and mediating 
down-regulation of specifi c signaling pathways (Fuller  1975 ; Havenaar and 
Spanhaak  1994 ; Schiffrin et al.  1995 ; Yurong et al.  2005  ) . Consequently, stimulated 
immunity may manifest as enhanced macrophage activity and a systemic antibody 
response through enhanced production of immunoglobulins (IgG, IgM), interfer-
ons, IgA levels at mucosal surfaces, and expression of various pro- and antiinfl am-
matory cytokines. Administration of probiotics can also lead to increased IgA levels 
in the lumen; IgA-, IgM-, and IgG-producing cells; and T cells in cecal tonsils 
(Yurong et al.  2005  ) . Similarly, probiotic administration has been shown to increase 
natural antibodies against several antigens in both gut and serum (Haghighi et al. 
 2006  ) . Furthermore, administration of probiotics in chickens has been demonstrated 
to elicit signifi cant increases in the oxidative burst and degranulation of heterophils 
(Farnell et al.  2006  ) .  

    7.6.2   Competitive Exclusion 

 This initial concept of competitive exclusion (CE) was based on the Metchinkoff 
principle  (  1907  ) . CE refers to the physical blocking of intestinal pathogens by pro-
biotic bacteria owing to their ability to colonize niches within the intestinal tract 
such as intestinal villi and colonic crypts (Duggan et al.  2002  ) . Nurmi and Rantala 
 (  1973  )  and Rantala and Nurmi  (  1973  )  successfully demonstrated that chicks 
(1–2 days old) developed resistance to  Salmonella infantis  colonization when they 
were inoculated with a suspension of “gut contents” from healthy adult roosters. 
This mechanism was referred to as CE by Lloyd et al.  (  1974  )  and was fi rst applied 
to poultry. This study initiated worldwide research for potential CE cultures (Pivnick 
and Nurmi  1982  ) . Competitive exclusion application involves the inclusion of non-
pathogenic bacterial culture (single or several strains through oral administration) to 
the intestinal tract of food animals to reduce the colonization or populations of 
pathogenic bacteria in the GI tract (Nurmi et al.  1992 ; Steer et al.  2000  ) . 
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 The exact mechanisms by which the probiotic bacteria prevent the colonization 
of pathogens are typically considered organism-specifi c.  Lactobacillus plantarum  
induces transcription and excretion of the mucins MUC2 and MUC3 from goblet 
cells and thus inhibits the adherence of enteropathogenic  Escherichia coli  (EPEC) 
to the intestinal surface (Fooks and Gibson  2002  ) . Other mechanisms include 
changes in the physical microenvironment of the intestinal tract by preventing or 
competing with pathogenic bacteria for nutrients, growth, and function (Cummings 
and Macfarlane  1997  )  as well as production of small antimicrobial molecules such 
as VFAs, lactic acid, or bacteriocins (Kohler et al.  2002  ) . 

 Selection of CE microfl ora (especially cecal microfl ora) depends on their ability 
to ferment specifi c carbohydrates in the form of dietary lactose and mannose or 
other compounds to produce protective compounds such as VFAs, which in turn 
reduce the pathogenic microorganisms in the gut (Oyofo et al.  1989a,   b,   c ; Hinton 
et al.  1992 ; Nisbet et al.  1993 ; Ricke  2003a  ) . In addition, availability of growth-
limiting amino acids such as serine, oxidation-reduction potential, and level of 
anaerobiosis in the cecum can play an important role in reducing intestinal nonin-
digenous organisms in the host (Goren et al.  1984 ; Nisbet et al.  1993 ; Ha et al.  1994, 
  1995 ; Nisbet et al.  1994 ; Ricke et al.  2004  ) .  

    7.6.3   Alter the Intestinal pH 

 The presence of probiotic microorganisms in the intestine produces organic acid 
end-products such as VFAs and lactic acid (Gibson  1999  ) . These weak organic 
acids reduce the pH, thereby potentially creating unfavorable conditions for survival 
of pathogenic bacteria such as  Escherichia coli  and  Salmonella  (Ricke  2003a ; 
Marteau et al.  2004 ; Van Immerseel et al.  2010  ) . VFAs absorbed from the colon 
serve two purposes: stimulating water and electrolyte absorption and providing 
energy (60–70%) from the bacterial fermentation (Marteau et al.  2004  ) . VFAs are 
also involved in hepatic regulation of lipid and carbohydrates, which can serve as 
energy substrates to vital organs of the host such as the heart, kidney, brain, and 
muscle (Meghrous et al.  1990  ) .  

    7.6.4   Colonizing Ability 

 Probiotic bacteria can colonize three areas in the GI tract: surface, cecal epithelial 
surface, and the colonic epithelial surfaces (Yamauchi and Snel  2000  ) . In general, 
there are at least three microenvironment niches to each of the aforementioned 
areas: the digesta, surface enterocytes, cecum and colon, the mucus blanket, and the 
epithelial surface (Chichlowski et al.  2007a  ) . 

 Probiotic bacteria such as  Lactobacillus  and  Enterococcus  have the ability to 
colonize the gut of axenic (no microfl ora) and gnotoxenic (consists of specifi c or 
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known microfl ora) chickens (Guillot  1998  ) . Spores of  Bacillus  cannot colonize the 
gut in axenic and gnotobiotic animals and are referred to as transients. The coloniz-
ing ability is measured by colony forming units (cfu); in poultry this process begins 
at the beak and progresses distally to the colon (Simon et al.  2004  ) . Factors infl u-
encing successful probiotic colonization include the type of probiotic strain and its 
host specifi ty, stability of the probiotic strain, dose and frequency of administration, 
the health and nutritional status, age, stress level, and genetics of the host (Mason 
et al.  2005  ) . 

 The fi rst step in colonization of the probiotic bacteria is their attachment to the 
plasmalemma of the enterocyte so they can resist subsequent actions for removal 
from the gut through peristalsis and mixing of the digesta and mucus layer 
(Chichlowski et al.  2007a  ) . Lactobacilli that originate from ingested food or are 
shed from epithelial surfaces in poultry can permeate the entire digestive tract 
(Henriksson et al.  1991 ; Servin and Coconnier  2003  ) . 

 The ultimate benefi cial effect of probiotic bacterial colonization is to prevent the 
adherence of pathogenic bacteria. Briandet et al.  (  1999  )  reported that bifi dobacteria 
and lactobacilli produced dose-dependent inhibition of adherence of enterotoxi-
genic  Escherichia coli  (ETEC) ,  EPEC, and  S. Typhimurium . In vitro techniques such 
as microbial adhesion to solvents (MATS) can be used to estimate the affi nity of the 
bacterial cells to polar and nonpolar solvents (Wadstrom et al.  1987  ) . Bomba et al. 
 (  2002  )  demonstrated that hydrophobic interactions are more predominant than 
hydrophilic interactions in bacterial attachment to intestinal epithelial cells. 
However, lactobacilli have strong affi nity toward a polar solvent (maximum at pH 7), 
which suggests that it has inclination toward hydrophilic associations with cellular 
surfaces (Huang and Adams  2003  ) . Dietary inclusion of polyunsaturated fatty acids 
(PUFAs) can affect the attachment sites for the GI microbiota by modulating the 
chemical composition of fatty acids in the intestinal wall, thus altering its hydropho-
bicity (Fooks and Gibson  2002  ) . Probiotic bacteria such as  Lactobacillus  and 
 Bifi dobacterium  reduce the oxidation–reduction potential in the gut and provide a 
favorable environment suitable for colonization (Cummings and Macfarlane  1997  ) .  

    7.6.5   Maintenance of Epithelial Barrier Integrity 

 Probiotic bacteria are reported to enhance the maintenance and function of the epi-
thelial barrier (Madsen et al.  2001  )  which are believed to occur through two major 
mechanisms. With the fi rst mechanism, probiotics increase the basal luminal mucin 
content through up-regulation of mucin and  MUC2  gene expression (Caballero-
Franco et al.  2007  )  and may increase growth and maturation of goblet cells through 
metabolites produced from intestinal bacterial fermentation (Chichlowski et al. 
 2007b  ) . In vitro studies involving  Lactobacillus  have also demonstrated increased 
production of mucin (Montalto et al.  2004  ) . This secreted mucin serves as a “mucous 
blanket” and is composed of numerous small associated proteins, glycoproteins, 
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lipids, and glycolipids (Caballero-Franco et al.  2007  ) . It also contains soluble receptors 
that recognize specifi c adhesion proteins, which in turn facilitate bacterial 
attachment (Chichlowski et al.  2007b  ) . 

 The second mechanism wherein probiotic strains may be involved is alteration of 
the permeability of tight junctions ( Zonula occludens ) to strengthen the biological 
barrier in the intestinal wall (Shen et al.  2006  ) . These tight junctions form an unbro-
ken, continuous barrier that prevents infectious bacterial entrance and penetration 
by large molecules of digesta (Chichlowski et al.  2007b  ) . The permeability function 
of tight junctions is modulated by zonulin, a molecule involved in fl uids, macromol-
ecules, and leukocyte movement from the bloodstream into and out of the intestinal 
lumen (Shen et al.  2006  ) . Buts et al.  (  2002  )  reported a protective effect of 
 Lactobacillus  on zonulin following treatment with nonsteroidal antiinfl ammatory 
drug administration in vitro. Shen et al.  (  2006  )  demonstrated that more intact epi-
thelial cell tight junctions occur after probiotic treatment, but the exact mechanisms 
responsible for this observation were not clear in this study.   

    7.7   Applications of Probiotics in Poultry Preharvest 
Food Safety 

    7.7.1   Introduction 

 Numerous studies have been conducted and have highlighted the benefi cial effects 
of using probiotic feed supplements to enhance the performance and stimulate 
immune responses in poultry (Table  7.4 ). In general, food animals are often exposed 
to stress due to physiological (age, health status), psychological (dietary changes), 
and environmental (climate, management) factors. This may lead to dysfunction 
and an increase in the permeability of intestinal protective barriers that often results 
in changes in the intestinal microbial composition (e.g., decrease in bifi dobacteria 
and lactobacilli) and an increase in susceptibility to enteric pathogens (Si et al. 
 2004  ) . Although probiotic organisms such as  Pediococcus  and  Saccharomyces  are 
less commonly used in animal feeds, they can modulate the establishment of lym-
phocyte populations and IgA secretions in the gut and reduce translocation to mes-
enteric lymph nodes followed by  E. coli  ETEC infection (Lessard et al.  2009  ) .  

 Poultry management practices such as high stocking densities, transportation, and 
nutritional imbalances or regimen may predispose stress that would ultimately affect 
the host’s immune system and colonization of pathogenic bacteria in the gut and lead 
to potential food safety issues (Virden and Kidd  2009  ) . Supplementation of probiot-
ics in poultry diets has been considered an effective tool to maintain a healthy intes-
tinal microbiota, thereby improving the growth performance and reducing intestinal 
pathogens (Jin et al.  1996  ) . Factors affecting the functionality or effi cacy of probiotic 
supplementation are the route of administration (vent, feed, water) and stage of the 
life cycle (Timmerman et al.  2006  ) . Probiotic supplementations can be administered 
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through powders, liquid suspensions, or sprays in feed or water as well as  in ovo  
methods where the shell membrane of the air cell is inoculated with the probiotic 
culture after 18 days of incubation for early gut colonization (Fuller  2001  ) .  

    7.7.2   Role of Probiotics: Benefi cial Effects 

 Probiotic bacteria (e.g., lactobacilli and bifi dobacteria) have been identifi ed in poul-
try that can modulate the immune system of the host by stimulating certain subsets 
of the immune system to produce cytokines (Christensen et al.  2002 ; Lammers et al. 
 2003 ; Maassen et al.  2000  ) . Dalloul et al.  (  2003a,   b  )  demonstrated that administra-
tion of probiotics results in secretion of cytokines and changes in the lymphoid cells 
in the chicken gut that may ultimately provide immunity against  Eimeria acervu-
lina . However, a precise understanding of the effect of probiotics on the induction of 
systemic antibody response is not well established (Haghighi et al.  2006  ) . Benefi cial 
effects of probiotic supplementation in poultry is mainly attributed to CE, which has 
demonstrated protection against colonization of  Salmonella ,  C. jejuni , pathogenic 
 E. coli , and  C. perfringens  in chicks (Nisbet  2002 ; Schneitz  2005  ) . 

 Use of  Lactobacillus  as a probiotic nutritional and health supplement is an 
increasing trend in the poultry industry as it modulates the immune system of the 
host and increases overall performance including growth rate, feed conversion ratio, 
and meat quality (Kalavathy et al.  2003 ; Mountzouris et al.  2007  ) . Addition of 
 Lactobacillus  successfully lowered the mortality rate due to necrotic enteritis in 
1-day-old chicks (Hofacre et al.  2003  ) .  Lactobacillus- supplemented poultry diets 
also signifi cantly reduced  S. Enteritidis  recovery in neonatal chicks (Higgins et al. 
 2007a,   2008  ) . Other probiotic bacteria, such as  Bacillus cereus  var . toyo  and  B. sub-
tilis , suppressed the persistence and colonization of  S. Enteritidis  and  C. perfringens  
(La Ragione and Woodward  2003  ) . Broiler chicks fed with a mixture of probiotics 
( L. acidophilus ,  L. casei ,  Bifi dobacterium thermophilus ,  E. faecium ) lowered 
 C.  jejuni  populations (Willis and Reid  2008  ) .  

    7.7.3   Commercial Probiotic Supplements 

 Currently, there are several commercial probiotic supplements consisting of benefi -
cial microorganisms alone or in combination with fermentable carbohydrates (pre-
biotic compounds) available in the market (Table  7.4 ). Probiotic microorganisms 
such as  Lactobacillus  spp.,  Enterococcus  spp.,  Pediococcus , and  Bacillus  spp. are 
commonly found in commercial supplements, with  Lactobacillu s spp. the predomi-
nant group. 

 Several studies were conducted on  Lactobacilli  spp.-based commercial probiot-
ics [Floramax (FM-B11), Histostat-50, Nutra-Glo] in poultry (Higgins et al.  2005, 
  2007a,   b,   2008  ) . Dietary supplementation of  Lactobacilli  spp. in poults (7 days old) 
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led to increased weight gain (by at least 18 g on the 21st day); and it effectively 
treated clinical enteritis caused by  S. Seftenberg  when used along with therapeutic 
antibiotic regimens (penicillin, Roxarsone, and neomycin) (Higgins et al.  2005  ) . 
Furthermore, incorporating  Lactobacilli  spp. probiotic cultures into 1-day-old 
broiler chicks reduced the incidence and colonization of  S. Enteritidis  and  S .  Typhi-
murium  due to phagocytic action of macrophages (Higgins et al.  2007b,   2008  ) . 
Probiotic supplements containing  Bacillus  spp. (Bio-Plus 2B, Toyocerin) have 
shown growth-enhancing activity (live weight, feed conversion ratio, fattening) in 
broilers and turkeys and increased the antibody response to Newcastle disease virus 
in broilers (Jadamus et al.  2000 ; Mahdavi et al.  2005 ; Šabatková et al.  2008 ; Dizaji 
and Piromohammadi  2009 ; Rahimi  2009  ) . Dietary supplementation of the lactic 
acid strain,  Pediococcus acidilacti  (Bactocell) had reportedly stimulated the immune 
function of broiler chicks and thus signifi cantly increased antibody levels against 
Newcastle disease virus (Alkhalf et al.  2010  ) . Administration of commercial probi-
otic supplements based on competitive exclusion (Aviguard) also signifi cantly 
reduced colonization of multiresistant pathogenic  E.coli  and  Salmonella  in broilers 
(Reynolds  1998 ; Nakamura et al.  2002  ) . 

 There are several commercial supplements (Poultry Star, PremaLac, PREEMPT, 
Protexin) containing mixed defi ned and characterized probiotic cultures in the mar-
ket. They have been reported to provide diverse benefi ts to the poultry host such as 
host protective effects from enteric pathogens (immune stimulation, increased VFA 
production, reduced colonization, CE) and overall growth performance activities 
(improved body weight, a better feed conversion ratio) (Ayasan et al.  2005 ; Sterzo 
et al.  2007 ; Mountzouris et al.  2007 ; Pour and Kermanshahi  2010  ) . Mountzouris 
et al.  (  2007  )  reported that a mixed defi ned probiotic culture (Biomin Poultry Star) 
exhibited modulated composition and activities of cecal microfl ora and displayed 
higher specifi c microbial glycolytic enzymatic activity in broilers. In addition to 
these benefi cial effects, some commercial probiotics are well known to protect birds 
from  Salmonella  colonization by preventing  Salmonella  establishment in the ceca 
after probiotic (PREEMPT) administration (Corrier et al.  1995a,   b ; Nisbet et al. 
 1996a,   b ; Martin et al.  2000  ) . Furthermore, commercial probiotics consisting of 
yeasts and benefi cial bacteria (Protexin, Lacto-Sacc or Lacto-Sacc Farm pak 2X) 
have been shown to improve laying performance such as egg production, egg weight, 
feed conversion ratio (   Ayasan et al.  2006 ; Zeweil et al.  2006  ) , and immune-modula-
tory activities against avian infl uenza in broilers (Ghafoor et al.  2005  ) . 

 Dietary supplementation of probiotic along with prebiotic compounds is also 
known to elicit several health benefi ts in poultry. El-Banna et al.  (  2010  )  reported an 
improved feed conversion rate of 4.2% or 5.34% when probiotic (BACTOCELL) 
was supplemented with lactose or Myco (mannoseoligosaccharide), respectively, in 
1-day-old broiler chicks. These combinations (probiotic and prebiotic) also inhib-
ited such enteric pathogens as  S .  Enteritidis ,  S .  Typhimurium ,  S .  Choleraesuis , 
 C. jejuni , and  E. coli  (Sterzo et al.  2007 ; McReynolds et al.  2009  ) .  
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    7.7.4   Probiotics Inconsistent Responses 

 Despite numerous reported health benefi ts in poultry, inconsistent effects have been 
observed following probiotic administration (Turner et al.  2001  ) . These inconsistent 
responses are similar or comparable to the effects observed following the adminis-
tration of conventional antimicrobials. Also, results available from the literature on 
probiotic treatments often appear to be contradictory. This may be due to variations 
in the target pathogen, dietary supplementation, and duration of use. Disregarding 
the environmental and stress status of the animals, the experimental settings are 
reasons for inconsistent results. Several factors—such as production environment 
(cleanliness, history of diseases in the farm, health status) (Catala-Gregori et al. 
 2007  ) , source of the probiotic, number of viable cells in the probiotic and their con-
sistency, survivability and metabolic capacity in the host gut, the probiotic’s host 
specifi city, infl uence of feed processing (e.g., steam conditioning, pelleting) on the 
survivability of the probiotic in the fi nal prepared diet, and differences in the experi-
mental conditions—can play an important role in the effective responses observed 
following administration of probiotics (Taherpour et al.  2009  ) . Use of probiotics 
sometimes incurs adverse effects especially when they competitively exclude indig-
enous benefi cial microfl ora (Edens  2003  ) . Probiotics often cause a transitory altera-
tion in the indigenous gut microfl ora especially when large numbers of probiotic 
bacteria are introduced (Edens and Pierce  2010  ) .   

    7.8   Future Directions 

 A comprehensive knowledge base is needed regarding the metabolites responsible 
for the effect of probiotics on host immune systems responding to the pathogenic 
bacteria. Considerable work remains to determine the mechanisms of action and 
optimum dose of any given probiotic. This includes not only elucidating the mecha-
nism of action but developing an understanding of interactions in the host and the 
host’s responsiveness to the probiotic. Genetic evaluation of probiotic and gut 
microbiota would help in selecting an appropriate probiotic supplement. Application 
of molecular approaches to identify/evaluate the microbial communities and their 
growth requirements is likely to divulge new microbial responses that can benefi t 
the host (Ricke and Pillai  1999  ) . Applying modern analytical techniques can be of 
great value in understanding the bacteria–diet interactions and the role of the vari-
ous probiotic bacteria on animal health. These technological approaches would 
allow the advancement of therapeutic treatments in poultry management system and 
enhance the birds’ nutrition through modifi ed feed formulation to optimize growth 
and gut health. Identifi cation tools based on molecular methods utilizing total bacte-
rial DNA- or RNA-targeted probes and development of profi ling tools such as 
DGGE,% G+C, gene amplifi cation protocols, and mRNA analysis can further 
increase the ability to enssure validation before, during, and after application (Ricke 
and Pillai  1999 ; Hanning and Ricke  2011  ) . 
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 A combination of probiotics and naturally occurring components such as 
prebiotics, nonspecifi c substrates, plant extracts, and microbial metabolites that act 
synergistically to improve host health would be appealing and may yield a new 
dimension in using probiotics in the sphere of safe food practices. The benefi cial 
effects of probiotics can be further enhanced by selecting more effi cient strains or 
combinations of microorganism, gene manipulation, combination of probiotics and 
naturally occurring synergistically acting compounds such as prebiotics (Bomba 
et al.  2006  ) . Synbiotics are nutritional supplements that contain a mixture of prebi-
otics and probiotics “that act synergistically and deliver benefi cial effects to the host 
by improving the survival and implantation of live microbial dietary supplements in 
the GI tract” (Gibson and Roberfroid  1995  ) . Adding prebiotics to animal feed would 
further increase the effi ciency of probiotic culture preparations by improving the 
survival of probiotic bacteria through the upper GI tract, thereby inducing benefi cial 
effects (Roberfroid  1998 ; Suskovic et al.  2001  ) . 

 Most of the earlier studies were concerned with benefi cial effects of probiotics, 
but it has been diffi cult to interpret their fi ndings for one or more of the following 
reasons: no statistical interpretation of the experimental results; poor experimental 
protocols; and undetermined validity and viability of the probiotic strain (Simon 
et al.  2001  ) . Thus, a comprehensive, clearly defi ned experimental protocol with 
valid statistical analysis should be undertaken for better application of the results in 
future research studies.  

    7.9   Conclusions 

 The major focus of this review was a summation of probiotic benefi cial effects and 
their impact in poultry preharvest food safety based on changes in gut dynamics. 
These changes may include immune system stimulation and modulating the intesti-
nal architecture with metabolic and physiological adjustments. A critical under-
standing of the interrelationship of GI physiology, microbiology, and their effect on 
the host immune system is crucial when selecting probiotics. Dietary supplementa-
tion of probiotics during poultry production has reduced the potential use of antibi-
otics and other growth promoters and therefore could be viewed as potentially safe 
for growth promotion. Furthermore, probiotics have the potential to improve pre-
harvest food safety by reducing the enteric pathogen load. Nonetheless, none of 
these alternative strategies/products is suffi cient to control the impact of food-borne 
pathogens; nor can they be effective under a wide variety of conditions unless more 
is understood about the specifi c mechanisms and their respective relations with the 
avian host.      
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  Abstract   The gastrointestinal microbial population of dairy cattle is dense and 
diverse and can be utilized to reduce pathogenic bacterial populations as well as 
improve animal productivity and environmental effects. Because of the nature of the 
dairy industry, probiotic products have been widely used to enhance milk produc-
tion and the feed effi ciency. The individual effi cacy of probiotics in dairy cattle is 
due to specifi c microbial ecological factors within the gut of the food animal and its 
native microfl ora that alter the competitive pressures of the gut. This chapter 
explores the ecology behind the effi cacy of probiotic products against food-borne 
pathogens that inhabit food animals.  

       8.1   Introduction 

 In the United States, the dairy industry includes approximately nine million cattle 
that produce, on average, 19,000 pounds of milk a year (USDA-ERS  2009  ) . During 
the past four decades the number of dairy farms has decreased, whereas the average 
dairy herd size has increased (USDA-ERS  2009  ) . This concentration of cattle on 
fewer but larger farms has occurred to meet the demands of economies of scale. 
This focus on improving the effi ciency of milk production has led to the develop-
ment of dietary strategies to improve this critical factor in farm profi tability (Losinger 
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and Heinrichs  1996  ) . To achieve this goal, dairy cattle are fed a variety of rations 
from very high grain diets, to total mixed rations (TMRs), to even solely grass-
based grazing systems. Many of the diets fed to dairy cattle in recent years have 
included the use of probiotic feedstuffs, or direct-fed microbials (DFMs). 

 The gastrointestinal (GI) tract of cattle is a fully mature ecosystem comprised of 
more than 600 known species of bacteria as well as protozoa and fungi (Hungate 
 1966  ) . This mixed, diverse microbial consortium occupies all environmental niches 
and utilizes nearly all available nutrients (Stewart and Bryant  1988  ) . The symbiotic 
relationship between the host animal and its resident gastrointestinal microbial eco-
system is critical to animal health and production effi ciency (Jayne-Williams and 
Fuller  1971 ; Savelkoul and Tijhaar  2007  ) . The ability to utilize cellulose has allowed 
ruminant animals to occupy environmental niches free of competition, but this has 
come at a cost of relatively low feed effi ciencies (Stewart and Bryant  1988  ) . 
Utilization of the native or an artifi cially introduced microbial population to improve 
some aspect of animal production has been termed a “probiotic,” or a competitive 
enhancement approach (Fuller  1989  ) . Generally speaking, these approaches offer a 
natural “green” method to improve production, effi ciency, and safety of dairy 
production.  

    8.2   Which DFMs Are Used in Dairy Cattle? 

 Direct-fed microbials comprise a general category of dietary products that can be 
included in animal rations to enhance performance and/or reduce the number of 
pathogenic bacteria (Collins and Gibson  1999 ; Fuller  1989  ) . DFMs are microorgan-
isms that have “generally recognized as safe” (GRAS) status, are labeled in accor-
dance with the Association of American Feed Control Offi cials (AAFCO), and in 
the United States are regulated by the Food and Drug Administration (FDA). 
Included in this defi nition of DFMs are products used in animals and humans, such 
as probiotics, prebiotics, competitive exclusion cultures, and enzyme preparations 
(Schrezenmeir and De Vrese  2001  ) . Enzyme preparations are not discussed in this 
chapter as we, instead, focus on the category of “probiotic” approaches. Although 
prebiotics and competitive exclusion cultures are utilized in some phases of animal 
production, their use to date in dairy cattle has been quite limited because of the 
presence of the rumen and its microbial population (Brashears et al.  2003b ; Kaufhold 
et al.  2000 ; Moxley et al.  2003  ) . There has, however, been simultaneous use of pre-
biotics and a probiotic – known as “synbiotics” – which has been used experimen-
tally in cattle (Yasuda et al.  2007  ) . 

 Most of the DFMs used in dairy cattle fall into the category of probiotics. The 
dairy cattle industry has used various DFMs for years primarily to increase the growth 
rate, milk production, and/or production effi ciency (Dawson  1990 ; Lehloenya et al. 
 2008  ) . Recent years have seen the development of probiotic preparations to address 
other concerns related to dairy production and cattle health. Probiotic preparations 
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that are used in dairy cattle are typically individual species or mixtures of lactic acid 
bacteria (LABs), yeasts, or their end-products and are not species-specifi c (not lim-
ited to use in cattle) or even necessarily originally isolated from animals (Wiemann 
 2003  ) . Probiotics often fall into three categories (1) live cultures of yeast or bacteria; 
(2) heat-treated (or otherwise inactivated) cultures of yeast or bacteria; (3) fermenta-
tion end-products from incubations of yeast or bacteria. All of these probiotic cate-
gories have been used in various stages of lactation or growth in dairy cattle. 
Regulations in this fi eld have allowed a wide variety of claims to be made about the 
improvements in growth effi ciency and other potential benefi ts, and consistency of 
results in the fi eld has not always been demonstrated (Barroga et al.  2007 ; LeJeune 
et al.  2006  ) . 

 Yeast and fungal products are some of the most widely utilized DFM products in 
the dairy industry (Callaway and Martin  2006 ; Dawson  1990 ; Dawson  1992  ) . Often 
yeast/fungal products are fed as live or dead products, and they may or may not 
include fermentation end-products. The most common members of this type used in 
dairy cattle include cultures of  Saccharomyces cerevisiae ,  Aspergillus oryzae,  and 
 Aspergillus niger  (Isik et al.  2004 ; Yoon and Stern  1996  ) . Bacterial DFM products 
are typically comprised of LABs and are not necessarily originally isolated from 
animals (Wiemann  2003  ) . However, the most commonly used probiotic bacterial 
strains in dairy cattle are  Bifi dobacterium ,  Propionibacterium ,  Enterococcus  
( Streptococcus ), and  Lactobacillus . The bacterial probiotics are primarily targeted 
for improving milk production and feed conversion effi ciency (Gomes and Malcata 
 1999 ; Midilli et al.  2008 ; Nocek and Kautz  2006  ) , although in some cases these 
bacterial species have been coupled with feeding indigestible (at least by the ani-
mal) sugars to yield a symbiotic effect (Yasuda et al.  2007  ) .  

    8.3   Why Are DFMs Used in Cattle? 

 Cattle are inherently ineffi cient in converting feed to milk or meat because of the 
symbiotic relationship between the cow and her resident ruminal microbial ecosys-
tem (Hungate  1966  ) . Feed effi ciency in dairy cattle typically ranges from 3 to nearly 1, 
depending on the stage of lactation, parity, dietary composition and digestibility, 
body composition, genetics, animal health, environmental conditions, and other 
management factors (Linn and Salfer  2006  ) . Feed effi ciency, in turn, has a signifi -
cant impact on the profi tability of a dairy farm (Linn and Salfer  2006  ) , one that can 
mean the difference between a successful operation and one that fails. The use of 
DFMs in dairy cattle rations has improved feed effi ciency in some studies and condi-
tions (Nocek and Kautz  2006 ; Oetzel et al.  2007 ; Raeth-Knight et al.  2007  )  and as a 
result has produced a positive impact on dairy profi tability (Desnoyers et al.  2009  ) . 

