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Preface

Marine organisms are exposed to diverse environmental fluctuations, anthropogenic
stresses, and threats from invasive species and pathogens. Increasing ocean tempera-
ture and acidification in a changing climate continually alter the structure and func-
tion of marine ecological systems, thereby forcing the marine organisms to either
tolerate or adapt to new ocean conditions. Ecophysiology-based approaches in
studies of ecological adaptation to altered environmental conditions, such as measur-
ing photosynthesis, growth, and morphological changes, have generally been unable
to precisely predict future changes in the performance and persistence of marine
organisms under a scenario of global climate change and increased anthropogenic
activities. In terrestrial ecosystems, however, approaches in systems biology have
played a major role in elucidating the functional adaptation of land plants to biotic and
abiotic stress conditions.

Systems biology integrates data from various disciplines, such as physiology,
genomics, transcriptomics, proteomics, and metabolomics, into numerical models
in order to simulate the physiology of a whole organism. It not only analyzes the
topology of biochemical and signaling networks in response to stress but also
captures the dynamics of these responses. Systems biology has been used extensively
to study terrestrial vegetation and their ecological adaptation to future climate
change scenarios, but to a lesser extent in the study of marine organisms.

This book, Systems Biology in Marine Ecosystem, describes current advances in
the biological and functional interplay within four marine ecosystems: seaweed
(Chaps. 1-5), seagrasses (Chaps. 6-9), microorganisms and microalgae (Chaps. 10-13),
and their bacterial interactions (Chaps. 14-16). It describes how systems biology
has been applied to advance knowledge of the stress response in these important
marine ecosystems to climatic and anthropogenic perturbations. This knowledge is
linked to mechanisms of resilience and persistence under varying environmental
scenarios, which have important implications for the conservation and management
of these ecosystems. In addition, the book describes how systems biology has been
used in research and discovery to benefit the marine biotechnology sector.

Seaweeds are the focus of Chaps. 1-5. Seaweeds, also known as macroalgae, are
the dominant flora of coastal ecosystems globally. Among the most important primary
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producers, seaweeds are of great importance both ecologically and economically.
Seaweeds are exposed to a variety of stressors which affect their physiological and
ecological performance. Integrated “omics” is a powerful technique to identify the
genes, proteins, and metabolic pathways that respond to biotic and abiotic stresses in
plants. Chapter 1 focuses on the application of functional genomics to study stress
physiology in seaweeds and the challenges associated with this approach. It also
describes how functional genomics has been used to identify the mechanism of bio-
synthesis of secondary metabolites that comprise the cell wall of seaweeds. This
knowledge is highly beneficial when genetically altering the cell wall composition of
seaweeds; such alterations can facilitate oil extraction for biofuel production and the
production high-value bio-products from diverse seaweeds. In recent years, with the
availability of genomic and transcriptomic (expressed sequence tags or ESTS)
resources, several studies have integrated physiological, transcriptomic, and/or pro-
teomic approaches to determine stress tolerance mechanisms in seaweeds. Chapters 2
and 3 summarize how integrated omics approaches, when coupled with physiological
observations, have led to new mechanistic understandings of stress tolerance in
seaweeds. For example, it was discovered that biochemical pathways/networks
coordinate within the cell to scavenge reactive oxygen species in order to increase
tolerance in seaweeds to desiccation and to detoxify heavy metals. These path-
ways/networks included the upregulation of antioxidant machinery, phycobili-
somes (light-harvesting complexes), vesicular trafficking, heat shock proteins,
polyamines, phytochelatins, lipoxygenases, and ATP-binding cassette transporter
proteins. These findings may explain the permanence of stress-tolerant algal species
in the upper intertidal zone, compared with sensitive algal species located in the
lower intertidal zone.

In recent years, another allied omics platform, “lipidomics,” has gained momentum
in marine science to reveal the role of diverse lipids and fatty acids and their
oxidized counterparts (commonly known as oxylipins) in biological systems. These
studies have shown how lipid metabolites influence membrane architecture and the
modulation of transcription and translation and thus provide tolerance and acclima-
tion to marine organisms in altered environmental conditions. In Chap. 4, current
knowledge of lipidomics, advanced analytical tools, and techniques to examine
lipids and their derivatives are given. The integration of lipidomics with allied sister
omics branches to identify unknown gene/protein functions and the development of
systems biology networks to advance knowledge of lipid biochemistry in seaweed
development and acclimation to stress conditions are also discussed. Chapter 5
describes recent advances in understanding how volatile compounds emitted from
seaweeds, such as ethylene and DMSP, affect seaweeds’ physiology, reproduction,
and developmental biology.

Seagrasses are the focus of Chaps. 6-9. Seagrasses are monocotyledonous flow-
ering plants that have adapted to the marine environment for over 130 million years.
Despite their immense ecological (carbon sink) and commercial value, they are
declining at an alarming rate due to climate change and anthropogenic activities
attributed directly (e.g., dredging) or indirectly (e.g., eutrophication) to light stress.
Chapter 6 provides an overview of the development of high-throughput molecular
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technologies (e.g., omics) to bridge the gap between the genome and phenotype in
order to elucidate the molecular mechanisms that underpin tolerance to abiotic
stress in seagrass. Seagrasses live in dynamic coastal aquatic environments and
experience complex photosynthetic and respiratory responses. Chapter 7 describes
systems biology approaches to the understanding of photosynthetic processes in
seagrasses and the accurate estimation of the carbon budgets of seagrass meadows.
Furthermore, Chapter 8 summarizes how system-based approaches are crucial in
predicting the fitness and response of seagrasses to the combined impacts of envi-
ronmental constraints and how their interactions with other organisms in their eco-
logical niche at different trophic levels affect the marine system dynamics at
numerous points in the network. The adaptive fitness of seagrasses to any environ-
ment requires a mechanistic understanding of environmental influence on metabolic
networks that eventually control energy assimilation, growth, and reproduction.
Chapter 9 explores nontargeted metabolite profiling and how metabolomic informa-
tion in seagrasses is integral to linking genotype to phenotype in the context of
global climate change.

Marine microalgae and microorganisms are the focus of Chaps. 10-13. Chapter
10 describes the availability of complete marine microalgal genome sequences,
meta-transcriptomic data, and other omics-based datasets. These molecular resources
have enabled precise molecular descriptions of complete biological systems and
have enabled rigorous hypothesis testing to study the connections between genotype
and phenotype, phenotype and the environment, species and ecosystems, and the
interspecies evolution and adaptation of microalgae. A discussion of the potential of
meta-barcoding and meta-genomics to characterize ocean microbial communities
rapidly and effectively is given in Chap. 11. In addition, this chapter describes the
potential of cultivation-independent omics approaches to understand how microbial
taxa adjust their molecular and physiological machinery to take advantage of chang-
ing environmental conditions and, in turn, shape microbial community structure.
Chapter 12 summarizes the individual and combined effects of ocean acidification
and ultraviolet radiations on marine photosynthetic carbon fixation. Chapter 13
provides a comprehensive overview of bioprospecting of microalgae while culturing
under stress conditions to enhance secondary metabolite production and biofuel
potential. This chapter further highlights how the integration of multiple omics is
effective for discovering new metabolic pathways that are integral for the use of
microalgae as biofactories.

Chemical communications between host and microbial community are the focus of
Chaps. 14-16. The host (marine macro- and microalgae/corals)-microbial interaction
and its significance within a hostile marine environment are described. Furthermore,
the interactions that are essential to regulate the host defense system, their morphology
and development, quorum sensing, and exchange of info-chemicals informed by sys-
tems biology approaches, together with meta-genomics and meta-transcriptomics,
are discussed.

This book describes the latest advances in systems biology in four pillars of the
marine ecosystems: seaweed, seagrasses, microalgae, and corals. This knowledge
will not only benefit marine biology students and researchers but also resource man-
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agers and marine biotechnologists. We thank all the authors for their generous
contribution to this book and collaboration in revising the manuscript. We are also
indebted to the consistent support from the reviewers for providing their critical
inputs to improve the articles and eventually this book. We are extremely thankful
to the entire team of Springer for their support and effort in producing this book.

Sydney, New South Wales, Australia Manoj Kumar
Peter Ralph
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Chapter 1
Macroalgal Functional Genomics: A Missing
Area

Vishal Gupta, Mukesh Jain, and C.R.K. Reddy

Abstract Functional genomics may be defined as the study of deciphering the func-
tion and regulation of genes for various traits. Functional genomics has made signifi-
cant advances in decoding functionality of gene(s) and their regulations furthering
our knowledge of systems biology of an organism. The true benefits of such studies
have widely been realized in terrestrial plants by understanding their bio-architecture,
physiology, regulation and metabolic activations. The functional genomics studies
for marine macroalgae (seaweeds) are underdetermined despite their proven eco-
nomic value. Seaweeds are generally found growing in the intertidal region and
experience diverse chronic stresses, including the desiccation, intense irradiance,
ultraviolet radiation, salinity and submergence/exposure arising from periodic regu-
lar tidal rhythms. The molecular basis of genetic regulations involved in physiologi-
cal adaptation of seaweeds is limited. The whole genome sequences available for
Ectocarpus siliculosus and Chondrus crispus remained largely functionally unan-
notated. On the other hand, the seaweed improvement programmes also retarded due
to limitation of mapping of functional traits over genetic loci. So far, only a few veri-
ties were developed using time-consuming conventional breeding approach. The
advancement in functional genomics in seaweeds can significantly contribute to
these gap areas. Moreover, the functional genomics will facilitate decoding of the
mechanisms regulating biosynthesis of species-specific valuable products. This will
support the genetic manipulation research for improvements of desired traits in sea-
weeds. This review, therefore, highlights the potentials of functional genomics in
understanding and resolving the unexplored facts about seaweed physiology and trait
characterization for developing strategies towards crop improvement.

V. Gupta (P<)
Biological Oceanography Division, CSIR-National Institute of Oceanography, Goa, India
e-mail: vishalg@nio.org

M. Jain
School of Computational and Integrative Sciences, Jawaharlal Nehru University,
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Division of Marine Biotechnology and Ecology, CSIR-Central Salt and Marine Chemicals
Research Institute, Bhavnagar, Gujarat, India
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1.1 Introduction

Marine macroalgae or seaweeds are the assemblage of the macroscopic, multicel-
lular photosynthetic organisms classified in three groups based on their pigmenta-
tion and cell architecture as green, red and brown. As an integral component of
marine macrophytes (including seagrass and mangroves), seaweeds occupy the
basal position in aquatic food web. The exceptional chemical diversity of seaweeds
offers a very unique opportunity for their use in food, feed, fertilizer, cosmetics,
pharmaceutical, nutraceuticals, biofuel and agro-based applications (Radulovich
et al. 2015). Seaweed with other macrophytes acts as blue carbon sink as they cap-
ture CO,, sequester and store it in live tissue or sediment for longer durations.
Macrophytic blue carbon system is considered more efficient than terrestrial systems
(Nellemann et al. 2009; McLeod et al. 2011). The 2009 UNEP blue carbon report
states that coastal macrophytes account for less than 0.5% of the seabed community
structure and sequester between 114 and 328 teragrams of carbon per year or 1.6 to
4.6% of total anthropogenic emissions (7200 Tg per year) (http://www.unep.org/
ecosystemmanagement/Portals/7/Documents/factsheets/BlueCarbonlInitiative
FactSheet.pdf). Seaweeds are now globally considered as key drivers for attaining
food and fuel security (Baghel et al. 2015; Trivedi et al. 2016).

1.2 Need for Functional Genomics

The functional diversity among seaweed species can be noted from their diverse
phylogeographic distribution from marine water to brackish water and freshwater
and from the tropical islands to polar regions (Hu et al. 2016). Despite a huge func-
tional diversity, seaweeds do not have morphological or anatomical complexity.
Thus the survival strategies adopted by seaweeds to sustain the highly fluctuating
oceanic conditions, such as desiccation and submergence cycle and associated
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multiple stressors arising from periodic tidal rhythms, for which there is no equiva-
lent terrestrial counterpart (Kumar et al. 2011), are mostly at genetic levels. The
research on ecophysiology and economic trait mapping in seaweeds is underdeter-
mined due to the lack of genetic markers. In order to illustrate this statement, a few
examples are the following : the 1940s witnessing the continued expansion in the
applications of in vitro techniques of plant cell and tissue culture and the same in
seaweed gaining momentum in the early 1990s (Reddy et al. 2008a,b, 2010) and
unavailability of genome editing technique in seaweed except a recent report of
Oertel et al. (2015) on developing suitable vectors and stable transformation in Ulva
mutabilis; however, this line of research gained gear in the 1990s in terrestrial plants
and now advanced to specific genome editing tools like TALEN and CRISPR/Cas9
(Kumar and Jain 2015). The attempts for genetic transformation in seaweeds and
associated challenges have been reviewed by Mikami (2013, 2014).

Nevertheless, scientific community made attempts to answer the seaweed high
diversity and adaptation to hypervariable environmental conditions through genera-
tion of expression sequence tag (EST) libraries and a few transcriptome profiles
(Collén et al. 2007; Dittami et al. 2009; Gravot et al. 2010; Pearson et al. 2010;
Dittami et al. 2011; Heinrich et al. 2012; Coelho et al. 2013). The genome level
understanding in seaweeds gained momentum after release of whole genome
sequence data of a brown alga Ectocarpus siliculosus (Dillwyn), Lyngbya (Cock
et al. 2010), a red alga Chondrus crispus (Irish moss) (Collen et al. 2013a, b) and
another brown alga Saccharina japonica (Ye et al. 2015). The whole genome
sequence revealed genomic features that evolved in these groups of organisms for
their successful propagation and proliferation in coastal environment. For example,
the Ectocarpus genome revealed the presence of a complex photosynthetic system
facilitating its propagation even in highly variable light conditions and flavonoid
pathway genes homologous to plants synthesizing high phenolic contents protect-
ing the alga from ultraviolet radiations. An uncommon halide metabolism has been
deciphered based on the presence of 21 putative dehalogenases and 2 haloalkane
dehalogenases. Moreover, the genes and gene families associated with the develop-
ment of multicellularity and evolution of the brown algal lineage have been identi-
fied (Cock et al. 2010). Similarly, the genome sequence of red alga has also
elucidated metabolic adaptations pertaining to halogen metabolism, synthesis of
oxylipins, microRNA and transcription factors for the development of multicellu-
larity (Collen et al. 2013a, b). This study also revealed unique metabolic features
that are otherwise part of bacterial and fungal metabolism (cellulose synthesis and
cell wall remodelling) and are absent in genome of brown alga. The whole genome
analysis of S. japonica revealed gene families for iodine synthesis and concentration
mechanism, biogenesis and remodelling of cell wall polysaccharides. The S. japon-
ica is quite different from E. siliculosus in terms of more complex differentiation,
large blade size, higher polysaccharide content and high iodine accumulation. The
genome analysis could identify some of the striking features for these differences.
The phase-dependent Imm gene families were identified upregulated in gameto-
phytic phase of S. japonica similar to E. siliculosus (Ye et al. 2015).



6 V. Gupta et al.

Though whole genome sequence studies explored some uncommon genomic
features related to primary and secondary metabolism in seaweeds, the large part of
the genomic information remained unannotated. Independent transcriptomics stud-
ies with de novo assembly and annotation of data define the regulations seaweed
possess for habiting the coastal environmental conditions. For example, the tran-
scriptome for Ulva linza revealed the existence of land-specific genes, special pho-
toprotective mechanism based on both LhcSR and PsbS, evidence of C4-like
carbon-concentrating mechanisms, multi-origin transporters for essential inorganic
nutrients, multiple and complex P450s for its colonization on coastal waters and
bloom formation (Zhang et al. 2012). A few more transcriptomic studies further
advance our knowledge towards the physiology and regulations in Sargassum (Liu
et al. 2014), Pyropia (Im et al. 2015) and Undaria (Shan et al. 2015). These studies
have revealed a few unknown pathways and highlighted the existence of specialized
mechanisms in seaweeds, which are quite distinct from terrestrial counterparts.
However, more than 40% of transcriptomic information generated from these stud-
ies remained unassigned as there is no BLAST hit for those regions. Thus unique
regulatory elements of seaweeds either at functional or physiological aspects could
not be defined. Missing such valuable information is a major setback towards under-
standing of seaweed unique physiology and functioning. Thus, integration of datas-
ets from functional and comparative genomics is mandatory which can generate a
more accurate and holistic view of genes of unknown function (Xu et al. 2014). A
few studies have been carried out to understand the metabolic processes in response
to salinity and oxidative stress in a brown alga and were correlated with transcrip-
tome data (Gravot et al. 2010; Dittami et al. 2011; Konotchick et al. 2013). A most
recent study by Konotchick et al. (2013) conceptualized a depth-dependent physiol-
ogy of seaweed by transcriptome analysis. The study with Ectocarpus aimed at
understanding the response to salinity showed the active function of y-aminobutyric
acid (GABA) synthesized through a salt stress-induced putrescine degradation path-
way (Dittami et al. 2011). Another study by the same group showed impregnation
of genomic alterations at metabolite level to stabilize the transition of evolutionary
colonization of alga from fresh water to marine habitat (Dittami et al. 2012). Sun
et al. (2015) developed a comparative transcriptome profile in Pyropia in response
to temperature stress indicating the complicated and diverse regulation mechanism,
such as upregulation of FAD in low-temperature stress and HSP in heat stress.
Similar results were obtained from the study on Fucus from the Arctic and subarctic
regions experiencing thermal stress (Smolina et al. 2016). These few comparative
studies thereby could define the ecophysiology of seaweeds but suffer from inevi-
table issue of tipping down the seaweed-specific regulatory elements in want of
assays precisely defining their roles by overexpression or knockdown approach.

As an example of breakthrough research on seaweed functional genomics, the
work published by Wang et al. (2015) and Oliveira et al. (2015) can be cited. The
former revealed the role of auxin polar transport, auxin signal transduction, cross-
talk with other endogenous plant hormones and antioxidant systems, for adventi-
tious buds formation in G. lichenoides explants in vitro. This work represented a
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foundation stone for defining the important genomic factors that could facilitate the
process of regeneration of agarophytic macroalgae. The improvement in the
regeneration capacity of agarophytes may induce agar yield and hence provide eco-
nomic support to this industry. Oliveira et al. (2015) defined 20 different genes
involved in the biosynthesis of terpenoid precursors and 21 different genes coding
for terpene synthases in Laurencia dendroidea. The authors could tap the mevalon-
ate pathway involved in the biosynthesis of terpenes in L. dendroidea. This there-
fore opens opportunity for possible heterologous biosynthesis of terpenes from
L. dendroidea exhibiting ecological or biotechnological interest. These studies rep-
resent the advantages of functional genomics in seaweeds and thus attribute to
expand the seaweed research in the direction of genetic manipulations to improve
the traits. With the understanding of the importance of functional genome mapping,
the seaweed-specific functional traits of industrial relevance may be determined in
due course.

1.3 Functional Genomics from the Context of Biofuel

Seaweeds with wide species-specific architectural and physiological variations indi-
cate huge array of information which needs to be explored. For example, the cell
wall biosynthesis in seaweeds is a complex phenomenon as it composed of hetero-
polysaccharide agar and carrageenan in seaweeds belonging to red, alginates in
brown and ulvan in seaweed species of Ulvophyceae. A better understanding of
biosynthesis mechanism of these hydrocolloids may help to initiate genetic manipu-
lation studies to improve the seaweed for these traits, to be more specific, cell wall
architectural engineering and remodelling. Understanding the Ulva cell wall bio-
synthesis is of paramount importance as this alga is considered as biofuel crop
(Trivedi et al. 2015, 2016). This is composed of microfibrillar cellulose in the matrix
of heteropolysaccharide ulvan. Upregulation of cellulose synthesis machinery with
concomitant decrease in ulvan biosynthesis will make the biofuel production from
this alga more feasible. Likewise, the oxylipin biosynthetic machinery in brown
seaweeds showed gene cluster homologous to both plant and animal. The sulfinic
acid compounds and their derivatives reported by Gupta et al. (2013) in seaweeds
are of great interest, and their biosynthetic pathways need to be explored for under-
stating their role in free radical detoxification.

With the practical demonstration of biorefinery concept in seaweeds (Trivedi
et al. 2016; Baghel et al. 2015), the biomass can be utilized in various streams and
the fibrillary polysaccharide component, i.e. cellulose, can be processed for the pro-
duction of ethanol or other ancillary industrial components. The introduction of
other heteropolysaccharides (agar, alginate and carrageenan), which already consti-
tute an essential commodity product from seaweeds to biofuel production, will be a
critical risk to existing market. In the given case scenario, research on cell wall
architecture and remodelling is required. Thus understanding of cell wall biosynthesis
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in particular the cellulose biosynthesis and trafficking in seaweeds is most essential.
The genome sequence of a few seaweeds though revealed the existence of land plant
orthologs for cellulose biosynthesis (Cock et al. 2010; Collen et al. 2013a, b; Ye
et al. 2015), but their functions are not yet explained.

1.4 Elite Variety Development

Macroalgae (seaweeds) represent the second largest aquaculture production with 27
million tonnes fresh weight (FAO 2014). Also, the market for marine macroalgal
products is steadily growing at 9% per annum (FAO 2014). Further, research is
continued on the development of newer low-volume high-value products for nutra-
ceutical and pharmaceutical applications (Hafting et al. 2015). The volumetric
growth of existing commodity products industry in the last one decade and also by
newly developed sectors has shown the overwhelming demand for seaweed bio-
mass. Though 94% of seaweed biomass is generated through cultivation, the genetic
resource improvement strategies are barely tapped (Loureiro et al. 2015). Thus it is
impractical to sustain the market demand for seaweed biomass without developing
elite varieties with improved traits along with developing more efficient and eco-
nomic cultivation and harvesting technologies. Serial subculturing of a seaweed
germplasm, as conventionally performed, results into loss of vigour, decline in pro-
duction and susceptibility to multifaceted diseases and pests (Barrento et al. 2016).
There are growing evidences of loss in productivity and multifaceted diseases on
major commercial crops of Kappaphycus, Pyropia and Saccharina which were
grown after multiple inbreeding and/or serial subculturing (Robinson et al. 2013;
Loureiro et al. 2015; Barrento et al. 2016). The huge research efforts implied for
sustainability of agriculture, livestock and aquaculture remained underutilized in
seaweeds (Barrento et al. 2016). Developing molecular markers for functional trait
analysis followed by marker-assisted breeding and selection technologies is needed
for the time.

1.5 Seaweed Genetic Resource for Translational Research

Seaweeds are habitants of a dynamic environment experience highly fluctuating
abiotic and biotic conditions. Thus, seaweeds could be a genetic resource for under-
standing and translating the adaptations for such variable environments. The inves-
tigated genetic regulations may then be translated to agriculture crops for improving
their tolerance to some abiotic stresses. For example, Kishimoto et al. (2013) trans-
formed rice with an animal type-Na* — ATPase gene from a marine red seaweed,
Porphyra yezoensis, which conferred salinity tolerance in rice. Similarly, gaseous
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flux tolerance in intertidal seaweeds arising from submergence/desiccation cycle
due to tidal rhythms is unique. Understanding the genetic regulations for gaseous
flux mitigation may aid in designing strategies for improving waterlogging toler-
ance in agriculture crops. Functional genomics in seaweeds may support in present-
ing the seaweed as genetic resource for improving traits in terrestrial crops.

Another aspect which is to be looked upon is developing the assay to test the
effect of seaweed-specific genes with unknown functions. The candidate gene can
be overexpressed now with the availability of suitable vectors or can be knocked out
by RNAI, and the concomitant effects can be determined. This will define the
seaweed-specific regulations not found in any other domain of life. Gupta et al.
(2014) highlighted the need for a coexpression match between mRNA (gene) and
targeted metabolite and their homologous expression. Further, Kumar et al. (2016)
also reviewed the importance of metabolomics in seaweeds (and other marine
plants) to investigate their unique metabolism. Reverse genetic approach knocking
out the gene then leads to identify responsible metabolites and its function. This
leads to a discovery of relationship between gene regulatory networks with special-
ized metabolic pathway opening new avenues for metabolic engineering for the
production of targeted specialized metabolites in seaweeds.

1.6 Conclusion

In conclusion, the expansion of functional genomics is essential to understand the
newer aspects of seaweed physiological and metabolic regulations. This will sup-
port in improvement and diversification of seaweed resource and their subsequent
commercial utilization. The functional genomics advancement in seaweeds will
decode the function and regulation of genes specific to seaweed traits, which is only
possible by developing assays determining the effect after overexpression or knock-
out. Functional genomics in seaweeds must advance with more of tools developed
to assay the effects of genes with no match with other life forms. Functional genom-
ics of seaweeds may open new avenues for translational research of utilizing
seaweed genetic resource for improving agriculture productivity by conferring tol-
erance in them against various abiotic stresses mainly the salt and waterlogging.
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Chapter 2
Tolerance Pathways to Desiccation Stress
in Seaweeds

Loretto Contreras-Porcia, Camilo Lopez-Cristoffanini,
Andrés Meynard, and Manoj Kumar

Abstract Seaweeds are sessile organisms that inhabit coastal benthic systems and
are key species for the equilibrium of marine communities. Rocky intertidal zone
seaweeds are distributed in marked patterns determined by interactions between
biotic and abiotic factors influenced by tide levels. It has been proposed that the
distribution and abundance of organisms in the upper intertidal zones, with longer
emersions, are mostly regulated by abiotic factors. Desiccation is a particularly note-
worthy abiotic factor since, during low tide, algae of the upper intertidal zones can
lose more than 90% of cellular water content, which can ultimately induce oxidative
stress. Considering the necessary activation of several desiccation tolerance mecha-
nisms, these algal species are ideal research models in ecophysiology. In fact, several
studies using physiological, transcriptomic, and proteomic approaches have deter-
mined that desiccation tolerance mechanisms are expressed within a well-coordinated
network that includes morphological and cell wall changes, photosynthetic activity
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diminishment, increased expression of desiccation-associated proteins, hormone
accumulation, ROS scavenging by antioxidant enzymes and compounds, and osmo-
lyte and protein synthesis. These mechanisms explain the permanence of tolerant
algae species in the upper intertidal zone in comparison with lower intertidal species.
Therefore, this chapter focuses on identifying tolerant algal species, and explaining
the mechanisms underlying the high capacity of these species to cope with desicca-
tion-induced oxidative stress.
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distribution
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2.1 Desiccation Stress Tolerance in Seaweeds: Ecological
and Physiological Aspects

Macro- and microalgae are the main primary producers in coastal benthic ecosys-
tems, with other organisms in the food web directly or indirectly reliant on algae
(Hurd et al. 2014). Macroalgae provide habitats, refuges against predators or other
physical threats, and recruitment sites, particularly in stressful environments for the
juvenile stages of other algae, fish, and invertebrates (e.g., Wright et al. 2006; Hay
2009; Watt and Scrosati 2013). Therefore, fluctuations in seaweed abundances and
distributions by natural or anthropogenic events can impact higher trophic levels,
affecting the equilibrium and persistence of whole communities. In this context,
understanding the physiological and biochemical mechanisms underlying the local
and regional distribution and abundances of seaweeds in rocky intertidal communi-
ties is of great relevance. Furthermore, such information could provide significant
contributions toward the sustainable economic exploitation of algae, in addition to
expanding upon existing scientific knowledge.
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Intertidal zonation patterns along rocky coastlines depend on interactions
between several biotic and abiotic factors and the relative contribution of these at
the different tidal levels. The seminal study by Stephenson and Stephenson (1949)
established at least three intertidal zones between widely occurring tidal marks,
with each zone characterized by specific distributions and abundances of inverte-
brate and algal species. Posterior experimental investigations of rocky coasts around
the world have shown that the distribution and abundance of organisms in the upper
tidal zones, with longer emersion times, are usually regulated by abiotic factors such
as UV/PAR radiation, light, salinity, temperature fluctuations, nutrient availability,
and desiccation, whereas the presence and abundance of organisms in the lower tidal
zones, with longer immersion times, are mainly regulated by biological interactions
such as herbivory, predation, competition and/or facilitation (e.g., Connell 1961,
1972; Paine 1974). Additional authors have further established that these tidal
zones, or intertidal fringes, vary from shore to shore and expand or shrink depend-
ing on wave exposure, climate variables, tidal amplitude, and topographic conditions
(Mislan et al. 2009). More recently, Bird et al. (2013) also postulated that vertical
zonation patterns and shoreline water levels primarily depend not only on tide pat-
terns but also on wave height.

Tolerant marine species are able to cope with these very stressful conditions as a
result of phenotypical plasticity (Fierro et al. 2017). As a consequence of extended
emersion periods characterized principally by water depletion, seaweeds exhibit the
intracellular production and accumulation of reactive oxygen species (ROS), as in
other environmental conditions, which can subsequently result in a condition of
oxidative stress (e.g., Rijstenbil 2001; Lee and Shin 2003; Contreras et al. 2005,
2007, 2009; Liu et al. 2007; Kumar et al. 2010, 2011).

In this chapter, we mainly focus on desiccation stress-tolerant algae species, and
particularly on two genera of the Bangiales order, Porphyra and Pyropia, which
have extraordinary capacities to withstand the harsh physical and chemical stresses
of the upper intertidal levels. These genera are ideal research models in ecophysiol-
ogy, and facilitate relating high tolerances to specific abiotic stressors with local and
regional algae abundances and distributions. This chapter will also present algae
species that thrive in the lower intertidal zones and that show varying degrees of
tolerance to abiotic stressors. With this discussion, it will shed light onto some of
the physiological mechanisms accounting for the differential distribution patterns of
intertidal seaweed communities at rocky shores.

2.1.1 Early Studies Relating Desiccation Stress to Intertidal
Zonation Patterns

In intertidal zones of the northern Atlantic, species of the genus Fucus (Fucales,
Phaeophyceae) are distributed within different, but overlapping, vertical distribu-
tions (Billard et al. 2010). Indeed, Fucus species from the upper shore to the midlit-
toral zone show varied tolerances to desiccation (Dring and Brown 1982) and
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temperature extremes (Chapman 1995; Davison and Pearson 1996), ranging from
the highly tolerant F. spiralis to the less tolerant F. vesiculosus and least tolerant F.
serratus. Chapman (1990) experimentally demonstrated that F. spiralis is excluded
from the midlittoral zone by the competitively superior F. vesiculosus. This suggests
that the range of emersion time tolerated by F. spiralis depends more on tolerance
ranges to abiotic stressors rather than on a specialization and circumscribed exploi-
tation of the drier intertidal zones.