 Another reason for giving probiotic products to dairy cattle involves food and 
environmental safety. Each year more than 27% of the U.S. population is sickened 
by food-borne pathogenic bacteria (Scharff  2010 ; USDA-ERS  2001  ) . The indirect 
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and direct cost each year of the fi ve most common food-borne pathogenic bacteria 
in the United States totals more than US$40 billion (Scharff  2010  ) . Food-borne 
pathogenic bacteria can be harbored asymptomatically in the gut of dairy cattle or 
on their hides (Arthur et al.  2007 ; Doyle and Erickson  2006 ; Porter et al.  1997 ; Reid 
et al.  2002  ) . Pathogenic bacteria such as enterohemorrhagic  Escherichia coli  
(including  E .  coli  O157:H7),  Salmonella ,  Campylobacter , and  Listeria  have all 
been isolated from cattle (Callaway et al.  2006 ; Harvey et al.  2004 ; Oliver et al. 
 2005  ) . 

 Although it is a food safety concern,  Salmonella  can also cause severe disease in 
cattle and is a problem both from food safety and animal health perspectives (Coburn 
et al.  2007 ; USDA/APHIS  2003a,   2003b  ) . Waste streams emanating from dairy 
farms are being viewed increasingly in some regions of the United States as a threat 
to the environment and to public health (Ibekwe et al.  2002  ) . Thus asymptomatic 
carriage of pathogenic bacteria represents a threat to the integrity and the effi ciency 
and profi tability of milk production. Consequently, strategies to reduce animal 
health/food safety pathogens in various phases of dairy cattle production have been 
developed, including the development of targeted probiotics.  

    8.4   How Does DFM Feeding Benefi t Dairy Cattle? 

 The results of probiotic studies in dairy cattle over the years have unfortunately 
been characterized by inconsistency, primarily due to a lack of understanding of the 
microbial ecology of the GI tract and those of the probiotic organisms utilized. 
Some probiotic microorganisms chosen for use in dairy cattle were isolated from 
other animal species or other environments and were thus not ecologically suited for 
life in the gut of the target species. Additionally, variations between studies can be 
attributed to antagonistic interactions among some probiotic species obtained “over 
the counter.” Furthermore, mature animals contain a stable, relatively individualistic 
intestinal microbial population with which the probiotic must come into equilib-
rium; when probiotics are applied to calves, results tend to be more consistent 
(Chiquette et al.  2007 ; Isik et al.  2004 ; Krehbiel et al.  2003 ; Nader-MacÃas et al. 
 2008  ) . All of these factors have contributed to diffi culties in reproducing effects of 
some probiotics in animals beyond the neonatal stage. 

 In recent years, advances in molecular methodologies have allowed more precise 
characterization of each probiotic, improved monitoring of the specifi c changes 
caused by individual probiotic cultures, and provided a better understanding of the 
“normal” gut fl ora and degree of individualization of the intestinal microbial eco-
system. These advances can lead to the development of highly tailored probiotic 
products for use in production situations (i.e., lactation and the dry period). However, 
because these advances are still in their infancy, they and their implications are not 
discussed in depth. 
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    8.4.1   Effects of DFMs on Dairy Cattle Production 
and Performance 

 Direct-fed microbials are included in dairy rations primarily to improve milk pro-
duction effi ciency (Isik et al.  2004 ; Jouany  2006 ; Oetzel et al.  2007  ) . Regulations in 
the area of probiotics have allowed a wide variety of claims to be made about the 
improvements in growth effi ciency and other potential benefi ts, and consistency of 
results in the fi eld has not always been demonstrated (Desnoyers et al.  2009 ; 
Krehbiel et al.  2003  ) . However, the most common claim of probiotics in relation to 
dairy cattle is an improvement in feed effi ciency and/or milk production. Many 
studies have demonstrated that probiotic products can enhance production effi ciency 
and thus improve dairy farm profi tability (Desnoyers et al.  2009  ) ; yet this can vary 
widely based on the product type (i.e., fungal versus bacterial; live culture versus 
fermentation extract), organism selected, diet that the cattle are fed, and the stage of 
lactation (Windschitl  1992  ) . 

 The most widely used probiotic bacterial strains in the cattle industry are 
 Propionibacterium  and  Lactobacillus  (Gomes and Malcata  1999  ) , although in 
recent years the use of typical ruminal bacteria has been examined to improve 
dietary effi ciency of cattle. The addition of  Lactobacillus acidophilus  and 
 Propionibacterium freudenreichii  to the diet of mid-lactation cattle had no impact 
on the dry matter intake    (DMI), feed effi ciency, or milk production (Raeth-Knight 
et al.  2007  ) . A  Lactobacillus -based probiotic fed singly and in combination with a 
 S .  cerevisiae  (yeast) culture showed no change in milk production or effi ciency in 
early-lactation dairy cows (Boga and Gorgulu  2007  ) . Other researchers have found 
that feeding a  Propionibacterium  decreased plasma glucose and insulin concentra-
tions in cattle (Aleman et al.  2007  ) . In other studies examining the inclusion of 
propionibacteria-based DFMs, it was observed that daily milk yield and fat-
corrected milk yield were increased across a 30-week lacation interval, but that no 
change in reproductive parameters was noted (Stein et al.  2006  ) . When early-lactation 
cows were treated with the same  Propionibacterium  strain, total ruminal volatile 
fatty acid (VFA) concentrations were increased, but the milk yield remained 
unchanged. However, when coupled with a decrease in DMI, the energetic effi -
ciency was increased by DFM feeding (Weiss et al.  2008  ) . In a pair of studies exam-
ining the effect of an  Enterococcus faecium  DFM on cows immediately before 
freshening found that postpartum blood glucose levels were increased, along with 
milk yield and DMI (Nocek and Kautz  2006 ; Nocek et al.  2003  ) . A mixture of yeast 
and  Propionibacterium  feeding increased plasma glucose and increased milk pro-
duction by mid-lactation but not during early lactation (Lehloenya et al.  2008  ) . 

 Bacteria comprise an estimated 40% of the biomass of the bovine ruminal micro-
bial population, and these prokaryotes are relatively well understood (Hungate  1966  ) . 
To date, however, there has been little use for ruminal bacteria reintroduced into the 
ruminant as a DFM. Inclusion of the ruminal bacterium  Ruminococcus fl avefaciens  
increased digestibility of hay but was required to be fed daily for this bacterium to 
remain in the rumen (Chiquette et al.  2007  ) . Feeding a  Prevotella bryantii  probiotic 
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to early-lactation cattle resulted in an increase in milk fat concentration and ruminal 
fermentation products (Chiquette et al.  2008  ) . Other studies using the lactate-utilizing 
ruminal bacterium  Megasphaera elsdenii  found that addition of this bacterium could 
reduce ruminal lactate accumulation in ruminal fermentations, at least in vitro (Kung 
and Hession  1995  ) . Other researchers have hypothesized that specifi c ruminal bacteria 
could be used to target bacterial species that produce lactate and waste dietary energy, 
but the effects of the addition of this bacterium on ruminal fermentation has not been 
determined in vivo (Wells et al.  1997  ) . 

 The most common fungal DFM products fed to dairy cattle include those made 
from the yeast  Sacharomyces  and the fungus  Aspergillus . In general, some of the 
fungal DFM preparations are live cultures, whereas others are not alive (fermenta-
tion extracts). It appears that, after feeding, the nonliving cultures act more as a 
prebiotic than a probiotic per se, although they are not marketed as such. Many of 
the live cultures must be continuously fed to maintain detectable ruminal popula-
tions of these products (Kung et al.  1997  ) . Similarly, the fermentation extracts must 
be fed daily to maintain their benefi ts. In an outstanding meta-analysis of yeast 
DFM feeding studies, Desnoyers et al. found that yeast supplementation increased 
rumen pH and VFA concentrations and decreased the ruminal lactic acid concentra-
tions; yet it had no effect on the acetate/propionate ratio (Desnoyers et al.  2009  ) . 
DMI, milk yield, and fat-corrected milk also were also increased by yeast supple-
mentation (Desnoyers et al.  2009  ) . 

 Researchers found that feeding live cultures and fermentation extracts of 
 Aspergillus oryzae  increased ruminal pH and the VFA concentration, although no 
synbiotic effect was detected (Oellermann et al.  1990 ; Wiedmeirer et al.  1987  ) . 
Other studies found that addition of  Aspergillus oryzae  cultures had more impact 
regarding increased ruminal pH and VFA production in animals on low-forage diets 
than in animals on high-forage diets (Gomez-Alarcon et al.  1990  ) . In other studies, 
milk yields and production effi ciency were improved in early-lactation cows fed a 
high grain diet supplemented with an  Aspergillus oryzae  culture, but the effects 
were less pronounced in mid-lactation cows(Gomez-Alarcon et al.  1991  ) . In still 
other studies, supplementation with  Aspergillus oryzae  had no impact on DMI, milk 
yield, or diet digestibility (Sievert and Shaver  1993  ) . When fungal and yeast cul-
tures were compared directly, it was found that ruminal pH, ammonia nitrogen con-
centration, and total VFA concentration were similar (Yoon and Stern  1996  ) . 
Interestingly, the percentages of ruminal isoacids were lower for the cows that were 
fed a mixture of yeast and fungal cultures than when fed either culture alone. 
Overall, the yeast culture increased digestibility of OM and CP   , but fungal cultures 
stimulated the cellulolytic bacterial counts (Yoon and Stern  1996  ) . 

 In in vitro studies, the addition of  Saccharomyces cerevisiae  to fermentations 
decreased lactate accumulation and methane production (Lila et al.  2004  ) . The 
inclusion of the yeast  S .  cerevisiae  culture in dairy cow rations with relatively high 
concentrate levels caused an increase in DMI and increased milk yield (Williams 
et al.  1991  ) . This study also demonstrated a decrease in lactate accumulation and a 
decrease in the acetate/propionate ratio (Williams et al.  1991  ) . Feeding another live 
yeast product ( Saccharomyces ) to mid-lactation cattle improved milk production 
signifi cantly (Kung et al.  1997  ) . 
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 Collectively, the evidence supports the fact that DFMs (bacterial or fungal) can 
improve milk production and production effi ciency in dairy cows (Desnoyers et al. 
 2009  ) . The results have not always been consistent in magnitude, however; the rea-
sons behind this variability are still unknown but may be elucidated with the advent 
of molecular population estimates of the rumen and intestinal tract of cattle. Many 
of the benefi ts of DFM feeding appear to be greatest in animals undergoing stress or 
transitions (e.g., parturition). DFMs appear to make their greatest contribution to 
improving production in situations where animals are exposed to hot weather (Yu 
et al.  1997  ) , low-quality diets, or other stresses.  

    8.4.2   Health Benefi ts of DFM 

 Subacute ruminal acidosis (SARA) is a condition associated with the consumption 
of large amounts of readily fermentable grain by cattle (Enemark  2008  ) . A major 
end-product of the rapid fermentation of starch or glucose, often by streptococci or 
lactobacilli, is lactic acid (Owens et al.  1998  ) . This powerful acid lowers the pH of 
the ruminal fl uid and keratinizes the ruminal epithelium (Slyter  1976  ) . As the rumi-
nal pH decreases, lactic acid bacteria proliferate at the expense of other members of 
the microbial ecosystem, leading to “typhooning” of ruminal conditions and leading 
to acidosis in the animal (Russell and Hino  1984  ) . hen cattle are mildly acidotic, 
they are subject to cyclic feeding (and associated production disruption) as well as 
to peritonitis, liver abscesses, and laminitis (Nagaraja and Titgemeyer  2007  ) . 
Because dairy cattle are often maintained on high grain rations for long periods of 
time, chronic SARA is often found in these animals (Enemark  2008  ) . Milk-fat 
depression was once a critical negative effect of SARA; but given the general shift 
away from a milkfat-differential-based economic model, it is not as important a fac-
tor in farm profi tability as it once was. Reduced DMI, cyclic feeding, and milk 
production decreases caused by SARA do affect production effi ciency and profi t. 
Many of the probiotics used in the dairy industry produce an increase in ruminal pH 
to combat the typhooning effect of SARA before it affects milk production or ani-
mal health (Chiquette  2009 ; Desnoyers et al.  2009 ; Jouany  2006  ) . 

 In addition to the reduction in SARA achieved by some probiotic preparations, 
DFM can also be used in dairy cattle as direct disease preventatives (Nader-MacÃas 
et al.  2008  ) . The addition of bovine vaginal lactic acid bacteria (primarily) as a pro-
biotic preparation inhibited the growth of metritis-causing organisms in dairy cattle 
(Otero et al.  2006 ; Otero and Nader-MacÃas  2006  ) . This is largely due to anti-
staphylococcal activity of a probiotic H 
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 -producing  Lactobacillus  isolated from 

cattle vaginas (Otero and Nader-MacÃas  2006  ) . Other research on probiotic prepa-
rations found that the bacteria living on the surface of a healthy udder could inhibit 
the in vitro growth of mastitis-causing organisms, including  Aracanobacterium 
pyogenes  (Al-Qumber and Tagg  2006  ) . Another  Lactobacillus  culture has been 
shown to reduce mastitis (Crispie et al.  2008  ) , which is possibly linked to stimula-
tion of the immune response through up-regulation of interleukin-1 (IL-1) and IL-8 
in the mammary gland (Beecher et al.  2009  ) . 
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 Johne’s disease is a disease in dairy cattle caused by  Mycobacterium avium  ssp. 
paratuberculosis; it manifests in ways similar to the human Crohn’s disease. Other 
researchers have found that cultures of the bacterium  Dietzia  spp. can reduce myco-
bacterial populations in adult dairy cattle (Click and van Kampen  2009  ) . In another 
study, calves were fed a mixture of  Saccharomyces cerevisiae ,  Lactobacillus acido-
philus ,  Bifi dobacterium bifi dum ,  Streptococcus  thermophilus, and  Aspergillus niger , 
which improved weight gain and reduced the incidence of scours (Isik et al.  2004  ) . 
Although these are not yet market-ready products, these results emphasize the fact 
that probiotic approaches have a wide application in preventing animal diseases and 
ensuring animal productivity.  

    8.4.3   Food Safety Benefi ts of DFM 

 Because of the U.S. Food Safety Inspection Service’s declaration of  E. coli  O157:H7 
an adulterant in ground beef, there has been intensifi ed interest in probiotic research 
aimed at reducing  E .  coli  O157:H7 in both beef and dairy cattle (Krehbiel et al. 
 2003 ; Oliver et al.  2005 ; Oliver et al.  2008 ; Stefan  1997  ) . Early researchers in this 
topic found that a variety of commercial probiotics provided neither benefi t nor 
detriment in regard to  E .  coli  O157:H7 populations in cattle (Keen and Elder  2000  ) . 
One DFM based on LABs reduced fecal shedding of  E .  coli  O157:H7 in sheep 
(Lema et al.  2001  ) . In later results, an  L. acidophilus  culture reduced  E .  coli  O157:H7 
shedding by more than 50% in fi nishing cattle (Brashears et al.  2003a,   2003b  ) . 
Additional research indicated that this commercial DFM reduced fecal shedding of 
 E .  coli  O157:H7 in cattle from 46% of animals to 13% (Ransom et al.  2003  ) . Other 
research demonstrated that this DFM reduced  E .  coli  O157:H7 populations on the 
hides of cattle by up to 75%; furthermore, the highest DFM dosage reduced 
 Salmonella  shedding in the feces by 50% (Stephens et al.  2007b ; Younts-Dahl et al. 
 2004  ) . Studies have also shown a continuous positive impact from the feeding of 
 Lactobacillus  and a greater impact when  Propionibacterium  was included with the 
 Lactobacillus  (Elam et al.  2003 ; Stephens et al.  2007a  ) . As a result, a LAB probiotic 
product (Bovamine) is currently used widely in feedlots across the United States 
and Canada because the enhanced growth performance economically balances the 
cost of its inclusion in cattle rations, thus making a food safety enhancement eco-
nomically viable, at least in beef cattle. In another study, a different DFM that also 
included  L .  acidophilus  signifi cantly reduced fecal shedding of  E .  coli  O157:H7; 
fecal shedding of  Salmonella  (which can also be an animal health threat) was not 
reduced in cattle, but there were fewer new  Salmonella  infections (Tabe et al.  2008  ) . 
To date, the effects of these LAB DFMs on dairy production have not been reported, 
so their utility to the dairy industry cannot be estimated.   
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    8.5   DFM Modes of Action 

 The synergistic relationship between the host animal and its GI microbial ecosystem 
is critical to the health and well-being of the animal and to effi cient production 
(Jayne-Williams and Fuller  1971  ) . Recent studies have demonstrated that certain 
members of the microbial population of the gut (in humans, at least) can have an 
effect on obesity and are linked to conditions such as autism (DiBaise et al.  2008 ; 
Finegold  2008 ; Ley et al.  2006  ) . Thus, it is not surprising that altering the composi-
tion of the GI microbiome of dairy cattle can alter the composition or amount of milk 
produced as well as the animal’s health and well-being (Lock and Bauman  2004  ) . 
However, the mechanisms behind this alteration can be quite different than the tra-
ditional model of implanting a live dominant microbial population in the GI tract. 

 Some DFMs that are fed to dairy cattle are comprised in whole or in part of com-
pounds that fall into the category of “prebiotics,” which are indigestible by the ani-
mal but available to the microbial population (Crittenden  1999  ) . The use of DFMs 
containing prebiotics can provide nutrients to sustain specifi c microbial populations 
in the rumen and intestinal tract of dairy cows, potentially helping to select for a 
more effi cient microbial population (from the animal’s perspective). Ruminal meth-
ane production can account for a loss of up to 12% of the carbon and energy fed to 
cows (Johnson and Johnson  1995  ) . Some dairy DFMs have been noted to have an 
“ionophore-like” (e.g., reduced methane production, increased pH, reduced ammo-
nia excretion) effect on ruminal fermentation (Bergen and Bates  1984  ) . Much of the 
benefi cial effect of DFMs in the dairy industry has been linked to a reduction in the 
production of methane in the rumen (Boadi et al.  2004  ) . Some of the dairy yeast-
based DFMs have been noted to have an “ionophore-like” effect, which has been 
attributed, at least in part, to the presence of dicarboxylic acids (e.g., fumarate and 
malate), which act in some cases as a prebiotic (Martin et al.  1999 ; Nisbet and 
Martin  1990  ) . The inclusion of these acids stimulates the growth and utilization of 
lactic acid by predominant ruminal bacterial species, which can greatly affect the 
ruminal pH, methane production, and total VFA profi le (Jouany  2006 ; Martin et al. 
 1999 ; Tejido et al.  2005  ) . 

 Other dairy DFM products contain bacteriocins/colicins (or bacterocinogenic bac-
terial/yeast species), which are natural antimicrobial proteins produced by bacteria or 
yeasts. These potent antimicrobials can alter the microbial population in the GI tract 
(Ross et al.  2010  ) . The inclusion of bacteriocins or colicins to improve animal health 
and food safety has been suggested, and recent innovations from molecular biology 
have increased the economic feasibility of this form of DFM (Federic and Sokol 
 1973 ; Schamberger and Diez-Gonzalez  2002 ; Vosough Ahmadi et al.  2007  ) . Other 
ways in which DFMs may benefi t dairy cattle and dairy producers is through the 
production (or inclusion in fermentation products) of B vitamins that are absorbed by 
the host animal (Branner and Roth-Maier  2006  ) . Also, the alteration (or introduction 
of a stable) intestinal microbial population can stimulate the immune system (Koenen 
et al.  2004 ; Schierack et al.  2007  ) , which can reduce colonization by pathogens and 
subsequent illnesses. Some probiotic products have been shown to affect immune 
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parameters directly and increase CD8 production and IgG and IgM concentrations in 
the serum and gut (Duncker et al.  2006 ; Walsh et al.  2008 ; Zhang et al.  2008  )  and 
IL-1 and IL-8 expression in dairy cattle (Beecher et al.  2009  ) .  

    8.6   Conclusions 

 The diversity of the microbial population of the ruminant intestinal tract is a natural 
resource that we can now harness to improve animal health and performance. One of 
the best mechanisms we have for harnessing this resource is the use of probiotics and 
prebiotics (DFMs). Addition of ruminal and intestinal microbial populations from 
healthy animals or stimulation of an existing normal intestinal fl ora may establish a 
normal, diverse, more effi cient microbial population. DFMs appear, at least in some 
cases, to improve the effi ciency of milk production in dairy cows. The energetic 
status of the animal and its production demands necessarily play an important role in 
the degree and signifi cance of the impact of DFM feeding on milk production. DFMs 
improve animal performance and health through a variety of hypothesized mecha-
nisms that are still not fully understood. However, by enhancing our knowledge of 
how the microbial population in and on the animal affects its growth, we can further 
enhance growth effi ciency, productivity, food safety, and animal health.      
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  Abstract   The feeding of direct-fed microbials (DFMs) has received much consid-
eration from the beef cattle industry. This is due in part to a current public percep-
tion that there is a need for suffi cient disease prevention while simultaneously 
reducing the utilization of antimicrobials in beef production. Probiotics have been 
long used in the beef industry as a method to improve cattle health and productivity. 
In this chapter, evidence regarding the use of some of the DFMs used in beef cattle 
are explored, and the benefi ts and challenges of inclusion of these feedstuffs in the 
diet are addressed. Changes in rumen function and the microbial ecosystem and 
effects on carcass merit are also addressed.      

    9.1   Introduction 

 The feeding of direct-fed microbials (DFMs) has received much consideration from 
the beef cattle industry. This is due in part to a current public perception that there is 
a need for suffi cient disease prevention while simultaneously reducing the utilization 
of antimicrobials in beef production (Krehbiel et al.  2003 ; Raeth-Knight et al.  2007  ) . 
At the same time, the reduction in antimicrobial use must be achieved without losing 
the current advantages of production effi ciency. Trying to fi nd ways to accomplish this 
has been an area of concentrated research in recent years. DFMs have been a well-
received alternative in beef cattle diets because they contain a source of live, naturally 
occurring microorganisms (Yoon and Stern  1995 ; AAFCO  1999 ; FDA  2003  ) . 
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 The original concept of feeding a DFM to cattle was based on the presumption 
of potential benefi ts on intestinal effects, which included the establishment of more 
desirable microfl ora and prevention of the establishment of pathogenic organisms 
(Krehbiel et al.  2003  ) . Data suggest that feeding a DFM to cattle decreases the fecal 
shedding of  Escherichia coli  O157:H7 (Brashears et al.  2003 ; Elam et al.  2003 ; 
Younts-Dahl et al.  2005 ; Tabe et al.  2008 ; Callaway et al.  2009    ). Other benefi cial 
responses observed when providing bacterial DFMs to cattle include increases in 
average daily gains and improved feed effi ciency in feedlot cattle; improved health, 
increased immunity, and increased performance in young calves; decreased poten-
tial for ruminal acidosis; increased propionate concentration in the rumen; and 
altered rumen microfl ora populations (Krehbiel et al.  2003 ; Guillen  2009  ) .  

    9.2   History of Direct-Fed Microbials 
and Application in Beef Cattle 

 Probiotics, or DFMs, have a long and intriguing history. Probiotics have been 
defi ned as “a live microbial feed supplement, which benefi cially affects the host 
animal by improving its intestinal microbial balance” (Fuller  1989  ) . Some consider 
the terms probiotics and DFMs interchangeable. Probiotics, however, is a generic 
and all-encompassing term used for microbial cultures, extracts, and enzyme prepa-
rations; and it is commonly used when the product is for human consumption (Elam 
et al.  2003  ) . The preferred term when used in reference to products fed to livestock 
is DFMs. The U.S. Food and Drug Administration (FDA) and the Association of 
American Feed Control Offi cials (AAFCO) have required feed manufacturers to 
use the term “direct-fed microbial” instead of probiotic in animal feeds (   Miles and 
Bootwalla  1991 ; AAFCO  1999 ; FDA  2003  ) . Furthermore, the FDA has gone on to 
defi ne DFMs as “a source of live, naturally occurring microorganisms” (Yoon and 
Stern  1995 ; Krehbiel et al.  2003  ) . 

 Metchnikoff, who is considered the father of probiotics, fi rst proposed that it 
was desirable to consume live lactobacilli capable of living inside the gastroin-
testinal (GI) tract (Gilliland  1989 ; Yoon and Stern  1995  ) . Metchnikoff was search-
ing for the always intriguing fountain of youth and studied the life-spans of people 
in other parts of the world. He theorized that the longevity of Bulgarian people was 
due to their consumption of a fermented milk product that contained lactobacilli 
(Gilliland  1989 ; Yoon and Stern  1995 ; Krehbiel et al.  2003  ) . In  1908 , Metchnikoff 
published a book,  The Prolongation of Life , that outlined his fi ndings and theories. 
This book led to several studies on  Lactobacillus  species during the 1920s (Stern 
and Storrs  1975  ) . The early popularity of  Lactobacillus acidophilus  therapy reached 
its peak during the 1930s (Stern and Storrs  1975  ) . Following World War I and II, the 
widespread use and effectiveness of antibiotics that often destroyed all intestinal 
bacteria led to an increase of “antibiotic diarrhea,” which led to renewed interest in 
 L. acidophilus  therapy for intestinal microfl ora repair and restoration (Krehbiel 
et al.  2003  ) . 
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 In recent years, there have been increasing societal concerns over the use of anti-
biotics and other growth stimulants in the livestock industry. This situation is further 
complicated by the increased emphasis placed on the industry to reduce diseases 
and pathogens while simultaneously improving production effi ciency. The combi-
nation of these two concerns has led to an increased interest in the effects of DFMs 
on animal health and performance (Krehbiel et al.  2003  ) . The original concept of 
feeding a DFM to livestock was based on the presumption of potential benefi cial 
intestinal effects, which included establishing a more desirable microfl ora and pre-
venting the establishment of pathogenic organisms (Krehbiel et al.  2003  ) . Some 
additional responses to bacterial DFMs in cattle include increases in average daily 
gains and improved feed effi ciency in feedlot cattle; improved health, increased 
immunity, and increased performance in young calves; decreased potential for 
ruminal acidosis; increased propionate concentrations in the rumen; and altered 
rumen microfl ora populations (Krehbiel et al.  2003 ; Guillen  2009  ) . 

 Currently, there are at least 42 individual species of microorganisms that are 
approved for use in DFMs by the FDA and AAFCO (Alliance Animal Health  2009  ) . 
The two DFM species most commonly fed to ruminants are  Lactobacillus acidophi-
lus  and  Propionibacterium freudenreichii  (Raeth-Knight et al.  2007  ) . The feeding 
of these two organisms together is thought to be advantageous because of the indi-
vidual characteristics of each organism.  Lactobacillus acidophilus  is a lactate- 
producing bacterium, and  Propionibacterium freudenreichii  is a lactate-utilizing 
bacterium and produces propionate resulting from fermentation (Raeth-Knight 
et al.  2007  ) .  

    9.3   Use of Direct-Fed Microbials in Diets for Growing 
and Finishing Beef Cattle 

 Society’s concerns over the continued use of antibiotics in production agriculture 
and the increased interest in disease and pathogen prevention in the food supply 
have led to an increased interest in use of DFMs in growing and fi nishing cattle 
(Elam et al.  2003  ) . Other, more economical reasons for the increase in usage of DFM 
products in growing and fi nishing cattle include improved performance, improved 
health responses in sick cattle, and signifi cantly reduced mortality in heavier cattle 
(Krehbiel et al.  2003 ; McDonald et al.  2005  ) . Cattle weighing  ³ 318 kg had signifi -
cantly reduced death loss when receiving a DFM (McDonald et al.  2005  ) . 

 Although studies in newly received cattle or stocker cattle are limited, the results 
of these studies suggest that the use of a DFM can improve the health and perfor-
mance of stressed or newly received cattle (Krehbiel et al.  2003  ) . Feeding a single 
dose of a DFM to steer calves prior to the initiation of grazing spring wheat in the 
pasture improved performance (Phillips et al.  2005  ) . Upon arrival to the feedlot, 
newly received feeder cattle typically have ruminal bacterial populations that are 
adept at digesting forage but not starch. As cattle are “stepped up” from high-forage 
diets to high-grain diets, the microbial population in the rumen shifts toward species 



140 B.K. Wilson and C.R. Krehbiel

that can utilize starch. Once cattle have acclimated to a high-starch diet, there is 
most likely a benefi t to shifting toward the more effi cient microbial species and 
away from those that are less effi cient and/or most likely to produce lactic acid. 
DFMs can potentially be involved in this process. 

 As cattle are placed on feed and are stepped up toward high levels of the fi nishing 
diet, feeding lactate-producing bacteria could help prevent acidosis because the 
presence of these bacteria allows the ruminal microorganisms to adapt to the con-
trolled presence of lactic acid in the rumen (Yoon and Stern  1995  ) . Once the popula-
tion has shifted to one that is capable of fermenting high-starch diets, and the animal 
has learned to regulate intake based on chemostatic rather than physical fi ll, there 
might be further benefi t in using DFMs to shift the population toward the more 
effi cient, consistent, and safer fermentation end-products such as propionate. The 
feeding of lactate-utilizing bacteria such as  Propionibacterium  might result in 
increased propionic acid production and diminished lactic acid production. This 
change would increase the recovery of energy from the diet and provide a potential 
basis for increased average daily gain and improved feed effi ciency in cattle fed 
DFMs. 

 To give an indication of the extent of DFM use in feedlots, McDonald et al. 
 (  2005  )  evaluated the VetLife Benchmark Performance Program survey. Data from 
this VetLife survey in 2004 confi rmed the widespread use of DFMs in feedlots 
(McDonald et al.  2005  ) . The survey regarding DFM usage in feedlots received 
responses from 267 feedlots and records on 10,900,504 cattle. Of the 267 feedlots 
surveyed in this study, 118 were using some form of a DFM product (McDonald 
et al.  2005  ) . This amounted to more than 44% of feedlots in the study that were 
using a DFM product at the time of the survey. Many estimate even more wide-
spread uses of DFM products today.  

    9.4   Direct-Fed Microbials and Rumen Function 

 In the rumen, microorganisms convert feed into volatile fatty acids, which enter the 
portal circulation and are used by the gut, liver, and peripheral tissues to provide 
energy to the animal. Microbial populations also provide protein and energy via the 
lower gut, as a portion of them are constantly washed out of the rumen and digested 
by mammalian enzymes in the abomasum and small intestine. DFMs might alter the 
species composition of the ruminant bacterial population, resulting in changes in 
fermentation that could be benefi cial to the host animal. Because the fermentation 
characteristics of the bacterial species differ, it could alter rumen function. Some 
bacterial species have lower maintenance energy requirements than others or pro-
duce energy sources that can be used more effi ciently by the animal. If the popula-
tion is shifted toward an increase in these “favorable” bacterial species, the result 
could be improved energy utilization by the host. 

 In addition to energy effi ciency, rumen health could be improved by feeding a 
DFM (Krehbiel et al.  2003  ) . An inherent risk of feeding high-energy diets to cattle is 
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the conversion of energy-dense feed to acids in the rumen. As starch is converted by 
microbes to acid and the acid accumulates, the ruminal pH is lowered. If the acid 
accumulates faster than the rumen can absorb it, rumen health is compromised and 
rumen function is impaired, resulting in bloat or ruminal acidosis. Acute ruminal 
acidosis or chronic acidosis due to the ingestion of excessive amounts of readily 
fermentable carbohydrate is a prominent production problem in beef cattle fed high-
concentrate diets (Owens et al.  1998  ) . Ruminal acidosis has been characterized by a 
decrease in ruminal pH ( £ 5.6 for subacute ruminal acidosis and  £ 5.2 for acute rumi-
nal acidosis) and high ruminal concentrations of total volatile fatty acids in the case 
of subacute acidosis or lactic acid during acute acidosis. If too much acid enters the 
bloodstream, the health of the animal can be compromised even to the point of death. 
These acid overload situations generally result when the animal overeats or when the 
rumen bacterial population is unprepared to deal with high-energy feed. Although 
the mode of action of DFMs in the rumen is not completely understood, the presence 
of lactate-producing bacteria is thought to help the ruminal microfl ora adapt to the 
presence of lactic acid (Ghorbani et al.  2002  ) , whereas the presence of lactate-utiliz-
ing bacteria is thought to prevent accumulation of lactate (Nisbet and Martin  1994 ; 
Kung and Hession  1995  ) . Therefore, continual inoculation with certain bacterial 
DFMs might help the ruminal environment adapt acidosis (Elam  2003 ). 

 Few studies have characterized the effects of bacterial DFMs on ruminal and 
total tract digestion of nutrients. Beauchemin et al.  (  2003  )  reported that in sacco 
ruminal digestion of corn, barley, and alfalfa hay were decreased when  Enterococcus 
faecium  was fed. In contrast,  Propionibacterium  or  Propionibacterium  and  E. fae-
cium  did not affect the in sacco disappearance of dry matter (Ghorbani et al.  2002  ) . 
In the study by Beauchemin et al.  (  2003  ) , supplementation with bacterial DFMs had 
no effect on the site or extent of starch digestion. However, supplementing diets 
with  E. faecium  tended to decrease the total tract digestibility of organic matter and 
intestinal digestion of neutral detergent fi ber. Beauchemin et al.  (  2003  )  suggested 
that the lower digestion of fi ber by steers supplemented with  E. faecium  might have 
been associated with the observed lower ruminal pH. In continuous culture, the 
digestibility of dry matter, organic matter, starch, neutral detergent fi ber, acid deter-
gent fi ber, and nitrogen was not affected by bacterial DFM supplementation (Yang 
et al.  2004  ) . In vivo, however, feeding  E. faecium  tended to decrease the fl ow of 
microbial nitrogen from the rumen and increased the fl ow of feed nitrogen 
(Beauchemin et al.  2003  ) . Decreased fl ow of microbial nitrogen from the rumen 
resulted from the numerical decrease in effi ciency of microbial protein synthesis. 
Although results are inconsistent, the available literature generally suggests that 
bacterial DFMs have minimal effects on ruminal digestibility of nutrients. 

 Although digestibility data are limited, several studies have characterized the 
effects of DFMs on ruminal pH and proportions of volatile fatty acids. Results from 
studies using beef cattle supplemented with  Lactobacillus  species have shown a 
lower area under the ruminal pH curve (Huffman et al.  1992 ; Nocek et al.  2002  ) , 
suggesting reduced risk of subacute ruminal acidosis when DFMs were fed. For 
example, ruminally fi stulated steers were fed a 50% concentrate diet for 12 days and 
subsequently dosed (day 13) with a 100% concentrate diet via a ruminal cannula to 
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induce subacute acidosis (Huffman et al.  1992  ) . Supplementing daily with 5 × 10 8  cfu 
of  Lactobacillus acidophilus  decreased the amount of time that ruminal pH was < 6.0 
compared with control steers. Similarly, ruminal pH in steers receiving  Lactobacillus  
was <6.0 for fewer hours during a 24-h period than control steers when cannulated 
steers were induced with ruminal acidosis by intraruminally dosing a 50:50 blend of 
fi ne ground corn and dry-rolled wheat (1.6% of body weight) (Lodge et al.  1996  ) . 
Nocek et al.  (  2002  )  provided ruminally cannulated dairy cows fed a 70% concen-
trate diet with a mixture of  E. faecium ,  L. acidophilus , and  Saccharomyces cerevi-
siae  (yeast) at 10 5 , 10 6 , or 10 7  cfu/ml of ruminal fl uid daily and measured ruminal 
fermentation characteristics. Compared with the control group, cows inoculated 
with 10 5  cfu/ml of ruminal fl uid had the highest mean daily ruminal fl uid pH and the 
fewest mean daily hours of ruminal pH <5.5. Based on this work, Nocek et al. 
 (  2002  )  suggested that DFMs that produce lactate sustain a tonic level of lactic acid 
in the rumen, which could potentially stimulate lactic acid-utilizing bacteria. 

 Other groups have reported no effect of bacterial DFMs on ruminal pH. For 
example, Ghorbani et al.  (  2002  )  reported no effect of 10 g/steer·day –1  of a carrier 
that contained  Propionibacterium  P15 or  Propionibacterium  P15 and  E. faecium  
EF212 (1 × 10 9  cfu/g) on ruminal pH (average pH 5.71) in steers adapted to an 87% 
steam-rolled barley diet. Similarly, Beauchemin et al.  (  2003  )  evaluated the effects 
of  E. faecium  (6 × 10 9  cfu/day), a lactate-producing bacterium, alone or with yeast 
( S. cerevisiae  6 × 10 9  cfu/day) and reported no effect of treatment on the proportion 
of time or area pH <5.8 or <5.5. Beauchemin et al.  (  2003  )  noted that the incidence 
of subclinical aciodosis was more severe in their experiment than in previously 
published experiments. In their experiment, the ruminal pH of steers was <5.5 for 
 ³ 39% of the day (Beauchemin et al.  2003  ) . In a companion study with similar treat-
ments using continuous culture, the mean fermenter pH, as well as the lowest and 
highest pH, were not affected by bacterial DFMs (Yang et al.  2004  ) . Beauchemin 
et al.  (  2003  )  indicated that the lack of an effect of bacterial DFMs on ruminal pH 
suggests little benefi t of providing DFMs that either produce or utilize lactic acid 
when the rumen is adapted to a high-grain diet. However, the authors noted that in 
feeding situations in which lactic acid might accumulate in the rumen providing 
bacterial DFMs might prove benefi cial. 

 Van Koevering et al.  (  1994  )  reported that ruminal concentrations of  d -lactate and 
total lactate were decreased for steers supplemented with  L. acidophilus  BT 1389, 
regardless of the dietary concentrate level (92% or 55% concentrate). In contrast, 
steers consuming an 87% steam-rolled barley diet supplemented with 
 Propionibacterium  P15 or  Propionibacterium  and  E. faecium  EF212 had ruminal 
concentrations of  l -lactate and total volatile fatty acids similar to those of control 
steers (Ghorbani et al.  2002  ) . Similarly, Beauchemin et al.  (  2003  )  reported no effect 
of  E. faecium  or  E. faecium  and  S. cerevisiae  (yeast) on the total volatile fatty acid 
concentration, and the lactate concentration was below detection limits in steers fed 
an 87% steam-rolled barley diet. These results suggest that the effect of bacterial 
DFM supplementation on decreasing ruminal acidosis depends on the amount of 
lactic acid accumulation during ruminal fermentation. Continued research with dif-
ferent bacterial DFM species and combinations using acidosis challenge models 
might be benefi cial (Beauchemin et al.  2006  ) . 
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 In in vitro and in vivo studies,  Megasphaera elsdenii  inoculation has modifi ed 
ruminal fermentation and prevented the accumulation of lactic acid during the tran-
sition from low- to high-concentrate diets (Greening et al.  1991 ; Kung and Hession 
 1995  ) . The pH of cultures treated with  M. elsdenii  (8.7 × 10 6  cfu/ml of culture fl uid) 
was decreased to <5.5 at 4 h and remained at approximately 5.3 for 24 h, whereas 
the control pH was decreased to 4.8 (Kung and Hession  1995  ) . Lactate concentra-
tion peaked at more than 40 mM in controls after 8 h and remained fairly constant 
thereafter, whereas after  M. elsdenii  treatment it was <5 mM throughout incubation. 
The total volatile fatty acid concentration of cultures treated with  M. elsdenii  was 
more than twice that of control (131.4 vs. 63.3 mM). Most differences in volatile 
fatty acid concentration between treatments resulted from increased butyrate, valer-
ate, and branched-chain fatty acids (Kung and Hession  1995  ) .  Propionibacterium  or 
the combination of  Propionibacterium  and  E. faecium  did not affect ruminal fl uid 
concentrations of propionate, isobutyrate, or isovalerate, or the acetate/propionate 
ratio (Ghorbani et al.  2002  ) . However, the acetate concentration was greater for 
steers receiving  Propionibacterium  and  E. faecium  than for steers receiving 
 Propionibacterium  alone or no bacterial DFM. In addition, Ghorbani et al.  (  2002  )  
reported that steers fed  Propionibacterium  alone had greater concentrations of 
ruminal butyrate. Other researchers (Slyter et al.  1992 ; Kung and Hession  1995  )  
have reported accumulation of butyrate when  M. elsdenii  is grown in pure culture, 
and Lodge et al.  (  1996  )  reported a lower acetate plus butyrate/propionate ratio for 
control steers compared with steers receiving a combined  Lactobacillus  and yeast 
DFM. Lodge et al.  (  1996  )  suggested that the production of propionate might be 
decreased during an acidosis challenge in steers supplemented with DFMs. 

 In contrast with the aforementioned experiments, Beauchemin et al.  (  2003  )  
reported that supplementing an 87% concentrate diet with  E. faecium  increased the 
proportion of propionate and decreased the proportion of butyrate in ruminal fl uid 
compared with control steers. As indicated by the authors, results in their study 
were consistent with the expectation that supplementing  E. faecium , a lactate uti-
lizer, would increase propionate. Similarly, Kim et al.  (  2000  )  studied the effect of 
increasing dosage levels (none, 10 7 , 10 8 , 10 9 , and 10 10  cfu) of  Propionibacterium 
acidipropionici  on ruminal fermentation in steers fed a high-concentrate diet. When 
supplemented with  P. acidipropionici , all dosage levels had numerically lower con-
centrations of acetate and greater concentrations of propionate, and therefore the 
acetate/propionate ratio decreased at all dosages except 10 8  cfu. It appears that 
 P. acidipropionici  altered ruminal metabolism toward less acetate and more propi-
onate production. In addition, the ruminal butyrate concentration decreased as the 
dose of  P. acidipropionici  increased; and when  P. acidipropionici  was removed, the 
butyrate concentration returned to near pretest levels. Although reasons for discrep-
ancies among experiments are diffi cult to explain, these data suggest that the energy 
favorable propionate concentration might be increased in ruminants fed high-grain 
diets when supplemented with a lactate-utilizing DFM. 

 Ghorbani et al.  (  2002  )  reported that feeding  Propionibacterium  increased proto-
zoa (especially  Entodinium ) and decreased amylolytic bacteria in the rumen of 
feedlot steers. Protozoal numbers were signifi cantly increased in  Propionibacterium  
steers over controls and  Propionibacterium  and  E. faecium  steers. Amylolytic 
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 bacterial numbers were signifi cantly decreased in steers during  Propionibacterium  
supplementation compared with counts from controls and  Propionibacterium  and 
 E. faecium -supplemented steers (Ghorbani et al.  2002  ) . Although the mechanism by 
which bacterial DFMs stimulate protozoa remain unclear, Ghorbani et al.  (  2002  )  
indicated that the decrease in amylolytic species was likely the result of the increase 
in protozoal numbers because protozoa are predators of ruminal bacteria. Similar to 
the results of Ghorbani et al.  (  2002  ) , Van Koevering et al.  (  1994  )  reported that 
including cultures of  L. acidophilus  BT 1389 in the diet prolonged retention of pro-
tozoa in steers fed a 92% concentrate diet. In contrast, supplementing the diet with 
 E. faecium  tended to decrease protozoal numbers but had no effect on lactate-utiliz-
ing bacteria, amylolytic bacteria, or total bacterial numbers (Beauchemin et al. 
 2003  ) . In continuous culture, counts of total bacteria in the fermenter fl uid tended to 
be greater when the control or  Propionibacterium  P15 was included compared with 
 E. faecium  or  E. faecium  and yeast (Yang et al.  2004  ) . However, lactate-utilizing 
bacterial numbers were greater for controls or  E. faecium  than for  Propionibacterium  
or  E. faecium  and yeast. As suggested by the authors, one would anticipate that the 
number of lactate-utilizing bacteria would be greater when  Propionibacterium  was 
fed, in contrast with the data. 

 In summary, the potential for DFMs to decrease the risk or severity of ruminal 
acidosis in cattle fed high-concentrate diets is still in question. As suggested by 
Elam et al.  (  2003  ) , the inconsistency of the data does not provide unequivocal evi-
dence that DFMs are effi cacious for decreasing episodes of ruminal and/or meta-
bolic acidosis. In addition, more work is needed to enhance our understanding of 
factors involved with variation in ruminal volatile fatty acids and lactate concentra-
tions when DFMs are fed. Responses most likely depend on the species of bacterial 
DFMs fed and may be different if a yeast product is included.  

    9.5   Direct-Fed Microbials and Beef Cattle Health 

 There is substantial research suggesting that DFMs have favorable effects on the 
health of beef cattle. Krehbiel et al.  (  2003  )  reviewed the available literature on 
DFMs and observed that eight publications reported favorable effects of DFMs 
given at processing or in the feed at arrival on either health or performance of newly 
received calves. Favorable health effects of DFMs may be situation-dependent, as 
four of the studies reviewed reported no positive health effects of feeding a DFM. 
This could be a result of the health risk of the cattle used, experimental design, 
product delivery, or the DFMs tested (Brown and Nagaraja  2009  ) . Gill et al.  (  1987  )  
speculated that extremely sick or extremely healthy calves might be less likely to 
show a health benefi t from DFMs. 

 The published data indicate that DFMs demonstrate a supportive role in the 
health of feedlot cattle, offering improved recovery and performance in most situa-
tions, but most likely not as therapeutic treatment. Both research (Krehbiel et al. 
 2003  )  and population data (McDonald et al.  2005 ) have shown performance 
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benefi ts of DFMs, and these advantages are likely the primary reasons that cattle 
feeders choose to use DFM products. However, potential ancillary benefi ts of 
DFMs include higher or more consistent feed consumption, fewer digestive disor-
ders or digestion-related deaths, and improved health or response to treatment. 

 McDonald et al. ( 2005 ) reported that positive trends were observed for health-
related variables. Improved health manifests as reduced death loss or increased per-
formance for animals at high risk of morbidity. McDonald et al. ( 2005 ) showed 
performance benefi ts of DFMs in lots of cattle with substantial health risk. In pens 
of cattle that had $20 or less in processing and treatment costs, average daily gain 
advantages were 4.5% and 3.1% in steers and heifers, respectively, with feed/gain 
advantages of 1%–2%. For cattle with more than $20 per head of processing and 
treatment charges, the advantages of DFMs were even greater. These data suggest 
that cattle with modest health challenges (less than $20 per animal of processing 
and treatment costs) respond favorably to DFMs, but cattle with greater health chal-
lenges (more than $20 per animal) have a higher rate of response to DFMs. Therefore, 
DFM products may allow cattle to extract more energy from feed, encourage greater 
dry matter intake, or contribute to more rapid recovery from an immune challenge. 

 Death loss among 320- to 365-kg cattle has been shown to be lower for pens of 
cattle fed DFMs than for those without them (0.85% and 1.01%, respectively) 
(McDonald et al.  2005 ). Although DFMs decreased death loss among heavy cattle, 
the data did not indicate the same effect in lighter cattle. Death loss was not signifi -
cantly lower for DFM-fed cattle that were <320 kg compared to cattle of similar 
weight that were not fed a DFM. This difference may be explained by the frequency 
and most common causes of death in the different weight groups. In the United 
States, cattle <320 kg placed on feed in 2003 had an average death loss of 2.21%, 
whereas cattle that weighed 320–400 kg had 0.95% death loss (McDonald et al. 
 2005 ). In the lighter groups most of the deaths were likely due to respiratory causes 
with a few digestive deaths, whereas most of the deaths in the heavier cattle were 
likely due to digestive disorders such as acidosis and bloat (McDonald et al.  2005 ). 
DFMs would be expected to have the most direct effect on digestive deaths, which 
would be most common in heavy cattle.  

    9.6   Direct-Fed Microbials and Beef Cattle Performance 

 Direct fed microbials can affect feedlot cattle performance positively. Supplementing 
feedlot diets on a daily basis with lactate-producing and/or lactate-utilizing bacteria 
has been shown to improve average daily gains and feed effi ciency of feedlot cattle 
(Swinney-Floyd et al.  1999 ; Galyean et al.  2000 ; Rust et al.  2000  ) . Krehbiel et al. 
 (  2003  )  summarized the effects of varying concentrations and strains of  Lactobacillus 
acidophilus  (LA45 and LA51) and  Propionibacterium freudenreichii  (PF24) on 
feedlot performance and carcass characteristics of feedlot steers. Steers receiving 
diets inoculated with DFMs had greater fi nal live weight, average daily gain, hot 
carcass weight, and carcass average daily gain compared with controls. In their 
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review, Krehbiel et al.  (  2003  )  suggested that feeding a DFM to feedlot cattle would 
result in a 2.5–5.0% increase in average daily gain and a 2.0% improvement in feed 
effi ciency, although the dry matter intake may be inconsistent. 

 Ware et al.  (  1988  )  reported that feeding  L. acidophilus  BT1386 alone increased 
the average daily gain and improved feed effi ciency in yearling steers fed a high-
concentrate diet compared with controls. It did not affect dry matter intake in their 
experiment. Swinney-Floyd et al.  (  1999  )  showed dramatic improvements in average 
daily gain and feed effi ciency when feedlot steers were supplemented with a com-
bination of  L. acidophilus  53545 and  P. freudenreichii  P-63. During the fi rst 10 days 
of high-concentrate feeding, average daily gains were 0.93, 1.11, and 1.63 kg/day, 
respectively, and feed effi ciencies were 5.17, 5.32, and 4.50, respectively, for the 
controls,  P. freudenreichii  alone, and the combination of  P. freudenreichii  and 
 L. acidophilus . Across the entire 120-day experiment, feed effi ciencies were 5.17, 
5.32, and 4.97, and liver abscesses at harvest were 8%, 8%, and 0% for the respec-
tive treatments. In the study by Rust et al.  (  2000  ) , observing the effects of  P. freuden-
reichii  and two strains of  L. acidophilus  on feedlot steers, cattle receiving a DFM 
had improved average daily gains, by 6.9%. In the same trial, steers receiving the 
DFM treatments had improved feed effi ciency, by 7.3%, compared to steers on the 
control treatment (Rust et al.  2000  ) . 

 McPeake et al.  (  2002  )  combined data from six research trials consisting of 1249 
steers to summarize the effects of  L. acidophilus  and  P. freudenreichii  on feedlot per-
formance. Contrasts were performed for DFM steers versus control steers. These con-
trasts revealed greater fi nal live weights, overall average daily gains, and carcass 
adjusted average daily gains for DFM steers (McPeake et al.  2002  ) . Steers receiving a 
DFM also tended to have greater overall dry matter intake (McPeake et al.  2002  ) . 
Cattle receiving a DFM had improved effi ciency in a trial evaluating dose titration of 
 L. acidophilus  combined with a single dose of  P. freudenreichii  (Vasconcelos et al. 
 2008  ) . However, feed effi ciency responded quadratically with increasing doses of 
 L. acidophilus , with the lower and higher  L. acidophilus  treatments being numerically 
greater than the intermediate  L. acidophilus  treatment (Vasconcelos et al.  2008  ) . 

 In the Vetlife survey regarding DFM usage, it was demonstrated that cattle 
receiving a DFM did exhibit improved performance (McDonald et al.  2005  ) . Steers 
receiving a DFM had 1.9% greater average daily gains and demonstrated 1.9% 
improvement on feed conversion when compared to control steers (McDonald et al. 
 2005  ) . Heifers on DFMs had 1.4% greater average daily gains and demonstrated 
3.9% improvement on feed conversion when compared to control heifers (McDonald 
et al.  2005  ) . 

 As previously mentioned, cattle fed bacterial DFMs have demonstrated great 
variability in dry matter intake. Ghorbani et al.  (  2002  )  fed cannulated steers 
 Propionibacterium  P15 or  Propionibacterium  P15 plus  E. faecium  EF212 and 
reported no effect of bacterial DFMs on dry matter intake. Others have also reported 
no effect of bacterial DFMs ( Lactobacillus  and  Propionibacterium ) on dry matter 
intake in growing cattle (Galyean et al.  2000 ; Rust et al.  2000 ; Elam et al.  2003  ) . 
In contrast, in a summary of experiments, a positive linear effect with increas-
ing  L. acidophilus  was observed for dry matter intake (Krehbiel et al.  2003  ) . 



1479 Current and Future Status of Practical Applications: Beef Cattle

When considering experiments available for review, effects of DFMs on dry matter 
intake are generally inconclusive. 

 Although there is considerable evidence demonstrating that bacterial DFMs 
improve cattle performance, results have been somewhat inconsistent (Krehbiel 
et al.  2003  ) . This is evidenced by another study of the effects of two strains of 
 L. acidophilus  combined with a single dose of  P. freudenreichii  (Elam et al.  2003  ) . 
Elam et al.  (  2003  )  determined that the DFMs did not affect animal performance.  

    9.7   Direct-Fed Microbials and Carcass Merit 

 In addition to their impact on cattle performance, DFMs have demonstrated the 
potential to affect carcass characteristics. This impact is generally seen as a yield 
response causing increases in hot carcass weights while not affecting carcass qual-
ity (Krehbiel et al.  2003  ) . A review of the data from six research trials consisting of 
1249 cattle by McPeake et al.  (  2002  )  showed that  L. acidophilus  and  P. freudenre-
ichii  affected carcass characteristics. This summary confi rmed that steers receiving 
a DFM had greater hot carcass weights when compared to steers receiving a control 
diet (McPeake et al.  2002  ) . McPeake et al.  (  2002  )  observed no signifi cant differ-
ences in carcass quality traits for steers receiving a DFM. Most data from DFM 
research trials suggests that feeding a DFM does not signifi cantly affect the dressing 
percentage, yield grade, quality grade, or any other carcass traits other than poten-
tially increasing the hot carcass weight (Elam et al.  2003 ; Krehbiel et al.  2003 ; 
Vasconcelos et al.  2008  ) .  

    9.8   Direct-Fed Microbials to Control the Shedding 
of  Escherichia coli  O157:H7 in Cattle 

 The use of DFMs, specifi cally  Lactobacillus -based DFMs, to control the shedding 
of  E. coli  O157:H7 in cattle has received much consideration from both researchers 
and the cattle industry (Loneragan and Brashears  2005 ; LeJeune and Wetzel  2007  ) . 
 Lactobacillus -based DFMs have repeatedly demonstrated effectiveness in decreas-
ing  E. coli  O157:H7 shedding in cattle (Loneragan and Brashears  2005 ; LeJeune 
and Wetzel  2007  ) . In a study evaluating  E. coli  O157:H7 prevalence in feedlot cattle 
by Brashears et al.  (  2003  ) , it was discovered that the feeding of  L. acidophilus  NPC 
747 decreased  E. coli  O157:H7 shedding in the feces of cattle when compared to the 
control diet. In addition, supplementation with a DFM decreased the incidence of 
 E. coli  O157:H7 in the pens and the number of  E. coli  O157:H7-positive hides at 
harvest (Brashears et al.  2003  ) . These results led Brashears et al.  (  2003  )  to suggest 
that the feeding of  Lactobacillus -based DFM would decrease fecal shedding of 
 E. coli  O157:H7 and contamination on hides. 
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 Another trial observed  E. coli  O157:H7 prevalence with various levels of 
 L. acidophilus  NP51 in combination with  Propionibacterium freudenreichii  (Younts-
Dahl et al.  2005  ) . Cattle receiving  L. acidophilus  in combination with  P. freudenre-
ichii  had a lower prevalence of  E. coli  O157:H7 throughout the feeding period, and 
there was a linear decrease in prevalence with the increasing dose of  L. acidophilus  
(Younts-Dahl et al.  2005  ) . These results led Younts-Dahl et al.  (  2005  )  to conclude 
that the feeding of  L. acidophilus  NP51 was an effective preharvest intervention 
strategy for  E .  coli . 

 In another study, steers were given various strains of  L. acidophilus  to evaluate 
the prevalence and enumeration  E. coli  O157:H7 in cattle fed a DFM (Stephens 
et al.  2007  ) . The prevalence of  E. coli  O157:H7 in control cattle was greater 
( P  < 0.05) than in cattle receiving  L. acidophilus  strains NP51, NP28, or NP51-NP35 
(Stephens et al.  2007  ) . Tabe et al.  (  2008  )  observed that steers receiving an  L. acido-
philus  DFM had a signifi cant reduction in fecal shedding of  E. coli  O157:H7 when 
compared to control steers during the fi nishing period. he steers on  L. acidophilus  
treatment had a 32% decrease in the fecal shedding of  E. coli  O157:H7 (Tabe et al. 
 2008  ) . Although feeding DFMs has shown inconsistent results, these studies indi-
cate that DFMs have the ability to decrease shedding of  E .  coli  O157:H7 in cattle.  

    9.9   Potential Modes of Action of Direct-Fed Microbials 

 There are several proposed modes of action for DFMs. The mode of action for a 
particular DFM can vary with the type of substrate utilized, the feeding strategy 
employed, the forage-to-concentrate ratio of the diet, and the physiological condi-
tion or production consideration of the cattle (Wallace  1994 ; Lehloenya et al.  2008  ) . 
There are certain biological conditions that must be met for a DFM to be effi cacious 
and have the mode of action that was intended. The DFM should not be pathogenic; 
it should be able to survive through all segments of the gut, be specifi c to the host 
species, and be a stable organism (Holzapfel et al.  1998  ) . If these biological condi-
tions are met, it has been suggested that DFMs are able to produce organic acids, 
competitively exclude potentially harmful bacteria, stimulate immune system 
responses, produce peroxides that have antimicrobial properties   , produce enzymes 
and increase enzyme activity, and reduce toxic amines (Krehbiel et al.  2003 ; Alliance 
Animal Health  2009  ) . 

 Direct-fed microbials exert their effects on the microbial fl ora of the gut, which 
could be in the rumen or the small and large intestines. The infl uence on gut microbes 
is based on the information derived from changes in the numbers and population 
types of bacteria in the rumen or the lower gut (contents or feces), changes in fer-
mentation end-products in the rumen or lower gut, decrease in clinical or subclini-
cal infections, and/or increased animal performance (Huber  1997 ; Nagaraja et al. 
 1997 ; Fuller  1999 ; Brown and Nagaraja  2009  ) . Changes in microbial numbers and 
population types are often assessed by enumerating bacterial genera or functional 
groups of bacteria such as lactobacilli, bifi dobacteria, or coliforms but most often 
have failed to detect changes at the species or strain level. However, changes in the 
metabolic activity and resultant changes in end-products of fermentation have been 
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measured and are likely more important as they relate to the physiological response 
of the host (Brown and Nagaraja  2009  ) . 

 Through the production of organic acids, specifi cally lactic, acetic, and formic 
acids, DFMs can inhibit intestinal pathogens or serve as an energy source for other 
benefi cial bacteria and ultimately the animal (Krehbiel et al.  2003 ; Alliance Animal 
Health  2009  ) . It has also been suggested that DFMs can competitively exclude other 
bacteria present in the gut. That is, they could compete with pathogenic bacteria for 
attachment sites in the intestines and could in turn reduce pathogen loads in the 
intestine (Salminen et al.  1996 ; Krehbiel et al.  2003  ) . 

 Direct fed microbials can stimulate immune system responses. Bacterial DFMs 
have demonstrated effects on the innate, humoral, and cellular elements of the 
immune system (Krehbiel et al.  2003  ) . In addition to the GI tract’s roles in digestion 
and absorption of nutrients, it provides a line of defense against the constant pres-
ence of antigens in the gut from food and harmful microorganisms (Krehbiel et al. 
 2003  ) . Certain strains of bacteria have antimicrobial properties. Many species of 
lactobacilli have been shown to inhibit pathogens (Krehbiel et al.  2003  ) . Lactobacilli 
have been shown to produce hydrogen peroxide, which demonstrates bactericidal 
activity (Krehbiel et al.  2003  ) . 

 Direct fed microbials can also affect enzyme activity in the host animal. Benefi cial 
 Bacillus  spp. produce a wide variety of enzymes including proteases, amylases, 
lipases, and glycosidases (Alliance Animal Health  2009  ) . DFMs additionally can 
cause reductions in toxic enzymes in the intestines. Amines produced by some 
microbes are toxic and have been associated with diarrhea (Alliance Animal Health 
 2009  ) . Lactic acid bacteria can reduce amine concentrations and neutralize entero-
toxins in the gut (Alliance Animal Health  2009  ) . 