Indeed, most Fucales species do not require periodic drying out, with the excep-
tion of Pelvetia canaliculata (Rugg and Norton 1987), a candidate for studying
algal specialization to upper intertidal abiotic stressors. On the other hand, F. vesic-
ulosus from the Baltic Sea, which were introduced to this non-tidal sea approxi-
mately 7,500 years ago, evidence lesser desiccation stress tolerance to experimental
emersion than close relatives from the North Sea. As demonstrated by Pearson et al.
(2000), the photoprotective processes of Baltic Sea algae are rapidly impaired dur-
ing desiccation stress at or below 10% water content, and photosynthetic activity is
not as rapidly or as completely recovered as North Sea F. vesiculosus specimens.
This differentiated tolerance could be the result of interactions between desiccation
and temperature or between desiccation tolerance and salinity.

Abe et al. (2001) measured changes in water potential and photosynthetic activ-
ity during dehydration and rehydration for 18 algal species from the upper, mid, and
lower intertidal zones along the southwest Pacific shoreline of Shimoda, Japan.
These researchers evaluated the water potential, in addition to water content, as a
reliable indicator of the thermodynamic state of cellular water content and degree of
desiccation. It was found that Porphyra dentata (Bangiales), an upper intertidal spe-
cies, is able to tolerate a water potential as low as -158 MPa (i.e., 2% water content
with 30% relative air humidity), with the photosynthetic apparatus of this alga still
in motion. Moreover, the photosynthetic activity of Po. dentata completely recov-
ered after rehydration, showing a superior desiccation tolerance capacity than spe-
cies occurring in lower intertidal zones. In contrast, Chondrus verrucosus
(Gigartinales), Petalonia fascia (Ectocarpales), and Gelidium elegans (Gelidiales),
the least tolerant species of the lower intertidal zone, were injured after reaching
their lowest water potential threshold (—14 MPa). Finally, mid-intertidal species
showed intermediate levels of cellular desiccation tolerance, with water potentials
ranging from —14 to —158 MPa.

Early studies on desiccation stress in macroalgae mainly focused on determining
the minimum cellular water content tolerated by different intertidal species and the
capability of the photosynthetic systems to recover after long exposures to dry air
(e.g., Schonbeck and Norton 1980; Smith et al. 1986; Lipkin et al. 1993; Abe et al.
2001). All of these studies agree that the tolerance or non-tolerance of algae species
to desiccation and, generally to emersion, can be determined by the buffering capaci-
ties of each species to the damage produced during this environmentally stressful
condition. Therefore, it is the ability to withstand desiccation stress and quickly
recover during rehydration through buffering mechanisms, and not the ability to retain
cellular water, that characterizes algae able to flourish in the drier intertidal zones.
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2.1.2 Differential Buffering Capacities of Seaweeds
Against the Overproduction of ROS and Cellular
Damage During Desiccation Stress

The main source of injury during emersion (low tide) for sessile marine organisms
such as seaweeds is osmotic imbalance with the subsequent loss of cellular water
content. Moreover, depending on climatic and oceanographic conditions, other
types of stressors could also play important roles in algal injury. During air exposure
and water depletion, ROS are produced in excess, surpassing the buffering capaci-
ties of cells and resulting in the oxidation of macromolecules such as lipids and
proteins (Foyer and Noctor 2009). ROS are directly produced by O, excitation and
the subsequent formation of singlet oxygen, or by the transfer of one, two, or three
electrons to O,, which results in the formation of superoxide radicals, hydrogen
peroxide, or hydroxyl radicals, respectively. It is worth mentioning that ROS are a
normal by-product of the metabolism and function, for example, as signaling mol-
ecules, in addition to participating in local immune responses to parasitic and her-
bivorous attacks (Baker and Orlandi 1995). In non-tolerant algae species, water loss
through an osmotic imbalance can also cause tearing of the plasmalemma from the
cell wall, thus threatening cell integrity (Flores-Molina et al. 2014). In fact, cellular
dehydration resulting from desiccation or emersion stress in general increases elec-
trolyte concentrations in the cell, altering membrane structures such as thylakoids
(Kim and Garbary 2007).

Desiccation stress-tolerant species, such as Pyropia orbicularis [formerly Pyropia
columbina (Bangiales, Rhodophyta)] (Ramirez et al. 2014) collected from the upper
intertidal zone of a southeast Pacific shoreline of Central Chile (18°-53°S), can tol-
erate water loss near 96% (Contreras-Porcia et al. 2011). Despite an overproduction
of ROS such as hydrogen peroxide (H,0,), this species is able to increase the activity
of diverse antioxidant enzymes and lower the production of oxidized proteins during
desiccation. Contreras-Porcia et al. (2011) also demonstrated that Py. orbicularis
decreases photosynthetic activity and chlorophyll content, but maintains high levels
of phycocyanin and phycoerythrin, during rehydration, as well as evidencing rapid
photosynthetic apparatus activity recovery during rehydration.

In addition to the activation of antioxidant enzymes, a low production of oxi-
dized macromolecules can result from the production of lipid- and water-soluble
compounds, which also regulate ROS levels during dehydration (Noctor and Foyer
1998; Asada 1999; Wang et al. 2009). In fact, macroalgae collected from lower
intertidal zones of Central Chile and treated with algal extracts from desiccated Py.
orbicularis can complete post-germination development under desiccation stress
treatments (Contreras-Porcia et al. 2012). This extract-mediated adaptation con-
trasts with the normal response of Lessonia spicata (Laminariales), the least toler-
ant algal species studied. Specifically, without the extract treatment, when L. spicata
is exposed to desiccation stress (2 h/day), it is able to germinate but cannot complete
post-germination development.

A number of comparisons have been conducted between dehydrated and hydrated
states in the most desiccation-tolerant seaweed Py. orbicularis (Contreras-Porcia
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et al. 2013; Lopez-Cristoffanini et al. 2015; Fierro et al. 2017). The dehydrated plants
overexpress various tolerance genes related to antioxidant enzymes, heat shock pro-
teins, cytochrome P450, cell wall proteins, and the ATP-binding cassette transporter
proteins (see sections below for molecular description of tolerance mechanisms).
A study by Kumar et al. (2011) in Gracilaria corticata (Gracilariales), collected from
the Veraval coast (Gujarat, India) during low tide, revealed that this seaweed possess
mechanisms similar to Py. orbicularis for regulating desiccation stress-induced dam-
age, in addition to having specific mechanisms for effectively responding to desicca-
tion stress. The adaptive response of G. corticata to desiccation is associated with the
activation of antioxidant enzymes and phycobiliproteins, as well as increased
amounts of specific polyunsaturated fatty acids and of specific soluble and bound
insoluble compounds, such as putrescine and spermine. Moreover, Kumar et al.
(2011) observed the activation of specific isoforms of the antioxidant enzymes super-
oxide dismutase (SOD), ascorbate peroxidase (AP), and glutathione peroxidase dur-
ing desiccation-induced stress. The activation of particular antioxidant compounds
and specific antioxidant enzyme isoforms, as well as an increased presence of poly-
unsaturated fatty acids, are desiccation-related responses that differ from responses
to other induced abiotic stressors, such as salinity (Kumar et al. 2010).

2.1.3 Species of the Bangiales Order as Models for Studying
Desiccation Stress Tolerance and Seaweed Distribution
in the Intertidal Zone

Taxa of the Bangiales order are an ideal model for studying tolerance mechanisms
to environmental stressors due to worldwide distribution that extends from tropical
to polar seas and from lacustrine to fully marine habitats (Butterfield 2000;
Sutherland et al. 2011). This order is evolutionarily significant as it contains
Bangiomorpha pubescens NJ Butterfield, the oldest taxonomically resolved eukary-
ote fossil record and the first known record of a sexual and multicellular organism
(Butterfield 2000). While traditional taxonomic studies of the Bangiales order are
based only on very simple and plastic morphologies, recent phylogenetic analyses
based on molecular markers have redefined the frontiers of numerous taxa over the
last 10 years, where several cryptic genera have been discovered and various classi-
cal genera have been redefined (e.g., Broom et al. 2002; Brodie et al. 2007; Neefus
et al. 2008; Nelson 2013). Indeed, the worldwide molecular study by Sutherland
et al. (2011) proposed the existence of eight genera of bladed Bangiales, including
Boreophyllum, Clymene, Fuscifolium, Miuraea, Lysithea, Porphyra, Pyropia, and
Wildemania. At a lower taxonomic level, cryptic genetic diversity has also been
found, as particularly evidenced by the redefined genera Porphyra and Pyropia
(Niwa et al. 2009; Broom et al. 2010; Guillemin et al. 2016). Related to this, repre-
sentative Porphyra and Pyropia specimens have been intensively studied to uncover
physiological ecology patterns of rocky intertidal seaweed communities, the origin
of sexual reproduction, the diversity of reproductive strategies, and the evolutionary
biology of plastids (Blouin et al. 2011; Wang et al. 2013).
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Global ecological research of intertidal zonation patterns for Pyropia and
Porphyra suggests that these species seasonally or annually change in regard to rela-
tive abundances and distributions along intertidal levels within and across sites.
These distributional patterns would be caused not by adaptations to intertidal fringes
per se, but by adaptations to abiotic factors inducing physiological stress during high
tide emersion, which are highly variable over space and time. For example, West
et al. (2005) used molecular tools to identify Pyropia and Porphyra species and
described the intertidal distributions of these genera at two sites from the New
England coast (USA). At the first site, Fort Stark, the upper intertidal zone was domi-
nated over the year by Porphyra umbilicalis, with the mean biomass of this alga
peaking during the summer. In the lower intertidal zone, Po. umbilicalis and Pyropia
leucosticta were most conspicuous and showed maximum biomasses and coverage
percentages in the summer. In contrast, no species occurred during winter in the
lower intertidal zone at Fort Stark. At the second site, Dover Point, Po. umbilicalis
was restricted to the upper intertidal zone where, together with Po. purpurea, this
was the dominant species for the majority of seasons. However, during winter and
early spring Pyropia yezoensis was the most abundant algal species in the upper
intertidal zone of Dover Point. Using the above examples, it is possible to infer that:
(1) the range of tidal levels occupied by a specific species, such as Po. umbilicalis,
can change across sites (Fort Stark vs Dover Point), and (2) across seasons (summer
vs winter) the same species, such as Po. umbilicalis and Py. leucosticta at Fort Stark,
can show contrasting patterns of occurrence, biomass, and coverage percentage
within the same intertidal level.

As a result of varied specializations, research on the ecophysiological perfor-
mance and distribution of different foliose Bangiales species requires significant
changes in the sampling design. Modifications are needed since environmental fac-
tors, such as temperature, UV and PAR radiation, and relative humidity, do not
always coincide with tidal fringes and usually fluctuate on smaller spatial scales due
in part to topographical irregularities of the intertidal landscape and, on larger
scales, due to climatic and oceanographic variations. Therefore, updated sampling
models will need to (1) more finely measure important stress factors to define inter-
tidal areas with similar abiotic conditions and (2) compare the likely expansion or
shrinkage of algal patches seasonally and yearly.

2.1.4 Differential Tolerances to Emersion Stressors
and the Geographic Distribution of Seaweeds
Across Intertidal Shores

Depending on the seaweed species, tolerances to different abiotic stressors can
likely explain distribution ranges across biogeographic zones. For example, the
endemic Antarctic brown alga Desmarestia anceps (Desmarestiales) flourishes
most of the year in the more stable and nutrient-rich lower subtidal zone (>5 m
deep). Nevertheless, this alga is also adapted to grow under the high UV radiation
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characteristic of the spring and early summer, when sea ice breakage causes a
deeper penetration of irradiance into the highly transparent Antarctic coastal waters.
Flores-Molina et al. (2016) showed that tolerance to UV radiation and temperature
is dependent on high concentrations of constitutive soluble phlorotannins with
UV-absorbing properties (Gémez and Huovinen 2015). Increased soluble/non-
soluble and constitutive/inducible phlorotannin concentrations under high UV
stress lessen the normal inhibition of the photosynthetic system and DNA damage,
as has been demonstrated in several brown algae (e.g., Swanson and Druehl 2002).

Two sibling brown algae species, Lessonia berteroana and L. spicata, are distrib-
uted along the Chilean coast in two contiguous biogeographic regions, between
18°S and 30°S and between 29°S and 41°S, respectively. These species evidence
contrasting regimes of air exposure during high tide and differential stress tolerance
capacities. For example, post-germination development in L. spicata, which thrives
in the southern biogeographic region and is exposed to milder emersion regimes,
abruptly stopped after 1 or 2 h of daily desiccation treatments (Lépez-Cristoffanini
et al. 2013). In contrast, 75% of germinated L. berteroana spores developed into
gametophytes despite 1 h of daily desiccation treatment, and 50% continued devel-
opment even with 2 h of daily desiccation. First, this indicates that desiccation stress
is a selective force able to explain the disjunctive distribution between the less toler-
ant species of the lower intertidal zone along the Chilean coast. Secondly, this also
supports that L. berteroana evolved greater desiccation tolerance than L. spicata to
successfully recruit and develop along the drier intertidal shores of northern Chile.

Recent research by Contreras-Porcia et al. (unpublished) evaluated if tolerance
mechanisms to desiccation stress present different capacities in Porphyra and
Pyropia spp. along Chilean shores spanning the previously mentioned biogeo-
graphic zone (18°S—41°S). Higher levels of protein and lipid oxidation were mea-
sured in Porphyra and Pyropia spp. from northern Chilean shores, confirming that
more extreme emersion regimes with higher desiccation stress prevail in this region.
However, no significant differences were found between species and latitude in
regard to the activation of antioxidant enzymes under desiccation stress. Indeed, all
Porphyra and Pyropia spp. showed a similarly adaptive and plastic regulation of
these enzymes under natural and in vitro desiccation (Fig. 2.1). Therefore, for algae
species thriving in the upper intertidal zone, different environmental factors could
elucidate disjunctive distributional ranges along the Chilean shoreline.

2.1.5 Perspectives

Considering the prior information, we can conclude that there is a general lack of
studies investigating causal relationships between geographical distribution and the
physiological tolerances of seaweeds to diverse environmental abiotic factors.
Moreover, despite the discoveries of specific tolerance mechanisms under a number of
stressful conditions, few researchers have synchronously compared the roles of these
mechanisms with specific regulations under different abiotic stressors. This highlights
the necessity to further investigate and compare the ecophysiological similarities and
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Fig. 2.1 Principal components analysis plot (constructed in PAST 3.11) for the activities of five
antioxidant enzymes (ascorbate peroxidase, catalase, thiol-dependent peroxidase, pyruvate dehy-
drogenase, and thioredoxin) measured under natural hydration, desiccation, and rehydration condi-
tions in Porphyra and Pyropia spp. sampled along the Chilean coast (18°—41°S). Individual points
correspond to the ordination of principal components. Most points within the same latitude corre-
spond to a single Porphyra or Pyropia species (three replicates per species and treatment), except-
ing the two southernmost groups of points, where pairs of very close sites, with different species,
were indistinguishable due to the plotting scale

differences between the strategies employed by species to cope with different stressful
conditions. Further research will facilitate a better understanding of seaweed abun-
dance and distribution in intertidal communities, both locally and regionally.

2.2 Molecular Mechanisms of Desiccation Tolerance
in Seaweeds

When faced with detrimental biotic and/or abiotic factors, sessile organisms are
more severely affected than mobile counterparts due to highly limited or fixed posi-
tions within the environment (Shelford 1914; Huey et al. 2002; Hohmann 2004).
The fixed environmental position of sessile organisms such as plants and seaweeds
necessitates the development of adaptations to cope with the fluctuations produced
by desiccation stress. Some of these strategies include changes in form, structure, or
relative limb position, as well as in subcellular mechanisms (Shelford 1914; Bewley
1979; Ingram and Bartels 1996; Ramanjulu and Bartels 2002). Due to the availabil-
ity of different -omics techniques and several physiological analyses, desiccation
tolerance mechanisms have been found to occur in several species rather than being
species specific (Oliver and Bewley 1997; Oliver et al. 1998; Contreras-Porcia et al.
2011, 2013; Lopez-Cristoffanini et al. 2015; Moore and Farrant 2015; Fierro et al.
2017). Desiccation tolerance mechanisms can be grouped according to the follow-
ing four action criteria:

1. Limiting damage to a reparable level
2. Maintaining physiological integrity under desiccation
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3. Increasing antioxidant scavenging power
4. Activating repair mechanisms after the post-desiccation rehydration process

These mechanisms act through various actions, including morphological and cell
wall changes, hormone accumulation, ROS scavenging, photosynthetic activity
diminishment, and osmolyte and protein synthesis. One recurrent finding of toler-
ance studies is that sensitive species have a point of no return when subjected to
desiccation stress, after which these species are unable to recover even after rehydra-
tion. However, some algal species behave like resurrection plants and are fully able
to recover after rehydration (i.e., fully desiccation tolerant). In fact, algal species
inhabiting the upper rocky intertidal zones display a greater tolerance to desiccation
stress than those in the mid- and lower intertidal zones, particularly in terms of devel-
opment arrest and physiological and molecular alterations. The following sections
review desiccation stress in algae according to tolerance mechanisms, with emphasis
on how they help explain the vertical distribution of algae within the intertidal zone.

2.2.1 Decrease of Photosynthetic Activity

To our knowledge, Schonbeck and Norton (1978) were the first to address desicca-
tion stress as a key factor controlling the vertical distribution of brown algae within
the rocky intertidal zone. This investigation demonstrated that algae subjected to
desiccation display diminished photosynthetic activity that is recovered after rehy-
dration. Moreover, the recovery process was found to be faster in species inhabiting
the upper, rather than lower, intertidal zones, an effect since confirmed by other
researchers (Dring and Brown 1982; Leuschner et al. 1998; Contreras-Porcia et al.
2011; Flores-Molina et al. 2014; Guajardo et al. 2016; Fierro et al. 2016, 2017).
Dring and Brown (1982) studied intertidal brown algae photosynthesis during des-
iccation and recovery periods, and although all of the assessed species evidenced
decreased photosynthesis due to tissue water loss, the extent of recovery was greater
in upper shore species. In relation to water loss, Leuschner et al. (1998) determined
that for Zostera noltii (Alismatales) inhabiting the German Wadden Sea, carbon
dioxide assimilation is dependent on the water content in leaves, with higher water
content translating into higher CO, assimilation. Importantly, leaf water content is a
factor directly impacted by the duration of air exposure.

Algal photosynthetic activity declines during air exposure to reduce damages
associated with the photosynthetic by-products of desiccation stress and excessive
UV light exposure (Gémez et al. 2004; Chaves et al. 2009; Contreras-Porcia et al.
2011; Dinakar et al. 2011). Several studies have assessed the underlying mecha-
nisms of decreased algal photosynthetic activity. For example, Wiltens et al. (1978)
analyzed the chlorophyll fluorescence of the desiccation-tolerant red algae
Porphyra sanjuanensis and established that rehydration resulted in rapid recovery
from severe desiccation. In particular, the fluorescence changes observed during
the desiccation/rehydration cycle suggested that (1) electron transport between
photosystems I and II and water splitting are partial desiccation-sensitive reac-
tions; (2) intersystem electron transport becomes blocked at ~25% water content;
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(3) further desiccation leads to a loss of water splitting activity and, eventually, the
complete loss of fluorescence photosystem II reaction centers; and (4) intersystem
electron transport begins almost immediately after rehydration while the recovery
of water splitting requires several minutes. This final point was confirmed in a
detailed study performed by Contreras-Porcia et al. (2011) on the desiccation-tol-
erant red algae Py. orbicularis. Specifically, the photosynthetic efficiency and elec-
tron transport flux per cross of Py. orbicularis returned to the basal levels only
5 min after rehydration.

An extensive study on various algal species sampled from numerous locations
within the Chilean rocky intertidal zone (Flores-Molina et al. 2014) demonstrated that
the mid-intertidal algae species Mazzaella laminarioides and Scytosiphon lomentaria
(Ectocarpales) recover basal photosynthetic activity after rehydration. However, algae
from the lower intertidal zone, including Ulva compressa, L. spicata, and Gelidium
rex, do not fully recover from desiccation stress. This would partly explain the posi-
tions of these algal species within the rocky intertidal zone of the Chilean coast.
Furthermore, researchers have posited that the poorer photosynthetic performance of
sensitive species during desiccation/rehydration cycles is generated by disarrayed
photosynthetic machinery and not by a photoinhibition mechanism.

Transcriptomic and proteomic studies performed on Py. orbicularis indicate a
downregulation of photosynthesis-related RNAs and proteins such as RubisCO,
photosystem I and II proteins, and ferredoxin-NADP* during stressful periods
(Contreras-Porcia et al. 2013; Lépez-Cristoffanini et al. 2015). These downregu-
lated expressions during desiccation, together with rapid expression recoveries dur-
ing rehydration, suggest homoiochlorophyllous-like behavior, which is the storing
of proteins by dismantling under stressful conditions.

2.2.2 Morphological Changes and the Accumulation
of Compatible Solutes

Resurrection plants are known for leaf curling when subjected to desiccation stress,
a mechanism also observed in algal species suffering a cellular water deficit. Like
resurrection plants, desiccated algal tissue contains a low cellular water content and,
as observed through optical microscopy, a reduced cellular volume (~30-60% of the
non-stressed volume). Sensitive species from the Chilean coast show slightly
reduced cellular volumes (25-43%), as well as ultrastructural damage, under air
exposure. Specifically, L. spicata does not recover the fine structure of organelles
and cellular components after rehydration (Flores-Molina et al. 2014). In Py. orbi-
cularis, the normal greenish-red color of cells is replaced by dark purple, and cells
become tightly folded, stiff, and brittle (Contreras-Porcia et al. 2011). This reduc-
tion and folding of cells may occur due to reduced contents of microtubule and
microfilament proteins, as previously observed in resurrection plants (Pressel et al.
2006; Oliver et al. 2011; Cruz de Carvalho et al. 2014).

As in Py. orbicularis, desiccation stress drastically alters the actin cytoskeleton of
Klebsormidium crenulatum (Charophyta) (Holzinger et al. 2011). Proteomic and
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transcriptomic analyses found that the reduction in actin quantity was due to an
upregulation of a cofilin/actin depolymerizing factor (Holzinger et al. 2011; Lépez-
Cristoffanini et al. 2015; Fierro et al. 2017). This factor disassembles actin filaments
and prevents denaturation, thereby maintaining an actin pool in the cell (Maciver and
Hussey 2002). Further ultrastructural analyses of both desiccated Py. orbicularis and
K. crenulatum evidenced tissues with irregular contours, plasma membrane folding,
and a notable accumulation of electron-dense bodies inside the chloroplast. These
observations support that cytoplasmic components, such as compatible solutes,
agglomerate, and cytoplasm viscosity, increase when the cellular water content is
low. Both effects decrease the probability of molecular interactions that may cause
protein denaturation and membrane fusion.

Proteins associated with the synthesis of compatible solutes, including triose-
phosphate isomerase, S-adenosylmethionine synthetase, GDP-D-mannose-3’,5'-
epimerase, and phosphomannomutase, occur in desiccated Py. orbicularis. Due to
the inability of red algae such as Py. orbicularis to produce sucrose, triose-
phosphate isomerase could be important in glycerol synthesis, which couples with
D-galactose to form floridoside and isofloridoside, the primary photosynthates.
S-adenosylmethionine synthetase, which is upregulated in plants and algae exposed
to stress, synthesizes adenosylmethionine, a cofactor in the synthesis of compati-
ble solutes such as glycine betaine. Thus, the recovery of cellular volume and
conformation could be due to the intricate coordination of mechanisms, such as
compatible solutes production, channel activation, and an efficient dismantling
and assembly of the cytoskeleton present in desiccation-tolerant species.

2.2.3 Increased Expression of Desiccation-Associated Proteins

In resurrection plants, desiccation stress increases the production of heat shock and
late embryogenesis abundant proteins (Scott 2000; Alpert 2005; Leprince and
Buitink 2010). These protein groups are possible desiccation tolerance chaperones
that avert macromolecule aggregation and maintain the proper conformations and
activities of other proteins (Timperio et al. 2008; Toldi et al. 2009). These proteins
have also been associated with internal cellular structures, such as cytoskeleton fila-
ments that maintain cell stability. Furthermore, these proteins act as water substitute
given a high glycine content (ca. >6%) (Oliver and Bewley 1997; Hoekstra et al.
2001). Desiccated Py. orbicularis overproduces heat shock proteins and chaperones
(e.g., chaperonin 60, GRP78, BiP, and KAR?2) (Contreras-Porcia et al. 2013; Lépez-
Cristoffanini et al. 2015). Likewise, the green alga Asterochloris erici (Trebouxiales)
overproduces five heat shock protein 90 transcripts under desiccation (Gasulla et al.
2013; Holzinger and Karsten 2013). In addition, increased peptidylprolyl isomerase
production was detected in desiccated Py. orbicularis using a proteomic approach
(Lopez-Cristoffanini et al. 2015). This enzyme rotates the peptide bonds prior to
proline to induce protein folding and prevent water loss damage (Baniwal et al.
2004). Thus, although the available literature regarding algae desiccation-associ-
ated proteins is not as extensive as that of resurrection plants, a careful review of the
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existing research indicates that similar mechanisms occur in algae subjected to des-
iccation stress, information that contributes toward explaining the vertical distribu-
tion of intertidal seaweed species.

2.2.4 Increased Antioxidant Activity

Along with the modifications and effects mentioned in the previous subsections,
desiccation can also cause oxidative stress . This condition occurs when there is an
uncontrolled production of free oxygen radicals that consequently increase the lev-
els of ROS. Algae have successfully developed scavenging mechanisms to prevent
harmful ROS overproduction, and the first study on antioxidant responses to desic-
cation stress in algae analyzed Stictosiphonia arbuscula (Ceramiales) individuals
collected from the upper and lower rocky intertidal zones of a New Zealand beach
(Burritt et al. 2002). The authors showed that desiccation stress triggered an
organism-wide antioxidant response, although glutathione reductase and AP
enzyme activities were greater in individuals sampled from the upper rocky inter-
tidal zones. This also correlates with the finding that low-band specimens produce
more hydrogen peroxide than high-band ones.

An in-depth analysis of antioxidant responses in Py. orbicularis established that
this alga increases the production of glutathione reductase, AP, catalase (CAT), thio-
redoxin (TRX), dehydroascorbate reductase, peroxiredoxin (PRX), and CAT, PRX,
and TRX transcripts, among other factors, under desiccation (Contreras-Porcia et al.
2011; Fierro et al. 2017). Interestingly, Western-blot analyses of desiccated Py.
orbicularis fronds display low PRX protein levels, and in rehydrated specimens,
PRX activity drops to undetectable levels. PRXs belong to the thiol-dependent per-
oxidase family and are known to attenuate oxidative stress and modulate redox-
dependent signaling cascades (Rouhier and Jacquot 2002; Tripathi et al. 2009; Dietz
2011). Therefore, the observed differential inductions of PRX could be involved in
the transduction of signals by means of ROS, which are needed for the genetic acti-
vation of tolerance factors during air exposure.

Recently, Guajardo et al. (2016) showed that under desiccation stress, free
abscisic acid (ABA) levels in Py. orbicularis were four- to sevenfold higher than
sensitive species. Using the ABA inhibitors sodium tungstate and ancymidol, ABA
was found to regulate the activation of antioxidant enzyme activities during desic-
cation (AP, CAT, and PRX), concomitant with low lipid peroxidation and high cell
viability. These results demonstrate the participation of ABA in the regulation of
desiccation tolerance in seaweeds and suggest that regulatory mechanisms with
ABA signaling could be of great importance for the adaptation of these organisms
to environmental stress.

Loépez-Cristoffanini et al. (2015) detected the proteins SOD and lactoylglutathi-
one lyase, also known as glyoxalase I (Glyl), in Py. orbicularis. Glyl is key to
detoxifying the methylglyoxal that may be overproduced during stressful condi-
tions, including desiccation (Blomstedt et al. 1998; Hossain et al. 2009). A recent
study by Fierro et al. (2016) assessed methylglyoxal production and GlyI activity in
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tolerant (Py. orbicularis) and sensitive (L. spicata) algae species, finding that Py.
orbicularis increases Glyl activity and maintains reduced methylglyoxal levels dur-
ing desiccation. In contrast, L. spicata Glyl activity does not sufficiently increase,
resulting in increased methylglyoxal levels and cellular alterations.

In addition to antioxidant enzyme activity, resurrection plants produce several
antioxidant compounds to reduce ROS levels, including anthocyanin and accessory
pigments. Just as in resurrection plants, algae also produce these compounds during
desiccation stress. An increase in phycobiliproteins such as phycoerythrin, phycocya-
nin, and allophycocyanin occurs in Py. orbicularis and Gracilaria corticata during
desiccation stress, as evidenced using direct extraction and pigment profiling in
acrylamide gels (Kumar et al. 2011; Lépez-Cristoffanini et al. 2015). These proteins
can both canalize light energy to diminish and neutralize the amount of ROS pro-
duced by light excess (Bhat and Madyastha 2001; Romay et al. 2003; Cano-Europa
et al. 2010). Moreover, desiccation in Py. orbicularis results in an overproduction of
the enzyme adenosine 5’-phosphosulfate kinase. This catalyzes the production of
3’-phosphoadenosine 5'-phosphosulfate (Kopriva and Koprivova 2004), which is
involved in the biosynthesis of sulfated polysaccharides (McCandless and Craigie
1979), molecules that present high antioxidant potential (Tannin-Spitz et al. 2005;
Rocha de Souza et al. 2007). Kumar et al. (2011) determined that desiccation-stressed
G. corticata increase ascorbate production, an important antioxidant. This correlates
with the findings of Lépez-Cristoffanini et al. (2015), who showed increases in phos-
phomannomutase and GDP-D-mannose-3’,5’-epimerase, enzymes involved in ascor-
bate biosynthesis (Oesterhelt et al. 1996; Valpuesta and Botella 2004). Additionally,
Py. orbicularis also overproduces the stress-inducible pyridoxine biosynthesis pro-
tein involved in the synthesis of pyridoxal 5’-phosphate, a form of vitamin B6 with
potent antioxidant functions (Mittenhuber 2001; Raschke et al. 2011).