 In addition to these general modes of action, there are targeted modes of action for 
different types of DFMs or combinations of DFMs. The most well-documented exam-
ple would be utilizing lactate-producing bacteria such as  Lactobacillus acidophilus  in 
combination with lactate-utilizing bacteria such as  Propionibacterium freudenreichii  
(Raeth-Knight et al.  2007  ) . In this particular example, the presence of the lactate-
producing  L. acidophilus  is helping the ruminal microorganisms adapt to the presence 
of lactic acid (Ghorbani et al.  2002 ; Beauchemin et al.  2003  ) . The presence of the 
lactate-utilizing  P. freudenreichii  is helping to prevent lactate from accumulating in 
the rumen (Kung and Hession  1995 ; Beauchemin et al.  2003  ) . The intended result of 
this combination is a decrease in the risk of acidosis and improved feed digestion in 
feedlot cattle fed a high-grain diet (Beauchemin et al.  2003  ) .      
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  Abstract   The administration of benefi cial bacterial supplements to livestock has 
been prevalent in the industry for some time for the benefi ts they provide to animal 
health and production. These benefi ts were thought to be derived from competitive 
exclusion of disease-causing pathogens in the gastrointestinal tract and from the 
induction of health-promoting bacterial species. The combination of these effects 
were believed to result in the development of a healthy gastrointestinal microbial 
ecosystem capable of protecting the animal from disease challenges and the stress 
of production agriculture, including the stresses of weaning, social commingling, 
and accelerated growth and production. Recently, our understanding of these bene-
fi ts has been expanded to incorporate a more detailed understanding of how the 
administration of benefi cial bacteria brings about pathogen inhibition, health, and 
production performance. This chapter addresses our more recent understanding of 
direct-fed microbial benefi ts when provided to swine and how this knowledge has 
illuminated how much more is needed to harness the potential direct-fed microbials 
have as a tool for reaching swine’s genetic potential for effi cient production.      

    10.1   Introduction 

 The administration of benefi cial bacterial supplements to livestock has been preva-
lent in the industry for some time for the benefi ts they provide to animal health and 
consequently, to effi ciency of meat, milk, and egg production. These benefi ts were 
perceived to be derived from competitive exclusion of disease-causing pathogens in 
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the gastrointestinal (GI) tract and from the induction of health-promoting bacterial 
species. The combination of these effects were thought to result in the development 
of a healthy GI microbial ecosystem capable of protecting the animal from disease 
challenges and the stress of production agriculture, including the stresses of wean-
ing, social commingling, and accelerated growth and production. Recently, our 
understanding of these benefi ts has been expanded to incorporate a more detailed 
understanding of how the administration of benefi cial bacteria brings about patho-
gen inhibition, health, and production performance. This chapter addresses our 
recent understanding of direct-fed microbial (DFM) benefi ts when provided to 
swine and how this knowledge has illuminated how much more is needed to harness 
the potential of DFMs as a tool for reaching swine’s genetic potential for effi cient 
production. These gaps in our knowledge of how the GI microbial consortia interact 
with host physiology and how these interactions can be strategically manipulated to 
get around    the current limitations in deriving the most benefi t to swine production 
from the administration of DFMs.  

    10.2   Infl uence of Swine Management Practices 
on the Gastrointestinal Microbiota 

 Common management practices implemented throughout swine production phases 
affect the development of the microbial consortia. Early microbial exposure and the 
weaning event likely result in the most dramatic infl uences in the GI microbiota. 
Thompson et al.  (  2008  )  reported that the microbial diversity in neonatal piglets may 
be associated with the interaction of random microbial exposure from the rearing 
environment and the variability of genetic expression within the individual, empha-
sizing the importance of early life environment on microbial colonization and its 
impact on phenotypic expression of genetic potential. Microbial changes in response 
to the weaning event were reported by Konstantinov and coworkers  (  2006  ) , who 
found that the predominant microbial species present in the ileum prior to weaning 
at 3 weeks of age were  Lactobacillus sobrius  and  L. reuteri . Yet soon after abruptly 
weaning the piglets from the sow, these predominating  Lactobacillus  populations 
were greatly reduced, and clostridia and  Escherichia coli  had emerged as the pre-
dominant members of the microbiota in the ileum. The question that arises from the 
documentation of this shift in the microbial consortia resulting from abruptly wean-
ing the piglet from the sow is what impact this specifi c change in the GI microbial 
population has on the future productive performance of the piglet in later growth 
stages. Furthermore, how does this microbial shift differ from gradual weaning 
from the sow or weaning the pig at a different development stage (i.e., at an earlier 
or older age)? 

 Evidence of the infl uence that management and environment have on microbial 
development at an early age and subsequently in later adult life was demonstrated by 
the investigation of the early life environment and its infl uence on subsequent micro-
bial diversity present in adults in a pig model of indoor, outdoor, and environmentally 
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isolated management conditions (Mulder et al.  2009  ) . In this study, pigs reared in the 
outdoor environment exhibited lower microbial diversity in the GI tract during adult-
hood compared to those reared in the more hygienic indoor and environmentally 
isolated rearing conditions. Although the outdoor reared pigs were exposed to greater 
microbial diversity in their environment during early and later life, their microbial 
diversity exhibited an increase in the Firmicutes phylum compared to the other two 
environments, made up primarily of benefi cial lactobacilli. Furthermore, regulation 
of gene expression of numerous cytokines and chemokines in the indoor and envi-
ronmentally isolated pigs indicated immune activation in the gut environment, 
whereas the outdoor reared pigs exhibited a lack of proinfl ammatory immune expres-
sion indicative of GI immune-tolerant and homeostatic responses. Previous thinking 
emphasized the importance of the rich diversity in the GI tract for protection against 
dramatic shifts in the gut microbiota and maintenance of consistency within the gut 
microbial ecosystem (Backhed et al.  2005  ) . The work of Mulder et al.  (  2009  ) , how-
ever, indicates that early exposure to a microbially diverse environment predisposes 
colonization by a limited number of phyla dominated by microorganisms that likely 
provide health-promoting benefi ts. This suggests more importance is placed on the 
specifi c members that make up the dominant consortia than the diversity in the intes-
tinal microbial ecosystem. 

 Other studies have investigated how specifi c members of the microbial consortia 
differ between pigs reared in diverse management environments at an early age. 
Specifi cally, subsequent pig health and performance was associated with the pres-
ence of distinct terminal restriction fragments from genomic DNA of microorgan-
isms present in the GI tracts of pigs reared in segregated weaning facilities compared 
to weaning to on-site nursery facilities (Davis et al.  2010a  ) . Terminal restriction 
fragment length polymorphism analysis revealed peaks with base lengths putatively 
identifi ed as  Lactobacillus  sp. and a specifi c strain of  Pediococcus acidilactici  that 
was identifi ed using 16S rRNA gene sequencing whose presence in the intestinal 
tract was positively correlated to pigs reared in the segregated weaning system. 
Furthermore, immune cell populations identifi ed with fl ow cytometric analysis were 
determined to be associated with the two weaning management environments. 
Specifi cally,  g  d  T-cell populations in the jejunal intraepithelial compartment were 
positively correlated with conventional management, whereas activated cytotoxic T 
cells and T cells with memory phenotypes were positively correlated with segre-
gated weaning. Immunohistochemical analysis of jejunal samples further revealed 
drastic fl uctuations in cytotoxic (CD8+) and T-helper (CD4+) cell populations 
between the two nursery management conditions relative to days after weaning 
(Brown et al.  2006a,   b    ). As management was the only factor differing between these 
groups of pigs, these data support the premise that distinct microbial populations 
emerged in these groups that were reared in distinct management and environmen-
tal conditions that resulted in divergent immune development relative to the number 
of days after the weaning event. 

 The effect of early environmental exposure and microbial colonization of the pig-
let and its effect on subsequent growth performance was further demonstrated when 
intestinal microbial communities and immune cell phenotypes were investigated in 
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pigs farrowed and reared in conventional farrowing facilities compared to outdoor 
farrowing facilities and weaned to indoor, environmentally controlled segregated 
weaning facilities. Although the two groups of pigs were housed and managed iden-
tically during the nursery production phase, pigs that had previously been reared in 
the outdoor management system weighed 0.5 kg less than pigs reared in confi nement 
farrowing facilities at weaning but weighed 2 kg more 42 days later at the end of the 
nursery phase (Davis et al.  2009a,   b  ) . This separation in growth performance response 
during the nursery phase between pigs previously reared in distinctly different envi-
ronments, both conventional versus segregated weaning management and indoor 
versus outdoor farrowing management, allowed relationships to be investigated in 
the importance of the divergent microbial communities and immune development 
established in the pigs to subsequent growth response (Rehberger et al.  2009 ; Davis 
et al.  2010b  ) . Terminal restriction fragments (TRFs) identifi ed through 16S gene 
sequencing as strains of  Lactobacillus acidophilus ,  L. salivarius , and  Pediococcus 
acidilactici  had the strongest associations with the segregated nursery management 
system and the outdoor rearing environment, and these bacterial TRFs also had 
strong positive correlations with pig growth performance measures. 

 A specifi c strain (strain PAL) identifi ed as  Pediococcus acidilactici  was isolated 
from outdoor pigs with TRFs that were positively correlated with body weight gain 
as well as several immunological measurements. Specifi cally, this strain of  P. acidi-
lactici  identifi ed as having these TRFs was associated with T cells expressing the  g  d  
T-cell receptor and T cells with cell surface markers indicative of a memory cell 
phenotype in the jejuna intraepithelial compartment and in the systemic circulation 
(Davis et al.  2010b  ) . The identifi cation of specifi c immune cell phenotypes in pigs 
exhibiting the greatest growth performance responses provides a means of identify-
ing specifi c immune factors associated with pigs having the greatest body weight 
after weaning (Davis et al.  2009a,   b  ) . Cell phenotypes consisting of T cells express-
ing  g  d  T-cell receptors and leukocytes expressing the interleukin-2 (IL-2) receptor 
indicative of an activated population were associated with pigs having the greatest 
body weight within the fi rst 2 weeks after weaning. Other research has identifi ed 
that proportions of lymphocyte phenotypes expressing cell surface markers indica-
tive of natural killer cells, T-helper and cytotoxic T cells, and major histocompati-
bility complex (MHC) II in the peripheral blood were negatively associated with 
body weight gain, feed intake, feed effi ciency, and carcass characteristics in pigs 
from birth to market weight (Galina-Pattoja et al.  2006  ) . 

 These data just begin to illuminate the complex nature of the interactions between 
early environmental exposure, colonization of a complex gut microbial ecosystem, 
immune development in which responses are orchestrated to promote whole organ-
ism homeostasis, and ultimately the realization of effi cient pork production. 
Although differences in the microbiota were identifi ed between pigs reared in 
diverse environments during early life development and divergent immune popula-
tions related to members of the microbial consortia and to phenotypic measures of 
pig growth performance, the discovery of the most benefi cial microbial contribu-
tors, the crucial time points when these contributors need to be present, and other 
interactions with yet unidentifi ed factors that are needed to be able to strategically 
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dictate the microbial ecosystem development for optimal responses in later pig 
 production phases is still a challenging void.  

    10.3   Current Administration of Direct-Fed 
Microbials and Limitations 

 Many of the microbial strains that are used as DFMs for swine and other livestock 
species have been selected based on their effi cacy in food applications, their capac-
ity to demonstrate the potential to thrive in the GI tract (acid and bile tolerance), 
and/or ability to maintain viability and stability when administered in animal feed. 
Less consideration has been made when selecting appropriate microorganisms to 
provide DFM supplements to meet the specifi c needs of pigs at various growth 
stages, challenge environments, and management practices. Yet, a more complete 
understanding of microbial succession in the GI tract of the neonatal pig and the 
ramifi cations the presence of these microbial populations at specifi c developmental 
stages and environments in the pig’s production life have on subsequent growth and 
production is crucial to glean the most benefi t from strategic application of benefi -
cial microbial strains to promote effi cient pork production. Although a complete 
understanding is lacking, recent data evaluating DFMs administered to pigs has 
surfaced that provide some insight into how these microbial representatives may be 
affecting pig health and performance. 

 The exposure of pigs either directly or indirectly to a specifi c DFM strain or 
combination of strains affects the GI microbial consortia, immune development, 
and pig growth response. Therefore, consideration should be given to whether 
DFMs must be administered directly to the neonatal piglet or benefi ts to the piglet 
can be derived from administering the DFM to the sow. The direct administration of 
a combination of  Lactobacillus amylovorus  and  Enterococcus facium  bacteria to 
8-kg weaned pigs through daily oral gavage resulted in improved feed effi ciency, 
decreased fecal enterobacteria, and a decrease in intestinal immune cell infi ltration 
(Ross et al.  2010  ) . Similarly, supplementation of  Lactobacillus brevis  strain 1E1 to 
piglets during the neonatal and early postweaning periods in a milk supplement and 
watering lines, respectively, resulted in the induction of a unique band in the jeju-
num identifi ed as unculturable, low guanine-cytosine (G/C) Gram-positive bacteria 
by denaturing gradient gel electrophoresis (DGGE) (Davis, et al.  2007  ) . 

 Unquestionably, the direct administration of DFMs has the ability to have a posi-
tive impact on growth, the GI microbiota, and immune characteristics in the young 
pig. Yet, the commensal microbiota of the neonatal pig is naturally colonized 
through exposure to microorganisms from the immediate environment. Contact 
with the sow and her fecal microbiota likely has a profound infl uence on the piglets’ 
early exposure to the microbial contributors of the microbial consortia. This indi-
cates that administration of DFMs to the sow would infl uence the microbial envi-
ronment to which pigs are exposed by inoculation with the DFM organisms or 
altering the GI microbial populations in the sow. When a combination of  Bacillus 
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licheniformis  and  B. subtilis  strains were administered to sows during the late gesta-
tion and lactation periods, their piglets demonstrated decreased preweaning mortal-
ity and increased body weight at weaning compared to piglets nursing unsupplemented 
sows (Alexopoulos et al.  2004  ) . Baker et al.  (  2010  )  demonstrated that administra-
tion of a  B. subtilis -based DFM to the sow shifted the GI microbiota of the piglets 
toward a greater prevalence of  Lactobacillus  sp. compared to pigs in litters from 
unsupplemented sows, which conversely had a greater prevalence of  Clostridium  
sp. in the GI tract compared to pigs from treated sows. Furthermore, a specifi c spe-
cies putatively identifi ed as  Lactobacillus gasseri  was identifi ed through terminal 
restriction fragment length polymorphism analysis and was determined to be con-
sistently present in the small intestine of pigs from DFM-treated sows and absent in 
the GI tracts of pigs from unsupplemented sows (Fig.  10.1 ). Whether it was this 
change resulting from alteration of the sow’s microbial community that changed the 
early microbial exposure of the neonatal pig from the environment, or the DFM was 
directly transferred to the piglets through fecal-oral transfer from shedding of the 
DFM organisms by the sow, remains uncertain. These data indicate that inoculation 
of the sow with a DFM can have profound effects on early colonization of the com-
mensal microbiota in the neonatal piglet.  

 These data illustrate the potential of DFM administration as a tool to strategically 
guide the development of early microbial colonization, emphasizing the importance 
of supplying the appropriate DFM relative to the pig’s production stage. It is con-
ceivable that immediate benefi ts from DFM supplementation may not be immedi-
ately evident but, instead, benefi ts may manifest during later stages of production. 
Administration of  Lactobacillus brevis  strain 1E1 via a milk supplement to neonatal 
pigs nursing sows resulted in improved pig growth performance during the nursery 
period, with no difference between treated and untreated pigs during the prewean-
ing period (Brown et al.  2003  ) . Although an improvement in growth response was 
not evident during the time that the direct-fed microbial was administered, the num-
ber of CD4+ T-helper lymphocytes was lower at weaning in the jejunum of pigs 

  Fig. 10.1    Chromatograms illustrate the presence of a terminal restriction fragment peak resulting 
from digestion with MspI restriction enzyme at 187 base pairs putatively identifi ed as  Lactobacillus 
gasseri/johnsonii/acidophilus  present in the colon of piglets at 3 days of age born to sows supple-
mented with a  Bacillus -based direct-fed microbial ( a ) and the absence of this peak in 3-day-old 
piglets born to unsupplemented sows ( b ) (Described by Baker et al.  2010  )        
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administered  L. brevis  compared to untreated pigs, and gene expression of toll-like 
receptor 4 (TLR4) and TLR9 as well as several adaptor proteins in the toll-like 
receptor signaling pathway were reduced with  L. brevis  treatment (Brown et al. 
 2006a,   b ; Halbrook et al.  2005  ) . 

 These studies demonstrate that administration of DFMs during early postnatal 
development in the young pig can infl uence the composition of the commensal 
microbiota, coordinate immune development, and translate into improved growth 
performance during the time when the DFM was administered and during subse-
quent growing phases in swine production. The greatest gap in the collective knowl-
edge is how alteration of the members of the GI microbial community and immune 
development translates into improved growth and effi ciency. Likely, there are spe-
cifi c desirable microbial contributors in the GI tract that relate to dietary, health, 
genetic, and management conditions; and ascertaining how the microbial popula-
tion can be manipulated to meet these conditions is the next frontier of discovery for 
furthering the effective use of DFM supplementation in pigs.  

    10.4   Host–Microbial Interactions 

 Further understanding of the implications of changes to the GI microbiota and how 
these changes relate to pig immune development, health, and growth performance is 
a key challenge for gleaning the most benefi t from DFM supplementation. The 
host–microbe interaction between the GI microbiota and the intestinal mucosal sur-
face has been implicated as the obvious site of host–microbe communication to 
establish homeostatic responses by the host to the commensal microbial population. 
This cellular and molecular cross talk between members of the microbial consortia, 
intestinal epithelial cells, immune cells of the GI tract, and pattern recognition 
receptors on host cell surfaces such as toll-like and NOD receptors has been nicely 
reviewed by Winkler et al.  (  2007  ) , and the expansion of our understanding of this 
communication between host and enteric microbiota has furthered the concept of 
the breadth of infl uence that the intestinal bacterial population has on the host. 

 Various microorganisms infl uence the immune system to induce divergent 
immune development patterns. For instance, microbial populations in the GI tract 
guide immune development in the young animal and have the capacity to infl uence 
immune differentiation to the infl ammatory T-helper lymphocyte type 1 (Th1), the 
antibody-promoting Th2, or regulatory Th3 T-cell subsets, functionally simplifying 
these T-cell immune categories. Specifi cally, certain cells of the immune system in 
the GI tract function to sample the luminal contents and signal to the host how to 
respond to the luminal environment (Hord  2008  ) . Immune and epithelial cell sam-
pling and signaling via toll-like and NOD-like receptors are responsible for homeo-
stasis and regulation of appropriate host responses to harmful pathogens and harmless 
environmental antigens. Even less well understood is how the programming of the 
host response by the gut microbiota affects metabolic activities, nutrient acquisition 
from dietary components, and subsequently animal phenotypic growth responses. 
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 Studies with conventional and germ-free mice have provided some knowledge 
on the potential of the GI microbiota to infl uence nutrient metabolism of the host. 
Wikoff et al.  (  2009  )  reported that conventional mice have much lower concentra-
tions of plasma tryptophan due to the expression of tryptophanase by specifi c micro-
bial members of the enteric microbiota, which converts tryptophan to indole, 
pyruvate, and ammonia, indicating that the commensal microbiota infl uence dietary 
amino acid acquisition. The composition of the GI microbiota has also been related 
to the level of energy that the host can derive from dietary sources. For instance, an 
increase in the  Firmicutes/Bactertoidetes  ratio was associated with obese humans 
and mice consuming the same diet as their lean counterparts (Ley et al.  2005,   2006  ) . 
This fi nding illustrates the importance of specifi c enteric microbial populations on 
amino acid metabolism and brings in to question how multiple bacterial species 
combinations present in the intestinal ecosystem infl uence the metabolism of dietary 
nutrients. 

 Although the GI tract is usually associated with nutrient acquisition and metabo-
lism and is often mentioned as the location of the largest concentration of immune 
cells and hence is the largest lymphoid organ, it is important to consider that the GI 
tract has a vast network of neurons for bidirectional communication between the 
brain and the intestinal tract. The GI microbiota in concert with the entire luminal 
contents of the intestine provide stimuli that interact with the enteric nervous sys-
tem. Signals from these stimuli are infl uential on intestinal motility and feed intake 
by afferent neural signaling and neurotransmitters such as cholecystokinin and glu-
cagon (Bienenstock et al.  2010 ; Hord  2008 ; Moran  2009  ) . Related to feed intake but 
less studied is the infl uence the GI microbiota, immune infl ammation, and neural 
signaling have on behavioral responses of the host. For instance, the stress response 
has been implicated in altering the microbial ecology of the GI tract, and the com-
position of the microbial consortia has been related to behavioral responses and 
disorders (McLean et al.  2009  ) . Unlocking the intricacies of these complex interac-
tions has obvious ramifi cations for the potential to exploit DFM supplementation to 
infl uence effi cient nutrient utilization, behavioral responses such as those related to 
feed intake, and desirable carcass characteristics for meat production in swine.  

    10.5   Conclusion and Future Directions 

 The advent of new molecular techniques has already begun to aid in our understand-
ing of how the host and microbial consortia interact, and this information will pro-
vide future insight into strategic application of DFMs. Specifi cally, our challenge is 
to identify bacterial strains that elicit defi ned responses in the host such that the 
future of DFM supplementation to swine diets can be tailored to provide the most 
benefi t to the pig at various production stages or administered as a prescription to 
address the specifi c needs of a swine production system. Imagine such a complete 
understanding of how management, animal genetics, feedstuffs, environment, and 
the host intestinal microbial ecology interact that a swine production system could 
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have DFM strains administered during each phase of production for optimal pork 
production effi ciency. Expansion of knowledge and innovation in this area is the 
fundamental challenge for gleaning the most benefi t from future DFM supplemen-
tation in swine and other livestock species.      
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  Abstract   Catfi sh is the leading commercial aquaculture enterprise in the United 
States, and many of the issues that have been important for other mass-produced 
food animals have become areas of research focus for potential improvement in the 
growth performance and health of catfi sh. A critical component that can infl uence 
both the health and nutrition of catfi sh is the intestinal tract. The intestinal tract, in 
addition to being the point of origin for digestion and absorption of nutrients derived 
from consumed diets, harbors an indigenous microfl ora that can interact with the 
host. The composition and role of the intestinal microbial communities in fi shes 
remain poorly understood. To understand the effects of the entire microbial com-
munity on the host, additional studies and improved isolation methods are recom-
mended. Along with the lack of knowledge about the composition of the community, 
little is known about the role of these microorganisms in the intestinal tract. An 
increased understanding of the intestinal microfl ora in catfi sh has potential for 
manipulation or alteration to improve disease resistance and growth performance, 
allowing the channel catfi sh to consume diets made with less expensive ingredients, 
such as crop residues, already fairly cheap. Recent aquaculture feed trials using 
prebiotics and probiotics report enhanced physiological and immune responses that 
contribute to improvements in aquaculture health. These trials are reviewed.      
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    11.1   Introduction 

 The channel catfi sh ( Ictalurus punctatus ) is one of the many important commercial 
fi shes in North America. Channel catfi sh have been used in commercial aquaculture 
because they consume a wide variety of food sources, are effi cient at conversion of 
food to body mass, and are adaptable to environments commonly used in large-
scale aquaculture. Catfi sh farming, on average, accounts for 46% of all U.S. aqua-
culture sales (   Mississippi Agricultural and Forestry Experiment Station, Mississippi 
State University Extension Service  2010 ). 

 Many of the issues that have been historically important for other mass-produced 
food animals have become areas of research for potential improvement in the growth 
performance and health of commercial catfi sh aquaculture. A critical component 
that can infl uence the health and nutrition of catfi sh is the intestinal tract. In addition 
to being the point of origin for digestion and absorption of nutrients derived from 
consumed diets, the intestinal tract harbors an indigenous microfl ora that can inter-
act with the catfi sh host. Intestinal microfl ora have been studied extensively in other 
food animals and can vary in their importance to the host. For mammalian rumi-
nants such as cattle and sheep, the rumen microfl ora represents an essential symbi-
otic relationship that allows these animals to survive as primary herbivores (Odenyo 
et al.  1994 ; Collado and Sanz  2007  ) . For nonruminant animals such as swine and 
chickens the nutritional benefi ts are less clear, but at the very least the intestinal 
microfl ora serves as a barrier to organisms that may be pathogenic to the host (Nisbet 
 2002 ; Ricke and Pillai  1999  ) . This review describes the microbial community of the 
intestinal tract of catfi sh and discusses whether the microbiota, by virtue of its 
makeup and metabolic capabilities, might have an infl uence on nutrition of the cat-
fi sh. In addition, the potential for manipulation of the intestinal microfl ora is exam-
ined as are strategies for optimizing microfl ora composition to benefi t the host. 

    11.1.1   Ecology and Habitats of  Ictalurus Punctatus  

 Channel catfi sh are native from Montana eastward to the Ohio Valley and southward 
through the Mississippi Valley to the Gulf of Mexico and into Florida. Channel cat-
fi sh are also native to Mexico (Jordan and Evermann  1908 ; Eddy and Underhill 
 1974  ) . However, through introduction, channel catfi sh now inhabit many eastern 
and far western rivers distant from their original range (Walden  1964  ) . The original 
habitat of channel catfi sh was relatively clear, moderate to swiftly fl owing streams 
(Walden  1964  ) . However, catfi sh are now frequently found in mud-bottomed, slug-
gish rivers and creeks as well as weedy ponds and lakes (Jordan and Evermann 
 1908 ; Bailey and Harrison  1948 ; Walden  1964 ; Eddy and Underhill  1974  ) . Channel 
catfi sh have readily adapted to this extreme change in habitat. In fact, channel catfi sh 
grow well in diverse natural aquatic habitats, including those with low levels of dis-
solved oxygen (DO) and relatively elevated temperatures (Moyle and Cech  1988  ) . 
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 The body of the channel catfi sh is light-brown to slate-gray and a darker gray-
brown on top. However, some catfi sh have a dark brown or olive-green color with 
light yellow or grayish-green sides and a dirty white underside. Channel catfi sh can 
be distinguished from other species in the genus by the presence of spots on its sides 
(Walden  1964  ) . The head is pointed and small, with a large, terminal mouth (Federal 
Coordinating Council on Science, Engineering and Technology  1983  ) . The upper 
jaw slightly overhangs the lower jaw with pads of fi ne, sharp teeth in the upper jaw 
(Forbes  1888 ; Eddy and Underhill  1974  ) . These teeth allow the catfi sh to grasp and 
hold both soft and hard prey items. The pharyngeal jaws have small, pointed denti-
cles on both the upper and lower jaws, allowing the catfi sh to crush insects and 
mollusk shells and to grind plant material in the diet (Forbes  1888  ) . The caudal fi n 
is forked and the anal fi n is long, wide and rounded, supported by 25–30 rays. 

 Channel catfi sh tend to be nocturnal and feed primarily on the bottom of rivers 
and lakes (Burch  1970 ; Rohde and Arndt  1994  ) . Seasonal changes in the food habits 
of channel catfi sh are usually minimal (Bailey and Harrison  1948  ) . The channel cat-
fi sh is omnivorous, consuming a wide range of foods, including elm seeds, terrestrial 
and aquatic insects, crayfi sh, small fi sh, and aquatic vegetation (Forbes  1888 ; Bailey 
and Harrison  1948 ; Walden  1964 ; Rohde and Arndt  1994  ) . Insects are the principal 
food of the channel catfi sh; however, it has been found that one-fourth of the food 
consumed by these fi sh is plant material, mainly algae (Forbes  1888  ) . In addition to 
plants and animals, channel catfi sh consume detritus. For this reason, the catfi sh is 
often considered a scavenger and “cleaner” of lakes and rivers (Walden  1964  ) .   

    11.2    Ictalurus punctatus  Commercial Production 

    11.2.1   Aquaculture 

 Most catfi sh used in aquaculture are reared in earthen ponds, although some may be 
raised in cages or tanks. Conditions in these artifi cial habitats, such as DO, and 
temperature infl uence the growth rates of the fi sh. Oxygen in the water is produced 
by algae and may be derived from oxygen diffusion from air. A portion of the oxy-
gen is used by the catfi sh; however, approximately 80% of the oxygen is used by the 
algae and other pond organisms (Dunning  1995  ) . Active photosynthesis and respi-
ration of these abundant planktonic organisms can signifi cantly change the oxygen 
concentrations over short periods of time. Consequently, the catfi sh must be tolerant 
of low oxygen conditions to survive. In addition, catfi sh grow most rapidly at an 
optimum temperature range of 26–30°C. Feeding activity slows when channel cat-
fi sh are exposed to temperatures above or below the optimum range (Andrews and 
Stickney  1972  ) . The solubility of DO in water is temperature-dependent, and the 
amount of DO at saturation decreases as the temperature increases. This inverse 
relation exists because organisms tend to respire more as the temperature increases; 
therefore, DO depletion is greatest during periods of high biological oxygen demand. 
The DO in culture ponds may fl uctuate between 15 mg/L in the afternoon to  £ 3 mg/L 
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at dawn (Carter and Allen  1976  ) . However, channel catfi sh are somewhat tolerant of 
lower levels of DO. Therefore, aquaculturists accept a DO concentration of 5.0 mg/L 
as suffi cient to support optimum growth of some fi shes because levels below this 
concentration inhibit energy-requiring metabolic activities, such as growth and 
reproduction (Carter and Allen  1976 ; Moyle and Cech  1988  ) .  

    11.2.2   Nutrition and Commercial Feeding Regimes 

 Along with DO and temperature, growth rates are largely dependent on the nutrition 
of the fi sh (Bailey and Harrison  1948  ) . Catfi sh feeds are formulated to contain three 
primary nutritional components: protein, carbohydrates, and lipids. Most feeds also 
contain a mix of vitamins and minerals. The most expensive component of a catfi sh 
diet is protein, the amino acid source. Protein in the feed comes from plant-based or 
animal sources (Hepher  1988 ; Robinson et al.  2001  ) . Fish meal is the highest quality 
protein source available to fi sh feed manufacturers. However, because of the high 
costs associated with obtaining fi sh meal, it is generally used sparingly in commercial 
production fi sh feeds (Lovell  1989 ; Goddard  1996 ; Robinson et al.  2001  ) . Therefore, 
production feeds depend primarily on soybean meal and cottonseed meal for protein 
(Hepher  1988 ; Lovell  1989 ; Goddard  1996  ) . Data for amino acid availability in dif-
ferent protein sources is limited, although feed formulations should be based on 
amino acid availability, not the amount of digestible protein (Robinson et al.  2001  ) . 
Commercial feed typically contains 28–38% protein (Burch  1970 ; Stickney  1993 ; 
Dunning  1995  ) . Carbohydrates, primarily in the form of starch, comprise up to 40% 
of the feed, and approximately 6% of the feed is lipids. The remainder of the feed is 
typically composed of vitamins, minerals, and fi ber (Stickney  1993  ) . 