2.2.5 Perspectives

Mechanisms such as increased antioxidant enzyme activity coupled with an over-
production of antioxidant compounds further explain the dominance displayed by
some algal species in the upper rocky intertidal zones. These mechanisms have also
have been registered in resurrection plants, which evidence conserved mechanisms
of tolerance to water deficit. Specifically, Py. orbicularis demonstrates a well-
coordinated network of mechanisms that successfully scavenge ROS (Fig. 2.2),

Fig. 2.2 (continued) OEE] plastid oxygen-evolving enhancer 1, P-Gal GDP-L-galactose, PC ph}T-
cocyanin beta subunit, PE phycoerythrin beta subunit, PGK phosphoglycerate kinase, PMM phos-
phomannomutase, PPI peptidylprolyl isomerase, Rabll rab GTPase family 11, RNP RNP
domain-containing protein, RNApol RNA polymerase, RPL35 ribosomal protein L35, RubisCO
ribulose-1,5-bisphosphate  carboxylase/oxygenase  large  subunit  (chloroplast), SAM
S-adenosylmethionine synthetase, Sar/ small GTP-binding protein Sarl, Sec 7 Sec 7 domain, SLG
S-p-lactoylglutathione, SOR stress-inducible pyridoxine biosynthesis protein SOR, TP triose-
phosphate isomerase, TRR thioredoxin reductase, 7RX thioredoxin, VDAC voltage-dependent
anion channel



/(:ELL WALL agars mannans \
/ APK? p-s;f..( ..... G ’\;Ea GBI s WS .(.EMM? o Vessmular
5

1 y /
C‘)'R.J > B Qo;:::::e-?um /- 2ASC+NAD* MDHART \om + - + 2 wDn t"aff":':l"Q
= 2
20:4 2 AS?:' o ———— asc+osse AR L sosneoua  REDIT? L) 1 Gbp3
MsOD*, "+l l . AP1S t ' A
Tt / 1 PRX13 O 590?3 Gbp1 s
ROS* zw0+0ma y 1 ®

HyO + PRX-H;

s PRXH: %
2H:0 + PRX «
+ TRXH; A
~.JRR.

protein \
integrity é% HSP?O?

HSP223 Cha60?

phycobilisome
Oy OPEW

[ =Tegl
7 o 1
t H:O
: % oAPC?

ate t ppe t Hszgm
. 1
light L) %_%
/ 4 photosynthesis? cdytOSKeileton
; 23 RubisCO? Ismantiin

‘H k : FNf cﬁa Chla® & ADF3 A 9

OEE1* Calvin 4 t

1 pGK:  cycle Actin® =
+ ALDO? F1,6BP2 < 3
r ! 3

~

compatible ~.

i/
solutes V i | vpacs
* jor Floridoside , Glycine ," A%M - t

GAP'DHs he!a ing,
T P v
ehorgy EAM T = = o T elF 53
wmf F<r~l»<mol2 T ‘I‘eE_F-22-3
ACO?23 F1,6BPTN eccagtion | \ l‘,:"'t|,e\i?<s2 DHQsyn®
1 ALDO? ¢ TP / trans!aﬁon y — t
Krebs 1 1 / —aase—— Cg23

cycle glycolysis

/;ﬁproteln
t synthesist//

Fig. 2.2 Cell diagram of Pyropia orbicularis mechanisms involved in tolerance to desiccation
stress induced during natural low tide periods. Adapted from Ldépez-Cristoffanini et al. (2015);
numbers next to protein, enzyme, or molecule indicate evidence from 'Contreras-Porcia et al.
(2011) and Fierro et al. (2017), *Contreras-Porcia et al. (2013), *Lépez-Cristoffanini et al. (2015),
*Guajardo et al. (2016), and *Fierro et al. (2016). Processes and enzymes with decreased activities
as well as downregulated proteins and transcripts during desiccation are followed by|, whereas
those with increased activity and upregulated proteins and transcripts are followed by 1. Organelles
within the cell are depicted by a circle with a continuous line, whereas cycles or structures within
these are denoted by a circle with a dotted line. The direct action of an enzyme/protein/molecule on
a mechanism is indicated with black arrows. An enzyme/protein/molecule is indicated with a gray
arrow when part of an enzymatic pathway. Dotted arrows indicate the enzyme’s mechanism.
Proteins are abbreviated as follows: ABA abscisic acid, ABC ATP-binding cassette transporters,
ACO aconitate hydratase, ADF cofilin/actin depolymerizing factor, ALDO fructose-bisphosphate
aldolase, AP ascorbate peroxidase, APC allophycocyanin alpha subunit, APK adenosine 5’-phos-
phosulfate kinase, ASC ascorbate, B6 vitamin B6, CA carbonic anhydrase, CAT catalase, Cha60
chaperonin 60, Chl a chlorophyll a, CS cysteine synthase, DHA dehydroascorbate, DHAR dehydro-
ascorbate reductase, DHQsyn 3-dehydroquinate synthase/O-methyltransferase fusion, eEF-2 elon-
gation factor 2, elF-1 eukaryotic initiation factor 1, e/F-5A translation initiation factor eIF5A,
F1,6BP fructose 1,6-bisphosphatase, FNR ferredoxin-NADP+ reductase, GAPDH glyceraldehyde
3-phosphate dehydrogenase, Gbpl guanylate binding protein 1, Gbp3 guanylate binding protein 3,
GDP-M GDP-d-mannose, Glyl lactoylglutathione lyase, GME GDP-D-mannose-3'0.5'-epimerase,
GR glutathione reductase, GSH glutathione, GSSG glutathione disulfide, HSP22 heat shock protein
22, HSP70 heat shock protein 70, HSP90 heat shock protein 90, JARS isoleucyl-tRNA synthetase,
M I-P mannose 1-phosphate, M6-P mannose 6-phosphate, MDA monodehydroascorbate, MDHAR
monodehydroascorbate reductase, MG methylglyoxal, MnSOD manganese superoxide dismutase,




28 L. Contreras-Porcia et al.

including (1) increasing glutathione reductase, AP, CAT, PRX, and dehydroascor-
bate reductase (DHAR) activities; (2) overproducing ABA to enhance antioxidant
enzyme activity; (3) overproducing phycobiliproteins to avoid excess light damage;
and (4) overproducing antioxidant compounds, such as ascorbate, to reduce ROS
levels. Altogether, the mechanisms observed in tolerant algae provide some expla-
nation for Py. orbicularis dominance in the upper intertidal zone, as well as for the
position of other algal species along the Chilean coast. Thus, differential responses
and permanent damages in non-tolerant species restricted to low intertidal zones are
related to:

1. Morphology, specifically in regard to protoplast retraction and thylakoid
disorganization

2. Higher increases of ROS such as H,O, during emersion, together with a lack of
decreased ROS during rehydration

3. Increased levels of oxidized lipids and proteins that are higher during rehydration
than under desiccation

4. Very low or absent activation of antioxidant enzymes during desiccation stress

5. An irreversible inactivation of the photosynthetic system after desiccation stress
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Chapter 3
Marine Metal Pollution and Effects
on Seaweed Species
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Abstract Heavy metals are significant pollutants continuously released into the bio-
sphere, both naturally and anthropogenically. Conceptually, metal speciation, bio-
availability, and associated toxicity in marine organisms depend on a wide array of
abiotic and biotic factors. Among these, pH variation is one of the most important
environmental factors influencing metal speciation and toxicity. Due to this, ocean
acidification is expected to modify metal speciation, altering the effects these nonde-
gradable contaminants have on marine organisms, such as seaweeds. One clear
effect of heavy metals on seaweeds is the rapid formation of reactive oxygen species
(ROS). The production of ROS beyond the physiological tolerance threshold causes
an oxidative stress condition that, if not attenuated, can irreversibly damage cellular
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constituents such as DNA/RNA, proteins, and lipids. To cope with heavy metal
excess, several mechanisms exist in tolerant seaweed species, including the activa-
tion of an efficient ROS-scavenging system constituted by metal-binding com-
pounds, antioxidant enzymes, and oxygenated polyunsaturated fatty acids, among
others. Another adaptive mechanism involves the participation of ATP-binding
cassette (ABC) transporter proteins in translocating a wide variety of compounds
across cell membranes, including heavy metals. In contrast, an excessive heavy
metal presence can inhibit photosynthesis, reduce pigment concentration and growth,
induce cation losses, and disrupt gametophyte development in non-tolerant seaweed
species. In a scenario of lowered ocean pH and increased heavy metal toxicity, the
important roles played by non-tolerant seaweed species in structuring communities
could be severely compromised, with unknown consequences for associated organ-
isms. Therefore, in the upcoming decades, marine pollution could majorly shift and
rearrange community compositions and the distributional ranges of species.

Keywords Seaweeds ¢ Heavy metal stress ¢ Tolerance mechanisms ¢ Ocean
acidification
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3.1 Heavy Metal Toxicity in Marine Ecosystems

Heavy metals are significant toxic pollutants, and extensive literature details the accu-
mulation of heavy metals in coastal marine ecosystems (Walker et al. 2012). Metals
are continuously released into the biosphere by volcanoes and the natural weathering
of rocks, in addition to release through numerous anthropogenic activities such as
mining, fuel combustion, and industrial, urban, and agricultural activities.

The input of metals into the sea, natural or anthropogenic in origin, is mainly via
the atmosphere, whereas the anthropogenic contribution of some metals (e.g., cop-
per, cadmium, and lead) is greater than from natural sources (Duce et al. 1991).
Metal deposition occurs primarily through a gas exchange at the sea surface, through
either particle fallout (dry deposition) or through dragging from the air by rain (wet
deposition) (Walker et al. 2012).

Unlike organic chemicals, metals are neither created nor destroyed by biological
or chemical processes. However, these processes can transform metals from one
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species to another (valence states, metal speciation) and can switch metals back and
forth from inorganic to organic forms. Although metals such as copper (Cu) and
zinc (Zn) are essential to life, others such as lead (Pb), cadmium (Cd), and mercury
(Hg) do not have known useful biochemical functions (Allan 1997). Additionally,
excess intake of any of these metals can be highly toxic when exceeding certain
concentration thresholds. It is important to mention that although Cd is not essen-
tial, and is potentially toxic even in very low doses, it enhances phytoplankton pho-
tosynthesis and growth rate by increasing carbonic anhydrase activity in cells
(Cullen et al. 1999).

Seaweeds are fundamental components of coastal benthic ecosystems and are
responsible for much of the coastal primary production, community structure, and
ecosystem function (Hurd et al. 2014; Schiel and Foster 2015). Natural or anthropo-
genic phenomena, such as heavy metal deposition, can adversely affect macroalgae,
which in turn can directly or indirectly affect organisms at higher trophic levels and,
ultimately, the integrity of entire ecosystems. For example, the deposition of copper
into Chafiaral Bay (26°S, 71°W) in northern Chile through the transport of mining
wastes to the coast, occurring since 1938, negatively influenced algal biodiversity
and eliminated several benthic herbivores and all benthic carnivores (Correa et al.
2000; Medina et al. 2005). This waste deposition has resulted in persistently high
levels of total copper in the seawater, with 20 pg L=! currently and 200 pg L' at the
discharge point in the past (Castilla 1996; Henriquez-Castillo et al. 2015).

Particularly, the brown kelp Lessonia berteroana (Phacophyceae) (formerly L.
nigrescens), a keystone species dominating the lower intertidal rocky shores along the
northern Chilean coast, is absent from this copper-enriched area (Medina et al. 2005;
Lovazzano et al. 2013). Since Lessonia spp. regulate community structure (Cancino
and Santelices 1984), the absence of L. berteroana has negatively impacted local
biodiversity. It is important to emphasize that the high heavy metal concentration in
seawater is not restricted to northern Chile. According to POAL (Coastal Monitoring
Program, Chilean Navy DIRECTEMAR: www.directemar.cl), over the last 5 years,
certain central coastal zones of Chile have registered close to 14 pg L~! of total dis-
solved Cu, 5.5 pg L' of Cd, and 7 pg L~! of Pb in the seawater, levels considered
toxic for certain marine organisms by the Environmental Protection Agency (EPA) of
the United States and as low-quality seawater by Chilean standards.

The excess presence of heavy metals can inhibit photosynthesis (Nielsen et al.
2003; Xia et al. 2004), reduce pigment concentration and growth (Contreras et al.
2007), and induce a loss of cations (Overnell 1975; Brown and Newman 2003).
Particularly, copper and cadmium can disrupt gametophyte development in the
brown kelp Macrocystis pyrifera (Phaecophyceae) and Lessonia spicata (Anderson
and Hunt 1988; Garman et al. 1994; Contreras et al. 2007). These heavy metals also
affect the distribution of other cellular compounds, such as free fatty acids (Ritter
et al. 2008), as well as competitively inhibiting other metals (Franklin et al. 2002;
Andrade et al. 2006). Therefore, it is clear that attenuation responses in seaweeds
are necessary for controlling the adverse and environmentally stressful conditions
that result from heavy metal over-enrichment.
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3.2 Tolerance Mechanisms in Seaweeds to Heavy Metal
Toxicity

Seaweeds accumulate metals through a two-stage process that begins with a rapid
and reversible physicochemical adsorption on the algal surface, followed by a
slower, metabolically arranged intracellular uptake (Garnham et al. 1992). Therefore,
heavy metal concentration is generally dependent both on external factors (pH,
salinity, and complex inorganic and organic molecules) and on physicochemical
parameters that control metabolic rate (temperature, light, oxygen, and nutrients).

One clear effect of heavy metals on marine organisms, including seaweeds, is the
rapid formation of reactive oxygen species (ROS) through the Haber-Weiss reaction,
which is characterized by a heavy metal-catalyzed production of hydroxyl radicals
from hydrogen peroxide (Gledhill et al. 1997; Pinto et al. 2003) (Fig. 3.1). ROS are
directly produced by O, excitation and the subsequent formation of singlet oxygen, or
by the transfer of one, two, or three electrons to O,, which results in the formation of
superoxide radicals, hydrogen peroxide, or hydroxyl radicals, respectively. The pro-
duction of ROS beyond the physiological tolerance range of an organism can nega-
tively affect physiological maintenance due to oxidative damage to cellular constituents
such as DNA/RNA, proteins, and lipids (Vranova et al. 2002; Hung et al. 2005;
Contreras et al. 2009; Lovazzano et al. 2013) (Fig. 3.1). This overproduction can lead
to a state of oxidative stress, but a coordinated attenuation system can be activated by
the affected organism to eliminate ROS excess (Collén and Davison 1999; Sordet et al.
2014). To cope with heavy metal excess, several mechanisms exist in tolerant seaweed
species such as Scytosiphon spp. (Phaeophyceae) or Ulva spp. (Ulvophyceae), includ-
ing the activation of an efficient ROS-scavenging system constituted by compounds
and enzymes, including catalase (CAT), ascorbate peroxidase (AP), peroxiredoxin
(PRX), and lipoxygenase, among others (Ratkevicius et al. 2003; Contreras et al.
2005; Contreras et al. 2010; Lovazzano et al. 2013) (Fig. 3.1). In contrast, species
sensitive to heavy metal excess have low activities of tolerance response enzymes,
which would explain the inability to flourish in heavy metal-enriched environments.
For example, activities of diverse antioxidant enzymes are lower in the sensitive spe-
cies L. spicata than in the tolerant Scytosiphon lomentaria, and others as glutathione
peroxidase (GP) and dehydroascorbate reductase (DHAR) are completely inhibited
at higher copper concentrations (Contreras et al. 2009). Copper toxicity also induces
uncontrolled lipoperoxide accumulation in L. spicata, which leads to cell damage
and dysfunction.

Using proteomic analysis, a PRX was identified in Scytosiphon gracilis exposed
to copper excess (Contreras et al. 2010). PRXs belong to the thiol-dependent peroxi-
dase family and are known to attenuate oxidative stress; reduce hydrogen peroxide,
alkyl hydroperoxides, and peroxynitrite; and modulate redox-dependent signaling
cascades (Dayer et al. 2008; Foyer and Noctor 2009; Tripathi et al. 2009; Dietz
2011). In algae, the protective function of PRXSs is scarcely documented. For exam-
ple, the prx gene, which presents homology with the 2-Cys PRX of higher plants
(Baier and Dietz 1997), was first identified in Porphyra purpurea (Bangiophyceae)
(Reith and Munholland 1993). By studying the responses to desiccation stress in
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Fig. 3.1 Mechanisms involved in the tolerance to heavy metal stress in seaweeds. ABC transporter
(ABC); calmodulin (CAM); chloroplast (chl); glutathione (GSH); glutathione S-transferase (GST);
heavy metals like Cd, Cu, Pb, and others (M); polyphosphate bodies (PPBs); reactive oxygen spe-
cies (ROS); vacuole (va). Some enzymes involved in these mechanisms are catalase (CAT), ascor-
bate peroxidase (AP), peroxiredoxin (PRX), and lipoxygenase (LOX), among others

Pyropia orbicularis (Bangiophyceae), Contreras-Porcia et al. (2011a) found that
PRX activity and gene expression significantly increased. Similarly, when the green
alga U. compressa was exposed to copper excess for 7 days, genes encoding for PRX
and its reducing agent, thioredoxin, significantly increased (Contreras-Porcia et al.
2011b), and in S. gracilis PRX protein levels increased under copper excess
(Lovazzano et al. 2013). These results suggest that PRX acts as an active antioxidant
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barrier, and, from an ecological point of view, these findings help to explain the abil-
ity of certain species to flourish in copper-enriched environments.

Another adaptive mechanism involves the participation of ATP-binding cassette
(ABC) transporter proteins in translocating a wide variety of compounds across cell
membranes, including lipids, xenobiotics, drugs, and heavy metals (Ehrmann et al.
1998; Gaillard et al. 2008; Ritter et al. 2014), and the overexpression of ABC transporter
proteins in tolerant seaweed species modulates copper homeostasis and oxidative stress
(Contreras et al. 2010) (Fig. 3.1). Dictyota kunthii (Phacophyceae) and Ectocarpus
siliculosus (Phaeophyceae) counteract copper excess through various mechanisms
including metal accumulation and the activation of antioxidant enzymes, oxygenated
polyunsaturated fatty acids (oxylipins), and heavy metal-binding compounds (Fig. 3.1).
For example, the copper-binding capacity of exudates in D. kunthii (determined by
anodic stripping voltammetry (ASV)) revealed an increased ligand capacity of the
medium when the plants were exposed to copper excess (Sordet et al. 2014).

3.3 Influence of Abiotic Factors on Metal Toxicity: The Case
of the Ocean Acidification

Due to human activities, atmospheric CO, content has increased by 100 ppm since
the industrial revolution and today stands at 380—400 ppm (Gattuso and Hansson
2011; IPCC 2014; NOAA 2016). It is expected that this concentration will continue
to rise. The oceanic uptake of CO, reduces both pH and the availability of carbonate
ions (CO;’ ), thereby increasing the concentration of bicarbonate [ HCO; | (Wolf-
Gladrow et al. 1999; Orr et al. 2005) through a process called ocean acidification
(Feely et al. 2004; Solomon et al. 2007), where the concentration of protons [H*] is
proportional to the ratio of [ HCO; /[ CO§’ ].

On a global scale, ocean surface pH is nearly 0.1 unit lower now than the values
registered in the preindustrial era (Orr et al. 2005). There is a predicted decrease of
0.4 unit by the end of the century and nearly 0.8 unit within the next 300 years.
Meanwhile, carbonate concentration (CO3 " ) could drop by ~50% by the end of the
century, concomitant with a 192% increase in CO, and a 14% increase in HCO; .

Metal speciation, or the form of the metal in terms of chemical species, influ-
ences its bioaccessibility, bioavailability fate, and toxic effects. Metal bioavailabil-
ity and associated toxicity vary widely according to the physical, chemical, and
biological conditions to which an organism is exposed; and sensitivity to metals
varies with age, sex, nutritional status, and genetic polymorphisms. Due to this, the
toxic action of metals on one particular organism conceptually depends on a wide
array of abiotic and biotic factors (Fig. 3.2). In this context and because pH variation
is probably one of the most important environmental factors influencing metal spe-
ciation and behavior (Byrne 1988), ocean acidification is expected to modify metal
speciation, thereby altering the effects that these nondegradable contaminants have
on marine organisms, including seaweeds.
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Fig. 3.2 Conceptual diagram for uptake mechanisms and speciation of metals in marine organ-
isms. Modified from US EPA (2007)

Metal complexes with sulfate, fluoride, chloride, and phosphate are the most
stable and, importantly, present at pH levels below 7, whereas metal carbonate
(CO7 ) and hydroxide (OH") complexes are notably more unstable and present at
pH levels above pH 6-8 (Millero et al. 2009). Metals that form complexes with
CO?" and OH™ have a higher fraction in their free form at a lower pH. This directly
affects metal speciation and, thus, metal bioavailability and toxic effects. For exam-
ple, at the current pH of seawater (ca. 8.1), Fe(IIl) is at its minimum solubility, and
solubility is further influenced by organic matter (Liu and Millero 2002). A decrease
in pH would increase Fe(IIl) solubility by ~40%, which could have a large impact
on biogeochemical cycles. Increased solubility would make iron more available to
marine autotrophs, leading to an increased primary production (Martin 1990).
Likewise, copper is an important nutrient for all organisms, and its bioavailability
influences several cellular functions. A low pH decreases the strength of natural
organic matter/Cu?* interactions, driving affinities to negligible levels at a lower
pH. Thus, the proportion of non-complexed free Cu?* ranges from less than 0.1%
above pH 8 or higher to 30% at pH 7.0 (Zirino and Yamamoto 1972; Millero et al.
2009). Like copper, cadmium is strongly associated with chloride ions, but at a low
pH, metal carbonate complexes increase, therefore reducing the bioavailability of
carbonate and bicarbonate molecules.

Ocean acidification is consistently related to reduced growth rates in calcareous
algae (e.g., planktonic coccolithophores and benthic calcifying macroalgae), and
reduced calcification rates have been recorded in crustose and articulated coralline
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red algae, as well as in calcified green Halimeda. In the rthodophyte Corallina offi-
cinalis, the processes of inorganic carbon and nutrient uptake and assimilation are
affected by elevated CO, due to changes in enzyme activity (Hofmann et al. 2012a).
Ocean acidification can also alter periplasmic electrode potential and affect proton
or ion channels by altering the structure of periplasmic proteins or the activity of
periplasmic extracellular carbonic anhydrase (Gattuso and Hansson 2011).
Acclimation to a rapid change in CO, concentration likely affects most photosyn-
thetic processes and associated metabolic activities. At a community level, tank
experiments have shown that the cover of noncalcifying species increases with
increasing pCO, (Hofmann et al. 2012a, b). However, the effects of CO,-driven pH
changes in noncalcifying seaweeds remain poorly understood, even though these
algae play an important ecological role in modulating marine biodiversity. For
example, Gail (1919) reported that maximum germination in Fucus spp. occurs in
seawater at pH values between 8.0 and 8.2 and the growth of spores, as well as of
larger plants, was inhibited when pH dropped below 7.5. More recently, Zou (2005)
found that growth rates and nitrogen assimilation of the brown seaweed Hizikia
Jusiforme were enhanced when grown at relatively high CO, levels. Similarly, Xu
et al. (2010) showed that CO, enrichment increased growth rate of the red mac-
roalga Gracilaria lemaneiformis. In contrast, the growth rate of the red alga
Porphyra linearis decreased when exposed to high CO, levels (Israel et al. 1999).
Zou and Gao (2002) found that some intertidal macroalgae increased the photosyn-
thetic fixation of carbon at high CO, levels. At a biochemical level, the cellular
composition of the red alga Porphyra leucosticta was significantly affected by
increased pCO,; while soluble proteins decreased, carbohydrates increased three-
fold (Mercado et al. 1999). Garcia-Sanchez et al. (1994) reported similar results
while studying the red alga Gracilaria tenuistipitata, and experiments conducted on
Ulva rigida showed that under CO, enrichment, this alga has enhanced growth and
net photosynthesis rates but decreased soluble protein and internal carbon contents,
thus maintaining a constant C:N ratio (Gordillo et al. 2001). Recently, Duarte et al.
(2016) registered a decrease in protein and organic matter contents in the tissues of
Durvillaea antarctica (Phaecophyceae) exposed to high pCO, levels. Altogether, the
published evidence suggests that algal responses to elevated CO, levels are species
dependent and the ways in which CO, enrichment affects the physiology of a spe-
cies are poorly understood.

3.4 Seaweeds as a Study Model for Heavy Metal Toxicity
and Ocean Acidification

Multiple environmental factors are predicted to shift throughout the twenty-first cen-
tury, and there is an urgent need to examine the interactive effect of these stressors to
estimate potential impacts on the marine environment. Heavy metal enrichment and
ocean acidification may have a particularly wide range of impacts on habitat-forming
seaweed species such as L. spicata (Phaeophyceae), M. pyrifera (Phaeophyceae), and
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P. orbicularis (Bangiophyceae). In Chile, these species promote kelp fisheries and
mariculture, but some are sensitive to environmental stressors such as heavy metals,
temperature, and desiccation (Contreras et al. 2007; Oppliger et al. 2012; Flores-
Molina et al. 2014; Schiel and Foster 2015). Moreover, plasticity, acclimation, and
tolerance responses may vary under different local environmental stress conditions
since these seaweed species inhabit different intertidal zones (i.e., upper, mid, or
lower) along a wide latitudinal gradient. Particularly along the Chilean coastline,
these species are most abundant in the upper to shallow sub-intertidal zones (Macaya
and Zuccarello 2010; Ramirez et al. 2008, 2014; Guillemin et al. 2016). These sea-
weeds facilitate algal and invertebrate recruitment, modulate local biological diversity
and community structure, and are commercially exploited by seaweed-based indus-
tries for alginate, bioethanol, and organic fertilizer production, abalone feed, and
human consumption (e.g., Almanza and Buschmann 2013; Aitken et al. 2014).
Notably, exports reached 530,000 tons in 2013. However, ecophysiological studies in
these organisms are scarce; and this lack of information impedes predicting potential
outcomes of global stress factors.

The impacts of heavy metal toxicity and ocean acidification enrichment on the
microscopic life stages of seaweeds have been largely ignored despite that algal
recruitment depends mainly on the survival of these early stages. The combined
results of heavy metals and pCO, might include shifts in species diversity and eco-
system composition due to reduced habitat range. Growth, development, and repro-
duction are among the life history traits of aquatic organisms known to be affected
by copper and cadmium toxicity, among other heavy metals. In L. spicata, concen-
trations higher than 20 pg L=! of dissolved copper interrupt spore development after
settling. This leads to failure in the formation of male and female gametophytes and,
as a consequence, results in a complete disruption of the normal life cycle (Contreras
et al. 2007). The absence of Lessonia from copper-enriched environments is due to
high sensitivity in the early life cycle stages, which limits growth and maturation of
the gametophytic (n) microscopic phase and, subsequently, prevents development
of the macroscopic sporophytic phase (2n).

Recently, the effects of pH shifts between 7.59 and 8.50 on meiospore germina-
tion and sex determination in the noncalcifying kelp M. pyrifera were determined,
with lower pH resulting in significantly reduced germination and kelp spore mortal-
ity (Gaitdn-Espitia et al. 2014). Additionally, Roleda et al. (2012) evidenced that the
proportion of male to female M. pyrifera gametophytes was not significantly
affected by reduced pH, and inhibition of meiospore germination under low pH
could be counteracted by the availability of dissolved inorganic carbon.

In natural habitats, algae species often experience severe environmental and
anthropogenic stresses as a result of periodic exposure to a wide range of atmospheric
conditions. Therefore, the relative abundance, survivability, and distribution of sea-
weeds are determined mainly by specific tolerance levels to diverse environmental
stressors. In a scenario of ocean acidification, it is tempting to predict that seaweeds
will benefit from the increase in inorganic carbon concentration (Beardall et al. 1998).
However, CO,-driven effects on photosynthesis and growth depend on the degree to
which carbon is limiting, which in turn varies between habitat types and among taxa
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(Harley et al. 2012). Moreover, pCO, enrichment could modify the behavior of other
environmental factors, such as heavy metal excess and, as a result, negatively affect
the physiological performance of a given species. Therefore, comprehensive studies
that include cellular, biochemical, and molecular biological approaches are required
for determining the responses of marine seaweeds to interacting stressors.