 Commercial catfi sh require cost-effective feed. Feed represents the highest vari-
able cost associated with commercial catfi sh farming, accounting for as much as 
50–60% of annual operating costs (Dunning  1995 ; Robinson et al.  2001  ) . It has 
been suggested that certain components of the diet can be substituted with less 
expensive plant material. Modern catfi sh feeds are comprised of relatively few 
ingredients, although price can vary based on fl uctuations in the price of feed stuffs 
used in the feeds and in the costs of energy associated with producing these feeds 
(Stickney  1993 ; Naylor et al.  2009  ) . Fish nutritionists have tried to use less expen-
sive plant proteins, such as soybean meal or distillers’ grains with solubles (DGS), 
to replace fi sh meal partially or totally (Hastings and Dickie  1972 ; Webster et al. 
 1992 ; Lim et al.  2009  ) . Webster et al.  (  1992  )  found that a diet with 0% fi sh meal, 
35% DGS, and 49% soybean meal can support weight gains in channel catfi sh simi-
lar to those achieved with diets containing high percentages of fi sh meal. Lim et al. 
 (  2009  )  found that diets in which soybean meal and corn meal were replaced with 
DGS supplemented with lysine resulted in comparable growth responses as well as 
improved immune responses in channel catfi sh. 

 Both the adverse and benefi cial effects of fi sh meal substitutes should be consid-
ered when formulating feeds. Phytoestrogens contained in soybean meal were shown 
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to affect sex differentiation, changing the sex ratios of populations of farm-raised 
channel catfi sh (Green and Kelly  2009  ) . The role of the fi sh intestinal microfl ora in 
response to dietary changes needs to be determined. Understanding the microbial 
response may lead to better predictions on which dietary combinations are most 
likely to yield consistently optimal responses. The ecology and characteristics of fi sh 
gastrointestinal (GI) microfl ora are discussed in the following sections.   

    11.3   Ecology of the Intestinal Microbiota 

    11.3.1   Diversity of Microfl ora in Intestinal Tracts 
of Other Eukaryotic Organisms 

 The intestinal microbial communities of organisms as diverse as termites, rumi-
nants, chickens, and humans have been characterized (Hungate  1966 ; Moore and 
Holdeman  1974 ; Baldwin and Allison  1983 ; Odenyo et al.  1994 ; Prescott et al. 
 1996 ; Malinen et al.  2005 ; Collado and Sanz  2007 ; Rehman et al.  2007 ; Wertz and 
Breznak  2007  ) . In the termites, ruminants, and humans examined, the microbial 
communities have been found to be comprised of complex assemblages of up to 300 
or more species, most of which are obligately anaerobic bacteria (Baldwin and 
Allison  1983 ; Breznak  1984 ; Odenyo et al.  1994 ; Prescott et al.  1996 ; Shi et al. 
 1997 ; Shi and Weimer  1997 ; Malinen et al.  2005 ; Collado and Sanz  2007 ; Wertz 
and Breznak  2007  ) . An additional general characteristic of these communities is 
that species composition appears to vary signifi cantly depending on the host. For 
example, in the phylogenetically “lower” termites, the intestinal microbiota includes 
bacteria as well as protozoans. However, in the “higher” termites, the gut is inhab-
ited almost entirely by bacteria. Most bacteria isolated from termites and other 
insects, such as leaf-cutter ants, are facultative and obligate anaerobes, including 
strains of  Streptococcus ,  Bacteroides , various Enterobacteriaceae,  Staphylococcus , 
and  Bacillus  (Breznak  1984 ; Brauman et al.  2001 ; Noda et al.  2009 ; Pinto-Tomas 
et al.  2010 ; Strassert et al.  2010  ) .  

    11.3.2   Fish Intestinal Tract Anatomy 

 Although the diversity of the microbial community of termites, ruminants, and 
humans can refl ect the diet of the host, it may also be a refl ection of differences in 
intestinal tract anatomy. One major difference between the digestive tract of rumi-
nants and fi shes is the difference in gut morphology. Ruminants have a highly spe-
cialized fermentation chamber with four compartments. The reticulum is small, but 
the opening into the rumen is large, which makes the reticulum resemble an anterior 
pouch of the rumen. The reticulum is separated from the rumen by a ridge called the 
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ruminoreticular fold (Hungate  1966  ) . In nonruminant mammals such as horses, 
pigs, and rabbits, fermentation occurs in an enlarged cecum (Hungate  1966 ; Atlas 
and Bartha  1993  ) . The stomach, though not divided, shows an esophageal groove 
and compartmentation. In domestic poultry paired ceca are 15–18 cm in length, 
blind pouches consisting of a narrow constricted open end connected to the colon 
and a dilated thinner-walled blind component (McNab  1973  ) . 

 In contrast to the complex anatomy of mammalian herbivores, most fi sh have an 
uncomplicated gut. They essentially have a short esophagus that leads to the stom-
ach and empties into the intestine (Horn  1989 ; Helfman et al.  1997  ) . However, there 
is some variety in the gut morphology among fi shes. For example, elasmobranchs 
have a short, thick intestine with a large spiraling fold of tissue called the spiral 
valve, and some fi shes only have reduced stomachs or lack them altogether (Horn 
 1989 ; Helfman et al.  1997  ) . Teleosts generally have a longer intestine with numer-
ous side pouches near the stomach called pyloric caecae (Helfman et al.  1997  ) . 
Pyloric caecae are not found in all teleosts. For example, pyloric caecae are not pres-
ent in channel catfi sh. Instead, the channel catfi sh has a J-shaped stomach that is 
connected to the intestinal tract by a pyloric sphincter (Grizzle and Rogers  1976  ) .  

    11.3.3   Characterization of Fish Intestinal Microfl ora 

 Although the intestinal microbiota of many animal species has been examined thor-
oughly, this community has not been well characterized among fi shes. To date, 
characterization of the microbiota associated with fi shes has been restricted primar-
ily to an examination of the microorganisms of potential concern to the food indus-
try (i.e., those associated with food spoilage or human pathogenicity). For example, 
the areas studied include changes in fl ora during the storage of fi sh, effects based on 
catching or handling of the fi sh, relations between the environment and the fi sh 
microbiota, and the establishment of baseline data of microbial communities for 
monitoring changes in fi sh farms (Cahill  1990  ) . Therefore, the composition and role 
of the intestinal microbial communities in fi shes remain poorly understood. The 
cultivatable intestinal microbial community has been partially or fully characterized 
for only a fraction of fi sh species consisting mostly of freshwater fi shes (Trust et al. 
 1979 ; Sakata et al.  1980,   1981 ; Campbell and Buswell  1983 ; Sugita et al.  1985, 
  2007 ; MacMillan and Santucci  1990 ; Cahill  1990 ; Luczkovich and Stellwag  1993 ; 
Spanggaard et al.  2000 ; Hagi et al.  2004 ; Huber et al.  2004 ; Burr et al.  2005,   2008a ; 
Bairagi et al.  2002 ; Balcazar et al.  2008  ) . 

 MacMillan and Santucci  (  1990  )  were interested in determining which bacteria 
are present in farm-raised channel catfi sh intestines and whether the types of bacte-
ria present vary seasonally. They cultivated 858 isolates that comprised 20 genera 
and 26 species from the intestinal tract of channel catfi sh that were fed commer-
cially prepared feed. In all, 31% of the isolates were facultative anaerobes, repre-
sented by pseudomonads or aeromonads. Campbell and Buswell  (  1983  )  partially 
characterized the microbial community in larval Dover sole and found differences 
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in the predominance of certain bacterial communities based on the diet of the fi sh. 
 Moraxella  spp. were most common in fi sh fed  Lumbricillus rivalis  (an oligochaete 
worm), representing 46% of the total isolates.  Vibrio  spp. and  Aeromonas  spp. were 
dominant in fi sh fed a pellet diet [composed of claws and waste material from deca-
pod crustaceans,  Nephrops  sp. (40%), salmon starter food (57%), and pregelatinized 
starch (3%)] representing 52% of the isolates. Although these communities appear 
to be less diverse than termites and ruminants, the diversity of the microbial com-
munity may be limited because the farm-raised catfi sh and Dover sole consumed 
restricted diets. In addition, the authors did not intend to characterize the entire 
microbial community. In fact, the methods of isolation available at that time pre-
cluded isolation of the entire microbial community. In both the channel catfi sh and 
larval Dover sole, the cultivatable microbial community was dominated by faculta-
tive anaerobes. There appeared to be a relative absence of obligate anaerobes in the 
cultivatable microbial community.  

    11.3.4   Identifi cation of Fish Intestinal Microfl ora 

 Even for species in which the microbiota has been fully characterized, the taxo-
nomic affi liation of the bacteria must be seriously questioned because the isolates 
have not been thoroughly described and have generally been isolated in a manner 
inconsistent with the recovery of physiologically different bacteria. In fact, it is 
often highly probable that the normal intestinal microbiota were absent by the time 
the samples were processed for microbial isolation. Mitchell  (  1995  )  found that 
 Clostridium  57-M-2 ¢  spores were not maintained in the GI tract of pinfi sh after 
16–24 h of capture from seagrass beds. This suggests that other bacteria may also 
disappear from the intestinal tract shortly after the fi sh leaves its natural habitat. 
Trust et al.  (  1979  )  were interested in examining the presence of obligate anaerobes 
in grass carp ( Ctenopharyngodon idella ), goldfi sh ( Carassius auratus ), and rainbow 
trout ( Oncorhynchus mykiss ) .  The fi sh were shipped to the laboratory and were in 
transit for approximately 36 h. All of the fi sh were subsequently grown in glass 
aquaria for 6 weeks prior to sampling. In all, 24 species of bacteria were isolated 
from grass carp, goldfi sh, and rainbow trout that were fed either pellet or weed diets. 
The three dominant microorganisms –  Aeromonas hydrophila ,  Pseudomonas  spp., 
 Yersinia enterocolitica  – represented 78% of the isolates cultured. The resident 
microbial community of these three fi sh species may have disappeared during tran-
sit or captivity. 

 This loss of the resident microbial community may also account for the absence 
of obligate anaerobes. Sugita et al.  (  1985  )  were interested in the interactions between 
the GI tract bacteria and the host fi sh. Carp ( Cyprinus carpio ), grass carp 
( Ctenopharyngodon idella ), and tilapia ( Tilapia mossambica ) were purchased from 
a commercial supplier and reared for 1 month in plastic tanks. They cultured 11 
species from the intestinal tract of carp, grass carp, and tilapia. All three species of 
fi sh were dominated by  Aeromonas hydrophila  and  Bacteroides  type A. The carp 
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examined in this study also had a signifi cant number of  Citrobacter freundii , 
 Pseudomonas  spp., and  Micrococcus  spp.; and tilapia had a signifi cant number of 
 Bacteroides  type B. The resident microbial community of these fi sh may have 
 disappeared from the intestinal tract during the time that they were reared in the 
laboratory. Most studies have implemented isolation methods that favor aerobic and 
facultative populations over anaerobic populations (Cahill  1990 ; Ringo  1993 ; 
Spanggaard et al.  2000 ; Huber et al.  2004  ) . Therefore, conclusions based solely on 
data collected using aerobic methods have led some to believe that GI microbial 
communities of fi sh consist mainly of facultative anaerobic bacteria (Burr et al. 
 2005  ) . This does not parallel results from other vertebrates. Thus, additional anaero-
bic studies and improved isolation methods are needed to understand the effects of 
the entire microbial community on the host (Burr et al.  2008a  ) .  

    11.3.5   Functionality of Fish Intestinal Microfl ora 

 Along with the lack of knowledge about the composition of the community, little is 
known about the role of these microorganisms in the intestinal tract. It has been sug-
gested that the intestinal microbial community may aid the fi sh host in dietary 
digestion processes. To receive any benefi t from food consumed, fi shes must pro-
duce the necessary enzymes to break down the many complex components of their 
diet. Herbivorous and omnivorous fi shes and other vertebrates cannot produce, or 
may be defi cient in, many hydrolytic enzymes such as cellulase, hemicellulase, chi-
tinase, lignin peroxidase, or pectin esterase, which are enzymes required for hydro-
lysis of complex carbohydrates to a form that is nutritionally assimilable by the host 
(Luczkovich and Stellwag  1993 ; Sugita et al.  1997 ; Ramirez and Dixon  2003 ; Burr 
et al.  2005  ) . One possible way for an organism to obtain defi cient, but necessary, 
enzymes is to obtain them from the microbial communities that inhabit their intes-
tinal tracts (Luczkovich and Stellwag  1993 ; Sugita et al.  1997 ; Bairagi et al.  2002 ; 
Ramirez and Dixon  2003 ; Burr et al.  2005  ) . 

 Along with nutrients provided directly by the manufactured diet, aquaculture 
fi shes may obtain an additional source of nutrients from their intestinal tract micro-
biota in a manner similar to that of ruminants. Until recently, herbivorous fi shes 
were thought to lack the gut morphology necessary to support microbial fermenta-
tion. Hindgut caecae have been described and are thought to be a specialized fer-
mentation chamber in some herbivorous fi shes (Rimmer and Wiebe  1987  ) . Burr 
et al.  (  2008a  ) , Kihara and Sakata  (  2001,   2002  ) , Smith et al.  (  1996  ) , Titus and Ahearn 
 (  1991  ) , and others have detected volatile fatty acids (VFAs) in red drum, rainbow 
trout and carp, largemouth bass, and tilapia, respectively, further indicating that 
fermentation is a common microbiological process in fi sh digestion. Furthermore, 
there is some indication that the fi sh GI tract is capable of sustaining microbial fer-
mentation. Rimmer and Wiebe  (  1987  )  detected VFAs in the hindgut cecum of two 
kyphosids by steam distillation in a Markham still. The presence of VFAs suggested 
that fermentation had occurred, but the substrate of fermentation could not be 
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determined. They suggested that the fermentation appeared to have been facilitated 
by the microorganisms present in the intestine, although they did not characterize 
any microbiota. Burr et al.  (  2008a  )  measured the in vitro production of VFAs in 
cultured red drum and found the microbial community present in the intestinal con-
tents to be mainly acetogenic. This contrasts with the VFA profi les of rainbow trout 
and carp intestinal contents studied by Kihara and Sakata  (  2001,   2002  )  wherein 
butyric and propionic were found in higher proportions. Differences were also found 
to be present between cool and warm temperate species (Kandel et al.  1994  ) . 
 Cebidichthys violaceus , a cool temperate species was solely acetogenic, whereas in 
 Medialuna californiensis , a warm temperate species, only one-fi fth of the VFAs 
present were acetate.  

    11.3.6   Cellulolytic Bacteria in Fish Intestinal Tracts 

 Given the economic advantage of supplementary catfi sh diets with higher fi ber-
containing components, there is an increasing interest in examining the potential for 
fi ber digestibility in the intestinal tract. For example, cellulase activity, presumably 
due to cellulolytic bacteria, has been detected in the stomachs of the channel catfi sh, 
 Ictalurus punctatus  (Stickney and Shumway  1974  ) . To determine the source of cel-
lulase activity, Stickney and Shumway  (  1974  )  starved two groups of  I. punctatus  
fi ngerlings for 5 days. One group served as controls, and the other group was admin-
istered streptomycin (200 mg/L) 24 h prior to determination of cellulose activity. 
The group exposed to the antibiotic yielded no detectable cellulase activity, whereas 
the other group continued to elicit cellulase activity. Indigenous cellulolytic bacteria 
that would be considered stable residents in the intestinal tract have been found in 
ruminants, such as cattle and sheep (Hungate  1966 ; Dehority and Varga  1991  ) , in 
some insects such as termites (Odelson and Breznak  1983  ) , and in some fi shes 
(Smith  1992 ; Luczkovich and Stellwag  1993 ; Stellwag et al.  1995 ; Bairagi et al. 
 2002  ) . Amylolytic, cellulolytic, lipolytic and proteolytic microfl ora have been iso-
lated from the GI tract of catla, rohu, mrigal, silver carp, grass carp, common carp, 
tilapia, walking catfi sh, and murrel (Bairagi et al.  2002  ) . Sugita et al.  (  1997  )  isolated 
amylase-producing intestinal microfl ora from ayu, carp, channel catfi sh, Japanese 
eel, and tilapia. Of the 206 strains isolated, 31.6% had the ability to produce 0.01–
0.05 U amylase/ml. These digestive enzymes, produced by the intestinal microfl ora, 
may play an important role in fi sh host digestion processes. 

 It has also been shown that cellulolytic bacteria are present in the GI tract of 
pinfi sh,  Lagodon rhomboides  (Smith  1992 ; Luczkovich and Stellwag  1993 ; Stellwag 
et al.  1995  ) . Pinfi sh are a logical species to harbor cellulolytic bacteria because they 
are found in considerable abundance in coastal seagrass meadows where they con-
sume a vast amount of plant material. The consumption of live plants is an impor-
tant stage of development in some species of fi sh. It has been demonstrated that 
pinfi sh undergo an ontogenetic change in diet from primarily carnivory to primarily 
herbivory (Carr and Adams  1973 ; Stoner and Livingston  1984 ; Luczkovich and 
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Stellwag  1993  ) . A similar shift in diet has been observed among other fi shes, such 
as  Diplodus sargus  and  Sarpa salpa  (Christensen  1977  ) . Pinfi sh undergo changes in 
feeding behavior, dentition, and gut anatomy corresponding to an increase in the 
consumption of plant matter (Stoner and Livingston  1984 ; Luczkovich et al.  1995  ) . 
Luczkovich and Stellwag  (  1993  )  determined that pinfi sh have cellulolytic microor-
ganisms in their GI tract and were interested in how an ontogenetic change in diet 
might affect the resident intestinal microbial community of the pinfi sh. Two pri-
mary questions were proposed. First, there was the question as to whether a shift 
occurs in the intestinal microbial community as the fi sh changes from a predomi-
nantly carnivorous diet to a predominantly herbivorous diet. Second, if such a shift 
does occur, does the cellulase producer increase in relative abundance in the intesti-
nal tract? Luczkovich and Stellwag  (  1993  )  found that changes in the proportion of 
plant matter consumed in the diet corresponded to changes in the proportion of cel-
lulolytic microorganisms in the intestinal tract of pinfi sh. They concluded that pin-
fi sh have a microbial community with the enzymatic capacity to assist the host in 
acquiring nutrients from their diet that would otherwise be inaccessible. Similar 
microbial communities may be present in other species of fi shes, particularly those 
that consume diets rich in plant matter or plant-derived detritus. If these communi-
ties exist in other fi shes, it would be interesting to know whether cellulolytic micro-
organisms remain in the intestinal tract of a fi sh of aquacultural importance that 
consumes an artifi cial diet that is rich in plant material, such as the channel catfi sh, 
 Ictalurus punctatus.    

    11.4   Culturing Fish Intestinal Microfl ora 

 Activity of enzymes associated with the intestinal microbial community is of little 
consequence if the numbers of organisms in the community are low. Given the size 
of the microbial community present, the numbers of microorganisms that have been 
cultured from the intestinal tract of fi sh are low. When compared to rumen bacterial 
levels of 10 10 /g (Hungate et al.  1971  ) , the average cultivatable bacterial levels in fi sh 
intestinal tract contents are considerably less, with results ranging from 10 2 /g to 
10 8 /g (Trust et al.  1979 ; Sakata et al.  1980 ; Campbell and Buswell  1983 ; Sugita et al. 
 1985 ; Cahill  1990 ; Luczkovich and Stellwag  1993 ; Ringo et al.  1998 ; Ahilan et al. 
 2004 ; Hagi et al.  2004 ; Huber et al.  2004 ; Aubin et al.  2005 ; Bagheri et al.  2008  ) . 
These levels can vary depending on seasonal changes in water temperature, the 
diversity of the microbial communities present in the fi sh intestinal tract (Hagi et al. 
 2004  ) , and among individuals (Huber et al.  2004  ) . However, the bacterial levels may 
have been greatly underestimated by some of the microbial techniques used, which 
may not select for species that are strict anaerobes and nutritionally fastidious. 
Likewise, the microbial composition of GI microfl ora has been diffi cult to estimate 
not only because of the changes that occur but the isolation methods used in some 
studies do not necessarily support the growth of the more oxygen-sensitive anaer-
obes (Mead  1997 ; Ricke and Pillai  1999 ; Ricke et al.  2004 ; Lungu et al.  2009  ) . 
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Many of these studies were performed using bacteriological approaches under aero-
bic cultivation conditions, which would have been lethal to the obligate anaerobes. 
The few studies that have focused on anaerobes mostly used anaerobic jars, which 
are less effi cient than anaerobic chambers (Sakata et al.  1980 ; Sugita et al.  1985 ; 
Seiderer et al.  1987 ; MacMillan and Santucci  1990 ; Summanen et al.  1999 ; Ramirez 
and Dixon  2003 ; Burr et al.  2008a  )  The environment in an anaerobic jar is made 
anaerobic by using hydrogen and a palladium catalyst to remove oxygen through the 
formation of water. However, each time the jars are opened oxygen enters and the 
gas pack must be changed. This addition of oxygen into the environment may be 
suffi cient to kill the obligate anaerobes. The Anoxomat (Mart BV Microbiology 
Automation, Holland) and the Anaerobic Lap System (GR Instruments B.V., Wijk 
bij Duurstede, The Netherlands) are improved jar systems that use an automated 
evacuation-replacement technique to create an anaerobic environment (Summanen 
et al.  1999 ; Plugge  2005  ) . Air is repeatedly removed from the sealed jar(s) by a 
vacuum and then fi lled with an anaerobic gas mixture. Like the traditional GasPak 
system, any remaining oxygen is removed using hydrogen and a palladium catalyst 
to remove oxygen through the formation of water. In addition to anaerobic jars, the 
Anaerobic Lap System can be connected to stoppered fl asks and vials (Plugge 
 2005  ) . 

 Anaerobic isolation methods and media developed for enumeration of the rumen 
anaerobic microfl ora (Hungate  1950  )  have been shown to be the best for studying 
predominantly anaerobic gut microfl ora in other animal species, resulting for exam-
ple in the isolation of more than 200 strains of bacteria from the chicken ceca 
(Barnes and Impey  1972,   1980  ) . Using a Bactron II anaerobe chamber (Anaerobe 
Systems, Morgan Hill, CA, USA) and prereduced anaerobically sterilized (PRAS) 
medium, Ramirez and Dixon  (  2003  )  isolated and cultivated 49 obligate anaerobic 
bacteria from the intestinal fl ora of  Astronotus ocellatus ,  Pterophyllum scalare , and 
 Paralichthys lethostigma . Unfortunately, knowledge of GI ecosystems is incom-
plete because even when strict anaerobic methodology is practiced only a portion of 
the total viable counts can be accounted for (Ricke and Pillai  1999 ; Mead  1997  ) . 

 In contrast, an anaerobic chamber has an interchange compartment to allow mate-
rials to be placed inside the chamber without exposing the interior of the chamber to 
oxygen. The anaerobic atmosphere is maintained largely with a vacuum pump and 
nitrogen purges. The remaining oxygen is removed by a palladium catalyst and 
hydrogen. The oxygen reacts with the hydrogen to form water, which is then absorbed 
by a desiccant (Prescott et al.  1996  ) . However, anaerobic chambers use considerable 
amounts of gas to maintain anaerobic conditions and are not capable of cultivating 
microorganisms with various environmental requirements (Plugge  2005  ) . 

 The performance of the Anoxomat, the chamber, and the GasPak were compared 
by the growth of a variety of 54 obligate anaerobic bacteria strains and the recovery 
of anaerobic bacteria from 31 clinical specimens inoculated with known anaerobic 
bacteria strains (Summanen et al.  1999  ) . Results indicated that the Anoxomat, the 
chamber, and the GasPak jars recovered 95%, 95%, and 93% of the 54 strains, 
respectively, and 93.5%, 94.4%, and 88.9% of the strains present in the specimens, 
respectively. 
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 At this time, there is still no known medium that allows cultivation of all species 
of bacteria. The addition of reducing agents, such as thioglycolate, cysteine, palla-
dium, or ascorbate may be used to eliminate any dissolved oxygen present in the 
medium (Shermer et al.  1998 ; Ricke and Schaefer  1990 ; Plugge  2005  ) . Also, PRAS 
medium has been shown to improve isolation and cultivation of obligate anaerobes 
compared to aerobically prepared media (Chan et al.  1978 ; Ramirez and Dixon 
 2003  ) . The combination of an appropriate medium and cultivation in a strictly 
anaerobic environment would allow growth of a large number of obligate and facul-
tative anaerobes. Supplementation with rumen fl uid supports optimal growth for 
some cecal isolates (Salanitro et al.  1974a,   1974b,   1978  ) . This has been used an 
indication of chicken cecal bacteria possessing nutritional requirements similar to 
rumen organisms (Salanitro et al.  1974a,   1974b,   1978 ; Mead  1997  ) . Based on 
approaches developed for rumen bacteria (Leedle and Hespell  1980  ) , rumen fl uid-
based and non-rumen-fl uid-based carbohydrate differential selective media for 
inoculation of plate medium in an anaerobic glove box have been successfully used 
for enumeration of chicken GI microfl ora (Shermer et al.  1998  ) . The use of carbo-
hydrate differential medium has allowed enumeration of total anaerobes on plates 
and distinguishes specifi c energy/nutrient bacterial populations that are responding 
to specifi c dietary changes such as lactose. 

 The intestinal microbiota that have been cultivated from fi shes have not been 
thoroughly characterized. Therefore, the taxonomic affi liation of many isolates 
obtained from fi shes remains in question. It is important to understand the composi-
tion of the intestinal microbial community to understand the infl uence that the 
intestinal microbiota have on host nutrition. Consequently, a more thorough char-
acterization of the microbiota that evaluates phenotypic, chemotaxonomic, and 
genotypic data from both culture-dependent and culture-independent methodolo-
gies, a polyphasic approach (Schleifer  2009 ; Vandamme et al.  1996  )  is needed. 
Recent studies coupling culture-dependent and culture-independent methods give a 
new perspective of what is known and unknown about fi sh GI microbial communi-
ties in their entirety (Spanggaard et al.  2000 ; Huber et al.  2004 ; Pond et al.  2006 ; 
Kim et al.  2007  ) . Utilizing conventional aerobic bacteria plate counts and molecu-
lar techniques, differential gradient gel electrophoresis (DGGE), 16S rDNA 
sequencing, and fl uorescence in situ hybridization (FISH) analyses, Huber et al. 
 (  2004  )  identifi ed the dominant culturable and nonculturable microbiota present in 
the intestines of rainbow trout. Overall, the composition of the microbial communi-
ties varied from fi sh to fi sh. Sample culturability rates were found to be 50–90%, 
and Proteobacteria were the dominant GI residents. Samples with unculturable bac-
teria (aerobic bacteria plate counts were <2% of the direct microscopic counts) 
were subjected to additional molecular testing for identifi cation. They were shown 
to have similarity values of 98%, 95%, and 89% with  Carnobacteria ,  Clostridia , 
and  Anaerofi lum pentosovorans , respectively. Conventional microbiological and 
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molecular techniques are essential for all bacteria to be represented when defi ning 
relationships within a microbiome (Spanggaard et al.  2000 ; Huber et al.  2004 ; Pond 
et al.  2006 ; Kim et al.  2007  ) .  

    11.5   Manipulation of the Intestinal Tract Microfl ora 

    11.5.1   General Concepts 

 An increased understanding of the intestinal microfl ora in commercial fi sh, such as 
catfi sh, has potential for manipulation or alteration to enhance disease resistance 
and growth performance. Changing or replacing intestinal microfl ora to benefi t the 
host can be done by dietary manipulation to select for certain subgroups of intestinal 
bacteria, resulting in a shift of the total population (Gatesoupe  2002 ; Aubin et al. 
 2005 ; Balcazar et al.  2008 ; Merrifi eld et al.  2009  ) . Dietary manipulations can be 
carried out using cultures that are referred to as probiotics or competitive exclusion 
cultures (Merrifi eld et al.  2009  ) . A further development of this concept is to add 
dietary amendments or prebiotics that are not digestible but can be utilized by micro-
organisms such as lactic acid bacteria. They are considered particularly benefi cial 
either directly by the production of metabolic products that enhance the host in 
some way or indirectly by serving as a barrier to organisms considered harmful to 
the host (Burr et al.  2005,   2008a,   2008b ; Merrifi eld et al.  2010 ; Ringo et al.  2010  ) .  

    11.5.2   Probiotics 

    11.5.2.1   General Concepts 

 A probiotic involves the supplementation of actual viable microorganisms that 
potentially can become established in the GI tract and provide benefi ts to the host. 
Merrifi eld et al.  (  2010  )  outlined criteria for an ideal probiotic. An ideal probiotic is 
able to colonize the intestinal epithelial surface, is resistant to bile salts and low pH, 
and should have antagonistic characteristics toward common host pathogens. In 
addition, it was stressed that it must be free of plasmid-encoded antibiotic resistance 
genes and be nonpathogenic to aquatic animals and human consumers in addition to 
the host species. Reported benefi cial effects in cattle, pigs, poultry, and fi sh include 
improved general health, more effi cient food utilization, faster growth rate, and 
increased milk and egg production (Fuller  1992,   1997 ; Berg  1998 ; Gatesoupe  2002 ; 
Aubin et al.  2005 ; Balcazar et al.  2008 ; Merrifi eld et al.  2009  ) . Obviously, such 
benefi ts have led to tremendous commercial growth in marketing such products, but 
considerable controversy exists as to how direct the infl uence of adding biological 
additives is in eliciting these benefi ts.  
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    11.5.2.2   Probiotics in Aquaculture 

 Recent aquaculture feeding trials with probiotics have suggested that competitive 
exclusion and enhanced physiologicial and immune responses contribute to observed 
improvements in aquaculture health (Gatesoupe  2002 ; Aubin et al.  2005 ; Carnevali 
et al.  2006 ; Balcazar et al.  2008 ; Merrifi eld et al.  2009 ; Van Hai and Fotedar  2009 ; 
Castex et al.  2010  ) . Lactic acid bacteria are thought to promote growth in European 
sea bass juveniles ( Dicentrarchus labrax ) by reducing cortisol and promoting tran-
scription of genes responsible for growth (Carnevali et al.  2006  ) . Antioxidant status 
and oxidative stress were monitored in blue shrimp ( Litopenaeus stylirostris ) fed a 
diet supplemented with  Pediococcus acidilacti  MA18/5M for 1 month and then 
exposed to pathogenic  Vibrio nigripulchritudo  (Castex et al.  2010  )  .  Compared to 
the infected and uninfected control groups, infected shrimps fed the probiotic diet 
maintained antioxidant status and oxidative stress levels similar to the uninfected 
control group. Gatesoupe  (  2002  )  used  P. acidilactici  to supplement an  Artemia nau-
plii  diet and found improved growth in an experiment involving larval Pollack com-
pared to  Artemia nauplii  alone. 