3.5 Conclusion

According to the International Council for Science, five priorities must be consid-
ered among the 17 Sustainable Development Goals that were formally launched in
September 2015 by the United Nations (70th session, General Assembly). Notable
among these is the initiative to significantly reduce marine pollution and minimize
the impacts of ocean acidification, as well as the effects of these on human and eco-
system health. In this context, it is important to elucidate the interactive effect of
both factors on community performance and ecosystem function, especially consid-
ering that human dependence on the oceans places many socioeconomic practices
associated with marine organisms at risk under a scenario of global climate change.
Although it is very clear that many environmental stressors can act in combination
to synergistically, antagonistically, or additively affect many physiological processes
in marine organisms (Schiedek et al. 2007; Darling and C&té 2008; Gooding et al.
2009), studies that evaluate these interactive effects are still scarce. Heavy metal
enrichment from anthropogenic sources and ocean acidification due to increasing
greenhouse gas concentrations at the end of the twenty-first century may have a
particularly wide range of effects on seaweed species and community structure.
Although many seaweed species are known to be vulnerable to physical and chemi-
cal changes in the marine environment, the impacts of ongoing and future anthropo-
genic climate change remain poorly understood. In this context, physiological
studies on seaweed communities will enhance our ability to predict future changes
in the performance and persistence of marine organisms under global change.
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Chapter 4
Seaweed Lipidomics in the Era of ‘Omics’
Biology: A Contemporary Perspective

Puja Kumari

Abstract Lipidomics, a branch of “omic” sciences, refers to the analysis of lipids
on the systems level together with their interacting factors including expression of
proteins involved in lipid metabolism and function and gene regulation. Seaweeds
are one of the important ecosystem drivers that inhabit an unique aquatic environ-
ment being exposed to a diverse range of environmental fluctuations (salinity, light,
desiccation, and temperature), pathogens, invasive species, and anthropogenic fac-
tors that affect their phenotype as well as acclimatory strategies. As a result of thriv-
ing in such diverse and extreme environments, they produce an array of unique
bioactive, complex, exotic acyl lipids and fatty acids that are not generally present
in terrestrial plants. Seaweeds have been extensively studied for their bioactive lip-
ids mainly for their nutritionally important polyunsaturated fatty acids, oxylipins,
and their pharmaceutical and biotechnological utilization. Most of the studies have
been limited to the elucidation of lipid and fatty acids composition, their metabolic
pathways, the genes and enzymes involved, as well as their roles in stress responses,
innate immunity, and defense against pathogens. Although lipidomics has been
extensively used in terrestrial plants and even microalgae to unravel their lipidome,
functional annotation of unknown genes involved in lipid metabolism, correlation
of genotype-phenotype, and understanding of the pleiotropic roles of lipids in cell
development and biotic/abiotic stresses, only a few seaweeds have been studied
with lipidomic approach. This chapter presents updated information on lipidomics,
advanced analytical tools and techniques, and their applicability in seaweed studies
along with its limitations. Further, an overview of how integrating lipidomics with
allied sister branches of metabolomics, transcriptomics, and proteomics can help in
the identification of unknown gene/protein functions and development of systems
biology networks advancing our knowledge of lipid biochemistry in seaweed devel-
opment and acclimation to stress conditions are discussed.
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4.1 Introduction

Lipids comprise a very diverse group of compounds that not only forms the mem-
brane bilayer but also plays multiple critical roles in cellular functions. They pro-
vide hydrophobic environment for membrane protein functions and interactions,
and fatty acids and triglycerides serve as energy reservoirs. They also play promi-
nent roles in the regulation of cellular bioenergetics through integrating oxidative
metabolism (Michalik et al. 2006), modulating systemic energy balance through
eicosanoid and lysolipid production (Vegiopoulos et al. 2010), and regulating mito-
chondrial electron transport chain flux and coupling efficiency (Breen et al. 2005).
Moreover, many classes of lipids such as eicosanoids, lysolipids, diacylglycerols,
phosphatidic acids, and ceramides serve as secondary messengers in cellular signal-
ing pathways (Gross and Han 2011).

Lipids are defined as amphiphilic biological substances consisting of fatty acids
and their derivatives and the substances that are biosynthetically or functionally
related to these compounds (Christie 1993). Lipid molecules exhibit high structural
diversity due to variable chain length; a multitude of oxidative, reductive, substitu-
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tional, and ring-forming biochemical transformations; modification with sugar resi-
dues; and other functional groups of different biosynthetic origin (Fahy et al. 2011).
The International Lipid Classification and the Nomenclature Committee, together
with the Lipid Metabolites and Pathways Strategy (LIPID MAPS) Consortium,
defined eight categories of lipids and divided them into classes and subclasses (Fahy
et al. 2005, 2009, 2011) by their chemically functional backbones and biochemical
principles in (1) fatty acyls, (2) glycerolipids, (3) glycerophospholipids (also known
as phospholipids), (4) saccharolipids (also known as galactolipids), (5) sphingolip-
ids, (6) sterol lipids, (7) prenol lipids, and (8) polyketides. The entire collection of
chemically distinct lipid species in a cell is referred to as a lipidome (Gross and Han
2011). According to different estimates, an eukaryotic lipidome contains 9000—
100,000 individual lipid molecular species (van Meer 2005; Han and Jiang 2009).
Moreover, the estimated number of individual molecular species varies from cell to
cell due to the intrinsic programmed genetic information, status of the cellular acti-
vation, metabolic signaling, and nutritional history (Han et al. 2012). Such large
number and diversity of lipid species complicate their separation and identification
thereby making the lipid analysis a challenge to accomplish. However, the advent of
omic sciences has been a stimulus to determine the lipid molecular profile in bio-
logical systems, paving the way for “lipidomics.” The term lipidomics was first used
by Kishimoto et al. in 2001 (Kishimoto et al. 2001) and later defined by Han and
Gross in 2003 (Han and Gross 2003). Currently, it is defined as the study of full
complement of lipid molecules (lipidome) on the systems level together with their
interacting factors including expression of proteins involved in lipid metabolism
and function and gene regulation. Lipidomics enables to understand the role that
lipids play in biological systems such as how lipids influence membrane architec-
ture, the modulation of transcription and translation, and answers to environmental
changes due to physiological processes (Rolim et al. 2015). This field has undergone
rapid progress, mainly because of technology-driven transformation in instrumenta-
tion, most notably in mass spectrometry and its ancillary techniques (such as liquid
chromatography and ionization sources) that have enabled quantitative lipid analy-
ses with an unprecedented level of sensitivity and precision (Briigger 2014). Recent
studies in lipidomics have largely focused on the identification of novel lipid classes
and molecular species, development of quantitative methods for lipid analysis at
attomole to femtomole levels per mg of protein, tissue mapping of altered lipid
distribution present in different organs or in response to external cues, and bioinfor-
matic approaches for the automated high-throughput processing and molecular
modeling with lipidomic data (Wang et al. 2016). Now, the researchers have real-
ized that metabolism of lipid molecular species or between individual lipid classes
is interwoven and the metabolism of the entire lipidome should be investigated in a
systems biology approach to better understand the functions of lipids in biological
systems (Dennis 2009).

Seaweeds are benthic marine macroalgae comprising a diverse group of fascinat-
ing multicellular photosynthetic forms growing mostly attached to rocks in coastal
waters. They are harvested and commercially utilized for food, feed, phycocolloids,
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fertilizer, energy, medicines, cosmetics and nutraceuticals, and biotechnological,
bioremediation, and aquaculture applications with current market value of USD 7
billion (FAO 2014). Seaweeds are one of the important ecosystem drivers that inhabit
an unique aquatic environment being exposed to a diverse range of environmental
fluctuations (salinity, light, desiccation, and temperature), pathogens, invasive spe-
cies, and anthropogenic factors that affect their phenotype as well as acclimatory
strategies. As a result of thriving in such diverse and extreme environments, they
produce an array of unique bioactive, complex, exotic acyl lipids and fatty acids that
are not generally present in terrestrial plants. Seaweeds have been extensively stud-
ied for their bioactive lipids mainly for their nutritionally important polyunsaturated
fatty acids (PUFAs), oxylipins, and their pharmaceutical and biotechnological utili-
zation. Most of the studies have been limited to the elucidation of lipid and fatty acid
composition, their metabolic pathways, the genes and enzymes involved, as well as
their roles in stress responses, innate immunity, and defense against pathogens.
Although lipidomics has been extensively used in terrestrial plants and even micro-
algae to unravel their lipidome, functional annotation of unknown genes involved in
lipid metabolism, correlation of genotype-phenotype, and understanding of the
pleiotropic roles of lipids in cell development and biotic/abiotic stresses, only a few
seaweeds have been studied with lipidomic approach. This chapter presents updated
information on lipidomics, advanced analytical tools and techniques, and their appli-
cability in seaweed studies along with its limitations. Further, a comprehensive over-
view of how integrating lipidomics with allied sister omics branches can help in the
identification of unknown gene/protein functions and development of systems biol-
ogy networks advancing our knowledge of lipid biochemistry in seaweed develop-
ment and acclimation to stress conditions are discussed.

4.2 Seaweed Lipids

Seaweed lipids mainly consist of glycerophospholipids, saccharolipids, glycerolip-
ids, sphingolipids, fatty acyls (including oxylipins), and sterols analogous to higher
plants along with betaine and some unusual lipids that may be characteristic of a
particular genus or species. Their chain length and degree of unsaturation are also
significantly higher than those of higher plants. The detailed structure, occurrence,
functionalities, and bioactivities of seaweed lipids have been discussed by Kumari
et al. (2013a) and recently reviewed by Maciel et al. (2016). A brief overview is
presented here.

4.2.1 Glycerophospholipids

Glycerophospholipids or phospholipids (PLs) consist of a glycerol molecule
linked with two fatty acyl chains at sn-1 and sn-2 positions and a phosphate group
at sn-3 position, which is further linked to a hydrophilic head group that classifies
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individual glycerophospholipid molecules. The major glycerophospholipids found
in seaweeds are phosphatidylglycerol (PG), phosphatidylcholine (PC), phosphati-
dylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol (PI), and
phosphatidic acid (PA) containing glycerol, choline, ethanolamine, serine, myo-
inositol, and phosphomonoester as their characteristic head groups, respectively
(Fig. 4.1). Glycerophospholipids represent 10-20% of total lipids in seaweeds
(Dembitsky and Rozentsvet 1990; Dembitsky and Rozentsvet 1996). They are
located in extra-chloroplast membranes with the exception of PG, which occurs in
significant amounts in thylakoid membranes. Cell membranes utilize the amphi-
philic nature of phospholipids to maintain its structural integrity and selective per-
meability, while PG aids saccharolipids in maintaining the stability of
photosynthetic apparatus. PG is the dominant phospholipid in Chlorophyta and
accounts for 20—47% of PL, while PC in red represents >60% of PL and both PC
and PE in brown algae account for 11.3-29.3% of PL (Dembitsky et al. 1990;
Dembitsky and Rozentsvet 1996; Illijas et al. 2009; Khotimchenko et al. 1990;
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Kulikova and Khotimchenko 2000; Vaskovsky et al. 1996). However, PC is often
replaced with DGTS in green and its homologue, DGTA in brown seaweeds. PS
and PI are found in appreciable amounts, while DPG and PA are present as minor
components. A large number of unidentified lipids are also found in amounts rang-
ing from 2.7 to 10.3% of PL (Dembitsky and Rozentsvet 1990; Dembitsky et al.
1990; Kulikova and Khotimchenko 2000). Glycerophospholipids are further char-
acterized by higher contents of n-6 fatty acids (FAs) as compared to saccharolipids
except PG that has a substantial amount of n-3 FAs especially a-linolenic acid
(C18:3 n-3, ALA). Major FAs present are oleic (C18:1 n-9), palmitic (C16:0),
stearic acid (C18:0), arachidonic acid (C20:4 n-6, AA), and eicosapentaenoic acid
(C20:5 n-3, EPA). Further, an unusual FA, A3-trans-hexadecenoic acid (16:1, 3 1),
is esterified to sn-2 position of PG in all eukaryotic photosynthetic organisms
(Tremolieres and Siegenthaler 1998). Seaweed glycerophospholipids have numer-
ous health-benefitting properties such as cognitive functions, anti-inflammatory
properties, and antitumor and anti-biological properties (Burri et al. 2012).

4.2.2 Saccharolipids

Saccharolipids also known as galactolipids and contain 1, 2-diacyl-sn-glycerol
moiety with mono- or oligosaccharide groups attached at sn-3 position of the
glycerol backbone. Seaweed saccharolipids mainly include monogalactosyldia-
cylglycerol (MGDG), digalactosyldiacylglycerol (DGDG) and sulfolipid sulfo-
quinovosyldiacylglycerol (SQDG). MGDG and DGDG contain one and two
galactose molecules, respectively, and are uncharged at physiological pH, while
SQDG carries a negative charge due to its sulfonic acid residue at position 6 of
the monosaccharide moiety (Fig. 4.1). Saccharolipids are predominantly located
in photosynthetic membranes with MGDG and SQDG strictly restricted to the
thylakoid membranes of the chloroplast, while DGDG is also found in extra-
plastidial membranes. They constitute more than half of the lipids with MGDG
representing 31-56% (Sanina et al. 2004; Kumari et al. 2015; Yan et al. 2011),
with the exception of a few red algae (such as Palmaria stenogona Perestenko,
Ceramium kondoi Yendo, Laurencia nipponica Yamada, Ahnfeltia tobuchiensis
Kanno & Matsubara, and Exophyllum wentii Weber-van Bosse) where DGDG
content was higher (35.7-64% of polar lipids) and the members of Fucales
(brown seaweeds) contained higher SQDG (36.8-48.8%) (Khotimchenko 2002;
Sanina et al. 2004). A unique feature of these lipids is their high n-3 PUFA con-
tents similar to higher plants. MGDG is the most unsaturated saccharolipid in
green and red seaweeds with DGDG in brown algae, while SQDG was the most
saturated one. MGDG and DGDG contain hexadecatetraenoic acid (C16:4 n-3),
ALA, stearidonic acid (C18:4 n-3, STA), and linoleic acid (C18:2 n-6, LA) in
green seaweeds, AA and EPA in red, and both in brown algae, while SQDG
contains palmitic and oleic acid as major FAs (Hofmann and Eichenberger
1997; Ilijas et al. 2009; Khotimchenko 2002, 2003; Sanina et al. 2004).
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Saccharolipids are indispensable for assembly and functional regulation of PSII
(Mizusawa and Wada 2012 and the references therein). They play crucial roles
as markers for cellular recognition and stabilization of membrane bilayers and
during phosphate limitation in seaweeds (and in microalgae and plants) by
replacing phospholipids to combat the stress condition. Further, seaweed sac-
charolipids have notable anti-inflammatory, antimicrobial, antitumor, and anti-
viral properties, and a large number of saccharolipids have been isolated from
the species of Ulva, Chondria, Laurencia, Palmaria, Fucus, Sargassum, and
others (discussed in Maciel et al. 2016 and references therein).

4.2.3 Glycerolipids

Glycerolipids are characterized by glycerol backbone esterified with hydrophobic
acyl chains that may be saturated or unsaturated either at one, two, or all the three
positions (sn-1, sn-2, and sn-3) forming monoacylglycerol, diacylglycerol, and tria-
cylglycerol, respectively. Triacylglycerol is the most prevalent glycerolipid accu-
mulated in seaweeds as storage product and energy reservoirs. Its level is highly
plastic and ranges between 1% and 59.3% (Dembitsky et al. 1993; Dembitsky and
Rozentsvet 1996; Hofmann and Eichenberger 1997; I1lijas et al. 2009; Khotimchenko
and Kulikova 1999; Kim et al. 1996; Kulikova and Khotimchenko 2000; Rozentsvet
et al. 1995).

4.2.4 Betaine Lipids

Betaine lipids are acylglycerolipids characterized by a betaine moiety (a quaternary
amine alcohol) instead of phosphorus or carbohydrate as a polar group linked to
sn-3 position of glycerol by an ether bond with fatty acids esterified in sn-1 and sn-2
positions. These betaine lipids are all zwitterionic at neutral pH due to their posi-
tively charged trimethylammonium group and a negatively charged carboxyl group.
The betaine lipids present in seaweeds are 1,2-diacylglyceryl-3-O-4'-(N,N,N-
trimethyl)-homoserine (DGTS) and 1,2-diacylglyceryl-3-O-2'-(hydroxymethyl)-
(N,N,N-trimethyl)-p-alanine (DGTA) (Fig. 4.1). Betaine lipids are widely distributed
in seaweeds and extensively reviewed by Dembitsky (1996) and Kato et al. (1996).
These two betaine lipids resemble PC due to their quaternary ammonium group and
hence replace PC in most of the seaweeds, even to traces such as in Ulotrichales,
Scytosiphonales, Desmarestiales, and others. DGTS abundantly occurs in
Chlorophyta with 5.2-56.5% of polar lipids and DGTA in brown algae with 7.3—
96.8% of polar lipids (Dembitsky and Rozentsvet 1996; Eichenberger et al. 1993;
Kulikova and Khotimchenko 2000; Makewicz et al. 1997; Muller and
Eichenberger 1994). DGTS in seaweeds contain long-chain PUFAs at both the sn-1
and sn-2 positions, while DGTA contain palmitic, myristic, oleic, LA, ALA, AA,
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and EPA as major FAs (Hofmann and Eichenberger 1997; Makewicz et al. 1997).
Monoacylglyceryl-N,N,N-trimethylhomoserine (MGTS) molecular species have
also been reported recently in one of the green seaweed of taxa Codium tomentosum
Stackhouse (da Costa et al. 2015). Betaine lipids constitute minor fractions or have
been unidentified in most of the red seaweeds except for DGTS (Kiinzler and
Eichenberger 1997) until recently when Melo et al. (2015) identified 36 DGTS
molecular species using advanced lipidomic approaches in Chondrus crispus
Stackhouse, containing DGTS 16:0/16:1 as the most abundant DGTS molecular
species followed by 16:0/16:0 and 14:0/18:0. This study shows the unparalleled
strength of advanced lipidomic approaches that may lead to re-characterization of
seaweed lipid profiles in the near future. DGTA is considered to play an important
role in the redistribution of acyl chains and the biosynthesis of saccharolipids and
DGTS in lipid-linked desaturation of fatty acids (Hofmann and Eichenberger 1998).

4.2.5 Sphingolipids

Sphingolipids in seaweeds are mainly present in red seaweeds in small amounts.
These include cerebrosides and ceramides and inositolphosphoceramide (IPC)
(Bano et al. 1990; Khotimchenko et al. 2000; Khotimchenko and Vaskovsky 2004;
Lo et al. 2001; Vaskovsky et al. 1996). Only IPC was fully characterized from
Gracilariaverrucosa (Hudson) Papenfuss (Khotimchenko et al. 2000; Khotimchenko
and Vaskovsky 2004) that contained palmitic (51.7%), stearic (23.2%), myristic
(9.8%), oleic (9.8%), and palmitoleic acids. Recently, Melo et al. (2015) character-
ized 15 molecular species of IPC from C. crispus containing C18:0/C26:0 as the
most abundant molecular species.

4.2.6 Fatty Acyls

Fatty acyls include fatty acids, their conjugates, and their oxidized products
(oxylipins).

4.2.6.1 Fatty Acids

Fatty acids (FAs) are carboxylic acids with long aliphatic chains that may be straight
or branched, saturated or unsaturated. Seaweeds mostly contain even carbon fatty
acids (C4-C28); however, odd-chain FAs are also present in minor amounts. FAs are
classified as monounsaturated FAs (MUFAs, with 1 double bond) and polyunsatu-
rated FAs (PUFAs, with >2 double bonds) on the basis of the number of double
bonds present. Further, PUFAs are classified as n-3 or n-6 FAs depending on the
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position of the first double bond from the methyl end. Seaweeds have been exten-
sively explored for their fatty acids, especially PUFAs (representing10-70% of total
fatty acids; TFAs) due to their chemotaxonomic and nutritional importance, with
their compositions varying even within the same phyla (Galloway et al. 2012;
Khotimchenko et al. 2002; Kumari et al. 2010; Kumari et al. 2013b; Li et al. 2002).
The characteristic chemotaxonomic biomarkers are established in seaweeds, with
green seaweeds containing higher contents of C18 PUFAs (ALA, STA, and LA),
red seaweeds containing C20 PUFAs (AA and EPA), and brown seaweeds contain-
ing both C18 and C20 PUFAs in appreciable amounts. These long-chain PUFAs,
particularly n-3 PUFAs (ALA, STA, and EPA) which cannot be synthesized by
humans and thus obtained through diet, are indispensable for proper growth and
development of organisms, prevention of cardiovascular and other chronic diseases
such as diabetes, hypertension, and autoimmune diseases, and DHA for visual and
neurological health, while AA and EPA are precursors of bioregulators prostaglan-
dins, thromboxanes, and other eicosanoids, which influence inflammation processes
and immune reactions (Calder and Grimble 2002).

4.2.6.2 Oxylipins

Oxylipins are lipid signaling oxygenated derivatives of PUFAs formed enzymatically
either by lipoxygenases (LOX) or a-dioxygenases (x-DOX) or by chemical (auto)
oxidation that mediates intra- and intercellular processes such as development, inflam-
mation, and stress responses. These compounds are widely distributed in seaweeds
with considerable species-specific differences due to the variability of both FAs and
enzymatic transformations. Seaweeds possess both plant- and animal-type oxylipins,
i.e., octadecanoid and eicosanoid pathways emanating from C18 and C20 PUFAs,
respectively, as well as docosanoid pathway emanating from C22PUFAs, recently
reviewed by Kumari et al. (2013a, 2014a) and Barbosa et al. (2016). C18 PUFAs are
metabolized either at C-9 or C-13 via 9- and 13-LOX, respectively; C20 PUFAs are
transformed at C-5, C-8, C-9, C-11, C-12, and C-15 via 5-, 8-, 9-, 11-, 12-, and
15-LOX, respectively; and C22 PUFAs are mainly transformed at C-14 by 14-LOX,
forming their respective hydroperoxides (Barbosa et al. 2016 and Kumari et al. 2013a,
b for detailed structures and occurrence of seaweed oxylipins). Further, these hydro-
peroxides are transformed into hydroxy-, oxo-, and epoxy-fatty acids and polyunsatu-
rated aldehydes (PUAs) by the action of peroxidases, oxygenases, epoxygenases, and
hydroperoxide lyases (HPL), respectively (Figs. 4.2 and 4.3) (Andreou and Feussner
2009; Bouarab et al. 2004; Gerwick et al. 1993; Kumari et al. 2014a; Lion et al. 2006;
Ritter et al. 2008, 2014). Moreover, some red algae also form prostaglandins and leu-
kotrienes either nonenzymatically or by the enzymatic action of allele oxide synthase/
cyclase (AOS/AOC) or cyclooxygenase (COX) analogous to animals (Andreou and
Feussner 2009). Recently, Kanamoto et al. (2011) identified COX gene in Gracilaria
vermiculophylla (Ohni) Papenfuss and cloned it in Escherichia coli for the production
of PGF,,. Apart from these simple oxylipins, macroalgae also contain various
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complex oxylipins such as polycyclic oxylipins, cyclopropyl hydroxyeicosanoids,
egregialactones, ecklonialactones, hybridialactones, bicyclic cymathere ethers,
cymatherelactones, and cymatherols, most of which are formed from intramolecular
rearrangements of hydroperoxides of either ALA (C18:3, n-3) or stearidonic acid
(C18:4, n-3) (Choi et al. 2012; Gerwick et al. 1990; Kousaka et al. 2003; Lion et al.
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2006; Nagle and Gerwick 1990; Proteau and Gerwick 1993; Rempt et al. 2012;
Weinberger et al. 2011). Phytoprostanes nonenzymatically derived from ALA have
also been identified in seaweeds (Barbosa et al. 2015; Ritter et al. 2014). The occur-
rence and distribution of naturally occurring free phytoprostanes has been found to be
highly unpredictable differing between species and as a consequence of the surround-
ing growth conditions, with F,-phytoprostanes (including both 9-F;-phytoprostane
and 9-epi-9-F,-phytoprostane) being the dominant and L1-phytoprostanes the minor
class (Barbosa et al. 2015). Recently, methyl jasmonate (MeJA) enzymatically derived
from ALA by LOX pathway has been detected and quantified for the first time, from
the cystocarps of red seaweed Grateloupia imbricata Holmes (Pilar et al. 2016) that
releases this volatile compound in significant amounts (1.27 + 0.20 mM ¢ mg fw=! ¢
h~" in fertile thalli and 0.95 = 0.12 mM ¢ mg fw ~' « h™! in infertile thalli).

Seaweed oxylipins play various important roles in growth regulation and
defense and confer innate immunity in response to biotic and abiotic stresses
such as pathogenic bacteria, herbivores, wounding, and metal toxicity in sea-
weeds (Bouarab et al. 2004; Gaquerel et al. 2007; Kiipper et al. 2006, 2009; Lion
et al. 2006; Nylund et al. 2011; Rempt et al. 2012; Ritter et al. 2008; Weinberger
et al. 2011). However, most of the information available regarding seaweed oxy-
lipins has come from the metabolic studies rather than the genomic studies due
to limited number of available seaweed genome sequences as compared to higher
plants and microalgae. Consequently, only four putative LOX sequences are
available in NCBI database isolated from C. crispus (accession number
XM_005718216.1), Ectocarpus siliculosus (Dillwyn) Lyngbye (Cock et al.
2010), Gracilaria chilensis C. J. Bird, McLachlan & E. C. Oliveira (accession
number JF896804), Porphyra purpurea (Roth) C. Agardh (Liu and Reith 1994),
Pyropia haitanensis (T.J. Chang & B. F. Zheng) N. Kikuchi & M. Miyata (acces-
sion number JX188386), and one AOC sequence in E. siliculosus (Cock et al.
2010). Besides the ecophysiological role of these oxidized lipid derivatives and
their relevance in seaweeds, the exact mechanisms of stress tolerance are not
known. Moreover, and because metabolites of this class also play a crucial role
in both mammalian physiology and disease, interest in the structural chemistry,
biosynthesis, and pharmacological activities of these marine products has
increased. With present context, there is a need to improve our knowledge of the
pathways of oxylipin biosynthesis, their individual role in cellular responses, and
the target elements involved in gene regulation, which can only be achieved
using the systems biology approach of combined genomics, transcriptomics, and
metabolomics/lipidomics tools.

4.2.7 Sterols

Sterols are important structural components of cell membranes that regulate mem-
brane fluidity and permeability. They are amphipathic compounds that originate in
isoprenoid biosynthesis forming a group of triterpenes with a tetracyclic
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cyclopenta(a)phenanthrene structure and a side chain at C17 (please refer to
Kumari et al. 2013a for detailed description of seaweed sterols structures and
occurrences). Seaweed sterols are extremely diverse with both the mevalonate
(MVA) and methyl-D-erythritol-4-phosphate (MEP) pathways of isoprenoid bio-
synthesis existing in seaweeds. Cholesterol is the dominant sterol in red seaweeds
and fucosterol in brown seaweeds, while the dominant sterol seems to vary within
the orders in green seaweeds (Al Easa et al. 1995) such as isofucosterol in Ulvales
and clionasterol in Bryopsidales and Siphonocladales. These seaweed sterols also
possess beneficial health-promoting effects such as hypercholesterolemic, antioxi-
dant, anticancer, antidiabetic, antihypertensive, and anti-inflammatory responses
(Kim and Ta 2011 and references therein).

4.3 Seaweed Lipidomics: An Update

Seaweeds have been studied for decades for their health-benefitting and bioactive lip-
ids. Multiple approaches have been employed for the separation, quantification, and
characterization of lipids including thin-layer chromatography (TLC), gas chroma-
tography (GC), gas chromatography mass spectrometry (GC-MS), nuclear magnetic
resonance (NMR), liquid chromatography (LC) or high-pressure liquid chromatogra-
phy (HPLC), and mass spectrometry with or without conjunction of a variety of com-
plementary procedures such as chemical hydrolysis, regiospecific enzymatic cleavage,
and spectrophotometric assays mainly to unravel the lipid diversity in seaweeds, spe-
cifically fatty acids, oxylipins, and sterols, and to quantitate their abundance or for
their isolation and structural characterization. However, no method has yet been
developed that can decipher the complete lipidome. Recently, Kumari et al. (2015)
elucidated the first polar lipidome of Gracilaria dura under methyl jasmonate stress;
Melo et al. (2015) revealed whole polar lipidome of C. crispus and Chen et al. (2016)
of Pyropia haitanensis under high-temperature stress (discussed in detail in latter sec-
tion). Moreover, “lipidomics” is relatively a new avenue in seaweed lipid research as
compared to microalgae where the impetus of biodiesel production has driven the
development of lipidomic field faster leading to the elucidation of lipid biosynthetic
pathways and the advancement in lipid and FA extraction techniques, strategies to
manipulate lipid metabolic pathways to obtain higher yields of lipid and FAs.
Numerous desaturases and elongases have been cloned and characterized from micro-
algae, which are extensively and timely reviewed by Harwood and Guschina (2009),
Khozin-Goldberg and Zvi (2011), and Khozin-Goldberg (2016). On contrary, our
knowledge on metabolic pathways of lipid and FA metabolism of seaweeds and the
genes involved is mainly based on those of higher plants and microalgae, and is
believed to be similar to them in one or more aspects. Recently, Chan et al. (2012)
identified the enzymes involved in FA biosynthesis such as acetyl CoA carboxylase,
FAS I/I1, desaturases, and elongases and studied the FA desaturation patterns in tran-
scriptomes of Pyropia spp. These authors identified all the four genes encoding the
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subunits of acetyl CoA carboxylase complex (accA through accD) on the plastid
genome of Pyropia sp., except for the biotin carboxylase gene (accC) that was located
on the nuclear transcriptome data of Pyropia sp. Moreover, no KAS II gene was iden-
tified in Pyropia sp., suggesting that 16:0-ACP (rather than 18:0-ACP) is the final
product of fatty acid synthesis, or this last elongation step can alternatively be accom-
plished by KAS I. This indicated that 16:0-ACP is the main fatty acid conjugate
exported from the plastid and/or the elongation rate of C18-fatty acids is high. Besides
this “plant-type” FAS complex, orthologs of the fungal enzymes were also identified
in Pyropia spp. (Chan et al. 2012). Furthermore, these authors reported that Pyropia
spp. lack plastid desaturation pathway including the soluble acyl-ACP-desaturase
FAB2. Therefore, they hypothesized that possibly, saturated FAs (16:0 and possibly
18:0) are exported from the plastid to the ER for desaturation in contrast to higher
plants, where oleic acid (18:1) is the major fatty acid that is synthesized in chloro-
plasts and exported to the ER. It has been found that KAS II, one of the key enzymes
involved in FA biosynthesis in higher plants and microalgae, is not found in Pyropia
sp., and its role is played by another isoform, KAS I. The whole genomes of brown
seaweed Ectocarpus (Cock et al. 2010) and red seaweed Chondrus (Collén et al.
2013), Pyropia (Nakamura et al. 2013), Saccharina (Ye et al. 2015), and Cladosiphon
(Nishitsuji et al. 2016) have identified the genes/enzymes involved in seaweed lipid
metabolism but have also mentioned many unidentified loops such as in fatty acid,
oxylipin (especially methyl jasmonate), and sphingolipid pathways. The need is to
apply integrated approach of genomics, proteomics, and lipidomics to completely
understand the unresolved riddle of seaweed lipid metabolism.

4.4 Tools and Techniques in Seaweed Lipidomics

The detection, identification, and precise quantification of lipid compounds are
prerequisite for their potential utilization and exploration. Lipidomics aims at
characterization and functional annotation of a broad range of lipid molecular
species in organisms. As seaweed lipids are highly complex and diverse, full
characterization of all of its structural diversity and quantification is quite a
challenge. An overview of key factors involved in seaweed lipidomics is pre-
sented here.

4.4.1 Sampling and Lipid Extraction

For lipidomics, sample preparation is one of the crucial steps, and utmost care
should be taken while sample harvesting, and the samples should be immediately
quenched after harvest by snap freezing in liquid nitrogen to disrupt the cell metab-
olism and inactivate all the endogenous hydrolytic enzymes. The frozen samples
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should be stored at —80 °C until analysis. Cell disruption (homogenization by mor-
tar pestle or automated techniques) is also important to separate the biomass from
the extracellular matrix of intracellular metabolites and to make them accessible
for different solvents for lipid extraction. After homogenization lipids can be
extracted with appropriate solvent(s) to extract a wide range of lipid metabolites
exhibiting the utmost structural diversity as possible. The liquid-liquid extraction,
organic solvent precipitation, and solid-phase extraction have been used for lipid
extraction in seaweeds, recently reviewed by Maciel et al. (2016). The conven-
tional organic solvent extraction methods based on chloroform/methanol/water,
both Bligh and Dyer (chloroform/methanol; 1/2, v/v) (Bligh and Dyer, 1959) and
Folch method (chloroform/methanol; 2/1, v/v) (Folch et al. 1957), have been invari-
ably used as standard methods for lipid extraction from seaweeds (Galloway et al.
2012; Kumari et al. 2010, 2011, 2013a, b). Other solvents such as dichloromethane
methanol (Graeve et al. 2002), n-butanol (Kim et al. 2007), and diethyl ether
(El-Shoubaky et al. 2008) have also been used but were not so effective. Kumari
et al. (2011) reported that the solvent system comprising of chloroform/methanol/
phosphate buffer is a better combination for extracting lipids because chloroform
and methanol in combination exhibit strong dissolving power for the entire range
of polarity found in lipids, as well as the ability to break up membrane and denature
(-lipo)proteins (Schreiner 2006), and the addition of buffer helped to overcome the
ionic adsorption effects of salt that hinder lipid extraction from seaweeds. An
extraction procedure using methanol/methyl-tert-butyl-ether (MTBE)/water has
also been successfully employed for polar lipidomics of seaweeds (Matyash et al.
2008; Melo et al. 2015). The advantage of this procedure is that MTBE is nontoxic
and noncarcinogenic, so a green solvent for lipid extraction and the lipid-contain-
ing phase forms the upper layer during phase separation. Some novel green tech-
niques have also been developed such as supercritical fluid extraction,
microwave-assisted extraction, ultrasound-assisted extraction, and pressurized sol-
vent extraction pulsed electric field-assisted extraction and enzyme-assisted extrac-
tion, mostly being tested in microalgae reviewed by Kumari et al. (2013a) and
Maciel et al. (2016) and references therein. The expanding lipidomic field will
surely develop a more suitable environment-friendly, cost-effective, and reproduc-
ible green lipid extraction procedures.

Further, it should be taken into account that complete recovery of every lipid
class is difficult to achieve with any known method of lipid extraction. Any incom-
plete recovery may lead to an incomplete measurement of lipid content in a sam-
ple and inconsistencies in the results between inter-laboratory experiments, if
analytical methods are based on external calibration. It is advisable to always add
internal standards (one or more stable isotope labeled compounds) of each lipid
type/class during the extraction procedure, for reliable, accurate, and reproducible
quantification of lipid class of interest (Vaz et al. 2015; Wang et al. 2016). At last,
there are a few precautions to be taken while preparing lipid extracts for lipidomic
analysis. Care should be taken during sample preparation and storage of lipid
extracts from being chemically or enzymatically modified as it negatively influ-
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ences the lipidomic data analysis. Lipids in tissues and cells are relatively pro-
tected by natural antioxidant systems and compartmentalization. But after sample
homogenization, the cellular content is mixed and unavoidably diluted, which
renders lipids more prone to chemical or enzymatic modification. Enzymatic
modifications can be minimized by extracting lipids at temperatures close to 0 °C
or by adding a small percentage of organic solvent to the homogenization buffer.
After extraction, lipids become more prone to chemical oxidation, and thus the
lipid extracts should preferably be stored in glass vials and solubilized in suffi-
cient organic solvent at —80 °C, and air/oxygen should be eliminated by flushing
with inert gasses (Vaz et al. 2015).

4.4.2 Analytical Platforms for Lipidomics

The lipid metabolite analysis of any sample can be achieved by several methods
such as those for separation (TLC, LC, GC) and those methods used for detec-
tion (MS, ESI, NMR), stand-alone or in combination such as LC-MS, GC-MS,
ESI-MS, and TLC with GC-MS/LC-MS/NMR. Traditionally, TLC (both one
and two dimensional) has been utilized for decades to separate lipid classes in
seaweeds using silica as the stationary phase and different elution solvents
depending on the polarity of the lipid classes to be isolated. Nonpolar lipids
(glycolipids, free fatty acyls, and sterols) have been separated using hexane and
diethyl ether and polar lipids (glycerophospholipids, saccharolipids, and sphin-
golipids) using chloroform, methanol, acetone, benzene, water, and triethyl-
amine in different combinations in seaweeds (Khotimchenko and Vaskovsky
2004; Kulikova and Khotimchenko 2000; Sanina et al. 2008). The different lipid
classes have been detected by observing the intensity of the spots after spraying
with a solution of primuline in acetone and visualizing under a UV lamp, or by
placing the plate in iodine vapor, and identified based on the comparison with
migration of pure lipid standards applied to the same TLC plate and the relative
quantification achieved by densitometry. The analysis of the molecular species
has been achieved by scraping the spots of each lipid class, with organic solvents
and then analyzing by GC-MS (Dembitsky and Rozentsvet 1990; Khotimchenko
and Vaskovsky 2004; Sanina et al. 2004, 2008; Vaskovsky et al. 1996).
However, TLC is not a suitable method for comprehensive lipidomic studies, as
it is a time-consuming method limited to detection of lipid classes, requires a
large sample size, and has low resolution and sensitivity.

GC has been used for analyzing subsets of lipid compounds such as fatty acids,
oxylipins, and sterols in a large number of seaweeds and has been typically coupled
with MS (GC-MS) or flame-ionization detection (GC-FID) (Barbosa et al. 2015;
Bouarab et al. 2004; Galloway et al. 2012; Gaquerel et al. 2007; Kamenarska et al.
2004; Kumari et al. 2010, 2011, 2013a, b; Kiipper et al. 2006; Lion et al. 2006;
Wiesemeier et al. 2008). One of its prerequisites is the capacity of lipid compound to
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enter vapor phase under conditions that will alter their molecular structure. Thus, this
method is sensitive to the polarity of the compound and requires derivatization steps
to improve volatility (Christie 1993). Fatty acids have been analyzed as fatty acid
methyl esters (FAMEs) using GC/GC-MS generated either by acid-catalyzed trans-
esterification (using BF;/HCI/H,SO,) or alkali-catalyzed transmethylation using 2 M
ethanolic/methanolic KOH of lipid extracts. Oxylipins and sterols have been mostly
analyzed by methylation with ethereal diazomethane and silylation with a mixture of
BSTFA (N,N-bistrimethylsilyl-trifluoroacetamide)/TMCS (trimethylchlorosilane)
(Bouarab et al. 2004; Choi et al. 2012; Kamenarska et al. 2004; Lion et al. 2006;
Wiesemeier et al. 2008). The major disadvantage of GC/GC-MS has been lower
sensitivity for less abundant species, and it yields information on the hydrolysis
products of lipids, not on the parent compounds, and thus, the identification of lipid
classes and the information of fatty acid main location cannot be retrieved.

NMR is a strong nondestructive and nonselective technique to identify a wide
variety of lipids without losing chemical information about the analyte environment
in biological systems (Gross and Han 2011). It provides unique information about
molecular structure and dynamics; however, its sensitivity and resolving power to
distinguish individual chemical species is limited and complicated due to consider-
able number of spin-coupled multiplets. NMR in seaweeds has been mainly
employed for structural characterization of purified bioactive lipid compounds and
novel oxylipins (Al-Fadhli et al. 2006; Choi et al. 2012; Kousaka et al. 2003; Todd
etal. 1993, 1994; Williams et al. 2007) instead of lipidomic studies. It is anticipated
that it may develop as a powerful lipidomic tool in the future through the synergistic
application of a solution-state and solid-state NMR approaches in seaweeds.

LC (or HPLC) is an analytical tool for separation of different subsets of lipid
molecules such as lipid classes, oxylipins, and sterols and is usually coupled with
evaporative light scattering detector (ELSD), UV, or MS, recently reviewed by Pati
et al. (2016). The lipid analysis is performed using normal phase (NP), reverse
phase (RP), or hydrophilic interactions (HILIC). In NPLC and HILIC, lipid mole-
cules are distinguished by their hydrophilic properties and separate them according
to their polar head groups. NPLC and HILIC are suitable methods for the separation
of lipid classes and different groups of oxylipins (hydroxy, epoxy, oxo, and others).
RPLC distinguish lipid molecules by their hydrophobic properties and separates
them according to their length and unsaturation. RPLC coupled with MS is the most
widely used method for analysis of complex lipids (Al-Fadhli et al. 2006; El-Baroty
etal. 2011; Kendel et al. 2015; Kim et al. 2007; Williams et al. 2007) and oxylipins
(Barbosa et al. 2015; Bouarab et al. 2004; Choi et al. 2012; Collén et al. 2013;
Gagquerel et al. 2007; Kiipper et al. 2009; Ritter et al. 2008, 2014, Weinberger et al.
2011) in various seaweeds including the species of Avrainvillea, Chondria,
Chondrus, Cymathere, Codium, Dilophys, Ectocarpus, Fucus, Gracilaria,
Laminaria, Padina, Plocamium, Sargassum, Solieria, Ulva, and others. Recently,
Jacquemoud and Pohnert (2015) developed a protocol for the comprehensive analy-
sis of oxylipins (including extraction, purification, chromatographic, and mass
spectrometric procedures) for G. vermiculophylla that can be applicable to any
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other seaweed. They illustrated that a range of oxylipins (HETEs, di-HETE:s, pros-
taglandins, and leukotrienes) can be extracted from seaweeds using methanol fol-
lowed by enrichment with Waters OASIS HLB SPE cartridge and separation by
LC-MS using mobile phase A, 0.1% formic acid (w/v) in 2% acetonitrile in ultra-
pure water (v/v), and mobile phase B, 0.1% formic acid (w/v) in acetonitrile on a
BEH C18 UPLC column (2.1 mm x 1.7 pm; Waters or a similar C18 column).

Different chromatographic methods coupled with MS have invariably been used
for lipid analysis, but it is the development of soft ionization techniques (electro-
spray ionization mass spectrometry, ESI-MS; atmospheric pressure chemical ion-
ization, APCI; and matrix-assisted laser desorption ionization, MALDI) that has
greatly accelerated the field of lipidomics. In APCI, the sample is nebulized and
heated so that both solvent and analytes are in the gas phase followed by a corona
discharge which ionizes the solvent molecules that subsequently also ionize the ana-
lyte molecules. APCI generally yields monocharged ions and is mainly used with
small thermally stable nonpolar molecules (<1500 Da) and is mostly applied for
glycerolipids, fatty acyls and sterols, and fatty acid esters (Li et al. 2014; Vaz et al.
2015). For MALDI-MS-based lipidomic analysis, the sample is mixed with a matrix
that readily forms crystals that aid the ionization process. The fluid mixture of sam-
ple and matrix is spotted on a MALDI plate and allowed to dry. To ionize the analyte
molecules, a laser is fired at the matrix crystals in the dried-droplet spot, which
absorbs the laser energy resulting in desorption and ionization. The ionized matrix
molecule then transfers its charge to the analyte, thus ionizing the analyte (Vaz et al.
2015; Pati et al. 2016). ESI-MS, particularly, has emerged as a powerful and indis-
pensable tool for lipidomics, as it allows analysis of thermally labile and nonvolatile
compounds and thus can be applied to almost all lipid categories, discussed hereby
in detail. (Vaz et al. 2015). In ESI-MS, the lipid sample is nebulized through a highly
charged capillary using heated nitrogen gas, producing a fine aerosol that results in
evaporation of the solvent and ionization of the molecules after which the ions enter
the mass spectrometer. ESI-MS analysis of lipids results in decreased molecular ion
decomposition and better reproducibility and has lower detection limits (Gross and
Han 2011; Pati et al. 2016; Vaz et al. 2015; Wang et al. 2016). ESI-MS-based lipido-
mics is classified into two categories depending on whether the lipidomic analysis is
being accomplished at a constant or varied lipid concentration:

A. LC-MS-based lipidomics: It is also known as CLASS approach (comprehensive
lipidomic analysis by class separation), where the concentration of lipid solution
is constantly changing. The lipid molecules are separated by HPLC/LC and ana-
lyzed by online MS.

B. Shotgun lipidomics: It is also known as direct infusion in which the concentra-
tion of lipid solution delivered to the ion source is constant. In this, the lipid
sample is infused directly in the mass spectrometer without prior separation, and
lipid species are identified and quantified by specific precursor ion scans (PIS)
or neutral loss scans (NLS) reviewed recently by Wang et al. (2016). The lipid
solution is delivered by a syringe pump (generally a tightly sealed high quality
glass syringe) for direct infusion. Its major disadvantage is clogging of capillary
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line and requirement of a relatively high flow rate for ion current stabilization,
which makes the consumption of a large quantity of lipid samples and thus the
biological material. Moreover, this system is difficult to be automated. These
drawbacks of the delivery system have been now overcome with the introduc-
tion of robotic nanoflow ion sources such as NanoMate devices (Wang et al.
2016 and references therein). Further, shotgun lipidomics minimizes the diffi-
culties of lipid analysis from alteration in concentration and ion pairing and
avoids chromatographic anomalies. A constant interaction between lipid species
under constant concentration leads to a constant ratio of ion peak intensities
between lipid species of a class and a constant suppression of lipid species both
within a class and between lipid classes (Vaz et al. 2015; Wang et al. 2016). A
full mass spectrum can be acquired to display the molecular ions of all the spe-
cies of a lipid class of interest and can be quantified by a direct comparison with
their selected internal standards. Individual lipid species are identified according
to the characteristic fragment ion(s) yielded from the common head group of a
particular lipid class after collision-induced dissociation (Vaz et al. 2015; Wang
et al. 2016). If the characteristic product ion is produced as a result of neutral
loss of a common fragment, then the lipid species are scanned in NLS mode,
while if the characteristic product ion represents the common fragment ion pres-
ent in the product-ion mass spectra of individual lipid species of the class, then
the lipid species are scanned in PIS mode for monitoring this fragment ion. The
characteristic molecular ions or MS/MS fragmentation data of each lipid class is
summarized in Table 4.1. Shotgun lipidomics is classified into three categories
based on different MS approaches for analysis: tandem mass spectrometry-
based, high mass accuracy-based, and multidimensional MS-based shotgun lipi-
domics (Table 4.2), recently reviewed by Wang et al. (2016).

4.4.3 Lipidomic Data Analysis

A large amount of data is generated in lipidomic experiments and thus requires
preprocessing of data prior to detection and identification of lipid molecules, statis-
tical and biological pathway analysis for reliable outputs, and correct biological
interpretation.

4.4.3.1 Preprocessing of Lipidomic Data

Preprocessing involves the application of methods required to generate a peak table
for each sample containing all detected peaks and their relative concentrations, with
the aim to collect maximum number of true lipid metabolite signals from the data
with minimal number of detected artifacts (Han et al. 2012; Vaz et al. 2015;
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Table 4.2 Different categories of shotgun lipidomics

1

Tandem mass spectrometry-based shotgun lipidomics (Wang et al. 2016)

It utilizes a class-specific NLS or PIS approach to specifically isolate individual lipid
species of a polar class of interest using a triple quadrupole mass spectrometer.
Quantification of individual lipid species is done with the help of internal standards
(generally two of each lipid class of interest) after comparing the ion intensities of a lipid
species with the calibration curve after considering the regression variables of the lipid
species

Advantages

All individual species in a particular lipid class can be detected in one MS/MS acquisition
directly from a total lipid extract with any commercially available triple quadrupole (i.e.,
QqQ)-type mass spectrometer

It provides global determination of the lipid species of any targeted class at the level of
instrumentation sensitivity in a high-throughput fashion

It’s a simple, efficient, highly sensitive approach and requires less expensive
instrumentation

Drawbacks

1

Fatty acyl substituents of lipid species are not identified as this approach only targets the
class-specific head group fragments

Some altered ionization conditions cannot be easily recognized during and after the
experiments

The accurate quantification of the detected lipid species might not be as simple as
expected because of the differential fragmentation thermodynamics and kinetics manifest
in individual lipid species within each lipid class

11

High mass accuracy-based shotgun lipidomics (Wang et al. 2016; Briigger 2014)

It utilizes advanced hybrid-type mass spectrometers (quadrupole time-of-flight, Q-TOF, or
quadrupole OrbiTrap) to sensitively acquire full mass spectra of lipid samples of interest
in a survey scan mode and conduct product-ion MS analysis of lipid species to determine
all the fragments in an entire mass region of interest. Any interesting PIS and/or NLS can
be extracted from the acquired data array of the product-ion mass spectra for identification
of a specific lipid class. Quantification is performed from full mass spectra from which ion
intensities between individual lipid species of interest and their corresponding internal
standard(s) are compared. This approach is also known as data-dependent acquisition
shotgun lipidomic approach (Schwudke et al. 2007a). Other variations of this approach
such as top-down lipidomics (Schwudke et al. 2007b), bottom-up lipidomics (Schuhmann
et al. 2011), and MS(All) method (Almeida et al. 2015) are also popular

Advantages

It provides efficient, broad, and sensitive measurement of lipid species in a high-
throughput fashion

This approach can be conducted in an untargeted fashion to analyze any lipid species
present in a cellular lipidome if the dynamic range of the instrument is permitted

3

It allows one to perform multiple precursor ion and neutral loss scans simultaneously

Drawbacks

1

Linear dynamic range of quantification depends on the instrument used under
experimental conditions in either multi-PIS (NLS) or high mass accuracy strategies

Not efficient for analyzing poorly ionized lipids, particularly those in low abundance

(continued)
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Table 4.2 (continued)

Il | Multidimensional MS-based shotgun lipidomics (Wang et al. 2016; Briigger 2014)

It utilizes the structural characteristics of lipid species to effectively identify individual
lipid species including isobaric and isomeric species. The characteristic fragment ions
either from the head group or resulted from the neutral loss of the head group are used to
identify the lipid class of interest, and PIS or NLS of fatty acyl chains is used to identify
the individual molecular species present within the class (Han and Gross 2005; Briigger

2014)
Advantages
1 It uses mass spectrometer both as a separation tool and an analyzer, thereby significantly

minimizing the ion suppression effects

2 It uses multibuilding blocks of individual lipid molecular species to identify their structure
and isomers and thus eliminates the presence of any artifactual species present in single
PIS- or NLS-based approach

3 It uses the peak contours in multidimensional space, which facilitates refinements in
quantitation through two-step quantification approach to extend the linear dynamic range

4 It can be exploited to study the distinctive chemical characteristics of many lipid classes

Drawbacks

1 It is a relatively low throughput and laborious approach because of the involvement of
different procedures (e.g., derivatization) in multiplexed sample preparation

2 It cannot distinguish isomeric species, of which the fragmentation patterns are identical

3 It is not ideal for identification and quantitation of species of an unknown or
uncharacterized lipid class since identification of the building blocks of a lipid class has to
be predetermined

Wang et al. 2016). This is to be taken into account that there are no framed standard
protocols and platforms either for collecting lipidomic data or preprocessing strate-
gies. It basically involves peak detection, peak quantification/normalization, peak
grouping, imputation of missing peaks, visualization, isotope correction, and com-
pound identification (Harkewicz and Dennis 2011; Rolim et al. 2015; Vaz et al.
2015; Yetukuri et al. 2008), described briefly in Table 4.3. There are various com-
mercial and open-source software tools as well as a few databases for preprocessing
of lipidomic datasets such as LipidBlast, Lipid Data Analyzer, Lipid MS prediction
tool, LipidQA, LIMSA, LipidPro, and others enlisted in Table 4.4. In addition,
Lipid Profiler (Ejsing et al. 2006) and LipidInspector (Schwudke et al. 2005) are
compatible with the lipidomic data acquired using hybrid quadrupole/time-of-flight
instruments that can perform multiple precursor ion scans in a single experiment.
Fatty acid analysis tool (FAAT) (Leavell and Leary 2006) is useful for the analysis
of data coming from Fourier transform mass spectrometry The main functionalities
of FAAT include identification of overlapping saturated and unsaturated lipids,
assignment of known ions from a user-defined library, and handling of isotopic
shifts from stable isotope labeling experiments. The commercial softwares can be
efficiently integrated with the machine of the vendor, have advanced graphical inter-
faces, and are usually well documented. However, the analysis and interpretation of
lipidomic data is still challenging, as most of the softwares are usually custom
designed for a certain mass spectrometer or data acquisition procedures (Maciel
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Table 4.3 Preprocessing steps of a lipidomic data analysis

Preprocessing steps

Description

Peak detection

It involves the detection of each lipid metabolite peak
from the raw data for each individual sample. A list of
peaks characterized by its mass (m/z) and retention time
is obtained. Subsequently, peak quantification is done
by determining the peak area through peak integration,
and a detection limit (signal-to-noise level) for the
intensity is set a priori to eliminate noise peaks in the
case of LC-MS-based lipidomic data. For direct
infusion data, the intensity of each peak is determined
as a (weighted) average over the collection time

Peak quantification/normalization

It is accomplished using internal standards in order to
obtain semiquantitative data that can be further
statistically analyzed. Multiple internal standards are
used to counteract the matrix effects and suppression in
response of different lipid classes

Peak grouping

Lipid metabolite peaks are grouped according to their
peak positions across groups of samples for their
statistical comparison. Peak matching procedures search
for peaks across samples within a group of related
samples falling within a pre-specified m/z and retention
time distance of each other and, subsequently, represent
the same metabolite. Nonlinear time alignment
approaches are further applied to correct time shifts
between samples

Imputation of missing peaks

One or few samples in a group of related samples may
sometimes miss one or more metabolite peaks due to
sample outliers or experimental/bioinformatic
shortcomings. Such missing peaks can be added to the
peak table by assuming that they are located at the same
position as the identified peaks in the related samples
and integrate the measured intensity within these areas.
At this stage, a peak group in the list is referred to as a
feature, defined by its m/z and RT and intensity. Further
analysis of the dataset determines which features
correspond to identified metabolites or noise and which
remain unidentified

Visualization

The complexity of lipidomic data decrees the use of
visualization methods to explore raw and processed
data for quality control and validation of results. For
every feature, simple graphs of the contributing peaks
(overlays of extracted ion chromatograms) or box plots
of the intensities are employed to obtain rapid insight
into the shape of the peaks and the relative differences
between groups of samples

Isotope correction

At low resolution, often peaks from isotope molecules
of one lipid overlap with peaks of a lipid with two more
hydrogen atoms. Thus, the intensity of the isotope peak
needs to be subtracted from the intensity of the second
lipid, before all lipids can be properly quantified

(continued)
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Table 4.3 (continued)

Preprocessing steps Description

Compound identification Lipid metabolite is usually based on queries to internal
or external public databases of all known lipid species.
Mass spectroscopic resolution and the quality of the
chromatographic separation of different classes of lipids
are key factors for the accuracy of the identification. At
low resolution, there is a risk of ambiguous assignments
because of overlapping lipid peaks with small mass
differences in their mass, while, at high resolution, the
m/z value of a feature is much more accurate and the
identification of the corresponding lipid molecule is
much more reliable. Several web-based and commercial
services are available that can search MS files to
identify lipids, but most of them are vendor specific and
do not allow user modifications

Note: adapted from Boccard et al. (2010), Harkewicz and Dennis (2011), Rolim et al. (2015), Vaz
et al. (2015), and Yetukuri et al. (2008)

etal. 2016; Vaz et al. 2015; Wang et al. 2016). The open-source packages are advan-
tageous and helpful as they provide more flexibility and state-of-the-art methods for
data interpretation, and the software can be tailored or extended to the specific needs
of the researcher (Maciel et al. 2016; Vaz et al. 2015). Recently, Metabolon and
SCIEX together developed the first lipidomic analysis system providing quantita-
tive, specific, and complete information on complex lipids from biological samples,
the Lipidyzer™ Platform (https://sciex.com/lipidyzer-platform) that produces accu-
rate data on more than 1000 individual lipid species, and the results can be mapped
to pathways at the level of FA metabolism, complex lipid metabolism, and lipid
class metabolism. Metabolon’s TrueMass™ Complex Lipid Panel technology helps
the Lipidyzer Platform to achieve such specificity by using an innovative differen-
tial ion mobility spectroscopy-mass spectrometry platform (DMS-MS/MS) that
allows only one class of lipid into the MS at a time and thus eliminating cross-class
isomers in the analysis.

In addition, there are a series of websites and lipidomic consortia such as Lipid
Library (http://lipidlibrary.co.uk), Cyberlipids (http://www.cyberlipid.org), LIPID
MAPS (www.lipidmaps.org) and its affiliated sphinGOMAP (http://sphingolab.biol-
ogy.gatech.edu/), LIPIDAT (www.lipidat.chemystry.ohio-state.edu/home.stm), and
Lipidomics Expertise Platform (www.lipidomics-expertise), and similar community-
wide efforts in Japan (www.lipidbank.jp) and Europe (www.lipidomics.net) that pro-
vide useful information about lipids structure, their functions, and detailed protocols
to extract and separate the lipids, lipid standards, and lipidomic expertise.


https://sciex.com/lipidyzer-platform
http://lipidlibrary.co.uk
http://www.cyberlipid.org
http://www.lipidmaps.org
http://sphingolab.biology.gatech.edu/
http://sphingolab.biology.gatech.edu/
http://www.lipidat.chemystry.ohio-state.edu/home.stm
http://www.lipidomics-expertise
http://www.lipidbank.jp
http://www.lipidomics.net
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4.4.3.2 Statistical Data Analysis

Lipidomic datasets usually comprise tens to hundreds of identified lipid species,
along with a large number of unidentified species, and thus the compound identifica-
tion is followed by statistical analysis for validation of data, depending on the bio-
logical question of interest. The integrated collaboration of lipid profiling and uni-/
multivariate statistics in a lipidomic approach helps in discovering potential lipid
biomarkers and in-depth understanding of lipid biochemical pathways. The univari-
ate method such as analysis of variance (ANOVA) is often used for the comparison
of two or more groups. One drawback of univariate approach is that it may result in
too many false-positive findings due to many hypothesis tests being performed (Han
et al. 2012; Hendriks et al. 2011; Vaz et al. 2015). Multivariate approaches such as
multivariate analysis of variance (MANOVA), permutational multivariate analysis
of variance (PERMANOVA), and similarity percentages (SIMPER) are often used
for validation of proposed models. The principal component analysis (PCA) and
partial-least-squares discriminant analysis (PLS-DA) consider the correlation struc-
ture of the data and reduce its dimensionality by constructing so-called latent vari-
ables, which are combinations of the original variables, and also facilitating the
visualization of the data in two or three dimensions. PLS-DA is mainly used for
biomarker discovery and PCA or cluster analysis for obtaining information about the
(separation of) groups of samples and/or metabolites (Chen et al. 2016; Hendriks
et al. 2011; Kumari et al. 2014b; Melo et al. 2015; Vaz et al. 2015).

4.4.3.3 Bioinformatic Interpretation and Pathway Analysis

The next step is development of bioinformatic and systems biology approaches to
link the changes of cellular lipidome to alterations in the biological functions,
including the enzymatic activities that are involved in the biosynthesis of the altered
lipid classes and molecular species, addressing the biological question of interest.
The lipid classes and individual molecular species involved in the biosynthesis of a
particular lipid class are clustered, and the known biosynthesis and/or remodeling
pathways are utilized to simulate the ion profiles of the lipid class of interest (Haimi
et al. 2006; Wenk 2010; Wang et al. 2016 and references therein). A best match
between the simulated and determined ion spectra is achieved from simulation
based on the known pathways. Numerous parameters involved in the biosynthetic
pathways can be derived from the simulation of high-throughput lipidomic datasets
that can be used for quantitative interpretation of the pathways involved in adaptive
changes in lipid metabolism after any perturbation (Han et al. 2012; Vaz et al. 2015;
Wenk 2010; Wang et al. 2016). To facilitate the biological interpretation of lipido-
mic data, the identified metabolites are integrated and visualized in the context of
metabolic pathways obtained from public databases (Haimi et al. 2006; Han et al.
2012; Sreenivasaiah et al. 2012; Vaz et al. 2015; Wenk 2010). Further, a statistical
approach toward pathway analysis involving metabolite set enrichment analysis
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(MSEA) (Xia and Wishart 2011) based on gene set enrichment analysis (GSEA)
can be used in the analysis of gene expression datasets. MSEA is used to investigate
the enrichment of predefined groups of related metabolites instead of individual
metabolites. MSEA starts with a list of metabolites that have been extracted from
the experimental data through statistical approaches such as ANOVA, cluster anal-
ysis, PCA, or PLS-DA. Subsequently, overrepresentation of metabolites from a
predefined metabolite set is checked by hypergeometric test (Vaz et al. 2015).
Similar other metabolite enrichment softwares are available such as MetaGeneAlyse,
MetaboAnalyst, MetaMapR, and MPEA (Fukushima and Kusano 2013). The
metabolite sets can be constructed according to the desired aim. The construction
of correlation networks from metabolic profiles to identify metabolites that are
regulated and co-regulated across the conditions can be measured. The alteration of
metabolic fluxes in a network can also be pursued for investigating metabolic adap-
tations at the molecular level (Han et al. 2012; Vaz et al. 2015; Wenk 2010).
However, managing and organizing lipid-related pathways into useful, interac-
tive pathways and networks present a challenge for lipid bioinformatics. Lipidomic
data-based pathways and/or network reconstruction analysis mainly relies upon
The KEGG, LIPID MAPS consortium, and SphingoMAP databases (Table 4.4).
The KEGG PATHWAY database offers information on most of the metabolic path-
ways including lipid pathways encompassing FA biosynthesis, FA elongation, FA
metabolism, steroid biosynthesis, glycerolipid, glycerophospholipid, ether lipid,
sphingolipid, AA, LA, ALA metabolism, and biosynthesis of unsaturated FAs.
Additionally, KEGG also provides generic pathways (i.e., species-independent
pathways) to serve as reference pathways for the reconstruction of context- or
organism-specific pathways. The KEGG BRITE (http://www.genome.jp/kegg/
brite.html) specifically maintains a collection of hierarchical classifications of lipid
species whose reactions and pathways can be viewed. LIPID MAPS biopathway
workbench (http://www.biopathwaysworkbench.org/) provides a graphic tool that
facilitates to display, edit, and analyze biochemical pathways of lipids. Open-source
visualization tools such as BioCyc (www.biocyc.org), CYTOSCAPE (http://cyto-
scape.org), LipidBANK (http://lipidbank.jp/), MAPPFinder (www.genmapp.org/
help_v2/UsingMAPPFinder.htm), MetaCyc (http://metacyc.org/), MarVis-Pathway
(http://marvis.gobics.de), PANTHER (www.pantherdb.org), Pathway Editor (www.
lipidmaps.org/pathways/pathwayeditor.html), Pathway-Express (http://vortex.cs.
wayne.edu/projects.htm), and VANTED (www.vanted.org) enable retrieval and
visualization and editing of lipid signaling and metabolic pathways (Table 4.5).