 Effects differ among species and the type of probiotic used, as well as the dosage 
and length of time it is administered (Gatesoupe  2002 ; Aubin et al.  2005 ; Carnevali 
et al.  2006 ; Sugita et al.  2007 ; Balcazar et al.  2008 ; Merrifi eld et al.  2009 ; Van Hai 
and Fotedar  2009 ; Castex et al.  2010  ) . The extent of prevention from vertebral col-
umn compression syndrome (VCCS), a common spinal deformity characterized by 
width reduction and fusion of the vertebrae, signifi cantly increased in rainbow trout 
( Oncorhynchus mykiss  Walbaum) when they were fed a basal diet supplemented 
with probiotics (Aubin et al.  2005  ) . A control diet and fi ve experimental diets, each 
combined with a different supplement and administered for different amounts of 
time were compared after an experimental period of 5 months. The control group 
was fed Ecoweaner followed by Ecostart (Biomar S.A., Nersac, France), depending 
on the size of the fi ngerlings, for the entire experimental period. A second group 
was fed the control diet supplemented with the antibiotic fl orfenicol (fi nal concen-
tration 18 mg kg −1 ) (Nufl or, Schering-Plough, Union, NJ, USA) for the fi rst 10 days 
and the control diet alone for the remainder of the experimental period. Two of 
groups were fed the control diet supplemented with one of two probiotics, 
 Pediococcus acidilactici  MA18/ 5M or  Saccharomyces cerevisiae  var.  boulardii  
CNCM I-1079 for 20 days and the control diet for the remainder of the experimental 
period. The remaining two groups were also fed the control diet supplemented with 
one of the two probiotics for the entire 5-month period.  P. acidilactici  and  S. cerevi-
siae  were administered in concentrations of 1.5 ± 0.4 × 10 6  and 4.0 ± 0.1 × 10 6 , 
respectively. No signifi cant differences were found in the occurrence of VCCS 
between the control group (13%) and the groups administered the probiotic  S. cer-
evisiae  (9–10%). Fish fed the diets supplemented with either the antibiotic for 10 
days or the probiotic  Pediococcus acidilactic  for the entire 5 months were signifi -
cantly different from the control group (3% and 4%, respectively). However, in the 
groups fed the probiotic  P. acidilactic  for only 10 days there was no signifi cant 
effect on the rate of VCCS (12%) (Aubin et al.  2005  ) . Similar results occurred in 
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European sea bass juveniles ( Dicentrarchus labrax ) given feed supplemented with 
lactic acid bacteria (Carnevali et al.  2006  ) . Fish treated for 59 days had a higher 
body weight (81%) compared to the fi sh treated for 25 days (28%) with respect to 
the fi sh given feed without probiotics.  

    11.5.2.3   Probiotics in Catfi sh 

 Limited information is available on probiotic effects on catfi sh, and the results that 
have been reported vary (Table  11.1 ).  Lactococcus lactis , isolated from Amur cat-
fi sh ( Silurus asotus ), has been shown to elicit benefi cial effects by producing 
hydrogen peroxide (Sugita et al.  2007  ) . The hydrogen peroxide inhibited the growth 
of opportunistic pathogens  Aeromonas hydrophila  and  A. caviae  (Sugita et al. 
 2007  ) . In more recent work, a 12-week feeding trial was conducted using 
 Lactobacillus acidophilus  as a probiotic for African catfi sh ( Clarias gariepinus ) 
(Al-Dohail et al.  2009  ) . Fingerlings were fed two diets: one group with and one 
group without  L. acidophilus- supplemented feed. The mean fi nal weight increased 

   Table 11.1    Probiotics and prebiotics evaluated in catfi sh species   
 Species  Probiotic/prebiotic  Effects  Reference 

 African catfi sh 
( Clarias gariepinus ) 

  Lactobacillus 
acidophilus  

 ↑ Growth, survival  Al-Dohail et al. 
 (  2009  )  

 Juvenile channel catfi sh 
( Ictalurus punctatus)  

  Enterococcus  
(Biomate SF-20) 

 → Growth and disease 
resistance 

 Shelby et al. 
 (  2007  )  

  Bacillus subtilis  and 
 B. licheniformis  
(Bioplus 2B) 

 → Growth and disease 
resistance 

  Pediococcus  
(Bactocell PA10 MD) 

 → Growth and disease 
resistance 

  Lactobacillus  (LA-51)  → Growth and disease 
resistance 

 11  Bacillus  spp. 
(Clear-Flo 1002) 

 → Growth and disease 
resistance 

 14-g + 8-g species 
(Clear-Flo 1005) 

 → Growth and disease 
resistance 

 6-g + 10-g species 
(Clear-Flo 1006) 

 → Growth and disease 
resistance 

 African catfi sh 
( Clarias gariepinus ) 

 AXOS  ↑ Acetate, propionate, 
and total SCFAs 

 Rurangwa et al. 
 (  2008  )  

 Channel catfi sh 
( Ictalurus punctatus)  

 Bio-Mos  → Weight gain, feed 
conversion, survival 
rates 

 Welker et al. 
 (  2007  )  

 Channel catfi sh 
( Ictalurus punctatus)  

 Bio-Mos  ↑Survival; → weight 
gain, feed 
conversion rates 

 Peterson et al. 
 2010  )  

 → No effect  ↑ Increased  ↓ Decreased 

   SCFAs  short-chain fatty acids,  ASOX  arabinoxylooligosaccharides  
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from 155.43 ± 8.23 g for the control group to 182.04 ± 3.75 g for the experimental 
group. Total immunoglobulin for the control and experimental groups increased 
from 7.40 ± 0.33 (mg mL −1 ) to 9.50 ± 0.14 (mg mL −1 ), respectively. Given that sig-
nifi cant increases were observed in growth performance, survival, and hematology/
immunology parameters, Al-Dohail et al.  (  2009  )  concluded that  Lactobacillus aci-
dophilus  is potentially an acceptable probiotic for the African catfi sh.  

 Commercially available probiotics were combined with a commercial diet indi-
vidually and in combination in an effort to assess the effects on growth and disease 
resistance in juvenile channel catfi sh ( Ictalurus punctatus ) (Shelby et al.  2007  ) . 
Probiotics included  Enterococcus  (Biomate SF-20),  Bacillus  (Bioplus 2B), 
 Pediococcus  (Bactocell PA10 MD), and  Lactobacillus  (LA-51) species and were 
administered following the manufacturer’s recommendations during 5- and 8-week 
feeding trials. Following the feeding trials, fi sh were challenged with  Edwardsiella 
ictaluri  and monitored for an additional 14 days. No signifi cant increases in growth 
or disease resistance were found (Shelby et al.  2007  ) . 

 Shelby et al.  (  2007  )  stressed that despite recent successes in probiotic studies, 
probiotics need to be customized to suit individual species and age groups for posi-
tive effects to be achieved by the aquaculturist, the end-user, on a large scale. Further 
research is needed to understand the mechanisms of probiotics for individual spe-
cies. Most mechanisms that have been suggested to explain apparent successes in 
animals are too simplistic ecologically when the complexities of the GI tract are 
considered. Thus, the problem remains that even when such biological additives 
appear to work the mechanism(s) are still not understood.   

    11.5.3   Prebiotics 

    11.5.3.1   General Concepts 

 Prebiotics involve some sort of selective additive that is not utilizable by the host 
animal but can be selectively used and therefore is stimulatory to a portion of the 
GI population which is then presumed benefi cial to the host (Orban et al.  1997 ; 
Berg  1998 ; Ringo et al.  2010 ). Prebiotics that support positive bacteria populations 
such as  Lactobacillus  are comprised of carbohydrates, each classifi ed by the num-
ber of monosaccharide units (Niness  1999 ; Ringo et al. 2010  ) . When they are used 
in combination with probiotics, they are termed synbiotics (Gibson and Roberfroid 
 1995  ) . The practice of supplementing prebiotic additives to domestic animals’ diets 
during production is becoming widespread. There is precedence for improving 
dietary protein digestibility by prebiotic addition as well. In chickens, a prebiotic-
enzyme preparation added to broiler chicken diets containing up to 20% poultry 
by-product meal increased protein effi ciency and feed conversion effi ciency 
(Kirkpinar et al.  2004  ) . In addition to stimulating the growth of select populations 
of intestinal bacteria, there is evidence to suggest that prebiotics can improve the 
availability of important nutrients such as calcium and iron (Teitelbaum and Walker 
 2002  ) .  
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    11.5.3.2   Prebiotics in Aquaculture 

 Only limited studies with prebiotics have been conducted in fi sh (Table  11.1 ). The 
effects of fructooligosaccharide (FOS), galactooligosaccharide (GOS), mannanoli-
gosaccharides (MOS), xyloooligosaccharides (XOS), arabinoxylooligosaccharides 
(AXOS), isomaltooligosaccharides (IMO), inulin (a water-soluble dietary fi ber), 
and GroBiotic AE/GroBiotic-A (a mixture of partially autolyzed brewer’s yeast, 
dairy ingredient components, and dried fermentation products) on GI populations in 
aquaculture have been evaluated (Li and Gatlin  2004 ; Ringo et al.  2006 ; Welker 
et al.  2007 ; Burr et al.  2008a,   2008b ; Rurangwa et al.  2008 ; Li et al.  2009 ; Xu et al. 
 2009 ; Peterson et al.  2010  ) . Improvements observed in host health include increased 
acetate, propionate, and total short-chain fatty acids (SCFAs) in both African catfi sh 
( Clarias gariepinus ) and Siberian sturgeon given a basal diet supplemented with 
AXOS for 10 weeks (Rurangwa et al.  2008 ; Ringo et al.  2010 ). The effects of three 
basal diets, one supplemented with 50 kg −1  XOS, the second supplemented with 
100 kg −1  XOS, and the third supplemented with 200 kg −1  XOS were compared to the 
basal diet alone administered to Crucian carp ( Carassius auratus gibelio ) for 45 
days. The diet supplemented with 100 kg −1  XOS, signifi cantly increased growth and 
enzymatic activity compared to the basal diet alone (Xu et al.  2009  ) . 

 The effects of Grobiotic AE were investigated with hybrid striped bass (Li and 
Gatlin  2004  ) . Over the course of 21 weeks, bass exposed to the fi sh pathogen 
 Mycobacterium marinum  were fed a basal diet supplemented with 2% Grobiotic AE 
and 1% or 2% brewer’s yeast. Li and Gatlin  (  2004  )  reported that a diet containing 
Grobiotic AE and brewer’s yeast yielded a signifi cantly higher feed effi ciency. 
Those fi sh fed the prebiotic supplement also had signifi cantly lower mortality (20%) 
when challenged with the bacterial pathogen,  Streptococcus iniae,  compared to the 
fi sh fed the basal diet alone (approximately 28%). Prebiotics are a potential replace-
ment of antibiotics, and as Li and Gatlin  (  2004  )  pointed out, they also offer a practi-
cal approach to make poultry by-product meal more attractive as a possible protein 
substitute for fi sh meal in aquatic feeds. This is important because aquaculture’s 
consumption and cost of fi shmeal and fi sh oil has substantially increased (Naylor 
et al.  2009  ) . However, to optimize the type of prebiotic most suited for feeding with 
poultry by-product requires initial in vitro screening after incubation with hybrid 
striped bass intestinal microfl ora to determine protein digestibility and nutrient 
availability effects (Li and Gatlin  2004  ) . 

 GroBiotic-A, MOS, and GOS also exhibited positive effects in nutrient digest-
ibility for red drum ( Sciaenops ocellatus ) (Burr et al.  2008b  ) ; and when added indi-
vidually to a basal diet consisting of soybean meal (50%) and mehaden fi sh meal 
(50%), the apparent digestibility coeffi cient (ADC) for energy, protein, and organic 
matter signifi cantly increased. In a separate study conducted in an anaerobic cham-
ber, intestinal contents were removed from three red drum ( Sciaenops ocellatus ) 
previously fed a basal diet (Burr et al.  2008a  ) . The intestinal contents were used as 
inoculum in one of four liquid media, three of which contained a basal diet supple-
mented with 2% GroBiotic-A, 2% brewer’s yeast, or 2% FOS; the fourth contained 
the basal diet alone as a control. Aliquots (1 mL) of each sample were used for VFA 
and DGGE analysis after incubation for 0, 24, and 48 h at 25°C. After 24 h, samples 
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supplemented with GroBiotic-A signifi cantly increased acetate (88.73 ± 86.9  m mol/
mL) compared to the brewer’s yeast (42.88 ± 17.0  m mol/mL), FOS (26.99 ± 12.5  m mol/
mL), and basal diet (16.18 ± 12.9  m mol/mL) alone. After 48 h, GroBiotic-A exhib-
ited the highest acetate (67.85 ± 19.2) and total VFA production (78.13 ± 16.1) but 
was not signifi cantly different from the other samples. DGGE analysis revealed 
signifi cant differences in the composition of the microbial communities between the 
24-h and 48-h samples. The bacterial species present in the 24-h samples were 
determined to be highly related or identical, whereas the bacterial species in the 
48-h samples were much more diverse. Signifi cant differences were also observed 
in the bacterial species stimulated by GroBiotic-A and the bacterial species stimu-
lated by brewer’s yeast.   

    11.5.4   Prebiotics in Catfi sh 

 Feeds supplemented with MOS have had various effects on a wide range of aquatic 
species. Red drum (Burr et al.  2008b  ) , rainbow trout, hybrid tilapia, and tiger shrimp 
have shown positive improvements in response to MOS (Staykov et al.  2007 ; Genc 
et al.  2007a,   2007b  ) . The effects of Bio-Mos-supplemented catfi sh diets on the 
growth and survival of channel catfi sh, when challenged with  Edwardsiella ictaluri , 
were evaluated by Welker et al.  (  2007  )  and Peterson et al.  (  2010  ) . No signifi cant 
increases in weight gain or feed conversion rates were observed. In the 6-week feed-
ing trials followed by a 21-day challenge with  Edwardsiella ictaluri  by Peterson 
et al.  (  2010  ) , survival rates differed between the diet with 36% crude protein supple-
mented with Bio-Mos (2 g/kg of control diet) and diet prepared by extrusion tech-
nology with 32% crude protein supplemented with Bio-Mos (2 g/kg of control diet). 
The 36% crude protein diet supplemented with Bio-Mos improved survival by 42%, 
whereas the 32% crude protein diet showed no signifi cant effect on survival when 
challenged with  Edwardsiella ictaluri.  

 Welker et al.  (  2007  )  fed a 32% crude protein control diet supplemented with Bio-
Mos (2 g/kg of control diet) for 4 weeks. The fi sh were subsequently fed the 32% 
crude protein control diet alone for 2 weeks and then challenged with  Edwardsiella 
ictaluri.  Survival rates (5.0–17.5%) did not signifi cantly improve, and it was sug-
gested by Peterson et al.  (  2010  )  that the benefi ts of the prebiotic may have decreased 
during the 2 weeks prior to the challenge with  Edwardsiella ictaluri  when fed the 
control diet alone. Welker et al.  (  2007  )  measured immune parameters (plasma 
lysozyme, bactericidal, spontaneous hemolytic complement activities) at 4 and 6 
weeks; and whereas values were signifi cantly different between the 4- and 6-week 
measurements, values did not vary between the control diet and the diet supple-
mented with Bio-Mos. Peterson et al.  (  2010  )  also monitored lysozyme activity 
before and after the challenge and found that lysozyme activity was similar between 
the diets. Such fi ndings highlight the need to understand better the inner workings 
between a host’s GI tract and its inhabitants to exploit successfully the use of prebi-
otics in channel catfi sh and for aquaculture in general.   
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    11.6   Conclusions and Future Research 

 The U.S. catfi sh industry has a large economic impact, generating billions of dollars 
annually. Catfi sh products worth US$445 billion were sold by growers to processors 
in 2007 (Haley  2008  ) . Despite this fi gure, the total was down 8% from the previous 
year; and with recent rises in energy and feed costs, catfi sh industry profi ts, farm 
acreage, and employment have decreased during the last 7 years (Harvey  2006 ; 
Haley  2008 ; Naylor et al.  2009  ) . A practical reason for looking at the microbial 
community of channel catfi sh is the potential for lowering feed costs. If a stable 
intestinal microbial community exists, it might be possible to manipulate the micro-
organisms in the community in such a way as to allow the channel catfi sh to con-
sume a diet high in formulated plant matter, which is more inexpensive and a readily 
available food source such as crop residues. 

 Fish GI microorganisms have received periodic interest with the isolation of indi-
vidual organisms usually accompanied by identifi cation and characterization stud-
ies. Relating these fi ndings back to the ecology of the fi sh GI tract and the potential 
impact on the nutrition and health of the fi sh have been the focus of most of these 
studies. The repeated successes with the application of prebiotics and competitive 
exclusion or probiotic cultures ensures continued commercialization and wide-
spread use individually and in combination (Ricke and Pillai  1999 ; Gatesoupe  2002 ; 
Aubin et al.  2005 ; Burr et al.  2005 ; Merrifi eld et al.  2009  ) . Recently, the European 
Standing Committee on the Food Chain and Animal Health authorized the use of 
probiotics in aquaculture (Lallemand Animal Nutrition  2009  ) . However, additional 
feeding trials are needed to identify specifi c benefi cial strains for individual species, 
as are investigations of how combinations of prebiotics and probiotics (synbiotics) 
can maintain both the productivity of benefi cial bacteria strains and their presence 
in the GI tract. What is really needed is an understanding of the key processes of 
bacteria, particularly anaerobes, in the GI system that lead to the subsequent fer-
mentation characteristics and ecological balance exhibited by benefi cial microfl ora. 
This requires a much more complete picture of the GI microbial ecology and should 
include strict anaerobes such as methanogens, which have historically been over-
looked when GI microfl ora have been characterized.      

  Acknowledgment   This review was supported in part by a USDA Food Safety Consortium grant 
to S.C.R.  

      References 

    Ahilan, B., G. Shine, and R. Santhanam. 2004. Infl uence of probiotics on the growth and gut 
microbial load of juvenile goldfi sh ( Carassius auratus ).  Asian Fisheries Science  17: 271–278.  

    Al-Dohail, M.A., R. Hashim, and M. Aliyu-Paiko. 2009. Effects of the probiotic,  Lactobacillus 
acidophilus , on the growth performance, haematology parameters and immunoglobulin con-
centration in African Catfi sh ( Clarias gariepinus , Burchell 1822) fi ngerling.  Aquaculture 
Research  40: 1642–1652.  



182 J.J. Burr et al.

    Andrews, J.W., and R.R. Stickney. 1972. Interactions of feeding rates and environmental temperature 
on growth, food conversion, and body composition of channel catfi sh.  Transactions of the 
American Fisheries Society  101: 94–99.  

    Atlas, R.M., and R. Bartha. 1993.  Microbial ecology: Fundamentals and applications , vol. 2, 
112–115. Redwood City: The Benjamin/Cummings Publishing Company, Inc.  

    Aubin, J., F.J. Gatesoupe, L. Labbe, and L. Lebrun. 2005. Trial of probiotics to prevent the verte-
bral column compression syndrome in rainbow trout ( Oncorhynchus mykiss  Walbaum). 
 Aquaculture Research  36: 758–767.  

    Bagheri, T., S. Hedayati, V. Yavari, M. Alizade, and A. Farzanfar. 2008. Growth, survival and gut 
microbial load of rainbow trout ( Onchorhynchus mykiss ) fry given diet supplemented with 
probiotic during the two months of fi rst feeding.  Turkish Journal of Fisheries and Aquatic 
Sciences  8: 43–48.  

    Bailey, R.M., and H.M. Harrison. 1948. Food habits of the Southern Channel Catfi sh ( Ictalurus 
Lacustris punctatus)  in the Des Moines River, Iowa.  Transactions of the American Fisheries 
Society  75: 110–138.  

    Bairagi, A., K.S. Ghosh, S.K. Sen, and A.K. Ray. 2002. Enzyme producing bacterial fl ora isolated 
from fi sh digestive tracts.  Aquaculture International  10: 109–121.  

    Balcazar, J.L., D. Vendrell, I. de Blas, I. Ruiz-Zarzuela, J.L. Muzquiz, and O. Girones. 2008. 
Characterization of probiotic properties of lactic acid bacteria isolated from intestinal micro-
biota of fi sh.  Aquaculture  278: 188–191.  

    Baldwin, R.L., and M.J. Allison. 1983. Rumen metabolism.  Journal of Animal Science  57: 
461–477.  

    Barnes, E.M., and C.S. Impey. 1972. Some properties of the nonsporing anaerobes from poultry 
ceca.  Journal of Applied Bacteriology  35: 241–251.  

    Barnes, E.M., C.S. Impey, and D.M. Cooper. 1980. Manipulation of the crop and intestinal fl ora of 
the newly hatched chick.  American Journal of Clinical Nutrition  33: 2426–2433.  

    Berg, R.D. 1998. Probiotics, prebiotics or ‘conbiotics’?  Trends in Microbiology  6: 89–92.  
    Brauman, A., J. Dore, P. Eggleton, D. Bignell, J.A. Breznak, and M.D. Kane. 2001. Molecular 

phylogenetic profi ling of prokaryotic communities in guts of termites with different feeding 
habits.  FEMS Microbiology Ecology  35: 27–36.  

    Breznak, J.A. 1984. Biochemical aspects of symbiosis between termites and their intestinal micro-
biota. In  Invertebrate–microbial interactions , ed. J.M. Anderson, A.D.M. Rayner, and D.W.H. 
Walton. Cambridge: Cambridge University Press.  

   Burch, T.A. 1970.  Estimated costs and returns of channel catfi sh production, Beaufort-Jasper 
Area, South Carolina. Misc. Ext. Circular . Clemson University and U.S. Dept. of Agriculture 
Extension Service.  

    Burr, G., S. Ricke, and D. Gatlin. 2005. Microbial ecology of the gastrointestinal tract of fi sh and 
the potential application of prebiotics and probiotics in fi nfi sh.  Journal of the World Aquaculture 
Society  36: 425–436.  

    Burr, G., M. Hume, S. Ricke, D. Nisbet, and D. Gatlin. 2008a. A preliminary  in vitro  assessment 
of GroBiotic ® -A, brewer’s yeast and fructooligosaccharide as prebiotics for the red drum 
 Sciaenops ocellatus .  Journal of Environmental Science and Health Part B  43: 253–260.  

    Burr, G., M. Hume, W.H. Neill, and D.M. Gatlin. 2008b. Effects of prebiotics on nutrient digest-
ibility of a soybean-meal-based diet by red drum  Sciaenops ocellatus  (Linnaeus).  Aquaculture 
Research  39: 1680–1686.  

    Cahill, M.M. 1990. Bacterial fl ora of fi shes: A review.  Microbial Ecology  19: 21–41.  
    Campbell, A.C., and J.A. Buswell. 1983. The intestinal microfl ora of farmed Dover sole ( Solea 

solea ) at different stages of fi sh development.  Journal of Applied Bacteriology  55: 215–223.  
    Carnevali, O., L. de Vivo, R. Sulpizio, G. Gioacchini, I. Olivotto, S. Silvi, and A. Cresi. 2006. 

Growth improvement by probiotic in European sea bass juveniles (Dicent rarchus labrx  L.), 
with particular attention to IGF-1, myostatin and cortisol gene expression.  Aquaculture  258: 
430–438.  

    Carr, W.E.S., and C.A. Adams. 1973. Food habits of juvenile marine fi shes occupying seagrass 
beds in the estuarmne zone near Crystal River, Florida.  Transactions of the American Fisheries 
Society  102: 511–540.  



18311 Characteristics and Modifi cation of the Intestinal Tract Microbiota…

    Carter, R.R., and K.O. Allen. 1976. Effects of fl ow rate and aeration on survival and growth of 
channel catfi sh in tanks.  Progressive Fish-Culturist  38: 204–206.  

    Castex, M., P. Lemaire, N. Wabete, and L. Chim. 2010. Effect of probiotic  Pediococcus acidilactici  
on antioxidant defenses and oxidative stress of  Litopenaeus stylirostris  under  Vibrio nigripul-
chritudo  challenge.  Fish Shell Immunology  28: 622–631.  

    Chan, E.C., J. Devries, and R.F. Harvey. 1978. Preparation of prereduced anaerobically sterilized 
media and their use in cultivation of anaerobic bacteria.  Journal of Clinical Microbiology  8: 
123–126.  

    Christensen, M.S. 1977. Trophic relationships in juveniles of three species of sparid fi shes in the 
South African marine littoral.  Fishery Bulletin U.S.  76: 389–401.  

    Collado, M.C., and Y. Sanz. 2007. Quantifi cation of mucosa-adhered microbiota of lambs and 
calves by the use of culture methods and fl uorescent  in situ  hybridization coupled with fl ow 
cytometry techniques.  Veterinary Microbiology  121: 299–306.  

    Dehority, B.A., and G.A. Varga. 1991. Bacterial and fungal numbers in ruminal and caecal con-
tents of the Blue Duiker ( Cephalophus nionticola ).  Applied and Environmental Microbiology  
57: 469–472.  

    Dunning, R. 1995.  Aquaculture in North Carolina: Catfi sh . Raleigh: North Carolina Dept. of 
Agric. Div. of Aqua. and Nat. Res.  

    Eddy, S., and J.C. Underhill. 1974.  Northern fi shes . Minneapolis: University of Minnesota Press.  
      Federal Coordinating Council on Science, Engineering and Technology. 1983.  The joint subcom-

mittee on aquaculture , Vol. 2. Washington D.C.  
    Forbes, S.A. 1888. Studies of the food of fresh-water fi shes.  Bulletin of the Illinois State Laboratory 

of Natural History  2: 433–473.  
    Fuller, R. 1992. History and development of probiotics. In  Probiotics the scientifi c basis , ed. 

R. Fuller. London: Chapman & Hall.  
    Fuller, R. 1997. Introduction. In  Applications and practical aspects , vol. 2, ed. R. Fuller. New 

York: Chapman & Hall.  
    Gatesoupe, F.J. 2002. Probiotic and formaldehyde treatments of  Artemia nauplii  as food for larval 

Pollack,  Pollachius pollachius .  Aquaculture  21: 347–360.  
    Genc, M.A., E. Yilmaz, E. Genc, and M. Aktas. 2007a. Effects of dietary mannan oligosaccharides 

(MOS) on growth, body composition, and intestine and liver histology of the hybrid tilapia 
( Oreochromis niloticus  x  O aureus ).  Israeli Journal of Aquaculture-Bamidgeh  59: 10–16.  

    Genc, M.A., M. Aktas, E. Genc, and E. Yilmaz. 2007b. Effects of dietary mannan oligosaccharides 
on growth, body composition and hepatopancreas histology of  Penaeus semisulcatus  (de Haan 
1844).  Aquaculture Nutrition  13: 156–161.  

    Gibson, G.R., and M.B. Roberfroid. 1995. Dietary modulation of the human colonic microbiotia: 
Introducing the concept of prebiotics.  Journal of Nutrition  125: 1401–1412.  

    Goddard, S. 1996.  Feed management in intensive aquaculture , vol. 87, 15–18. New York: Chapman 
& Hill.  

    Green, C.C., and A.M. Kelly. 2009. Effects of the estrogen mimic genistein as a dietary component 
on sex differentiation and ethoxyresorufi n-O-deethylase (EROD) activity in channel catfi sh 
( Ictalurus punctatus ).  Fish Physiology and Biochemistry  35: 377–384.  

    Grizzle, J.M., and W.A. Rogers. 1976.  Anatomy and histology of the channel catfi sh, Ictalurus 
punctatus , 19–28. Auburn: Auburn Printing.  

    Hagi, T., D. Tanaka, Y. Iwamura, and T. Hoshino. 2004. Diversity and seasonal changes in lactic 
acid bacteria in the intestinal tract of cultured freshwater fi sh.  Aquaculture  234: 335–346.  

   Haley, M.M. 2008.  Livestock, Dairy and Poultry Outlook. Economic Research Service USDA . 
  http://www.ers.usda.gov/publications/ldp    . Accessed July 15, 2010.  

   Harvey, D.J. 2006.  Aquaculture Outlook. Economic Research Service USDA .   http://usda.mannlib.
cornell.edu/usda/ers/LDP-AQS//2000s/2006/LDP-AQS-10-05-2006.pdf    . Accessed July 15, 
2010.  

    Hastings, W.H., and L.M. Dickie. 1972. Feed formulation and evaluation. In  Fish nutrition , ed. J.E. 
Halver. New York: Academic.  

    Helfman, G.S., B.B. Collette, and D.E. Facey. 1997.  The diversity of fi shes , vol. 3, 66. Maiden: 
Blackwell.  



184 J.J. Burr et al.

    Hepher, B. 1988.  Nutrition of pond fi shes , 292–294. Cambridge: Cambridge University Press.  
    Horn, M.H. 1989. Biology of marine herbivorous fi shes.  Oceanography and Marine Bioliogy 

Annual Review  27: 167–272.  
    Huber, I., B. Spanggaard, K.F. Appel, L. Rossen, T. Nielsen, and L. Gram. 2004. Phylogenetic 

analysis and  in situ  identifi cation of the intestinal microbial community of rainbow trout 
( Oncorhynchus mykiss , Walbaum).  Journal of Applied Microbiology  96: 117–132.  