4.5 Application of Lipidomics to the Seaweed Systems
Biology

Systems biology is rather a new frontier to explore in seaweed biology with the
availability of whole genomes of Ectocarpus, Chondrus, Pyropia, and Saccharina,
which are promising existing and future models for understanding seaweed
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biochemical pathways and their interactions with the environment. In seaweeds,
extensive targeted and untargeted lipid analysis have been accomplished for profil-
ing of specific lipid classes (e.g., FAs, oxylipins, glycerolipids, and saccharolipids)
for different purposes such as chemotaxonomic biomarkers, biotechnological appli-
cations, and perturbation to external cues (Illijas et al. 2009; Kumari et al. 2013a, b,
2014b, 2015; Kiipper et al. 2009; Rempt et al. 2012; Ritter et al. 2014; Weinberger
et al. 2011; Yan et al. 2011). There are only a few lipidomic studies carried out in
seaweeds using LC-MS-based CLASS approach or direct infusion shotgun lipido-
mic approach discussed herein and enlisted in Table 4.6.

4.5.1 Elucidation of Lipidomic Profiling and Identification
of Novel Lipids

The first polar lipidome (polar lipid along with its FA composition) of the red sea-
weed C. crispus was elucidated through hydrophilicinteraction liquid chromatography-
electrospray ionization mass spectrometry (HILIC-ESI-MS) approach (Melo et al.
2015). Saccharolipids comprising of SQDG and DGDG; glycosphingolipids bearing
ceramide backbones (galactosylceramides); inositolphosphoceramides; and glycero-
phospholipids comprising of PC, PG, PA, LPC, LPG, and betaine lipids, as well as
some phytyl derivatives, as chlorophylls and pheophytins, were main lipid classes
identified with >180 lipid molecular species. Oxylipin-containing saccharolipids,
SQDGs (30:1-OH, 32:2-OH, 32:1-OH, 34:4-OH, 34:3-OH, 34:2-OH, 34:1-OH,
36:5-OH, and 36:4-OH) and DGDGs (32:2-OH, 34:2-OH, 34:1-OH, 36:5-OH, 36:4-
OH, and 38:3-OH), were detected for the first time indicating the presence of 14:1-
OH, 16:1-OH, 18:1-OH, 18:2-OH, and 18:4-OH in chloroplastidic saccharolipid
fraction (Melo et al. 2015). Consecutively, da Costa et al. (2015) also reported the
polar lipidome of Codium tomentosum using CLASS-based lipidomic approach with
HILIC-ESI-MS. The polar lipid profile of C. tomentosum contained >200 species,
including SQDG, sulfoquinovosylmonoacylglycerols (SQMG), MGDG, DGDG, PC,
PI, PG, PA, LPC, LPG, and di- and monoacyl betaine lipids. SQMG, some lipid
molecular species of monoacyl betaine lipids, were reported for the first time in any
green algae. They also detected DGDG containing hydroxy-PUFAs, DGDG 32:3-OH
(14:0/18:3-OH), and DGDG 32:2-OH (14:0/18:2) in C. tomentosum polar lipidome.

However, earlier reports of using ESI-MS-based targeted lipid profiling also pre-
vail, mainly limited to the isolation and characterization partial lipidome or a few
lipid classes. For example, two new monogalactosyldiacylglycerols, (2S)-1-O-
(52,82,11Z,147,17Z-eicosapentaenoyl)-2-0-(9Z,127,15Z-octadecatrienoyl)-3-O-
B3-D-galactopyranosyl-sn-glycerol and (2S)-1-0-(9Z,12Z,15Z-octadecatrienoyl)
-2-0-(62,97,127,15Z-octadecatetraenoyl)-3-OB-D-galactopyranosyl-sn-glycerol,
were identified from Sargassum thunbergii (Mertens ex Roth) Kuntze by using FAB
tandem mass spectrometry-based saccharolipid-targeted CLASS approach (Kim
et al. 2007). Similarly, Ma et al. (2014) identified ten MGDG molecular species
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(mainly containing C14/C16 saturated FAs and C18/C16 unsaturated FA moieties)
in Sargassum horneri (Turner) C. Agardh using RPLC-MS/MS, with MGDGs con-
taining 18:2 at sn-2 position showing reduced triglycerides and FA accumulation in
adipocytes. HILIC-ESI/IT-TOF-MS was used to analyze partial lipidomic profiles
of a few seaweeds including Pterocladiella capillacea (S. G. Gmelin) Santelices &
Hommersand containing lipid classes, viz., PG, PC, PI, LPI, PS, LPE, DGDG,
SQDG, and SQMG, Asparagopsis taxiformis (Delile) Trevisan had a single SGMG,
and Dictyota dichotoma (Hudson) J. V. Lamouroux mainly contained glycerophos-
pholipids PC, LPE, SQMG, and SQDG (Ragonese et al. 2014). This lipidomic-
based advanced approach is envisaged as a promising tool for elucidation of
seaweed lipid fingerprints, for understanding their metabolism, dependence of envi-
ronmental conditions, for and biotechnological development of seaweed edible
products and bioactive compounds.

4.5.2 Lipidomic Changes in Seaweed Acclimation Strategies
to Abiotic/Biotic Stress

Lipids are an integral part of cellular membrane and, thus, constitute a part of the
first line of defense against any abiotic/biotic perturbation/stresses. Lipids play a
crucial role in maintaining membrane fluidity in seaweeds by modulating the levels
of PUFAs and inducing FA oxidation cascade during oxidative stress, which further
leads to induction of defense-related genes/enzymes (Dittami et al. 2011, 2012;
Gravot et al. 2010; Kumar et al. 2010a, b, 2011; Kumari et al. 2014b, 2015; Ritter
et al. 2014). Recently, the role of lipids and targeted and nontargeted GC-MS-based
metabolomic approaches to reveal the role of fatty acids, LC-ESI-MS-based
approaches to reveal the role of oxylipins, and other lipid molecules in seaweed
defense strategies against salinity, desiccation, metal, diurnal oscillations, wound-
ing, and other stresses has been reviewed (Kumar et al. 2016 and references therein).
Thus, hereby, updated information of lipidomic changes in seaweed acclimation
strategies to abiotic/biotic stress unraveled by advanced shotgun or CLASS approach
is discussed.

ESI-MS-based shotgun lipidomic approach was for the first time used to
unravel the physiological roles of polar lipid metabolites including lipid classes,
fatty acids, and oxylipins in green seaweed Ulva lactuca Linnaeus under nutri-
tional constraints of nitrate and phosphate (Kumari et al. 2014b). They deciphered
reactive oxygen species (ROS)-mediated nonenzymatic lipid peroxidation due to
nutritional limitation-induced oxidative stress in U. lactuca. To combat this nutri-
tional stress, U. lactuca thalli undergo lipid remodeling including shift in lipid
classes and fatty acids (SFA/UFA), oxylipins (C18- and C20-derived hydroxyox-
ylipins) to combat nutritional stress. U. lactuca accumulated DGDG, SQDG, and
DGTS when deprived of either nitrate, phosphate, or both, while supplementation
of nutrients, especially nitrate, led to retrieval of lost MGDG. Similarly, glycero-
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phospholipid synthesis was also found to be dependent on phosphate availability,
while phosphate deprivation resulted in degradation of PLs to PA or lyso-phos-
pholipids (Kumari et al. 2014b). Successively, Kumari et al. (2015) first time
reported polar lipidome of G. dura (C. Agardh) J. Agardh and of any seaweed
under methyl jasmonate stress using ESI-MS-based shotgun lipidomic approach,
highlighting the channeling of fatty acyl chains from MGDG toward the biosyn-
thesis of 13-hydroperoxylinolenic acid, which further directed toward either the
jasmonate pathway or other alternative pathways of FA oxidation cascade, analo-
gous to higher plants. These authors showed that MeJA induces a strong dose- and
time-dependent oxidative burst, resulting in lipid peroxidation, induction of fatty
acid oxidation cascade, hydroxy-oxylipin synthesis, upregulation of 13-LOX
pathway, and modulation of lipid acyl chains, along with a shift toward secondary
metabolism as a defense strategy to combat the induced oxidative stress. Lipid
molecular species belonging to MGDG, PC, PE, and PA were found to be differ-
entially expressed lipid classes in response to MeJA treatment, of which MGDG
and PC were the most affected lipid classes due to higher metabolic flux of these
classes during lipid metabolism, as they are the primary sites for de novo fatty acid
allocation (Ohlrogge and Browse 1995). Also, high levels of PA (40:8, 40:7, 38:5,
38:4, 36:4, and 36:3) and lysolipids, LPC (20:4, 20:3, 18:3, and 18:2), and LPE
(20:4) were reported, which were probably generated from PC and PE in the
MelJA-treated thalli, indicating higher phospholipase activity and phospholipid
turnover in G. dura. Also, G. dura modulated the lipid acyl chains in such a way
that no significant change was observed in the fatty acid profile of the treated thalli
as compared with those of the control, except for C16:0, C16:1 (n-9), C20:3 (n-6),
and C20:4 (n-6) (P < 0.05). This may be a strategy to maintain the membrane flu-
idity and integrity of membrane to combat oxidative stress (Kumari et al. 2015).
Recently, Chen et al. (2016) employed UPLC-Q-TOF-MS and multivariate statis-
tical analysis (PCA and heat maps) to decipher lipidomic changes of P. haitanen-
sis in short-term response to high-temperature stress to understand the effect of
global warming on Pyropia sp. They identified 39 lipid biomarkers belonging to
the classes DAG, DGDG, lyso-MGDG, lyso-DGDG, SQDG, lyso-SQDG, lyso-
PA, lyso-PC, lyso- PE, lyso-PI, lyso-PG, and PIP differentially regulated in
response to high-temperature stress in Pyropia. The biomarker-based heat map
and box plots showed the decrease in levels of most of these lipid biomarkers (sac-
charolipids, Lyso-PE, Lyso-PI, Lyso-PG, and PIP) with the application of high-
temperature stress (from 20 to 35 °C). This decrease in the level of major
photosynthetic membrane lipids due to heat stress was suggested to be a conse-
quence of the impairment of its photosynthetic apparatus. The accumulation of PA
in plant cell membranes immediately after exposure to temperature stress con-
comitant with decrease in the levels of DAG, PE, and PG (Chen et al. 2016) indi-
cated the transfer of the phosphatidyl group to produce PA (a stress biomarker).
These lipidomic alterations in P. haitanensis are significant for studies regarding
photosynthesis rate, signal transduction, and cell membrane stability during accli-
mation at higher temperature. In another study, UPLC-ESI-Q-TOF-MS analysis-
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based targeted oxylipin profiling was used to study activated chemical defense
induced by increased production of PGE, and related toxic lipid compounds in
non-native populations of G. vermiculophylla (Hammann et al. 2016). These
authors reported that wounding of non-native seaweed populations of G. vermicu-
lophylla resulted in approximately 390% more production of 15-keto-PGE,, 90%
more PGE,, 37% more PGA,, and 96% more 7,8-di-HETE than wounding of
native populations. PGE,, PGA,, and 7,8-di-HETE are known to deter various
biological enemies of G. vermiculophylla that cause tissue or cell wounding, and
also repelled the mesograzer Littorina brevicula, indicating that non-native popu-
lations of G. vermiculophylla were more defended against herbivory than native
populations. This increased capacity for activated chemical defense may be the
reason behind their invasive success.

4.6 Integration of Lipidomics with Allied Omics Platforms

Integration of lipidomics with other allied omics (genomics, transcriptomics, pro-
teomics, and metabolomics) platforms offers promising tool to practice systems
biology to identify novel genes, enzymes, and lipid metabolic pathways to
increase our comprehension of seaweed lipid biochemistry and the role of novel
lipid molecules in combating different biotic/abiotic stresses. With the accessibil-
ity of whole genome sequences, next-generation mass spectrometers, and
advanced bioinformatic tools, lipidomics has assumed a prominent role in sys-
tems biology studies through its unique ability to directly identify functional
alterations in multiple lipid metabolic and signaling networks. systems biology is
an interdisciplinary approach integrating data from different omics disciplines
into numerical models with the aim to simulate the physiology of the organism
(Kumar et al. 2016). Recently, Loizides-Mangold (2013) proposed a new term
“systematic lipidomics” which combines different pathway analyses with
MS-based lipidomics. Systematic lipidomics aims to investigate how the pertur-
bance of one pathway influences the lipidome of cells. Pathway targeting in the
context of lipid analysis will lead to an increase or decrease in certain lipid metab-
olites, either directly or indirectly through a cascade of signaling events. There
are two approaches in systematic lipidomics: hypothesis-driven approach and
data-driven approach (Fig. 4.4). In hypothesis-driven approach, prior knowledge
is used to select a pathway hypothesized to have a lipid phenotype. In the data-
driven approach, large-scale sets of biological pathways are selected to uncover
novel pathway-lipid phenotype relationships and are supported by pathway analy-
sis of genomic data or metabolite pathway enrichment analysis (Loizides-
Mangold 2013).

The full genomes and characterization of key genetic pathways driving metabo-
lism of model seaweeds have focused the direction of most of the omics studies
toward model seaweeds Ectocarpus, Chondrus, Pyropia, and Saccharina. Most of the
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Fig. 4.4 Systematic lipidomic pathway analysis of lipidomic data. Adapted and modified from
Loizides-Mangold (2013)[Loizides-Mangold U (2013) On the future of mass-spectrometry-based
lipidomics. FEBS J 280:2817-2829]

network-based approaches employed in systems biology mainly include gene to
metabolite, gene to protein, transcripts to metabolite, and metabolite to protein net-
work interaction studies (Kumar et al. 2016). The integration of lipidomic data with
the gene/protein/transcript is relatively limited since currently available pathway level
representation of lipids in databases such as KEGG and SphingoMAP is limited and
lacks the level of details required by modern MS-based approaches (Vaz et al. 2015).
However, lately developed LIPID MAPS consortium provides all the user-friendly
tools for pathway analysis (Tables 4.4 and 4.5), but it is slightly biased toward human/
animal lipids and has a few ambiguities in respect to plant lipids in its classification
and annotation ontology. LipidomeDB database (https://www.k-state.edu/lipid/tech-
nology_development/index.html), curated and maintained by Kansas Lipidomics
Research Center, contains extensive metadata derived from biological experiments,
as well as additional information about lipid molecular species and their mass spectral
properties, and offers provision for continuous annotation of large datasets containing
spectral information about identified lipid metabolites (Table 4.4). Its bioinformatic
tool LipidomeDB DCE (Zhou et al. 2011) is also very helpful for plant lipid annota-
tion. ARALIP specifically designed on the information available from Arabidopsis
acyl lipid metabolism (2013) has improved the annotation of Arabidopsis genes
related to acyl lipid metabolism and is organized by pathways represented by key
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navigation figures in the “Acyl lipid: pathways” homepage (http://aralip.plantbiology.
msu.edu/pathways/pathways); ARALIP is also very helpful for annotation of plant
lipids and their pathways representation.

However, only a few studies have been reported in seaweeds correlating gene-
metabolite (including lipid molecules) co-expression deciphering their adaptive/
acclimation responses to external cues (Dittami et al. 2011, 2012; Gravot et al.
2010; Groisillier et al. 2014; Rousvoal et al. 2011) recently reviewed by Kumar
et al. (2016). Tonon et al. (2011) proposed a protocol focusing on integrating het-
erogeneous knowledge gained on brown algal metabolism in Ectocarpus. The
resulting abstraction of the system will help in understanding how brown algae
cope with changes in abiotic parameters within their unique habitat and in deci-
phering the mechanisms underlying their acclimation and adaptation, respectively,
consequences of the behavior, or the topology of the system resulting from the
integrative approach. The transcriptomic and metabolomic analysis of copper stress
acclimation in E. siliculosus provided insight into the role of lipid and oxylipin
metabolic pathways in seaweeds (Ritter et al. 2014). The gene-metabolite co-
expression data highlighted the activation of oxylipins and repression of inositol
(myoinositol) signaling pathways, together with the regulation of genes encoding
for several transcription associated proteins. A significant accumulation of
12-OPDA, PPA1, and PPA2, C20:4 cyclic prostaglandins such as PGA, and PGJ,
with no change in MeJA was observed along with the upregulation of genes belong-
ing to the CYP74 family (an interesting candidate for AOS activity involved in the
synthesis of oxylipins). Apart from this, there is hardly any information on correla-
tion network analysis specifically focusing on integration of lipidomic data with
either gene or proteome data.

With recent development of lipidomic strategies in seaweeds (da Costa et al.
2015; Kumari et al. 2015; Melo et al. 2015), the futuristic development of lipidome-
gene as well as lipidome-proteome co-expression studies to decipher the novel lipid
pathways and their regulation under different perturbations can be foreseen.
Lipidomics in conjunction with other omic studies could also decipher the seaweed
lipid metabolic pathways, which is believed to be identical to higher plants and
microalgae, but not studied much. Recently only, it has been found that KAS II, one
of the key enzymes involved in FA biosynthesis in higher plants and microalgae, is
not found in Pyropia sp., and its role is played by its another isoform, KAS I (Chan
et al. 2012), as discussed above in Sect. 4.3. Moreover, there are many dissimilari-
ties in the lipid metabolic pathways (specifically in oxylipin biosynthetic and meta-
bolic pathways) in the elucidated genomes of different seaweeds; which may be due
to phyla- and/or species-specific variations due to conserved phyla-specific FA
compositions in seaweeds (Kumari et al. 2013b). For example, genes for both plas-
tidial and microsomal desaturases are present in the genome of E. siliculosus, while
C. crispus genome does not have any gene for plastidial ACP desaturases. Instead it
contains stearoyl desaturase, which produces 18:1 from 18:0 in the endoplasmic
reticulum (Cock et al. 2010; Collén et al. 2013). The evolution of conserved lipid
biosynthetic pathway and the huge diversity and variability present among different
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seaweeds can only be explained with integrated systems biology approach of lipido-
mics, genomics, and proteomics.

Jasmonates are lipid-derived signal molecules belonging to oxylipin class that
mediates a plethora of biological processes from stress and defense responses to
reproductive development, secondary metabolism, and senescence in plants
(Browse 2009; Wasternack et al. 2012). They are generated via the allene oxide
synthase (AOS) branch of the lipoxygenase (LOX) pathway of lipid oxidation and
exert their effects by orchestrating large-scale reprogramming of gene expression
(Kombrink 2012). Methyl jasmonate (MeJA) is one of the most active forms of
jasmonic acid in plants produced by methyl ester formation on Cl of JA by
JA-specific methyltransferase (Seo et al. 2001). Numerous studies have impli-
cated the roles of MeJA in defense against biotic/abiotic stresses in seaweeds
including C. crispus (Bouarab et al. 2004; Collén et al. 2013; Gaquerel et al.
2007), Fucus vesiculosus Linnaeus (Arnold et al. 2001), Laminaria digitata
(Hudson) J. V. Lamouroux (Kiipper et al. 2009), and G. dura (Kumari et al. 2015).
However, it was unclear if MeJA was an endogenous compound in these seaweeds
until the recent report of MeJA release from the cystocarps of Grateloupia imbri-
cata Holmes (Pilar et al. 2016). MeJA was earlier only detected in Gelidium lati-
folium Bornet ex Hauck (Krupina and Dathe 1991), and all other attempts to
detect MeJA in seaweeds (Chondrus, Colpomenia, Dictyota, Ectocarpus, Fucus,
Himanthalia, Saccharina, and Sargassum) were not successful (Bouarab et al.
2004; Wiesemeier et al. 2008). Further, adding to the complexity of MeJA path-
way in seaweeds, the entire set of enzymes necessary for the biosynthesis of JA
from ALA has been identified in Gracilariopsis sp. (Hamberg and Gerwick 1993)
and Lithothamnion corallioides (P. Crouan & H. Crouan) P. Crouan & H. Crouan
(Hamberg 1992). The genome sequence of E. siliculosus (Cock et al. 2010) also
showed the candidate genes for AOS, which catalyzes the initial step of JA bio-
synthesis and allene oxide cyclase (AOC). On contrary, no candidate genes could
be identified for AOS and AOC in the genome of the red alga C. crispus, which
contained two candidate genes for 12-oxo-phytodienoic acid reductase (12-OPR)
and genes involved in B-oxidation within the JA biosynthetic pathway (Collén
et al. 2013). Moreover, no genes for jasmonic acid carboxyl methyl transferase
have been identified in the genome of both the seaweeds indicating that an enzyme
different from those characterized in land plants may be present in these seaweeds
(Cock et al. 2010; Collén et al. 2013). No consensus is present in the scientific
community about the occurrence and physiological relevance of MeJA in sea-
weeds. The combined genomics, transcriptomics, proteomics, and lipidomics
study could only unveil the jasmonic acid/methyl jasmonate pathway in seaweeds
and can explain whether this pathway is conserved or seaweeds exhibit an entirely
different pathway from what is known in higher plants. Additionally, the active
forms of jasmonic acid such as methyl jasmonate or jasmonic acid isoleucine
conjugate or any other active forms can be identified and their mode of action can
be deduced in seaweeds. Therefore, lipid biochemistry is an extremely diverse
field with several unresolved questions in seaweeds, and systems biology
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approaches are the only answer to get an insight into complex seaweed lipid biol-
ogy and its interactions with other metabolic pathways. It is anticipated that sev-
eral models of lipid metabolic and signaling networks will be developed for
seaweeds in the near future, and systems biology tools and approaches will shape
the seaweed research landscape.

4.7 Conclusion

Recent advancements in MS-based approaches particularly the development of
(ultra)high-resolution/mass accuracy measurement capabilities and refinement of
soft ionization technique have been the driving force behind the successful applica-
tion and integration of lipidomics in seaweed studies. Seaweed lipidomics has
opened up an unprecedented opportunity to explore the lipid diversity, discover new
lipid biomarkers, and deepen our understanding of seaweed lipid biochemical path-
ways that are crucial for adaptation and acclimation of seaweeds in diverse environ-
mental conditions of marine ecosystem. To fully understand these mechanisms,
elucidation of seaweed lipidome (by targeted/nontargeted approaches) must be
combined with fluxes associated with lipidomic changes. The fluxes may also reveal
hitherto uncharacterized lipid biochemical pathways and can be achieved with iso-
topomer experiments. Lipidomics along with other omics technologies is emerging
as an important tool to practice systems biology in seaweeds as well, as lipids com-
prise a very significant part of the metabolome and play pleiotropic roles in cellular
functions. With the increasing availability of genomic, transcriptomic, and pro-
teomic data in seaweeds, context-specific association of lipid molecular species
with proteins involved in biosynthesis and metabolism, and the concomitant genes
encoding these proteins, several lipid-specific pathways will be deciphered/recon-
structed for seaweeds in the future.

However, a future challenge is to develop an integrative workflow that combines
different extraction procedures and mass spectrometric approaches to comprehen-
sively assess all the lipid species in a given sample, as it is evident that no single
platform is sufficient to fully characterize the lipidome completely. A plethora of
different techniques is available, each with their own strengths and weaknesses.
It is believed that combining different lipidomic techniques, such as shotgun/LC
lipidomics, global profiling using LC-high-resolution MS, and quantitative targeted
lipid analyses with LC-QqQ MS and GC-MS, has the potential to yield the most
complete lipidomic datasets (Briigger 2014). Also, there is a great need for stan-
dardization and consolidation in the field of lipidomics, in terms of sample prepara-
tion, data collection methodology, and data management and analysis. Preprocessing
is a complicated step in the analysis of lipidomic data, and choices of parameter
settings greatly influence the outcome and thus the biological interpretation. More
bioinformatic research is required to develop improved algorithms that eventually
allow to preprocess data with no or only minimal human intervention. The standard-
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ization of procedures for sample preparation and analysis will increase inter-
laboratory reproducibility and reliability and allow more efficient use of generated
lipidomic data. The further development of statistical, bioinformatics, and systems
biology methods in seaweeds is another challenge to improve biological interpreta-
tion and pathway analysis. It is commendable that seaweed biologists are working
in consortium across the world to address the demand of seaweed industry and mak-
ing new-sophisticated tools in seaweed research available to public domains. Thus,
the development of seaweed-dedicated databases encompassing all the omics infor-
mation can be realized in near future. The systems biology approaches will be more
common in seaweeds, and the integration and interpretation of lipidomic data with
genome, transcriptome, proteome, and metabolome data will enable new insights in
seaweed lipid biomarker discovery and lipid pathways and resolve the remaining
questions in seaweed lipid biochemistry.
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Chapter 5

Volatiles in the Aquatic Marine Ecosystem:
Ethylene and Related Plant Hormones

and Sporulation in Red Seaweeds

P. Garcia-Jimenez and R.R. Robaina

Abstract Reports on the production of volatile compounds in algae have been
focused on what they produce rather than on their functions. In this scenario, a
myriad of fatty acid derivatives, nitrogen-containing compounds, organic halogen
compounds, sulphur compounds and compounds derived from transferase activity
have been described. Recently, a broad range of these volatile compounds has also
been identified under a physiological complex pattern in algae, inferring that sea-
weeds must somehow integrate signals not only to reply to environmental status but
also as a response to their growth and development capacity. Evidence comes from
algal mats, which suffer sudden increments in the number of reproductive structures
and correspondingly abrupt decreases in biomass. Specifically, the emission of air-
borne substances, such as ethylene and dimethylsulphide (DMS), has provided
valuable information on their participation in algal physiology. DMS is affected by
environmental factors such as light and salinity. In addition, the time course of DMS
and ethylene release has revealed that the synthesis of ethylene, via the alternative
route of DMSP lyase, is not a priority in the red seaweeds. Furthermore, ethylene
has a significant effect on the formation of reproductive structures and the sporula-
tion of the red seaweeds Grateloupia imbricata and Pterocladiella capillacea. Our
data suggest that the presence of putative receptors and the response of ethylene
could be influenced by the length of exposure to this volatile.

Unfortunately, despite the importance of all these facts in the formation of repro-
ductive structures and spore germination, there is to date scant information at a
molecular level, and little is known about the role of genes on these processes. In
this chapter, we aim to compile the current knowledge of volatile compounds in
algae. We will discuss the relation between the emission of volatiles and algal physi-
ology and mainly focus on the involvement of volatiles in the reproduction of red
seaweeds. As far as possible, we will try to unveil the molecular mechanisms of the
perception of volatiles.
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5.1 Introduction

Plants produce and emit large amounts of volatile organic compounds. The influ-
ence of scent is deemed to play several roles at the physiological and ecological
level as defence compounds, as stabilisers and as protection for the plasma mem-
brane against higher temperature and alterations of nearby flowering plants (Qualley
and Dudareva 2010). One of the main roles of airborne compounds is also their
involvement as signals to other organisms, and in this, volatiles facilitate interac-
tions with the environment.

Volatile organic compounds in marine algae can also act as chemical communi-
cators, where algae sense gaseous signals. Moreover, algae emit volatiles that vary
both quantitatively and qualitatively depending on time and space. In recent years,
a broad range of these volatiles have been identified in a physiological complex pat-
tern, inferring that algae must also somehow integrate signals not only to reply to
environmental status but also as a response to their growth and development capac-
ity. Evidence comes from macroalga mats, which suffer sudden increments in the
number of reproductive structures and correspondingly abrupt decreases in biomass
(Garcia-Jimenez personal communication). To date, of the most important proceed-
ing in algae, reproduction events are not still well understood and remain disputed.
Reproduction is usually stimulated by environmental factors such as light, tempera-
ture and availability of nutrients that influence the transition from the vegetative
phase to the reproductive phase (Cole and Sheath 1990). Furthermore, as described
below, volatile production has also seen to be affected by (a)biotic factors. Thus, the
effects of several interacting environmental factors, and the fact that one of these
factors can also vary in one of the multiple aspects, such as light with its intensity,
quality, the length of the day and the number of photons, make it difficult to offer a
comprehensive interpretation of the role of volatiles in reproductive processes.

Moreover, responses to volatile growth regulators are reported to show great
inconsistency in algae. Assuming uniform volatile sampling, the key to understand-
ing this reasoning is the cellular competence of algae with respect to plant hor-
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mones, as Baweja et al. (2009) indicated. Competence is defined as the status in
which a cell must be able to perceive, transduce and respond to a signal (Osborne
and McManus 2005). There was a confused but apparently accepted idea that any
part of any alga was competent with respect to plant growth regulators, but this is
not so (Baweja et al. 2009). All in all, our knowledge of the role of volatiles in algal
reproduction is so little and so disperse but truly incredible to discover.

5.2 Volatile Compounds Are All Around: How Do Algae
Smell?

Very briefly, algae smell of short-chained aromatic volatiles, the most common
components as benzaldehyde, which contribute to the flavour of processed algae
and algae-based products, something of great importance in the industry, since their
identification would determine the quality and freshness of a product as their organ-
oleptic features are related to processed foods (Yamamoto et al. 2014). Other well-
characterised volatile organic compounds have been identified, such as alkanes,
alkenes, alcohols, terpenes, carbonyls, esters, halogen, compounds containing sul-
phur and acids (Loreto and Schnitzler 2010; Klaschka and Kolossa-Gehring 2007;
Holopainen 2004; Bleecker 2000).