    Hungate, R.E. 1950. The anaerobic mesophilic cellulolytic bacteria.  Bacteriological Reviews  14: 
1–49.  

    Hungate, R.E. 1966.  The rumen and its microbes . New York: Academic.  
    Hungate, R.E., J. Reich, and R. Prins. 1971. Parameters of rumen fermentation in a continuously 

fed sheep: Evidence of a microbial rumination pool.  Applied Microbiology  22: 1104–1113.  
    Jordan, D.S., and B.W. Evermann. 1908.  American food and game fi shes , 21–22. New York: 

Doubleday, Page and Company.  
    Kandel, J.S., M.H. Horn, and W. Vanantwerp. 1994. Volatile fatty-acids in the hindgut of herbivo-

rous fi shes from temperate and tropical marine waters.  Journal of Fish Biology  45: 527–529.  
    Kihara, M., and T. Sakata. 2001. Infl uences of incubation temperature and various saccharides 

on the production of organic acids and gases by gut microbes of rainbow trout  Oncorhynchus 
mykiss  in a micro-scale batch culture.  Journal of Comparative Physiology B  171: 
441–447.  

    Kihara, M., and T. Sakata. 2002. Production of short-chain fatty acids and gas from various oligo-
saccharides by gut microbes of carp ( Cyprinus carpio L. ) in micro-scale batch culture. 
 Comparative Biochemistry and Physiology  A 132: 333–340.  

    Kim, D., J. Brunt, and B. Austin. 2007. Microbial diversity of intestinal contents and mucus in 
rainbow trout ( Oncorhynchus mykiss ).  Journal of Applied Microbiology  102: 1654–1664.  

    Kirkpinar, F., Z. Açigöz, M. Bozkurt, and V. Ayhan. 2004. Effects of inclusion of poultry by-
product meal and enzyme-prebiotic supplementation in grower diets on performance and feed 
digestibility of broilers.  British Poultry Science  45: 273–279.  

   Lallemand Animal Nutrition. 2009.  BACTOCELL   ®   : The First Probiotic Authorized for use in 
Aquaculture in the European Union .   http://www.lallemand.com/Home/eng/PDFs/LAN09-
PR09-Bactocell_aqua_EN.pdf    .  

    Leedle, J.A.Z., and R.B. Hespell. 1980. Differential carbohydrate media and anaerobic replica 
plating techniques in delineating carbohydrate-utilizing subgroups in rumen bacterial-popula-
tions.  Applied and Environmental Microbiology  39: 709–719.  

    Li, P., and D.M. Gatlin III. 2004. Dietary brewers yeast and the prebiotic GrobioticTMAE infl u-
ence growth performance, immune responses and resistance of hybrid striped bass ( Morone 
chrysops  x  M. saxatilis .) to  Streptococcus iniae  infection.  Aquaculture  231: 445–456.  

    Li, J., B. Tan, and K. Mai. 2009. Dietary probiotic  Bacillus  OJ and isomaltooligosaccharides infl u-
ence the intestine microbial populations, immune responses and resistance to white spot syn-
drome virus in shrimp ( Litopenaeus vannamei ).  Aquaculture  291: 35–40.  

    Lim, C., M. Yildirim-Askoy, and P.H. Klesius. 2009. Growth response and resistance to 
 Edwardsiella ictaluri , fed diets containing distiller’s dried grains and solubles.  Journal of the 
World Aquaculture Society  40: 182–193.  

    Lovell, T. 1989.  Nutrition and feeding of fi sh , 111–114. New York: Van Norstrand Reinhold.  
    Luczkovich, J.J., and E.J. Stellwag. 1993. Isolation of cellulolytic microbes from the intestinal 

tract of the pinfi sh,  Lagodon rhomboides : Size-related changes in diet and microbial abun-
dance.  Marine Biology  116: 381–388.  

    Luczkovich, J.J., S.F. Norton, and R.G. Gilmore. 1995. The infl uence of oral anatomy on prey 
selection during ontogeny of two percoid fi shes,  Lagodon rhomboides  and  Centropomus 
undecirnalis .  Environmental Biology of Fishes  44: 79–95.  

    Lungu, B., S.C. Ricke, and M.G. Johnson. 2009. Growth survival, proliferation and pathogenesis 
of  Listeria monocytogenes  under low oxygen or anaerobic conditions: A review.  Anaerobe  15: 
7–17.  

    MacMillan, J.R., and T. Santucci. 1990. Seasonal trends in intestinal bacterial fl ora of farm-raised 
channel catfi sh.  Journal of Aquatic Animal Health  2: 217–222.  



18511 Characteristics and Modifi cation of the Intestinal Tract Microbiota…

    Malinen, E., T. Rinttila, K. Kajandar, J. Matto, and A. Kassinen. 2005. Analysis of the fecal microbiota 
of irritable bowel syndrome patients and healthy controls with realtime PCR.  American Journal 
of Gastroenterology  100: 373–382.  

    McNab, J.M. 1973. The avian caeca: A review.  Worlds Poultry Science Journal  29: 251–263.  
    Mead, G.C. 1997. Bacteria in the gastrointestinal tract of birds. In  Gastrointestinal microbiology , 

vol. 2, ed. R.I. Mackie, B.A. White, and R.E. Isaacson, 216–240. London: Chapman & Hall.  
   Merrifi eld, D.L., G. Bradley, G.M. Harper, R.T.M. Baker, C.B. Munn, and S.J. Davies. 2009. 

Assessment of the effects of vegetative and lyophilized  Pediococcus acidilactici  on growth, 
feed utilization, intestinal colonization and health parameters of rainbow trout ( Oncorhynchus 
mykiss  Walbaum).  Aqua Nutr . DOI:   10.1111/j.1365-2095.2009.00712.x      

    Merrifi eld, D.L., A. Dimitroglou, A. Foey, S.J. Davies, R.T.M. Baker, J. Bogwald, M. Castex, and 
E. Ringo. 2010. The current status and future focus of probiotic and prebiotic applications for 
salmonids.  Aquaculture  302: 1–18.  

   Mississippi Agricultural and Forestry Experiment Station, Mississippi State University Extension 
Service. 2010.  Commercial Catfi sh Production .   http://msucares.com/aquaculture/catfi sh/index.
html    . Accessed Jan 5, 2010. Washington D.C., The Joint Subcommittee on Aquaculture.  

   Mitchell, T.G. 1995. An investigation of the ecological relationship between a carboxymethylcel-
lulase-producing bacterium and pinfi sh,  Lagodon rhomboides . Masters thesis. Greenville 53: 
East Carolina University.  

    Moore, W.E.C., and L.V. Holdeman. 1974. Human fecal fl ora: The normal fl ora of 20 Japanese-
Hawaiians.  Applied Microbiology  27: 961–979.  

    Moyle, P.B., and J.J. Cech. 1988.  Fishes: An introduction to ichthyology , 2nd ed. Englewood 
Cliffs: Prentice Hall.  

    Naylor, R., R. Hardy, D. Bureau, A. Chlu, M. Elliott, A. Farrell, I. Forster, D. Gatlin, R. Goldburg, 
K. Hua, and P. Nichols. 2009. Feeding aquaculture in an era of fi nite resources.  Proceedings of 
the National Academy of Sciences of the United States of America  106: 15103–15110.  

    Niness, K.R. 1999. Inulin and oligofructose: What are they?  Journal of Nutrition  129: 
1402S–1406S.  

    Nisbet, D. 2002. Defi ned competitive exclusion cultures in the prevention of enteropathogen colo-
nization in poultry and swine.  Antonie Van Leeuwenhoek International Journal of General and 
Molecular Microbiology  81: 481–486.  

    Noda, S., Y. Hongoh, T. Sato, and M. Ohkuma. 2009. Complex coevolutionary history of symbi-
otic  Bacteroidales  bacteria of various protists in the gut of termites.  BMC Evolutionary Biology  
9: 158. doi:  10.1186/1471-2148-9-158    .  

    Odelson, D.A., and J.A. Breznak. 1983. Volatile fatty acid production by the hindgut microbiota of 
xylophagous termites.  Applied and Environmental Microbiology  45: 1602–1613.  

    Odenyo, A.A., R.I. Mackie, D.A. Stahl, and B.A. White. 1994. The use of 16S rRNA targeted 
oligonucleotide probes to study competition between ruminal fi brolytic bacteria: Pure-culture 
studies with cellulose and alkaline peroxide-treated wheat straw.  Applied and Environmental 
Microbiology  60: 3697–3703.  

    Orban, J.I., J.A. Patterson, A.L. Sutton, and G.N. Richards. 1997. Effect of sucrose thermal oligo-
saccharide caramel, dietary vitamin-mineral level, and brooding temperature on growth and 
intestinal bacterial populations of broiler chickens.  Poultry Science  76: 482–490.  

    Peterson, B.C., T.C. Bramble, and B.B. Manning. 2010. Effects of Bio-Mos ®  on growth and sur-
vival of channel catfi sh challenged with  Edwardsiella ictaluri .  Journal of the World Aquaculture 
Society  41: 149–155.  

    Pinto-Tomas, A.A., M.A. Anderson, G. Suen, D.M. Stevenson, F.S.T. Chu, W.W. Cleland, P.J. 
Weimer, and C.R. Currie. 2010. Symbiotic nitrogen fi xation in the fungus gardens of leaf-cutter 
ants.  Science  326: 1120–1123.  

    Plugge, C.M. 2005. Anoxic media design, preparation, and considerations.  Methods Enzymology  
397: 3–16.  

    Pond, M., D. Stone, and D. Alderman. 2006. Comparison of conventional and molecular tech-
niques to investigate the intestinal microfl ora of rainbow trout ( Oncorhynchus mykiss ). 
 Aquaculture  261: 194–203.  



186 J.J. Burr et al.

    Prescott, L.M., J.P. Harley, and D.A. Klein. 1996.  Microbiology , 3rd ed. Dubuque: Wm. C. Brown 
Publishers.  

    Ramirez, R.F., and B.A. Dixon. 2003. Enzyme production by obligate intestinal anaerobic bacteria 
isolated from oscars ( Astronotus ocellatus ), angelfi sh ( Pterophyllum scalare ) and southern 
fl ounder ( Paralichthys lethostigma ).  Aquaculture  227: 417–426.  

    Rehman, H.U., W. Vahjen, W.A. Awad, and J. Zentek. 2007. Indigenous bacteria and bacterial 
metabolic products in the gastrointestinal tract of broiler chickens.  Archives of Animal Nutrition  
61: 319–335.  

    Ricke, S.C., and S.D. Pillai. 1999. Conventional and molecular methods for understanding probiotic 
bacteria functionality in gastrointestinal tracts.  Critical Reviews in Microbiology  25: 19–38.  

    Ricke, S.C., and D.M. Schaefer. 1990. An ascorbate-reduced medium for nitrogen metabolism 
studies with  Selenomonas ruminantium .  Journal of Microbiological Methods  11: 219–227.  

    Ricke, S.C., C.L. Woodward, Y.M. Kwon, L.F. Kubena, and D.J. Nisbet. 2004. Limiting avian 
gastrointestinal tract  Salmonella  colonization by cecal anaerobic bacteria, and a potential role 
for methanogens. In  Preharvest and postharvest food safety, contemporary issues and future 
directions , ed. R.C. Beier, S.D. Pillai, and T.D. Phillips. Ames: Blackwell Publishing 
Professional.  

    Rimmer, D.W., and W.J. Wiebe. 1987. Fermentative microbial digestion in herbivorous fi shes. 
 Journal of Fish Biology  31: 229–236.  

    Ringo, E. 1993. Does dietary linoleic acid affect intestinal microfl ora in Artic Charr,  Salvelinus 
alpinus  (L.)?  Aquaculture Fisheries Management  24: 133–135.  

    Ringo, E., R.E. Olsen, T.O. Gifstad, R.A. Dalmo, H. Amlund, G.-I. Hemre, and A.M. Bakke. 2010. 
Prebiotics in aquaculture: A review.  Aquaculture Nutrition  16: 117–136.  

    Ringo, E., H. Bendiksen, S. Gausen, A. Sundsfjord, and R. Olsen. 1998. The effect of dietary fatty 
acids on lactic acid bacteria associated with the epithelial mucosa and from faecalia of Artic 
charr,  Salvelinus alpinus  (L.).  Journal of Applied Microbiology  85: 855–864.  

    Ringo, E., S. Sperstad, R. Myklebust, T.M. Mayhew, and R.E. Olsen. 2006. The effect of dietary 
inulin on bacteria associated with hindgut of Artic charr ( Salvelinus alpinus  L.).  Aquaculture 
Research  37: 891–897.  

   Robinson, E.H., H.L. Menghe, and B.B. Manning. 2001. A practical guide to nutrition, feeds and 
feeding of catfi sh (Second Revision). Offi ce of Agricultural Communications: Bulletin 1113. 
  http://msucares.com/pubs/bulletins/b1113.pdf    . Accessed Jan 5, 2010.  

    Rohde, F.C., and R.G. Arndt. 1994.  Freshwater fi shes of the carolinas, virginia, maryland and 
delaware , 124. Chapel Hill: University of North Carolina Press.  

    Rurangwa, E., Y. Delaedt, Z. Geraylou, T. Van De Wiele, C.M. Courtin, J.A. Delcour, and F. 
Ollevier. 2008.  Dietary effect of arabinoxylan oligosaccharides on zootechnical performance 
and hindgut microbial fermentation in Siberian sturgeon and African catfi sh , 569–570. Krakow: 
Aquacult Europe.  

    Sakata, T., H. Sugita, T. Mitsuoka, D. Kakimoio, and H. Kadota. 1980. Isolation and distribution 
of obligate anaerobic bacteria from the intestines of freshwater fi sh.  Bulletin of the Japan 
Society of Scientifi c Fisheries  46: 1249–1255.  

    Sakata, T., H. Sugita, T. Mitsuoka, D. Kakimoio, and H. Kadota. 1981. Characteristics of obligate 
anaerobic bacteria in the intestines of freshwater fi sh.  Bulletin of the Japan Society of Scientifi c 
Fisheries  47: 421–427.  

    Salanitro, J.P., I.G. Blake, and P.A. Muirhead. 1974a. Studies on cecal microfl ora of commericial 
broiler chickens.  Applied Microbiology  28: 439.  

    Salanitro, J.P., I.G. Fairchil, and Y.D. Zgonick. 1974b. Isolation, culture characteristics, and iden-
tifi cation of anaerobic bacteria from chicken cecum.  Applied Microbiology  27: 628.  

    Salanitro, J.P., I.G. Blake, P.A. Muirhead, M. Maglio, and J.R. Goodman. 1978. Bacteria isolated 
from duodenum, ileum, and cecum of young chicks.  Applied and Environmental Microbiology  
35: 782–790.  

    Schleifer, K.H. 2009. Classifi cation of bacteria and archaea: Past, present and future.  Systematic 
and Applied Microbiology  32: 533–542.  



18711 Characteristics and Modifi cation of the Intestinal Tract Microbiota…

    Seiderer, L.J., C.L. Davis, F.T. Robh, and R.C. Newell. 1987. Digestive enzymes of the anchovy 
 Engraulis capensis  in relation to diet.  Marine Ecology Progress Series  35: 15–23.  

    Shelby, R.A., C. Lim, M. Yildirim-Aksoy, and P.H. Klesius. 2007. Effects of probiotic bacteria as 
dietary supplements on growth and disease resistance in young channel catfi sh,  Ictalurus punc-
tatus  (Rafi nesque).  Journal of Applied Aquaculture  19: 81–91.  

    Shermer, C.L., K.G. Maciorowski, C.A. Bailey, F.M. Byers, and S.C. Ricke. 1998. Caecal metabo-
lites and microbial populations in chickens consuming diets containing a mined humate com-
pound.  Journal of the Science of Food and Agriculture  77: 479–486.  

    Shi, Y., and P.J. Weimer. 1997. Competition for cellobiose among three predominant ruminal cel-
lulolytic bacteria under substrate-excess and substrate-limited conditions.  Applied and 
Environmental Microbiology  63: 743–748.  

    Shi, Y., C.L. Odt, and P.J. Weimer. 1997. Competition for cellulose among three predominant 
ruminal cellulolytic bacteria under substrate-excess and substrate-limited conditions.  Applied 
and Environmental Microbiology  63: 734–742.  

   Smith, T.D. 1992. The isolation and characterization of the cellulolytic anaerobic gastrointestinal 
microfl ora of the pinfi sh ( Lagodon rhomboides ). Masters thesis. Greenville: East Carolina 
University.  

    Smith, T.B., D.H. Wahl, and R.I. Mackie. 1996. Volatile fatty acids and anaerobic fermentation in 
temperate piscivorous and omnivorous freshwater fi sh.  Journal of Fish Biology  48: 829–841.  

    Spanggaard, B., I. Huber, J. Neilson, T. Neilsen, K. Appel, and L. Gram. 2000. The microfl ora of 
rainbow trout intestine: A comparison of traditional and molecular identifi cation.  Aquaculture  
182: 1–15.  

    Staykov, Y., P. Spring, S. Denev, and J. Sweetman. 2007. Effect of a mannan oligosaccharide on 
the growth performance and immune status of rainbow trout ( Oncorhynchus mykiss ). 
 Aquaculture International  15: 153–161.  

    Stellwag, E.J., T.D. Smith, and J.J. Luczkovich. 1995. Characterization and ecology of carboxym-
ethylcellulase-producing anaerobic bacterial communities associated with the intestinal tract of 
the pinfi sh,  Lagodon rhomboides .  Applied and Environmental Microbiology  61: 813–816.  

    Stickney, R.R. 1993.  Culture of nonsalmonid freshwater fi shes , 2nd ed. Boca Raton: CRC Press.  
    Stickney, R.R., and S.E. Shumway. 1974. Occurrence of cellulase activity in the stomachs of 

fi shes.  Journal of Fish Biology  6: 779–790.  
    Stoner, A.W., and R.J. Livingston. 1984. Ontogenetic patterns in diet and feeding morphology in 

sympatric sparid fi shes from seagrass meadows.  Copeia  1984: 174–187.  
    Strassert, J., M. Desai, R. Radek, and A. Brune. 2010. Identifi cation and localization of the mul-

tiple bacterial symbionts of the termite gut fl agellate  Joenia annectens .  Microbiology  156: 
2068–2079.  

    Sugita, H., K. Tokuyama, and Y. Deguchi. 1985. The intestinal microfl ora of carp  Cyprinus carpio  
grass carp  Ctenopharynogodon idella  and tilapia  Sarothe rodon niloticus .  Bulletin of the Japan 
Society of Scientifi c Fisheries  51: 1325–1329.  

    Sugita, H., J. Kawasaki, and Y. Deguchi. 1997. Production of amylase by the intestinal microfl ora 
in cultured freshwater fi sh.  Letters in Applied Microbiology  24: 105–108.  

    Sugita, H., K. Ohta, A. Kuruma, and T. Sagesaka. 2007. Short Communication: An antibacterial 
effect of  Lactococcus lactis  isolated from the intestinal tract of the Amur catfi sh,  Silurus asotus  
Linnaeus.  Aquaculture Research  38: 1002–1004.  

    Summanen, P.H., M. McTeague, M.-L. Väisänen, C.A. Strong, and S.M. Finegold. 1999. 
Comparison of recovery of anaerobic bacteria using the Anoxomat ® , anaerobic chamber, and 
GasPak ®  jar systems.  Anaerobe  5: 5–9.  

    Teitelbaum, J.E., and W.A. Walker. 2002. Nutritional impact of pre- and probiotics as protective 
gastrointestinal organisms.  Annual Review of Nutrition  22: 107–138.  

    Titus, E., and G. Ahearn. 1991. Transintestinal acetate transport in an herbivorous teleost: Anion 
exchange at the basolateral membrane.  Journal of Experimental Biology  156: 41–61.  

    Trust, T.J., L.M. Bull, B.R. Currie, and J.T. Buckley. 1979. Obligate anaerobic bacteria in the gastro-
intestinal microfl ora of the grass carp ( Ctenopharyngodon idella ), goldfi sh ( Caassius auratus),  



188 J.J. Burr et al.

and rainbow trout ( Salmo gairdneri ).  Journal of the Fisheries Research Board of Canada  36: 
1174–1179.  

      Van Hai N., and R. Fotedar. 2009.  Comparison of the effects of the prebiotics (Bio-Mos® and 
 b -1,3-D-glucan) and the customized probiotics (Pseudomonas synxantha and P. aeruginosa) 
on the culture of juvenile western king prawns (Penaeus latisulcatus Kishinouye, 1896  )  
Aquaculture 289: 310–316.  

    Vandamme, P., B. Pot, M. Gillis, P. De Vos, K. Kersters, and J. Swings. 1996. Polyphasic taxon-
omy, a consensus approach to bacterial systematics.  Microbiological Reviews  60: 407–438.  

    Walden, H.T. 1964.  Familiar freshwater fi shes of America . New York: Harper and Row.  
    Webster, C.D., J.H. Tidwell, L.S. Goodgame, D.H. Yancey, and L. Mackey. 1992. Use of soybean 

meal and distillers grains with solubles as partial or total replacement of fi sh meal in diets for 
channel catfi sh,  Ictalurus punctatus .  Aquaculture  106: 301–309.  

    Welker, T.L., C. Lim, M. Yildirim-Aksoy, R. Shelby, and P.H. Klesius. 2007. Immune response and 
resistance to stress and  Edwardsiella ictaluri  challenge in channel catfi sh,  Ictalurus punctatus , 
fed diets containing commercial whole-cell yeast or yeast subcomponents.  Journal of the World 
Aquaculture Society  38: 24–35.  

    Wertz, J.T., and J.A. Breznak. 2007. Physiological ecology of  Stenoxybacter acetivorans , an obli-
gate microaerophile in termite guts.  Applied and Environmental Microbiology  73: 6829–6841.  

    Xu, B., Y. Wang, J. Li, and Q. Lin. 2009. Effects on prebiotic xylooligosaccharides on growth 
performance and digestive activities of allogynogenetic crucian carp ( Carassius auratus 
gibelio ).  Fish Physiology and Biochemistry  35: 351–357.      



189T.R. Callaway and S.C. Ricke (eds.), Direct-Fed Microbials and Prebiotics for Animals: 
Science and Mechanisms of Action, DOI 10.1007/978-1-4614-1311-0_12, 
© Springer Science+Business Media, LLC 2012

  Abstract   Each year an estimated 76 million people in the United States develop a 
food-borne illness. Often, food animals are reservoirs for bacterial food-borne 
agents; these organisms are frequently part of the normal fl ora in the animals’ gas-
trointestinal tract and can be shed in the feces subsequently contaminating the envi-
ronment or carcass at harvest. The USDA Food Safety and Inspection Service 
currently sets guidelines and oversees standards to reduce the risk of bacterial con-
tamination of meat and poultry products, yet illnesses still occur. The discovery of 
new routes of pathogen transmission on items such as produce highlight the impor-
tance of additional mitigation strategies in food animals prior to harvest. Preharvest 
interventions to reduce the prevalence and concentration of food-borne pathogens 
have become a major research priority. These products include direct-fed microbials 
(DFMs). This chapter reviews the evidence for the use of DFMs to reduce food-
borne pathogenic bacteria in cattle before they enter the food chain.      

    12.1   Introduction 

 Each year an estimated 76 million people in the United States develop a food-borne 
illness (CDC  2010  ) . These illnesses range in severity from asymptomatic or mild 
gastrointestinal (GI) upset to death. The populations at highest risk for severe illness 
or death are frequently young children, the elderly, or immunocompromised per-
sons. A number of bacterial, viral, and parasitic agents have been associated with 
food-borne illnesses, and these organisms can be transmitted on a seemingly endless 
array of food products and in water (Mead et al.  1999 ; Lynch et al.  2009  ) . Often, 
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food animals are reservoirs for bacterial food-borne agents; and these organisms are 
frequently part of the normal fl ora in the animals’ GI tract. They can be shed in the 
feces, contaminating the environment or carcass at harvest. The U.S. Department of 
Agriculture (USDA) Food Safety and Inspection Service (FSIS) currently sets 
guidelines and oversees standards to reduce the risk of bacterial contamination of 
meat and poultry products (USDA, FSIS  2010a  ) , yet illnesses still occur. The dis-
covery of new routes of pathogen transmission on items such as produce highlight 
the importance of additional mitigation strategies in food animals prior to harvest. 
Preharvest interventions to reduce the prevalence and concentration of food-borne 
pathogens have become a major research priority. Products such as direct-fed micro-
bials (DFMs), vaccines, bacteriophage, and antimicrobials have been proposed as 
preharvest interventions in food animals (Callaway et al.  2004 ; Loneragan and 
Brashears  2005 ; LeJeune and Wetzel  2007  ) . 

 The benefi cial effects of ingesting certain microorganisms or their products have 
been recognized since the early twentieth century when Metchnikoff demonstrated 
that lactic acid bacteria from fermented foods could have human health benefi ts. 
Still, only during the past several decades has there been a resurgence in the use 
and applicability of such products commercially. DFMs now have applications in 
food animals with a variety of desirable outcomes. In addition to products being 
used for performance benefi ts and GI health, one developing use is competitive 
exclusion of bacterial food-borne pathogens. To date, this use has primarily been 
evaluated in cattle and poultry, both of which are capable of shedding pathogenic 
organisms in their feces, potentially contaminating food, water, and the environ-
ment. In such an application, the DFM product would reduce the prevalence or 
concentration of food-borne pathogens in animals prior to their harvest, thereby 
reducing the potential pathogen load in the environment and at the abattoir. Most of 
the products currently evaluated for such an application in cattle were examined for 
their effi cacy in reducing the  Escherichia coli  O157:H7 concentration and/or 
prevalence. Applications against other food-borne organisms, including non-O157 
Shiga toxin-producing  E. coli  (STEC) and  Salmonella , are also being developed. In 
poultry, the focus has been on reduction of  Salmonella  and  Campylobacter . The 
following sections provide a review of published work on competitive exclusion 
of food-borne pathogens in cattle. (The role of DFMs in poultry production and 
food safety are discussed elsewhere in this book). There is also a brief discussion 
of the potential mechanisms responsible for pathogen reduction, focused on  E. coli  
O157:H7.  

    12.2   Preharvest Food Safety in Cattle 

 Cattle are reservoirs for several bacterial food-borne pathogens, including  E. coli  
O157:H7 and other STEC,  Salmonella enterica ,  Campylobacter jejuni , and  Listeria 
monocytogenes  (Callaway et al.  2006 ; Hannon et al.  2009  ) . Often, these bacteria 
colonize the lower GI tract of animals asymptomatically. Cattle may become colo-
nized with these organisms early in the animal’s life, probably within weeks of birth 
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(Gannon et al.  2002    ; Pearce et al.  2004  ) . Perhaps the most important food-borne 
pathogen to the U.S. cattle industry is  E. coli  O157:H7. Traditionally, this organism 
has been associated with ground beef, although other food products, including pro-
duce, may be transmission vehicles (Rangel et al.  2005  ) . Each year an estimated 
73,000 human cases of  E. coli  O157:H7 infections occur; and the pathogen, which 
is considered an adulterant, was associated with over 43 million pounds of beef 
product recalls between 2007 and 2009 (USDA, FSIS  2010b  ) . The USDA federal 
testing and inspection requirements, as well as a number of postharvest interven-
tions, reduce the risk of  E. coli  O157:H7 and other contaminants entering the food 
chain. Still, new food products are being identifi ed as transmission vehicles, and 
their contamination routes might not be as obvious. There is a need for preharvest 
interventions in cattle to reduce the carriage of  E. coli  O157:H7 and other pathogens 
that could be transmitted to other animals throughout the environment or serve as a 
source of reinoculation. If pathogen colonization and concentration in the animal is 
reduced, it is likely that the number of food-borne outbreaks would also diminish. 

 Competitive exclusion was fi rst described by Nurmi in Finland and was in the 
context of providing normal microbial inhabitants that could protect against 
 Salmonella  colonization in the chick GI tract (Nurmi and Rantala  1973  ) . This term 
is now used to describe the reduction of other pathogens, including  E. coli  O157:H7, 
in cattle when animals are orally administered normal GI tract microorganisms. 
DFMs are becoming increasingly popular in cattle production as a nonantimicrobial 
alternative to improve performance and health (Krehbiel et al.  2003  ) . Frequently 
strains or fermentation products of  Lactobacillus ,  Enterococcus , commensal  E. coli , 
and  Bifdobacterium  species are used as DFMs, although some fungal products have 
also been evaluated. Most of the reported literature for DFM use in cattle evaluates 
products containing strains of commensal  E. coli  or  Lactobacillus . Several com-
mercially available products are now starting to promote the competitive exclusion 
capacity of their DFM to reduce  E. coli  O157:H7 in addition to other health and 
performance benefi ts. If these products can competitively exclude  E. coli  O157:H7, 
 Salmonella , or other pathogens, they may become an extremely useful preharvest 
intervention tool. However, none of the commercial products currently available 
have approved claims for pathogen control or reduction.  