Halogenated compounds are the most extensively studied volatiles. The produc-
tion of halomethanes from macroalgae has been reported to vary by up to three
orders of magnitude depending on the geographical location (Schall et al. 1994;
Manley et al. 1992) and by anthropogenic effect (Goodwin et al. 1997).

Specifically, chlorinated compounds have been encountered in algae, in spite of
being relatively rare in living organisms. Their interest lies in their antibacterial
properties, such as the green alga Chara globularis, reportedly emitting against
Staphylococcus aureus (Bankova et al. 2001).

Micro- and macroalgae also contribute to a large extent to the production of bro-
mine and polybromomethanes in marine environments (Paul and Pohnert 2011;
Carpenter et al. 2003), and their presence in the atmosphere may directly affect
human health, cloud condensation nuclei formation and climate (Pirjola et al. 2000).
Moreover, bromine is known to be the halogen often found in marine-derived com-
pounds (Abrahamsson et al. 1995). It is estimated that around 70% of the world’s
bromoform is produced by macroalgae (Carpenter and Liss 2000).

Furthermore, seaweeds also produce other haloforms, whose emission rates
depend on light intensity and pH changes. For example, halomethane production has
been reported in the green algae Enteromorpha and Ulva, in the giant kelp Macrocystis
(Goodwin et al. 1997) and in the brown seaweeds Ascophyllum, Fucus and Laminaria
and in the red seaweeds Gelidium, Asparagopsis, Eucheuma and Mastocarpus
(Garcia-Jimenez et al. 2013; Mtolera et al. 1996 and references herein).

An intense bouquet from planktonic microalgae has also been associated with
fatty acid transformation, mainly halogenated fatty acids and fatty acid-derived
metabolites. Otherwise, fatty acids render long-chain aldehydes (LCA) by means of



102 P. Garcia-Jimenez and R.R. Robaina

enzyme activities. More specifically, volatile compounds from long-chain alde-
hydes have been quantified and detected simultaneously with nitrogen compounds
in the seagrass Zostera marina (Kawasaki et al. 1998) and in the red seaweed
Gelidium arbuscula (Garcia-Jimenez et al. 2013). The presence of LCA-forming
activities, both in seagrasses and seaweeds, has been hypothesised as part of the
evolution from green algae to land plants (Kawasaki et al. 1998).

Consequently, studies of volatile organic compounds released by algae have
focused more on the identities of all of the compounds produced than on their meta-
bolic origins or potential functions. Moreover, the scarcity of standardised data
obscures the exact role of these volatile compounds. Volatile screening varies enor-
mously with respect to the amounts released, time monitoring and trapping methods
used, making comparison difficult and generating confusion and producing specula-
tive results.

Different approaches have been taken to clarify how far different experimental
factors and biosynthesis pathways can influence the production of these volatile
compounds. All of the myriad volatiles identified derive from different precursors,
including amino acids, fatty acids and carotenoids, whose biosynthetic pathways
are shared with the non-volatile secondary metabolites. Hence, several authors have
established a classification of volatiles released depending on their functional
groups, as a benchmark to improve the comprehension of the role of these com-
pounds, in order to further infer the putative functions of these volatiles and their
enzyme pathways. In the red seaweed Gelidium arbuscula, for instance, six volatile
compound groups were generated—compounds consisting of methyl alkyl, amines,
lipid oxidation derivatives, halides, sulphur and ethylene—in order to classify vola-
tiles released under different experimental conditions and to further study their roles
(Garcia-Jimenez et al. 2013).

5.3 Complexity of Factors Drives Volatile Emission by Algae

A set of factors affects the production of the myriad of volatiles reported. Light
availability, desiccation, tissue age, kind of algae, wounded algae and grazing can
influence production and rates of release of volatiles , moreover, with defined peri-
ods of temporal evolution (Leedham Elvidge et al. 2015). For instance, algae with
large surface fronds, as Laminaria digitata from intertidal area, have been reported
to release nearly 514-742 ng total volatiles detected g=! dw after 4-6 h of desicca-
tion, compared with other algae as Fucus and Enteromorpha, which retain water for
longer periods, with rates of 110-170 ng total volatiles detected g~! dw (Bravo-
Linares et al. 2010). Moreover, in the brown alga Laurencia dendroidea, the accu-
mulation and transport of secondary metabolites were associated with the presence
of vesicle transport into the cells (Reis et al. 2013).

Additionally, when in vitro production of volatiles was analysed under different
light and salinity conditions, the profiles of volatile organic compounds generated
by the red seaweed Gelidium arbuscula differed with the light and salinity treat-
ments tested (Garcia-Jimenez et al. 2013).
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After mimicking the desiccation that G. arbuscula thalli experienced during low
tides, the ethylene and the composition of gases emitted were also affected by treat-
ments of exogenous ethylene (Garcia-Jimenez et al. 2013).

In broad-spectrum white light, most of the compounds generated by G. arbuscula
were methyl alkyl compounds, amines and derivatives of lipid oxidation, while in
darkness only methyl alkyl and amine compounds predominated. Despite the appar-
ent similarity in the volatile emission profiles, white light affected the level of
amines, constituting 50% of relative area counts liberated, in a different manner
from those liberated in darkness (35% of relative area counts; Garcia-Jimenez et al.
2013). Comparing with the red light, we observed that not only did the profile of
volatiles differ, the relative area counts of compounds derived from lipid oxidation
also increased in red light (50% of relative area counts) compared to white light
(20% of relative area counts; Garcia-Jimenez et al. 2013).

Natural emissions of DMS, the most abundant sulphur-containing compounds
(Andreae et al. 1995), have also been determined for two green algae, Ulva intesti-
nalis (Plettner et al. 2005) and Enteromorpha clathrata (Steinke et al. 1996), and for
the red alga Polysiphonia hendryi (Van Alstyne and Houser 2003). By all means,
DMS seems to play an important ecological role insofar as it contributes to the
albedo (van Rijssel and Gieskes 2002). Meanwhile, dipropyl disulphide in the
brown seaweed Dictyopteris prolifera has been differentially determined in proto-
plasts compared with thalli of this alga (Fujimura et al. 1994).

In Gelidium arbuscula, levels of dimethyl sulphide (DMS) were lower following
thalli exposure to darkness and red light compared to those obtained under broad-
spectrum white light. The in vivo emission of DMS in broad-spectrum white light
was estimated as 3.6 + 0.2 nmol h™! g=! fw (Garcia-Jimenez et al. 2013). Moreover,
DMS was also affected by salinity in G. arbuscula. DMS breaks down dimethylsul-
phoniopropionate (DMSP) by the action of the enzyme DMSP lyase. Consequently,
the more DMSP is broken down, the more DMS is liberated. In algae, DMSP is
accumulated as an osmoticum to foster acclimation to high salinity (Otte et al. 2004;
Stefels 2000; Dacey et al. 1987). DMS in the red seaweed G. arbuscula has been
determined as 2.4 = 0.02 nmol DMS h™! g™! fw at 60 psu, while when salinity fell to
36 psu, DMS liberation was 20.6 = 0.015 nmol DMS h~! g~! fw (Garcia-Jimenez
et al. 2013).

We were also able to determine endogenous jasmonates levels in four different
seaweeds. Beyond the fact that production of jasmonates relies on the correspond-
ing metabolism of seaweeds (availability of substrates, biosynthetic enzymes and
emission routes), brown algae emitted a high concentration of jasmonates com-
pared with the green and red algae (Table 5.1). No comparative information on the
presence of methyl jasmonate between seaweeds has been reported previously,
although our results infer that methyl jasmonate could be involved in several tasks.
Without discerning the exact role of this compound among algal genera, the incre-
ment in volatile concentration in brown algae could be explained by the existence of
an environmental control (algae located in the upper-intertidal area, where desicca-
tion and herbivory are intense and could produce more volatiles; Hay 1996) and by
the cellular structure (volatile compounds may be concentrated in the outer meri-
stem; Tugwell and Branch 1989).
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Table 5.1 Rates of jasmonates (mM jasmonates mg~' fw h™') release in four macroalgae from
intertidal coast of Gran Canaria (Canary Islands)

Rates of jasmonates released (mM mg™!

fw h™") n

Green alga

Enteromorpha sp. ‘ 1.05+0.12 24
Red algae (infertile thalli)

Grateloupia imbricata 0.96 +0.14 37
Gelidium arbuscula 1.05 £0.11 43
Brown alga

Fucus sp. 11.34+0.13 21

n, number of samples analysed
Significant differences (p < 0.01)

5.4 Profiling the Physiological Responses of Algae
to Volatiles

It seems surprising that in spite of the massive production of volatiles released by
algae, this has not been clearly related to any physiological events. In general terms,
the constitutive emissions of volatiles, as opposed to those induced as responses to
external attacks, could be due to specific changes during developmental stages,
although the origin of volatiles remains to be properly discerned. Marine brown
algae produce several C;; hydrocarbons, some of which are recognised as sexual
pheromones that attract gametes (Miiller 1989). Moreover, the emission of volatiles
has been involved in algal successions and in blooms of microalgae (Takamo et al.
2003). The question of whether the emissions lead to an adaptive advantage or, on
the contrary, it is merely to avoid toxic metabolites remains ambiguous. Hence, the
understanding of the synthesis routes of the volatile compounds and how far physi-
ological factors influence volatile production are issues that must be resolved in
order to characterise algal response.

Most of the biosynthetic pathways for the production of the volatile compounds
rely on S-adenosylmethionine (SAM), either as a substrate for key enzyme reac-
tions (as in the synthesis of ethylene and polyamines) or as a source of a methyl
group (as in the synthesis of jasmonates, salicylates or brassinosteroids) (Roje 2006;
Yang and Hoffmann 1984). The presence of transferase enzyme activity and the
production of halide forms would reflect its metabolic involvement as a means of
eliminating halogenated metabolites.

Apart from transferases, other strategies to trap halogens in organic molecules
have been reported through SAM-dependent enzymes and halogenation enzymes
(La Barre et al. 2010). In particular, the presence of the most abundant haloperoxi-
dases deals with a particular physiological event in algae. The oxidation of halo-
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gens, through H,0O, as substrate, would correspond with the alteration of cell
strength, favouring the substrate adhesion of algal spores and propagules (Bitton
et al. 2006, 2007). Specifically, brown seaweeds show a high oxidised bromine
compound content, which results in compounds involved in adhesion of Laminariales
(Salgado et al. 2009).

Other volatiles, such as ethylene, derived from the oxidation of 1-aminocyclopr
opane-1-carboxylic acid (ACC) from SAM (Vanden Driessche et al. 1997), have
also been determined. Ethylene affected the cap formation and development rates in
the unicellular alga Acetabularia in a manner that depended on the timing of ethyl-
ene application (Vanden Driessche et al. 1998). Ethylene production was also noted
through the decomposition of ethephon, a compound that spontaneously decom-
poses to generate ethylene. In the green seaweed Enteromorpha intestinalis, the
addition of ethephon reduces chlorophyll levels compared to thalli without ethe-
phon (Plettner et al. 2005).

Some authors have suggested an alternative to the conventional ethylene biosynthesis
pathway through ACC for ethylene in marine organisms. Dimethylsulphoniopropionate
(DMSP) lyase (EC 4.4.1.3) would act on DMSP to produce volatile DMS and acrylate,
and acrylate would be converted to ethylene by decarboxylation (Plettner et al. 2005;
Niki et al. 2000; Yoch et al. 1997). At a physiological level, DMS could scavenge reac-
tive oxygen intermediates from cells, while DMSP would maintain salinity acclimatisa-
tion of algae (Sunda et al. 2002).

Furthermore, the time course of ethylene and DMS production in vitro in the red
seaweed G. arbuscula suggests that ethylene is mainly produced through the ACC
synthase and the ACC oxidase pathway (Garcia-Jimenez et al. 2013; Garcia-Jimenez
and Robaina 2012). As these authors reported, two considerations can be high-
lighted. Initially, the time course of ethylene and DMS production revealed that
DMS levels remained unaltered, while ethylene release increased. Therefore, it is
understood that ethylene is not a result of the final transformation of DMSP. Secondly,
the determination of enzyme activities involved in both pathways showed that ACC
synthase and ACC oxidase-specific activities are predominant compared to DMSP
lyase in this red alga (Fig. 5.1).

Moreover, the jasmonic acid and its relative compounds have been determined in
the unicellular green algae Euglena and Chlorella (Ueda et al. 1991a, b) and in the
red alga Gelidium (Krupina and Dathe 1991). The content of methyl jasmonate var-
ies during the cell cycle of the Chlorophyta Scenedesmus acutus (Christov et al.
1996), in response to temperature stress in Scenedesmus incrassulatus (Christov
et al. 2001) and for anti-herbivory activity in the brown alga Fucus vesiculosus
(Arnold et al. 2001). In Laminaria digitata, production of methyl jasmonate seems
to be involved in protection and against its brown endophyte (Kiipper et al. 2009).
In the red seaweed Chondrus crispus, methyl jasmonate activates the oxidative
metabolism of polyunsaturated fatty acids, leading to the production of hydroperox-
ides and oxygenated fatty acids (Gaquerel 2005; Bouarab et al. 2004), inducing
resistance activities involved in defence reactions (Gaquerel et al. 2009).
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Fig. 5.1 The ethylene biosynthetic pathway and its connection with DMSP lyase and ACC syn-
thetase and oxidase routes. DMSP lyase dimethylsulphoniopropionate lyase, ACC 1-aminocyclop
ropane- 1-carboxylic acid

5.5 Ethylene and Methyl Jasmonate as Priming Volatile
Growth Regulators that Affect Reproduction
in Seaweeds

Excitingly, red seaweeds also produce and perceive ethylene and methyl jasmonate
with major physiological implications, such as reproduction. Depending on the eth-
ylene biosynthetic route, the enzyme activities of ACC synthase and ACC oxidase
are reported, and ethylene production has been correlated with these enzyme activi-
ties (Garcia-Jimenez and Robaina 2012). Ethylene affects the in vitro development
of tetrasporangial branches in the red seaweed Pterocladiella capillacea (Fig. 5.2a)
and the incremental number of cystocarps in G. imbricata (Garcia-Jimenez and
Robaina 2012), while the application of an inhibitor of the perception of ethylene,
such as silver thiosulphate (STS), eliminates this ethylene response.

The increment in the number of tetrasporangial branches in P. capillacea is also
dependent on the duration of ethylene exposure, increasing nearly 200-fold in thalli
treated with ethylene for 30 min compared to untreated thalli. In vitro, the increase
in ethylene production after an initial exposure to exogenous ethylene suggests an
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Fig. 5.2 Gelidiaceae. (a) Development of tetrasporangial branches in thalli of Prerocladiella cap-
illacea treated with ethylene. (b) Mixed reproductive phases in the same individual of Gelidium
arbuscula treated with methyl jasmonate. Arrows, carposporangial branches; *, tetrasporangial
branches. Bar scale is 0.75 mm

initial stimulation of ethylene receptors and their saturation after prolonged expo-
sure (Garcia-Jimenez et al. 2013; Garcia-Jimenez and Robaina 2012). Recently, the
formation of spermatia and zygotospores in the gametophytes of Pyropia yezoensis
after the exogenous treatment with the ethylene precursor ACC was reported (Uji
et al. 2016).

The term jasmonates is used to describe lipid derivatives synthesised via the
octadecanoid pathway and is mainly represented by JA, JA derivatives and its ester
methyl jasmonate (Wasternack 2007; Baldwin et al. 2006; Liechti et al. 2006;
Liechti and Farmer 2006; Matsui 2006). In particular, methyl jasmonate is derived
from linolenic acid, via lipoxygenase, in which the synthesis of methyl jasmonate
activates the oxidative metabolism of polyunsaturated fatty acids, generating reac-
tive oxygen species (in the form of O,, H,O, or OH-) and oxidised derivatives of
polyunsaturated fatty acids (Weinberger et al. 2011; Miller et al. 2010). The redox-
active compound 1-phenyl-3-pyrazolidinone (phenidone) inhibits lipoxygenase
activity by reducing the active form to an inactive form (Bruinsma et al. 2010).

As in higher plants where the presence of jasmonic acid and its derivative has
been found to regulate various physiological processes of plant development, such
as in the maturation and germination of pollen grains, and it may also have a role in
anther dehiscence (Liechti and Farmer 2006; Devoto and Turner 2003), a burst of
endogenous jasmonates was seen in cystocarps containing thalli compared with
infertile thalli of the red seaweed Grateloupia imbricata (Garcia-Jimenez et al.
2016).

Likewise, in the course of in vitro maturation of the cystocarps of G. imbricata,
the rates of jasmonates release after an exogenous methyl jasmonate treatment were
significantly higher in thalli containing mature cystocarps than in those ones with
immature cystocarps (Table 5.2). We have reported that these higher levels of
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Table 5.2 Occurrence of methyl jasmonate in thalli of Grateloupia imbricata naturally collected
and during in vitro development of cystocarps

Infertile thalli (non-visible Fertile thalli (visible
cystocarps) cystocarps)
(mM jasmonates mg~' fw h™')

Naturally collected thalli 0.95 £0.12 1.27 £ 0.20°
Thalli with immature Thalli with mature cystocarps
cystocarps
(mM jasmonates mg~! fw h7!)

In vitro cystocarp 0.76 £ 0.10 1.32 +0.18°

development

Significant difference (p < 0.01)

jasmonates in mature thalli might be explained by physiological changes that occur
when the thalli transform from the vegetative to reproductive state. Moreover, when
phenidone was added as an inhibitor of jasmonate synthesis, not only did emission
reduce, the number of mature cystocarps also diminished. Hence, the amounts of
methyl jasmonate seem to be closely related to the maturation and production of
cystocarps in the red macroalga Grateloupia imbricata. The involvement of methyl
jasmonate in the reproductive state of thalli would indicate a possible function for it
during the maturation process, acting as a growth regulator (Garcia-Jimenez et al.
2016).

Exogenous application of methyl jasmonate also reduced the cystocarp matura-
tion period in the red alga G. imbricata. Although a reduction in the developmental
period for reproductive structures has been previously reported in thalli from other
red seaweeds that were treated with growth regulators like spermine (Sacramento
et al. 2004) and ethylene (Garcia-Jimenez and Robaina 2012), the shortening effect
of the maturation period in presence of methyl jasmonate also triggered G. imbri-
cata cystocarps to open, carpospores to be released and the presence of dehiscent
cavities 48 h after exposure, all of which are indicative of cystocarp dehiscence
(Fig. 5.3a, b, Garcia-Jimenez et al. 2016).

What was striking is that we have also observed that when thalli of Gelidium
arbuscula were treated with exogenous methyl jasmonate, it provoked an alteration
of the reproductive cycle, incrementing firstly the number of tetrasporangial
branches and later the presence of a mixed reproductive phase, in which the carpo-
sporangia and tetrasporangia coexisted in the same individual, without visible
spores at 72 h after treatment (Fig. 5.2b). Contrary to what one would think, the
mixed reproductive phase in algae has been previously described in Ceramiales and
the red alga Gracilaria tikvahiae (Kim and Lee 1989 and references herein), but the
difference is that in G. arbuscula, it occurs in the diploid phase (i.e. tetrasporophyte
thalli), although we can only infer that some type of sex-determining mechanism(s)
induced by methyl jasmonate could be involved in the development of G.
arbuscula.
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Fig. 5.3 Role of methyl jasmonate in the red seaweed Grateloupia imbricata. (a) Longitudinal
section of thalli of G. imbricata showing dehiscent cystocarps (arrows). Scale bar 0.3 mm. (b)
Longitudinal section of thalli containing a mature cystocarp releasing spores. Scale bar 0.2 mm

These issues undoubtedly open up an important field to study the role of methyl
jasmonate and ethylene in reproduction and to depict as yet unexplored underlying
molecular and genetic mechanism(s) of volatile emissions in red seaweeds.

5.6 Genetic ‘Dissection’ of Volatile Emission
in the Reproduction of Macroalgae

The study of whole genome has identified genes related with aspects of life cycles
and stress tolerance mechanisms of several marine algae. Albeit genomic informa-
tion is still scarce, it has allowed assigning genes and gene families to particular
events, confirming gene functions experimentally and providing insights into the
biology of these organisms (Cock et al. 2010; Collén et al. 2007; Barbier et al.
2005).

Despite the importance of volatile growth regulators in the success of forming
reproductive structures and spore germination in seaweeds, not many have been
identified at a molecular level to date, and little is known about the role of genes in
these processes. Pursuant to our description, we understand that a feature of repro-
duction in algae should be the activation of multiple responses involving gene inter-
actions and cross talk with many molecular pathways. This is where the main
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complexities have emerged at a molecular level. Firstly, if the response is related to
chemical stimuli, as volatiles are, the sensing model will comprise a molecule—a
chemical ligand—which will bind to a specific receptor. Secondly, the presence of
a type of receptor does not mean that its nucleotide sequences are uniform in all
organisms and/or development stages, and moreover, these sequences can likely be
identified. This situation is recurrent in seaweeds since it is not feasible to compare
gene sequences from red algae with those from green algae and plants or unicellular
versus multicellular algae either. Furthermore, the existence of multiple non-
annotated protein sequences in algae and the presence of nonhomologous genes in
other organisms hinder the sequence comparison.

With this scenario, and even more so given the scarcity of genes in public data-
base and genes related to reproduction events, a major gene repertoire for the red
seaweed Grateloupia imbricata was developed with the aim of uncovering potential
genomic mechanisms related to different physiological events (GenBank sequences
record with BioProject record PRJNA309128 and BioSample record
SAMNO04420758).

In particular, the focus of the genetic research in this seaweed has turned to iden-
tifying genes related to important traits of development such as carposporogenesis
in G. imbricata. This approach revealed a set of genes that are closely associated
with the synthesis of ethylene and methyl jasmonate. Furthermore, Grateloupia
transcriptome revealed a number of sequences encoding proteins that target ethyl-
ene synthesis and different kinases which could involve response to ethylene signal-
ling and that the perception of stimuli, such as gaseous hormones, could activate
different membrane receptors and signalling molecules. We have proposed the eth-
ylene receptor structure through a detailed analysis of the receptor sequences depos-
ited in different databases and comparison with our transcriptome. Basically, we
have hypothesised that the Grateloupia receptor could be made up of clusters of
proteins for ethylene perception and for signal transduction, which is formed, for
the most part, by the PAS and histidine kinase domains (Fig. 5.4). Although we are
far from sure of all the elements in the receptor structure of G. imbricata, the data
open up an important framework to study seaweed receptors.

Jasmonates are synthesised by complex and intriguing molecular machinery
(Sasaki et al. 2001). In the Grateloupia transcriptome, we have reported an exten-
sive network of methyl jasmonate-responsive genes: from genes encoding lipoxy-
genase and SAM methyl transferases, which catalyse the methyl transfer, to methyl
jasmonate-responsive genes such as tyrosine aminotransferase, glutathione

III———PAS — | HISKA [—

Fig. 5.4 Depicted model of an ethylene receptor proposed for Grateloupia imbricata
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S-transferase and cytochrome P450, which are not directly related to jasmonate
biosynthesis. The response to methyl jasmonate, mediated in G. imbricata by
enzymes, including 1-deoxy-D-xylulose 5-phosphate synthase, 1-deoxy-D-xylulose
5-phosphate-reductosisomerase, farnesyl diphosphate synthase and geranyl diphos-
phate synthase was also determined. The genes encoding these enzymes form part
of the mevalonate-phenylpropanoid- and tyrosine-derived pathways.

Unlike a genome comparison, the choice of a candidate gene to represent the
manifestation of a trait (i.e. cystocarp maturation, sporulation) could help to discern
the role of volatiles in reproduction. In particular the ornithine decarboxylase (ODC)
gene, which encodes the synthesis of the main protein (ODC, EC. 4.1.1.17), in
charge of polyamine biosynthesis has been a target gene for the study of reproduc-
tion in red seaweeds (Garcia-Jimenez and Robaina 2015).

When infertile G. imbricata thalli were treated with ethylene or methyl jasmonate
as elicitors of cystocarp development, different ODC expression patterns were
observed. Depending on the type of elicitors of cystocarp development, the ODC gene
expression was differentially correlated with the elicitation period or with the disclo-
sure period (first visible developing cystocarps; Montero-Fernandez et al. 2016).
Moreover, transcription factor-related motifs and regulatory sequences related to
methyl jasmonate and ethylene have been identified in the 5" upstream region of
ODC. Their functional involvement with this gene remains to be determined.

Obviously, the issue is still more complex owing to chemical diversity of volatile
compounds and to genes involved in biosynthesis and signalling pathways of differ-
ent volatiles. Despite high-throughput data from seaweed which are enabling the
study of functional genomics with approaches about how gene regulation works, the
volatile receptors and signalling patterns of these volatile compounds in seaweed,
why some of the signalling patterns emerge instead of others and how we could
control them remain to be known.

We are aware that the understanding of genes represents the first step towards the
comprehension of seaweed system biology. However, this is not that easy. For
instance, seaweeds are subjected to extreme environmental conditions in which dif-
ferent gene pathways act, mainly some aiming to favour the release of spores in low
tide periods and others related to stress situations which are coincident with the
desiccation. In this sense to reach a complete awareness of system biology, an
exhaustive picture of gene network and interactions would be necessary.

We are far from this knowledge in seaweeds, but once the gene network is identi-
fied, the bridge between gene function and traits relevant to alga reproduction will
undoubtedly be of utmost interest to related events.

5.7 Conclusions

Overall, the information summarised here emphasises the myriad of volatiles emit-
ted by seaweeds, which are classified according to their functional chemical groups.
Whereas a lot of basic information on the type of algal volatile emissions have
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accumulated in recent years, we still lack understanding of how the emission rates
affect physiological events. Specifically, we underscore the importance of volatiles
in reproductive responses. Though there is encouraging evidence on the extent to
which volatiles affect carposporogenesis and tetrasporogenesis in several red sea-
weeds, how the volatile signal is perceived and transmitted remains unclear.

Recent transcriptomic analysis of the red alga Grateloupia imbricata has man-
aged to isolate the biosynthetic genes involved in volatile synthesis. A putative
model of the ethylene receptor has been hypothesised, and a candidate gene for
reproduction, such as the ODC gene, has been proposed. ODC expression has been
altered by different volatile compounds, namely, ethylene and methyl jasmonate,
which act as elicitors of carposporogenesis. Though non-functional roles have been
assigned, transcription factors on the 5’ upstream region of ODC, related to these
elicitors, have been also identified. We are aware that more information and research
are needed, but amazing perspectives have been opened up.
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Chapter 6

Abiotic Stress of Seagrasses: Recent Advances
in Transcriptomics, Genomics, and Systems
Biology

E.E. Malandrakis, T. Danis, A. Iona, and A. Exadactylos

Abstract Seagrasses are a unique taxonomic rank of Plantae, totally submerged to
marine environment. They evolved from terrestrial plants so this progression pro-
voked alterations in genome, providing adaptation abilities to aquatic environment.
The development of high-throughput technologies, such as omics, bridges the gap
between genome and phenotype, shedding some light on molecular mechanisms
that regulate seagrass tolerance to abiotic stress.

Keywords Seagrasses ¢ Abiotic stress ® Transcriptomics ¢ Genomics * Systems
biology
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6.1 Introduction

Seagrasses are flowering monocotyledonous plants which grow in the marine
environment and belong all in the order Alismatales. Seagrasses constitute a valu-
able part of the aquatic ecosystems, by providing food and shelter mainly in nurs-
ery grounds. Their cosmopolitan expansion renders them as a very important part
of the global marine biodiversity scaffold. Seagrass habitats have been rated as
those of the most economically important part of the earth biome (Costanza et al.
1998). Furthermore, because of their sensitivity to water quality, seagrasses can
be utilized as bioindicators of the ecosystem health. They prevent erosion by
absorbing the forces of the waves and currents, which impact shallower waters.
Seagrasses also act as carbon traps for a decent amount of the total carbon fixed
in the oceans. Their high capacity to store organic carbon is explained as a result
of their high primary production and their capacity to filter particles from the
water column. Organic carbon is stably stored for several meters in the seabed
(Fourqurean et al. 2012), unlike terrestrial forests that decline as a result of defor-
estation and increased land used by humans. Large-scale research on seagrasses
will contribute toward biodiversity monitoring, conservation, and management
policies in the near future.

6.2 Systems Biology

Biological systems are quite complex, and they cannot become comprehensible by
focusing in individual parts. We can draw a parallel between systems biology and a
satellite that views earth, with rivers, mountains, oceans, and continents, instead of
studying a specific river or a mountain.

Systems biology is defined as the science of computational modeling of complex
biological systems using modern holistic approaches. It studies the dynamic inter-
actions in a biological object, in order to understand all the intrinsic complex pro-
cesses among living organisms, by combining experimental designs with
mathematical models. Systems biology is commonly an interdisciplinary approach
of computational science, molecular biology, and biochemistry, investigating and
predicting the network components and their systems interactions, with new high-
throughput techniques, by merging all these data into dynamical simulation models.
It combines traditional biological research strategies with theoretical disciplines
including physics, engineering, computer science, and mathematics (Green 2017).
Thus, the development of systems biology is a multidimensional process with dif-
ferent theoretical approaches.

Seagrasses can be confronted as complex biological systems of their
molecular ingredients such as metabolites, RNA, DNA, proteins, ions, and
their interactions within (Cramer et al. 2011). The rapid development of high-
throughput technologies, also known as ‘“omics” (genomics, proteomics,



6 Abiotic Stress of Seagrasses 121

metabolomics, transcriptomics, ionomics), conventionalizes the application
of systems biology in seagrasses (Nicholson and Wilson 2003). The integra-
tion of constantly developing computer algorithms with experimental data
will potentially produce mathematical models of such biological systems
(Hiroaki 2002). As long as this biological information is enriched, the gap
between the mathematical models and the observed data will converge. Along
these lines, it becomes feasible to integrate molecular functions, their interac-
tions, the molecular pathways, the networks they participate in, and the
dynamics among networks. This kind of data requires high-quality datasets,
available computational methods, and high-level computational capacity.
Finally, all these pieces of information need vastly available databases for
comparative analysis of such biological networks.