    12.3   Direct-Fed Microbial Products Containing 
Commensal  E. coli  

 The use of commensal  E. coli  to competitively exclude  E. coli  O157:H7 and other 
STECs seems intuitive and has been evaluated in experimental challenge studies. 
Previous work in mouse models has shown that precolonization of the GI tract 
with commensal  E. coli  organisms can protect against  E. coli  O157:H7 coloniza-
tion (Gamage et al.  2006 ; Leatham et al.  2009  ) . Protection against  E. coli  O157:H7 
or other STEC colonization in cattle has not been as well described; and the effi -
cacy in reducing fecal shedding of these organisms is inconsistent. In 24-h labora-
tory fermentations with cattle rumen or a fecal inoculum,  E. coli  competitive 
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exclusion cultures were associated with a lower  E. coli  O157:H7 concentration 
than in nontreated fermentations (Fox et al.  2009  ) . These in vitro competitive 
exclusion experiments were done using “probiotic”  E. coli  isolates identifi ed by 
Zhao et al.  (  1998  ) . Zhao et al.  (  1998  )  screened approximately 1,200 bacterial iso-
lates obtained from  E. coli  O157:H7-negative cattle feces for their potential to 
inhibit the organism. In vitro inhibitory effects were observed for 17  E. coli  iso-
lates, which were confi rmed to be negative STECs and were evaluated for lack of 
pathogenicity and probiotic potential in calves. Administration of the isolated  E. 
coli  bacteria prior to oral challenge with  E. coli  O157:H7 reduced carriage of the 
 E. coli  O157:H7 for most study animals (Zhao et al.  1998  ) . Similar results were 
reported for a related experimental challenge study with fecal STEC serotypes 
O26:H11 and O111:NM (Zhao et al.  2003  )  (Table  12.1 ). Fecal shedding of these 
two STECs was reduced in young calves (<1 week of age) pretreated with a three-
strain mixture of  E. coli  (obtained from the previous study). In this study, there was 
no signifi cant reduction in  E. coli  O157:H7 shedding between treated and untreated 
calves. In older, weaned calves, the STEC serotype response to treatment with 
competitive exclusion  E. coli  was different (Tkalcic et al.  2003 ). Here, the O26:H11 

   Table 12.1    Experimental challenge studies evaluating the fecal prevalence of STEC in cattle fed 
DFMs containing commensal  Escherichia coli  species   
 STEC evaluated  Cattle population  Result  Reference 

  E. coli  O157:H7  Holstein calves  Fecal concentration signifi cantly* 
less in the treatment group 
compared to controls at the 
end of the study (18 days after 
challenge) 

 Zhao et al.  (  1998  )  

  E. coli  O157:H7  Holstein calves  No signifi cant difference between 
treatments 

 Zhao et al.  (  2003  )  

  E. coli  O111:NM  <1 week old  Probiotic treatment shed less on 
days 3 and 7 after infection 
than control calves 

  E. coli  O26:H11  Probiotic treatment shed less on 
days 6 and 7 after infection 
than control calves 

  E. coli  O157:H7  Holstein calves  Fecal shedding signifi cantly 
reduced in calves fed probiotic 
on 8 of 16 sampling days 

 Tkalcic et al. 
(2003) 

  E. coli  O111:NM  Fecal shedding signifi cantly 
reduced in calves fed probiotic 
on 4 of 16 sampling days 

  E. coli  O26:H11  No signifi cant difference between 
treatments 

  E. coli  O157:H7  Holstein calves  No statistical difference in fecal 
concentration between DFM 
and control treatments within 
a study phase 

 Schamberger 
et al.  (  2004  )  

   STEC  Shiga toxin-producing  E. coli ,  DFM  direct-fed microbial 
 *Statistical signifi cance is considered at  P  < 0.05  
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concentration was not reduced in probiotic-treated calves, although  E. coli  
O111:NM and O157:H7 shedding was reduced for several collection days. These 
competitive exclusion  E. coli  cultures have not consistently reduced the shedding 
of  E. coli  O157:H7, O26:H11, or O111:NM on all shedding days in this series of 
trials. However, cattle were administered the  E. coli  treatment only one time, either 
before or after inoculation; in practice, a DFM product would likely be adminis-
tered daily. The effect of continual dosing of commensal  E. coli  on fecal shedding 
of STEC has not been reported. In a separate study,  E. coli  strains previously 
shown to produce bacteriocins, called colicins, were fed to cattle prior to experi-
mental challenge with  E. coli  O157:H7 (Schamberger et al.  2004  ) . Although this 
product did exhibit trends for lower  E. coli  O157:H7 fecal concentrations in calves 
receiving the DFM product compared to control calves, the differences were not 
statistically signifi cant. There have been no published reports of trials in natural 
prevalence feedlot conditions using an  E. coli- based DFM product, making it dif-
fi cult to assess the ability of these products to serve as a preharvest intervention in 
the commercial setting.   

    12.4   Direct-Fed Microbial Products Containing 
Lactic Acid Bacteria 

 The ability of lactic acid bacteria, most commonly  Lactobacillus  species, to reduce 
the prevalence or concentration of food-borne pathogens in cattle has been more 
extensively reported than DFM products with any other bacteria (Table  12.2 ). Lactic 
acid bacteria as a group are Gram-positive rods or cocci that are metabolically simi-
lar regarding fermenting carbohydrates to produce lactic acid as a major end-prod-
uct. Lactobacilli are part of the normal fl ora of the rumen and the lower gut. Although 
the use of lactobacilli as a food-borne pathogen intervention in cattle is relatively 
new, the organisms have been in use as feed additives to modify ruminal function 
and improve animal performance (Krehbiel et al.  2003  ) .  

 A screen of lactic acid bacteria from cattle feces culture negative for  E. coli  
O157:H7 revealed a signifi cant number of isolates that could inhibit the organism 
in vitro (Brashears et al.  2003a  ) . After evaluating isolates for acid and bile toler-
ance, antimicrobial susceptibility, and effi cacy at reducing  E. coli  O157:H7 in fecal 
and rumen fl uid samples, the authors found  Lactobacillus  species with anti- E. coli  
O157 effi cacy and potential as a competitive exclusion product. Since then, the 
same group has published several natural prevalence feedlot trials that showed 
a reduction in the fecal shedding of  E. coli  O157:H7 in cattle administered the 
 L. acidophilus  product as a DFM (combined with a  Propionibacterium freudenre-
ichii  species) (Brashears et al.  2003b ; Elam et al.  2003 ; Younts-Dahl et al.  2004  ) , an 
association that initially appeared to be linearly associated with the DFM dose 
(Younts-Dahl et al.  2005  ) . Stephens et al.  (  2007a  )  reported a reduced likelihood of 
 E. coli  O157:H7 recovery from cattle feces or hides if the animal was administered 
 L. acidophilus  NP51, although in their trial there was no linear association with the 
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DFM dose. However, at the highest dose, this product was also shown to reduce the 
 Salmonella  fecal and hide prevalence in cattle during the same trial (Stephens et al. 
 2007a  ) . Other groups have also evaluated the same  L. acidophilus  DFM product as 
a preharvest food safety intervention. A 2-year feedlot study found  L. acidophilus  
NP51 to be effective in reducing  E. coli  O157:H7 prevalence in feeder cattle 
(Peterson et al.  2007  ) . Woerner et al.  (  2006  )  conducted a study evaluating multiple 
interventions applied individually or in combination on  E. coli  O157 prevalence in 
feces and hides. They found a trend for decreased prevalence in both sample types 
when cattle were administered the  L. acidophilus  DFM; treatment in this study was 
not statistically signifi cant, however, as there were only three pens for each treat-
ment group. Finally, Tabe et al.  (  2008  )  reported the effi cacy of a different  L. acido-
philus  DFM strain (BT1386) for reducing  E. coli  O157:H7, but not  Salmonella , 
prevalence in yearling feedlot steers. This strain of  L. acidophilus  has also been 
shown to inhibit  E. coli  O157:H7 in a dose-dependent response using in vitro fecal 
suspensions (Chaucheyras-Durand et al.  2006  ) . 

 Several feeding trials have reported effi cacy of DFM products with multiple lac-
tic acid bacterial strains combined with or without additional organisms aimed at 
 E. coli  O157:H7 reduction. One product containing  L. acidophilus ,  L. casei , 
 Saccharomyces cerevisiae ,  Enterococcus faecium , and a fungal extract was shown 
to reduce the prevalence of  E. coli  O157:H7 in feedlot cattle when the product was 
fed to them for 15 days immediately prior to slaughter (Jacob et al.  2010  ) . A similar 
mixture of bacterial and fungal organisms has been evaluated in sheep, which can 
also be a reservoir for  E. coli  O157:H7 and often serves as a model for cattle. The 
combination of  L. acidophilus ,  L. casei ,  L. fermentum , and  L. plantarum  combined 
with  E. faecium  reduced  E. coli  O157:H7 shedding in experimentally challenged 
lambs when compared to other DFM or control treatments (Lema et al.  2001  ) . 
Clearly, there are several DFM products containing  Lactobacillus  organisms that 
appear effective at reducing  E. coli  O157:H7 and possibly  Salmonella  in feedlot 
cattle. However, previous work suggests that not all  Lactobacillus  strains or DFM 
products reduce the concentration and prevalence or inhibit the organism in vitro 
(Brashears et al.  2003a ; Stephens et al.  2007b  ) . The reasons for differences in the 
degree to which shedding is reduced and the success of some products but not others 
remain unknown, but it may be associated with the mechanism of action specifi c to 
each bacterial strain.  

    12.5   Direct-Fed Microbial Products Containing 
Other Organisms 

 Occasionally, DFM products that contain organisms other than lactic acid bacteria 
or  E. coli  have been evaluated for effi cacy as a preharvest  E. coli  O157:H7 competi-
tive exclusion intervention. Arthur et al.  (  2010  )  evaluated a  Bacillus subtilis  strain 
as a DFM and found no effect on  E. coli  O157:H7 prevalence or on the concentra-
tion in feces or on hides. In a randomized controlled trial of feedlot cattle, neither 
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 Saccharomyces cerevisiae  subsp . boulardii  nor  Aspergillus oryzae  products were 
associated with the  E. coli  O157:H7 prevalence independent of grain type 
(Cernicchiaro et al.  2010  ) . The  S. cerevisiae  subsp.  boulardii  was shown to have 
anti- E. coli  O157:H7 action on spot agar assays, but with rumen fl uid inoculations 
there was no effect of the DFM on the  E. coli  O157:H7 concentration (Bach et al. 
 2003  ) . It seems likely that proprietary products with bacterial strains believed to 
improve cattle health and performance may also be evaluated for their potential to 
reduce the prevalence of  E. coli  O157:H7 or other food-borne pathogens. It is dif-
fi cult to predict the success and mechanisms of action of these products, and to date 
there is no evidence of effi cacy for any of these products in a natural prevalence, 
clinical trial setting.  

    12.6   Potential Mechanisms 

 It is clear that most of the DFM products evaluated for food-borne pathogen inter-
vention in cattle target  E. coli  O157:H7, likely because of the importance of this 
organism to the beef industry. Therefore, the potential mode of action of DFM prod-
ucts here focuses on  E. coli  O157:H7 reduction, although one would expect similar 
mechanisms for other organisms, particularly the non-O157 STEC. Traditionally, 
inhibition of food-borne pathogens by DFMs are broadly grouped into indirect 
effects mediated by changes in the microbial ecosystem in the GI tract and direct 
effects where DFM organisms exert effects on the food-borne pathogens. More spe-
cifi cally, production of antibacterial substances, competition for attachment or colo-
nization sites in the GI tract, and immunomodulation are mechanisms by which 
DFM organisms can inhibit other bacteria (Brashears et al.  2005  ) . There is evidence 
to support that all of these mechanisms may be useful for reducing  E. coli  O157:H7 
in cattle. Although other mechanisms such as reduced expression of virulence genes 
in  E. coli  O157:H7 and  Salmonella  by secreted molecules of probiotic organisms 
have also been reported (Medellin-Peña et al.  2007 ; Bayoumi and Griffi ths  2010  ) , 
their role in reducing pathogen prevalence or concentration in food animals has not 
been evaluated. 

 Studying the mechanism of a DFM product in cattle is complicated by the inter-
actions and passage through the rumen. The food-borne pathogens shed in the feces 
of cattle colonize in the lower GI tract. Thus, passage through the GI tract and nor-
mal function and health is crucial to the competitive exclusion potential of any 
DFM. However, it is often not known if these organisms have the ability to survive 
and proliferate in the hindgut, where they would inhibit  E. coli  O157:H7. 

    12.6.1   Production of Antibacterial Products 

 Bacteria produce several antibacterial substances that can inhibit competing fl ora, 
including hydrogen peroxide, organic acids, and bacteriocins. The effects of these 
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products on  E. coli  O157:H7 or other bacteria have primarily been evaluated in vitro. 
The production and concentration of the products in the animal is complicated by 
other factors. Oxidative products are frequently produced by bacteria and may infl u-
ence the gut microbial ecosystem. Strains of intestinal  Lactobacillus  have been 
found to produce varying levels of hydrogen peroxide, which is a known antibacte-
rial substance (Annuk et al.  2003  ) . Production of hydrogen peroxide or other similar 
products in the intestinal tract from administered DFM organisms has not been 
reported; however, if it were produced, it would likely not be selective for specifi c 
food-borne organisms. It is more likely there would be an effect on the normal fl ora, 
which may indirectly have an impact on the prevalence or concentration of specifi c 
bacteria. This may be true for other antibacterial substances as well, including 
organic acids. 

 Bacteria in the large intestine of animals often produce organic acids as meta-
bolic end-products. Total acid production is related to the dietary substrates avail-
able, host factors (rate of absorption), and changes in the microbial populations. The 
specifi c acids produced are not the only ones affected by the host and environment, 
so are the bacteria – and it may even be strain-specifi c   . End-products are generally 
short-chain fatty acids including acetate, propionate, butyrate, and lactate 
(Macfarlane and Macfarlane  2003  ) . In vitro experiments showed strains of 
 Lactobacillus  that were also capable of producing succinic acid, and some strains 
could produce two to three times more than others (Annuk et al.  2003  ) . Still, the 
primary fermentation product of lactic acid bacteria is lactate (although other prod-
ucts may be produced), and other DFMs containing  Propionibacterium  should pro-
duce propionate. The in vivo production and concentration of these acids by the 
organisms in DFM products is not known. Still, if these organisms behave and func-
tion normally in the lower gut, we would expect organic acid production. Previous 
work with  E. coli  O157:H7 has shown that the organism is sensitive to lactic acid; 
however, inhibition is pH-dependent and augmented by ethanol, another product of 
lactobacilli (Jordan et al.  1999  ) . Similar fi ndings were reported for acetic, propi-
onic, butyric, and lactic acids at lower pH (Shin et al.  2002  ) . In addition, numerous 
studies have evaluated these acids for reducing the viability of  E. coli  O157:H7 in 
food products. McWilliam Leitch and Stewart  (  2002  )  showed that lactate and pro-
pionate were effective at reducing the viability of  E. coli  O157:H7 and other STEC 
in vitro, although inhibition was temperature-specifi c. Work in our laboratory has 
shown that  E. coli  O157:H7 can be inhibited by  L. acidophilus  enrichment, although 
if the pH of the enrichment is brought to neutral (~7), there is no observed inhibition 
(unpublished data). In vitro fecal suspensions treated with  L. acidophilus  exhibited 
a decrease in  E. coli  O157:H7, pH, lactate concentration, and total lactic acid bacte-
ria counts compared to control fermentations (Chaucheyras-Durand et al.  2006  ) . In 
an infant rabbit model, animals treated with  L. casei  and challenged with  E. coli  
O157:H7 did not differ in fecal pH and had only a slightly higher fecal lactic acid 
concentration than challenged animals not given the DFM (Ogawa et al.  2001  ) . It 
seems unlikely that the pH of the hindgut would be low enough to duplicate the 
in vitro effect (pH < 6); however, some reduction of pH, particularly in the microen-
vironment of the pathogen, may contribute to overall fi tness or other competitive 
exclusion mechanisms. Also, the organic acid effect may not necessarily be related 
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to pH alone but to the pKa of the acid and the ability of the acid to enter bacterial 
cells and cause damage. 

 Finally, bacteriocins are small peptides secreted by bacteria that are inhibitory to 
closely related organisms.  Escherichia coli  commonly produces colicins, which can 
inhibit closely related  E. coli  strains including  E. coli  O157:H7 (Murinda et al. 
 1996  ) . This is supported by the work of Zhao et al.  (  1998  ) , who showed that  E. coli  
isolated from the feces of cattle were capable of inhibiting  E. coli  O157:H7 in vitro. 
 Lactobacillus  species are also capable of producing bacteriocins, but their ability to 
inhibit Gram-negative organisms such as  E. coli  O157:H7 is unclear (Brashears 
et al.  2005  ) . These products may be effective in reducing other Gram-positive food-
borne pathogens including  Listeria monocytogenes , however.  

    12.6.2   Competition for Attachment Sites 

 A common proposed mechanism for inhibition or reduction of food-borne patho-
gens in the GI tract is competition for attachment or colonization sites. Colonization 
of these sites by other normal fl ora or DFM organisms would in turn protect against 
colonization from the food-borne pathogens of interest (Brashears et al.  2005  ) . Data 
to support this mechanism is limited, although some confl icting data exist from 
monogastric models. Work by Spencer and Chesson  (  1994  )  found that  Lactobacillus  
strains adherent to porcine enterocytes did little to inhibit enterotoxigenic  E. coli  
attachment. Still, in studies with HEp-2 and T84 epithelial cell lines pretreated with 
 Lactobacillus  species,  E. coli  O157:H7 adherence and epithelial cell injury were 
reduced compared to that of untreated cells (Sherman et al.  2005  ) . Additionally, 
molecules secreted by  L. acidophilus  were shown to reduce adherence and lesions 
from  E. coli  O157:H7 in HEp-2 and HeLa cell lines and inhibited expression of 
genes associated with  E. coli  O157:H7 attachment (Medellin-Peña et al.  2007 ; 
Medellin-Peña and Griffi ths  2009  ) . This reduction may be related to the ability of 
 E. coli  O157:H7 to communicate by interrupting quorum-sensing molecules that 
are important for gene expression. More work is needed to understand the role of 
competition for attachment in the ruminant hindgut.  

    12.6.3   Immunomodulation 

 Stimulation of the immune system by DFM organisms may contribute to inhibition 
or reduction of food-borne pathogens in the GI tract. Either a humoral response by 
immunoglobulins A (IgA) and IgM associated with the mucus membrane or nonhu-
moral immunity (e.g., increased phagocytic activity, cytokine production) may con-
tribute to altered microbial ecology. There is evidence in mouse and rabbit models 
that  Lactobacillus  species stimulate the immune system against  E. coli  O157:H7 
and  Salmonella  infections. In infant rabbits inoculated with  E. coli  O157:H7, the 
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severity of infections and colonization was reduced if treated daily with an  L. casei  
strain (Ogawa et al.  2001  ) . In addition, at 7 days after the infection, there was evi-
dence of a signifi cant increase in the anti-Stx1 and Stx2 IgA response, supporting 
local immunomodulation. Similarly, in mice treated for a week with heat-killed, 
mixed  L. acidophilus  strains and challenged with  Salmonella typhimurium , coloni-
zation was reduced and there was evidence of immunomodulation (Lin et al.  2007  ) . 
Still, in these studies the challenge organisms were given at high doses, and both 
 E. coli  O157:H7 and  Salmonella typhimurium  are pathogenic to mice, which is not 
the case in cattle. The specifi c immune response in the established bovine GI tract 
against  E. coli  O157:H7 or  Salmonella  may not be as substantial or compelling.   

    12.7   Conclusions 

 Direct-fed microbials are increasing in popularity, partially driven by the need for 
nonantimicrobial alternatives to improved animal health and performance. An addi-
tional advantage for these microbial additives may be the reduction of pathogenic 
food-borne bacteria. Several products may be effective in reducing the prevalence 
and concentration of  E. coli  O157:H7 in cattle, but their effi cacy in reducing other 
food-borne pathogens remains unknown. The precise mechanism responsible for 
reducing the presence of any organism by competitive exclusion may not be known, 
but it is likely specifi c to each DFM product and each organism inhibited. There is 
evidence supporting the idea that organisms frequently included in DFMs can pro-
duce antibacterial substances, compete for attachment sites, and induce immuno-
modulation responses in the GI tract, all of which could inhibit food-borne pathogens. 
More research is needed to identify specifi c mechanisms associated with this reduc-
tion. The results of such studies may lead to the development of more effi cacious 
DFM products.      
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  C 
  Cattle 

 beef   ( see  Beef cattle) 
 direct-fed microbial products 

 antibacterial products , 196–198  
 attachment/colonization sites , 198  
  Escherichia coli  , 191–193  
 immunomodulation , 198–199  

 lactic acid bacteria , 193–195  
 organisms , 195–196  

 preharvest food safety , 190–191  
 probiotic and prebiotic effects, 

immunity , 69   
  Centers for Disease Control and Prevention 

(CDC) , 100   
  Channel catfi sh, intestinal tract microbiota 

 anaerobic isolation methods , 173  
 Anaerobic Lap System , 173  
 Anoxomat , 173  
 ecology of 

 cellulolytic bacteria , 171–172  
 characterization , 168–169  
 diversity , 167  
 fi sh intestinal tract anatomy , 167–168  
 functionality , 170–171  
 identifi cation , 169–170  

 manipulation of 
 prebiotics , 177–180  
 probiotics , 175–178  

 taxonomic affi liation , 174   
  Coccidiosis , 50   
  Commensal microbiota 

 bacterial diversity , 4  
 benefi cial and pathogenic 

microorganisms , 8  
 HPA , 4, 7, 8  
 impact of stressors , 7  
 lactic acidosis , 4  
 nutritional competition perspective , 4  
 postnatal programming , 5–7  
 river ecosystem , 4  
 temporal colonization , 5   

  Competitive exclusion (CE) , 99–100    

             Index 
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  D 
  Dairy cattle, probiotics 

 categories , 123  
 feeding benefi ts 

 food safety benefi ts , 128  
 health benefi ts , 127–128  
 production and performance , 125–127  

 food-borne pathogenic bacteria , 124  
 modes of action , 129–130  
 production effi ciency , 125  
  Salmonella  , 124  
 synbiotics , 122  
 yeast and fungal products , 123   

  Denaturing gradient gel electrophoresis 
(DGGE) , 37, 48   

  Dissolved oxygen (DO) , 164–166    

  E 
  Enterotoxigenic  Escherichia coli  (ETEC) , 50    

  G 
  Galactooligosaccharides (GOS) , 17, 18, 179   
  Gastrointestinal mucosal immunity 

 acquired responses , 63–64  
 innate responses , 63  
 microbial ecology , 63  
 microbiota , 64   

  Generally recognized as safe (GRAS) 
status , 96   

  Genomics 
 culturing technique , 36–37  
 DGGE and TGGE systems , 37  
 fecal bacteriotherapy and fecal 

transplants , 53  
 metagenomics , 38  
 probiogenomics 

  Bifi dobacterium  species , 38–40  
  Lactobacillus  species , 38–41  

 probiotic effects 
 bovines , 48, 49  
 gut microbiota , 46–48  
 poultry , 50, 52  
 swine , 48, 50, 51  

 probiotic–host interactions 
 gene expression , 43, 44  
 MAMPs , 42  
 TLRs , 42  
 xylose isomerase , 46  

 16S rRNA gene , 37  
 transcriptomics , 38  
 T-RFLP , 37   

  Gut-associated lymphoid tissue 
(GALT) , 63, 64    

  H 
  Host immune response 

 functional elements , 62  
 gastrointestinal mucosal immunity 

 acquired responses , 63–64  
 innate responses , 63  
 microbiota , 64  

 probiotic and prebiotic effects 
 cattle , 69  
 modulation , 65  
 poultry , 65–67  
 swine , 68–69   

  Hypothalamic–pituitary axis (HPA) , 4, 7, 8    

  I 
   Ictalurus punctatus.     See also  Intestinal tract 

microbiota 
 commerical production 

 aquaculture , 165–166  
 nutrition and commercial feeding 

regimes , 166–167  
 ecology and habitats , 164–165   

  Intestinal tract microbiota 
 anaerobic isolation methods , 173  
 Anaerobic Lap System , 173  
 Anoxomat , 173  
 ecology of 

 cellulolytic bacteria , 171–172  
 characterization , 168–169  
 diversity , 167  
 fi sh intestinal tract anatomy , 167–168  
 functionality , 170–171  
 identifi cation , 169–170  

 prebiotics 
 aquaculture , 177, 179–180  
 catfi sh , 180  
 prebiotic additives , 178  

 probiotics 
 aquaculture , 176, 177  
 benecial effects , 175  
 catfi sh , 177–178  

 taxonomic affi liation , 174   
  In vivo expression technology (IVET) , 46   
  Isomaltooligosaccharides (IMO) , 19    

  L 
  Lipopolysaccharide (LPS) , 65–66    

  M 
  Microbial adhesion to solvents (MATS) , 101   
  Microbial species 

 acid and bile tolerance , 28  
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 direct-fed microbial preparation 
 benefi ts , 30  
 environmental stressors , 30  
 feed products , 31  
 lists of species , 31–32  
 multiple strain product , 30  
 strain specifi city , 29  

 epithelial cells and intestinal mucus , 28–29  
 host specifi city , 29   

  Microorganism-associated molecular patterns 
(MAMPs) , 42    

  N 
  Nondigestible oligosaccharides 

(NDO) , 14, 15, 20    

  P 
  Pattern recognition receptors (PRRs) , 62, 63   
  Pets, probiotics 

 application of , 76–77  
 in vitro 

  Enterococcus  strains , 78  
 lactic acid bacteria , 77–78  
 urinary oxalate stone formation , 79  

 in vivo 
 benefi cial effects , 80–82  
 food-responsive diarrhea , 84  
 immune response , 83  
 neutropenia , 84  
 SF68 supplementation , 84  
 synbiotics , 85   

  Pinfi sh , 171, 172   
  Plant and microbial origin 

 manufacturing processes , 14–15  
 NDO , 14, 15  
 oligosaccharides , 14  
 prebiotics 

  b -glucans , 21–22  
 GOS , 17, 18  
 IMO , 19  
 inulin-type fructans , 16  
 lactose-derived prebiotics , 17  
 lactosucrose , 17, 19  
 lactulose , 19  
 polydextrose, 36 
 polysaccharides , 21  
 potential prebiotic 

carbohydrates , 20, 21  
 resistant starch , 21  
 synthetic fructooligosaccharides , 16  
 transglycosylation , 17  
 XOS , 19, 20   

  Polymerase chain reaction (PCR) , 93   

  Poultry 
 chicken gut microfl ora 

  Bifi dobacterium  , 93  
 changes in adult chicken , 94–96  
 lactobacilli , 93  
 PCR analyses , 93  
 primary gastrointestinal sections , 93  
 SPF birds , 92  

 food-borne pathogens 
  Campylobacter jejuni  , 91  
  Salmonella  , 90–91  

 preharvest control strategies , 91  
 probiotics 

 acquired immunity , 66–67  
 characteristics , 98  
 colonizing ability , 100–101  
 competitive exclusion , 99–100  
 epithelial barrier integrity , 101–102  
 historical background , 96  
 immune system stimulation , 99  
 innate immunity , 65–66  
 intestinal pH , 100  
 poultry preharvest food safety   

( see  Poultry preharvest food safety) 
 regulatory considerations , 96–98   

  Poultry preharvest food safety 
 benefi cial effects , 103  
 commercial probiotic supplements , 

103–107  
 probiotics inconsistent responses , 108   

  Preharvest food safety intervention, cattle 
 direct-fed microbial products 

 antibacterial products , 196–198  
 attachment/colonization sites , 198  
  Escherichia coli  , 191–193  
 immunomodulation , 198–199  
 lactic acid bacteria , 193–195  
 organisms , 195–196  

 USDA federal testing , 191   
  Probiogenomics , 38–41   
  Probiotic–host interactions 

 host gene expression , 43, 44  
 IVET , 46  
 MAMPs , 42  
 probiotic effects 

 bovines , 48, 49  
 gut microbiota , 46–48  
 poultry , 50, 52  
 swine , 48, 50, 51  

 TLRs , 42   
  Probiotics 

 bovines , 48, 49  
 dairy cattle 

 categories , 123  
 food-borne pathogenic bacteria , 124  
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 Probiotics ( cont .) 
 food safety benefi ts , 128  
 health benefi ts , 127–128  
 modes of action , 129–130  
 production and performance , 125–127  
  Salmonella  , 124  
 synbiotics , 122  
 yeast and fungal products , 123  

 gut microbiota , 46–48  
 immunity 

 in cattle , 69  
 in swine , 68–69  

 intestinal tract microbiota 
 aquaculture , 176, 177  
 benecial effects , 175  
 catfi sh , 177–178  

 pets 
 application of , 76–77  
 synbiotics , 85  
 in vitro, evaluation , 77–79  
 in vivo, use , 79–85  

 poultry , 50, 52  
 acquired immunity , 66–67  
 characteristics , 98  
 colonizing ability , 100–101  
 competitive exclusion , 99–100  
 epithelial barrier integrity , 101–102  
 historical background , 96  
 immune system stimulation , 99  
 innate immunity , 65–66  
 intestinal pH , 100  
 regulatory considerations , 96–98  

 poultry preharvest food safety 
 benefi cial effects , 103  
 commercial probiotic 

supplements , 103–107  
 probiotics inconsistent responses , 108  

 swine , 48, 50, 51    

  R 
  Rumen function 

  d -lactate and  l -lactate , 142  
  Enterococcus faecium  , 141, 142  
 feeding high-energy diets , 140–141  
  Lactobacillus  species , 141, 142  
  Megasphaera elsdenii  , 143  
  Propionibacterium acidipropionici  , 143  
 ruminal acidosis , 141  
 volatile fatty acid , 143    

  S 
  Secretory immunoglobulin A (SIgA) , 6   
  Shiga toxin-producing  E. coli  (STEC) , 191, 

192, 197   
  Short-chain fatty acids (SCFAs) , 95, 177, 179   
  Specifi c pathogen-free (SPF) birds , 92   
  Subacute ruminal acidosis 

(SARA) , 127   
  Swine 

 direct-fed microbials and limitations 
  Bacillus licheniformis  , 157–158  
  Bacillus subtilis  , 158  
 chromatograms , 158  
  Enterococcus facium  , 157  
  Lactobacillus amylovorus  , 157  
  Lactobacillus brevis  , 158  

 gastrointestinal microbiota 
 cell phenotypes , 156  
 gene expression , 155  
 immunohistochemical analysis , 155  
 microbial diversity , 154–155  
 terminal restriction fragments , 156  

 host–microbial interactions , 159–160  
 probiotic and prebiotic effects, 

immunity , 68–69    

  T 
  Temperature gradient gel electrophoresis 

(TGGE) , 37   
  Terminal restriction fragment length 

polymorphism (T-RFLP) , 37, 48   
  Terminal restriction fragments (TRFs) , 156   
  Tetanus toxoid (TT) , 66   
  Toll-like receptors (TLRs) , 42    

  U 
  U.S. Department of Agriculture (USDA) 

Food Safety , 190, 191    

  V 
  Vertebral column compression syndrome 

(VCCS) , 176   
  Volatile fatty acids (VFAs) , 100, 170–171    

  X 
  Xylooligosaccharides (XOS) , 19, 20, 179          
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