6.2.1 Genomics

Seagrasses have evolved from terrestrial plants and exhibit a spectacular repertoire
of adaptation mechanisms in order to survive submerged in the marine environment.
Seagrasses settled in the sea about 100 million years ago (Hemminga and Duarte
2000) and belong in 5 monocotyledon families, containing 12 genera. This evolu-
tionary pathway has provoked alterations in genes and genomes that reflect the abil-
ity of seagrasses to develop and grow in aquatic environments. For example, the
photosynthetic process is differentiated according to depth gradient, and epiphytes
usually cover a large part of the photosynthetically active leaves of the plants (Dalla
Via et al. 1998). Wissler et al. (2011) identified in seagrasses 51 genes as positively
selected, belonging in a few metabolic pathways, photosynthesis, and translation
machinery (ribosomes), which diverged after the split of the common ancestor from
terrestrial monocotyledonous plants. Transcriptomic analysis in Zostera muelleri
suggested that genes involved in ethylene metabolism and signaling functions are
missing and that there is a gene loss in processes related with ethylene biosynthesis
and signaling in the species in question (Golicz et al. 2015).

The introduction of state-of-the-art genomic technologies in seagrass studies
motivated groundbreaking advances, resulting in novel scientific fields. Genomic
inventions deliver fast, inexpensive, and accurate genome information, having tre-
mendous advantages over conventional methods. The development of such new
technologies applied to molecular biology and genomics, such as next-generation
sequencing methods and high-throughput genotyping, allows the rapid increase of
availability of genomic resources in seagrasses. These resources will provide valu-
able insights to the research community and will help in the determination of the
genetic factors involved in several biological aspects of seagrass species.
Bioinformatics analyses are being made easier as the quantity of the available soft-
ware is increased and the annotations provided by databases are continuously
improving, especially for terrestrial plants. Available depositories are enriched in a
daily basis, and an extensive usage of databases such as UniProt, Nr, and RefSeq is
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made in order to annotate genes from seagrasses. The rapidly increasing literature
on the molecular biology of seagrasses is mainly supported by gene annotations of
terrestrial plants such as Arabidopsis thaliana, Oryza sativa, Vitis vinifera, etc. This
is quite reasonable, taking into account the fact that the first complete plant genome
to be determined was that of the plant Arabidopsis thaliana, which is available since
2000 (Arabidopsis Genome 2000), while a well-annotated genome for seagrass spe-
cies is not available yet in public databases. In that sense, the assignment of
sequenced unigenes in the adequate biochemical pathways could be somewhat
tricky. Genomic information on seagrass species is continuously enriched, and the
first genome sequenced was that of Zostera marina (Olsen et al. 2016), which pro-
duced important outcomes for seagrass genomics, although genome sizes vary
among seagrasses (Koce et al. 2003), with that of Posidonia oceanica being sub-
stantially larger than that of Zostera marina. This is to date attributed to the number
and length of chromosomes, transposable elements, repetitive regions, etc.
Therefore, genomic information on different seagrass species will help out the sci-
entific community unravel the evolutionary forces exerted on the seagrasses.

Seagrasses colonized the marine environment and formed a widespread and
highly important specific habitat. During this transition, gene gains and losses
shaped their ability to survive and boom in the sea. Gene gains facilitated processes
such as ion regulation, nutrient uptake, and O,/CO, exchange. In other words, these
operational modes render seagrasses to survive in elevated salinities. Their cell
walls contain low-methylated pectins and sulfated galactans (Aquino et al. 2005),
features interestingly shared with macroalgae. On the other hand, gene families
implicated in stomatal development, ethylene and terpenoid biosynthesis, ultravio-
let protection, and far-red sensing have been all over omitted (Kong et al. 2014;
Golicz et al. 2015; Lee et al. 2016; Olsen et al. 2016).

Life on the seabed is associated with anatomical adaptations such as lack of sto-
mata. Their surfaces are covered by a thin cuticle, across which the gas and nutrient
transfer takes place (Hemminga and Duarte 2000; Kuo and Den Hartog 2007).
Seagrasses retained the ability to exchange gases with their environment with
“algal-like” cell walls. In Arabidopsis EPF1/2 genes act as regulators of stomatal
development by interacting with the leucine-rich repeat-containing receptor-like
protein TMM (Nadeau and Sack 2002; Hunt and Gray 2009). The SPEECHLESS
(SPCH) gene, which regulates the expression of both TMM and EPF1/2, and the
SCREAM?2 (SCRM?2), which contribute toward meristemoid formation, have been
omitted in Zostera marina. The entire pathway that differentiates meristemoid
mother cells (MMC) to guard cells, which are produced to form stomata, has been
lost (Olsen et al. 2016).

Another molecular pathway lost in Zostera marina is that of ethylene biosynthe-
sis and signaling (Olsen et al. 2016). Ethylene is an important phytohormone in
terrestrial plants, since it has been demonstrated that it enhances maturation and
modulates cell division in Arabidopsis sp. roots (Ortega-Martinez et al. 2007). The
genome of Zostera marina became the cornerstone among the large-scale studies
trying to elucidate seagrass evolution and transition to the sea.
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6.2.2 Transcriptomics

Transcriptomics for differential global gene expression studies depend upon the
reconstruction of the transcriptome of a given species. The transcriptome recon-
struction mainly falls into two categories, depending on the usage of a reference
genome: the genome-guided transcriptome assembly and the de novo transcriptome
assembly. For organisms without reference genomes, only the second option is fea-
sible, but for organisms with known reference genomes, both options are available.
D’Esposito et al. (2016) summarized that RNA-seq for transcriptome analysis of
non-model organisms is very efficient and cost-effective. Even so, the genome-
guided approach is highly preferable, although de novo assembly can extend infor-
mation on already existing genomes.

In Unix-based environment, a plethora of de novo transcriptome assemblers has
been developed, with the most common being Trinity (Haas et al. 2013), Trans-
ABYySS (Robertson et al. 2010), SOAPdenovo-Trans (Xie et al. 2014), and Velvet/
Oases (Schulz et al. 2012). Beyond open-source software, which is extensively used
in research, commercial solutions have been developed accordingly. Differential
gene expression is quantified, in a holistic point of view, via counting “raw” reads
that map uniquely to each contig (transcript). In order to discover genes differen-
tially expressed between two or more groups, expression values must be normal-
ized. The normalization procedure is related with the appropriate statistical strategy
adopted (Dillies et al. 2013).

In many cases the understanding of the information acquired by microarrays or
RNA-seq data is far beyond a list of differentially expressed transcripts. Thus,
results from such experiments remain essentially unexplored. Toward this end, data
can be further explored with gene networks, through data reduction and clustering.
Gene ontology information can be useful in order to prioritize specific genes in gene
networks. Comparative analysis of transcription among different conditions was
primarily utilized through EST analysis (Reusch et al. 2008). Comparative EST
sequencing shed light to the pleiotropic effect of stress. A substantial proportion of
the sequences in a dataset remain unannotated (e.g., Kong et al. 2014). A database
available to download ESTs from Posidonia oceanica, Zostera marina, and
Nanozostera noltii is Dr. Zombo from the Institute for Evolution and Biodiversity at
the University of Miinster (Wissler et al. 2009). Additionally, the complete tran-
scriptome of Posidonia oceanica and the first gene catalogues for this plant
(D’Esposito et al. 2016) are a reliable tool to begin an assay in order to restrict
human-driven environmental changes on this Mediterranean endemic species.
Dattolo et al. (2013) studied on the in situ acclimation of P. oceanica to different
depths and revealed networks and pathways involved in response to depth gradients.
Seagrasses must cope with different levels of light irradiance at these different
depths. Furthermore, Dattolo et al. (2014) have also shown that light-associated
gene expression is connected with seagrass depth distribution; RuBisCO subunits in
P. oceanica were negatively regulated. Interestingly, Dattolo et al. (2013) observed
increased reactive oxygen species (ROS) in P. oceanica in low light conditions,
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which is possibly a result of an energy-costly process of the immune system.
Procaccini et al. (2017) demonstrate that transcription rate in shallow plants is
higher than those in deep waters. This is supported by upregulation of chlorophyll
a/b-binding protein and RuBisCO-activated proteins. In shallow plants the transla-
tion of RuBisCO protein is in maximal abundance before dawn, so that by sunrise
the plants are ready to take maximum advantage of light for photosynthesis. Thus,
RuBisCO levels decreased to a minimum at sunset. On the other hand, deepwater
plants exhibit low RuBisCO levels at sunrise due to the upregulation of their corre-
sponding transcripts (ribulose-bisphosphate carboxylase small chain 5B) which
cause later during the day sunlight increased RuBisCO levels (Procaccini et al.
2017). In terms of cellular energetic metabolism, Procaccini et al. (2017) observed
at sunrise the same high levels of glyceraldehyde 3-phosphate dehydrogenase
(GADPH) among shallow and deepwater plants, thus supporting the fact that
respiratory responses were the highest during the full light hours of the day. It has
been shown that respiration rate is also similar for other seagrasses like Z. marina
regardless of depth distribution, even though in shallow water plants the photosyn-
thetic rate was higher (Dennison and Alberte 1986).

6.2.3 Metabolomics

Metabolomics is the study of the intermediates and the products of metabolism with
high-throughput techniques. In plant metabolomics, primary and secondary metab-
olites are usually referred; the first is directly implicated in development, growth,
and reproduction, and the second does not affect survivability of organisms, but
may affect homeostasis in a long-term impairment.

Nuclear magnetic resonance (NMR) and mass spectrometry (MS) techniques are
among the most recent technologies available to perform throughput metabolite
profiling and are currently commonly used, for instance, on documenting interac-
tions of marine plants with their environment. The most common techniques to
separate molecules before identification are gas chromatography (GC) and liquid
chromatography (LC), even if other techniques have been developed. For example,
reverse-phase HPLC was utilized to measure phenolic substances in marine sea-
grasses (Arnold et al. 2012).

Environmental disturbances can alter the metabolomic profile of seagrasses.
Cellular mechanisms act toward sustaining homeostasis and tolerating stressful
periods. Zostera marina drafts the carbon nitrogen metabolism by the alanine,
GABA, and 2-oxoglutarate shunt as anoxia tolerance mechanisms (Hasler-
Sheetal et al. 2015). A recent application of metabolomics is the identification of
bioactive compounds from Syringodium isoetifolium and Cymodocea serrulata
which could act as antifouling agents. These substances were characterized as
lipidic metabolites such as of high molecular weight fatty acids and its esters
(Iyapparaj et al. 2014).
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6.3 Abiotic Stress of Seagrasses

In terrestrial plants the sensing of stress induces signaling pathways that include
kinase cascades, ROS production, ion channel activation, and production of hor-
mones ethylene (ET), abscisic acid (ABA), and jasmonic acid (JA) (Delker et al.
2006). These pathways activate genes responsible for stress allostasis. Marine plants
have been adapted to cope with stress accordingly. Seagrasses have evolved mecha-
nisms to survive in different environments, through modifying their physiological
functions. They are able to cope with conditions of light limitation, activate mecha-
nisms, and change light spectrum through metabolic adjustments such as downregu-
lation of RuBisCO and enhanced proteolysis. Noteworthy for marine and also
freshwater plants is the oxygen transport, due to its low solubility. Oxygen is trans-
ported to whole plant tissues, when photosynthesis releases oxygen into a special
tissue which is presented in all seagrasses, aerenchyma. In most seagrass meadows,
an ancient symbiosis takes place between seagrasses, bivalves, and their sulfide-
oxidizing gill bacteria which decay organic matter and reduce sulfide stress on plant
tissues (Papenbrock 2012). Zostera marina plants from a southern European popu-
lation (Italy) managed to overcome a simulated heat wave by returning gene expres-
sion profile in contrast to plants acquired from Denmark (Franssen et al. 2011). In
the other hand, Winters et al. (2011) concluded that both populations suffered heat
wave equally, although the photochemical activity fully recovered in the southern
population. Noteworthy is the fact that the northern population demonstrated
reduced ability to recover its photo-physiological functions. Seagrasses, due to their
cosmopolitan extent, can help understand the adaptation to wide range of tempera-
tures, salinity tolerance, ocean acidification, and light gradients.

6.3.1 Acidification

Rising carbon dioxide levels in the atmosphere are acidifying the world’s oceans
and threatening the survival of seagrasses among other marine organisms. Over the
past years, there has been much focus on studying the potential impacts of ocean
acidification (Boyd 2011). Underwater hydrothermal vents can serve as natural
laboratories for ocean acidification, due to the higher CO, concentrations.
Lauritano et al. (2015) studied the gene expression of 35 stress-related genes in
Posidonia oceanica exposed to volcanic vents in southern Italy. Among them, notable
was the induction of the antioxidant enzymes peroxiredoxin Q (PRXQ) and glutathi-
one peroxidase (GPX). Both are reactive oxygen species (ROS) scavenging enzymes,
which require the donation of electrons from thioredoxin and glutathione, respec-
tively. Nevertheless, responses to elevated CO, are affected by nutrient availability,
mostly nitrogen, because carbon and nitrogen metabolisms affect each other (Touchette
and Burkholder 2007). Ow et al. (2016) observed that respiration in Halodule uniner-
vis with high levels of CO, was reduced by nitrate enrichment. On the other hand,
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in Thalassia hemprichii net primary production and growth are not affected by nitrate
enrichment. However, Zostera marina seems resistant to CO, enrichment, whereas
ocean acidification will increase productivity of seagrass meadows in specific coastal
areas (Palacios and Zimmerman 2007). Jiang et al. (2010) studied the effects of CO,
enrichment on photosynthesis, growth, and biochemical composition of 7. hemprichii.
Their results indicate that 7 hemprichii may respond positively to CO,-induced ocean
acidification due to its enhanced relative electron transport rate (RETR), minimum
saturating irradiance (E(k)), and enhanced carbon/nitrogen ratio.

However, seagrass habitats can provide true shelter to associated communities of
invertebrate taxa in highly acidified environments (Garrard et al. 2014). Arnold
et al. (2012) found decreased phenolic substances in near undersea CO, vents,
which suggest that ocean acidification may alter coastal carbon fluxes by affecting
rates of seagrass decomposition, grazing, and disease diffusion.

6.3.2 Light Stress

The depth of the euphotic zone, where photosynthesis occurs, depends largely on
the concentration of suspended materials in the water column. Thus, with more
dissolved materials, such as in coastal waters, the depth of the euphotic zone will
be shallow, perhaps only a few meters deep. Seagrasses are distributed in depth
gradient; thus, they are adapted to survive in various light intensities. Seagrasses
cope with shifted light spectrum, compared to their terrestrial counterparts,
where ultraviolet, red, and far-red light gradually do not penetrate. Olsen et al.
(2016) observed that genes associated with UV sensing and response and red/
far-red receptors have been eliminated through adaptive gene loss. Genes of UV
light resistance were evolutionary lost in Zostera muelleri (Lee et al. 2016).
Dattolo et al. (2014) revealed that light-associated gene expression profile is con-
nected with depth distribution. Furthermore, the photosynthetic light-harvesting
complex B (LHCB) genes are more abundant in Z. marina probably by enhanc-
ing photosynthetic performance at lower irradiances (Olsen et al. 2016).
Phytochrome PHYC is absent in seagrasses probably due to their marine lifestyle,
because the role of this receptor is a red light detection (Franklin et al.2003).
Greco et al. (2013) observed photoreceptors for blue and red in P. oceanica sug-
gesting that the importance of these genes lie within the water column.
Brassinosteroids provide resistance to low light stress in plants (Saini et al. 2015),
and these hormones were also detected in seagrasses (Olsen et al. 2016). On the
other hand, photosystems I and II have been expanded (gene gain) for increased
performance in attenuated light. Light attenuation due to both natural and anthro-
pogenically driven processes leads to reduced photosynthesis. The submarine
light deterioration is one among the most serious threats experienced by the sea-
grass meadows across the globe (Waycott et al. 2009). Within this context a
plethora of bioindicators has been developed to monitor such environmental
pressures (reviewed in McMahon et al. 2013).
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6.3.3 Temperature

The somewhat hidden thermal tolerance of seagrasses allows them to inhabit a wide
range of habitats in the marine environment. Out of tolerance temperature variations
or abrupt temperature shifts would probably introduce stress. Depending on the
severity of the stressor, it may lead to irreparable disturbance of homeostasis and
death. Long-term exposure may result in habitat degradation and loss.

Differential gene expression is an excellent approach to analyze cellular distur-
bance at the level of transcription. Franssen et al. (2011) used this technique to study
different thermal adaptations as a response to heat stress. In Zostera marina sub-
jected to heat stress, the consistently upregulated genes included pectinesterases,
proteins involved in the synthesis of ribosomal chloroplast proteins, and proteins
involved in protein folding, which contain immunophilins. Pectinesterases are
enzymes implicated in cell wall modification. In Arabidopsis, 66 ORFs have been
annotated as pectinesterases, some of which are ubiquitously expressed and others
are expressed during specific developmental stages.

Several temperature-responsive pathways include photosynthesis-related (photo-
systems I and II) and carbon fixation through photosynthesis such as RuBisCO
(Reusch et al. 2008). Indeed, Campbell et al. (2006) suggested that photosynthetic
condition of seagrasses is likely to suffer irreparable effects in seawater tempera-
tures as high as 40-45°C.

6.3.4 Salinity

High salinity causes both hyperionic and hyperosmotic stress effects; the results
of these potentially cause death. Most commonly, stress is caused by high ionic
content in the medium. There are growing concerns on increased salinities in
marine estuarine areas worldwide. Although increased salinity can disturb car-
bon and O, balance in cells, Thalassia testudinum, Halodule wrightii, and
Ruppia maritima seem to actively tolerate a wide range of salinities (35-50 psu)
(Koch et al. 2007).

Salinity stress may cause ion channel gating, which leads to signal transduc-
tion pathway activation. In response to salinity fluctuation, many plants accumu-
late organic solutes to achieve osmotic adjustment. Sucrose and proline appear to
be the principle organic osmoprotectants in Zostera marina (Ye and Zhao 2003)
and Ruppia maritima (Murphy et al. 2003). Khalafallah et al. (2013) suggested
the same mechanism of tolerance to increased salinity for the seagrass Halodule
uninervis. Apart from sucrose and proline, free amino acids were significantly
increased in the vegetative parts of Halodule uninervis. The recorded data showed
that with increasing salinity for a few days, soluble sugars, free amino acids, and
proline were significantly increased in the vegetative parts of Halodule uninervis,
while long-term effect of salinities (60 and 65 psu) resulted in a highly significant



128 E.E. Malandrakis et al.

reduction in these solutes. A recent study by Piro et al. (2015) pertains to the
response of Cymodocea nodosa to hypersalinity conditions (43 psu) over 30 days.
They observed through protein expression a decline in the expression of leaf pro-
teins’ level in stressed plants. Additionally, a downregulation of structural PSI,
PSII proteins, and RuBisCO was illustrated. However, key enzymes involved in
glycolysis showed higher accumulation levels suggesting a change in carbon
metabolism in stressed plants (Piro et al. 2015). Moreover, the overexpression of
cytochrome b559, which is a necessary receptor for PSII, is an indication that
stressed plants in hypersaline conditions possess reparative mechanisms (Piro
et al. 2015). Their findings are in concordance with previous studies (Muramatsu
et al.2002; Kong et al. 2014) indicating that seagrasses in order to tolerate hyper-
saline conditions decrease photosynthetic conditions and increase osmoregulation
mechanisms.

6.4 Perspectives

The amount of the genomic information on seagrasses is increasing exponentially,
and the information on seagrass evolution and adaptation is contributing to improve
our understanding on how different species are expected to respond to abiotic stress
and adapt to the changing environment. New advances in systems biology holistic
approaches for gene discovery and functional genomics will give a deeper insight to
the molecular mechanisms that regulate the seagrass responses to tolerance acquisi-
tion to abiotic stress (Exadactylos 2015). In the Mediterranean Sea, for example,
Cymodocea nodosa, a euryhaline and eurythermal species, will adapt the global
change, while Posidonia oceanica, a stenothermal-stenohaline species, will decline.
The molecular approach of their adaptive tolerance mechanisms will help us to bet-
ter understand their evolutionary trends, as well as to identify stress-related genes
and use the seagrasses as bioindicators of the ecosystem health.

There is a plethora of techniques that can be used to understand gene functions.
Functional genomics through gene manipulation have not yet been adopted in sea-
grasses in order to fully comprehend gene functions and networks. Among them,
gene knockdown is the foremost used technique in not only aquatic plants.

The CRISPR-Cas9 system, a flexible and robust technique for genome editing
to analyze the molecular basis of abiotic stress response, is considered nowadays
as the future solution for efficient and precise gene modifications which could in
a longer perspective lead to creation of abiotic stress-tolerant crop plants (Hsu
et al. 2014; Kumar and Jain 2015; Bortesi and Fischer 2015; Younis et al. 2014;
Jain 2015). RNA interference (RNAI) is another gene regulatory approach in
functional genomics. Recent studies have hinted possible roles of RNAi-related
processes in plant stress adaptation (IAASA, Pocket K No. 34 RNAi for Crop
Improvement, www.isaaa.org/resources/publications/pocketk/34/). Last but not
least, gene fusions to reporter genes such as green fluorescent protein (GFP) can
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be used in large-scale experiments through the recombination-based strategy to
illustrate the seagrass stress degree due to light attenuation.

For the appropriate use of seagrasses as marine bioindicators for the assessment
of the environmental status in support of the Marine Strategy Framework Directive
(MSFD) implementation, it is important to distinguish between anthropogenic-
induced impacts and climatic long-term environmental changes in order to improve
management and conservation activities.
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Chapter 7
Photobiology of Seagrasses: A Systems Biology
Perspective

Pimchanok Buapet

Abstract In addition to their well-recognized ecosystem services, seagrass meadows
have recently gained considerable attention for their significant role in the marine car-
bon cycle. Accurate estimation of the carbon budgets of seagrass meadows does require
a systems understanding of photosynthetic processes particularly in the dynamic envi-
ronments of their coastal habitats and inevitably in the global change scenarios. Also,
the frequent fluctuations in physicochemical factors in seagrass habitats can directly
affect their photosynthetic activity and its interplay with other connecting metabolic
pathways. With high-throughput experiments being increasingly common, combining
the “omics” approaches can help to elucidate complex photosynthetic responses in
such dynamic environment of seagrass habitats. Here, seagrass photosynthesis basics
with an emphasis on its unique adaptation to submerged conditions, as well as research
progress in molecular physiology are summarized. The knowledge gaps are discussed
as well as further prospects for integrating photophysiology with systems biology.
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7.1 General Overview of the Photosynthetic Processes
in Seagrass

The successful colonization of seagrass, the only group of marine angiosperms,
likely reflects their ability to cope with environmental fluctuations in the marine
systems. Photosynthesis is the main target of physiological regulation in that it
plays the central role in energy metabolisms that determine production and growth
of plants. Although angiosperms share essentially the same physiology
and biochemistry, seagrass exhibits adaptations to marine life which affect their
photosynthetic activity.

7.1.1 Light-Harvesting and Light Reactions

Photosynthetic reactions begin with the absorption of light energy followed by
electron transport within the thylakoid membrane, ATP synthesis and production of
reducing equivalent (NADPH) to be further used to assimilate CO, (Taiz et al.
2015). At least five major protein complexes, located in the inner thylakoid mem-
brane, are involved in these processes: photosystem II (PSII), cytochrome b6f
complex, photosystem I (PSI), ATP synthase, and ferredoxin-NADP *-oxidoreduc-
tase complex. Both photosystems (PSII and PSI) form supercomplexes with
light-harvesting complexes LHCII and LHCI, respectively. These light-harvesting
complexes contain antenna molecules (chlorophyll a/b and carotenoids) and
binding proteins working in concert to harvest light energy. Several proteins asso-
ciated with PSII and PSI supercomplexes have been identified and characterized
(Wicke et al. 2011).

Aquatic environment dramatically affects light quantity and quality. While the
intensity of light is reduced with depths, wavelength composition of downwelling
light is also altered as red, and far-red wavelengths are largely attenuated by the
water column, whereas blue light is highly scattered in the coastal water (Zimmerman
2003; Ragni and Ribera d’Alcala 2004). It is, thus, expected that light-harvesting
and the photosynthetic machinery of seagrasses are adjusted according to such light
attenuation. It appears that seagrasses have similar regions of maximum absorption
(blue 400-500 nm and red 600-700 nm; Drake et al. 2003; Mvungi et al. 2012) and
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the same composition of light-harvesting pigments for photosynthesis as other
higher plants, i.e., chlorophyll a, chlorophyll b, and a variety of xanthophylls and
carotenoids (Casazza and Mazzella 2002). However, the siphonaxanthin-like pig-
ment has been reported in the seagrasses Posidonia oceanica and Halophila stipu-
lacea, and its concentration increases with depth (Casazza and Mazzella 2002).
This group of pigment is specifically found in the light-harvesting complex of green
alga and has been proposed to play a role in harvesting light in the green region
(510-550 nm) and transfer absorbed energy to chlorophylls (Wang et al. 2013).
From such finding, it is suggested that seagrass might have undergone light-
harvesting adaptation to the underwater light environment.

Recent research provides further evidence of photosynthetic adaptation associ-
ated with light-harvesting and the photosynthetic machinery of seagrass. Wissler
et al. (2011) identified candidate genes associated with the molecular evolution of
seagrass. This work revealed that gene class encoding photosynthetic proteins
have been significantly enriched in Zostera marina and Posidonia oceanica,
whereas a number of genes encoding photosynthetic antenna proteins and involved
in photosynthetic electron transport such as light-harvesting complex 5 (LHCBY),
ferredoxin 3 (ATFD3), PSI subunit L (PSAL), PSII subunit O-2, oxygen-evolving
binding (PSBO2), PSII subunit R (PSBR), and chlorophyll-binding protein
(LHCA3) have been identified as positively selected genes, indicating that many
constituents of the photosynthetic pathway have acquired sequence changes upon
adaptation to the sea (Wissler et al. 2011). Olsen et al. (2016) examined the genome
of the seagrass Zostera marina and showed that PSI and PSII of Z. marina remain
similar to those of other terrestrial and aquatic plants, but chlorophyll a/b-binding
proteins of light-harvesting complex II subtype Lhcb of Z. marina become more
diversified. There are experimental indications from the studies in higher plants
and algae that these PSII-associated chlorophyll a/b-binding proteins are the main
targets of regulation under changing light condition (Koufil et al. 2013).

7.1.2 Carbon Reactions

Similar to many other aquatic plants, seagrass lacks stomata and dissolved CO, is
absorbed directly into the epidermal cells. Correspondingly, the sequenced genome
of the seagrass Zostera marina has revealed a complete loss of the genes associated
with stomatal differentiation (Olsen et al. 2016). Seagrasses are able to utilize
HCO; in addition to CO, as an exogenous carbon source. Such ability gives sea-
grasses competitive advantage in a marine environment where HCO; is the domi-
nant form of dissolved inorganic carbon and diffusion rate of CO, is slow. The thick
stagnant layer adjacent to the leaf surface or boundary layer plays a part in impeding
the CO, acquisition of seagrass from the water body as CO, can only be transferred
via molecular diffusion in such layer (Beer 1989). The most common carbon-
concentrating system of seagrasses is associated with extracellular carbonic anhy-
drase. It has been proposed that this enzyme catalyzes the formation of CO, from
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HCO; at the boundary layer. The newly formed CO, then diffuses into the cell
(Moroney et al. 1985; Mercado et al. 1997, 1998; Larsson and Axelsson 1999; Beer
and Rehnberg 1997; Invers et al. 1999; Borum et al. 2016; Ow et al. 2016). An addi-
tional system proposed in seagrasses involves the formation of CO, from HCOj; in
the diffusion boundary layer by lowering pH and shifting DIC equilibrium via pro-
tons extrusion (Hellblom et al. 2001; Uku et al. 2005). The efficiency and limitation
of such carbon acquisition mechanisms differ among species and the environmental
conditions in which seagrasses grow (Hellblom et al. 2001; Uku et al. 2005). Recent
work has also shown that seagrass in the intertidal areas can utilize carbon from
both dissolved inorganic carbon pools and atmospheric CO, depending on the tidal
levels (Park et al. 2016). More negative 513C values were observed in leaf tissues
of seagrasses from intertidal areas which suggests that these plants utilize atmo-
spheric CO, directly during low tide exposure (Park et al. 2016).

Identifying seagrasses as C3 or C4 plants remains challenging. Although sea-
grasses are generally regarded as C3 plants, previous studies have shown contradic-
tory results, and certain species appeared to have C3—C4 intermediate characteristics
(see review by Touchette and Burkholder 2000). The C4 Kranz anatomy identified
by chloroplast-rich bundle sheath cells is not observed in seagrasses although
several aquatic species of Hydrocharitaceae and certain species of Alismataceae are
able to operate Kranz-less single-cell C4 photosynthesis (Bowes et al. 2002).
Results from pulse-chase '“C experiments have suggested that the photosynthetic
carbon fixation of several seagrass species such as Halodule wrightii, H. uninervis,
Syringodium  filiforme, S. isoetifolium, Thalassia testudinum, T. hemprichii,
Thalassodendron ciliatum, Halophila spinulosa, and H. stipulacea follows the C3
pathway with phosphoglycerate being the first major stable organic compound and
malate and aspartate being a small fraction of the labeled substances (Andrews
and Abel 1979; Benedict et al. 1980; Beer and Waisel 1979; Beer et al. 1980;
Beer and Wetzel 1982).

7.1.3  Photorespiration and Alternative Electron Flows

Ribulose-1,5-bisphosphate carboxylase oxygenase (Rubisco) is able to catalyze
both carboxylation and oxygenation reactions. Such dual function of Rubisco is
common to all photosynthetic organisms. The oxygenation of ribulose-1,5-
bisphosphate (RuBP) generates the toxic by-product 2-phosphoglycolate (2PG)
which is subsequently metabolized into the Calvin cycle intermediate, phospho-
glycerate (PGA), via a series of reactions called photorespiration (Bauwe et al.
2010). Photorespiration takes place in three cell components: chloroplast, peroxi-
some, and mitochondria (Bauwe et al. 2010). This process also causes the loss of
carbon and nitrogen as CO, and NH, and consumes ATP and reducing equivalents.
It has been estimated that in C3 plants, photorespiration can lead to up to 30%
decrease in primary production under present-day atmospheric CO,:0,. As a
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consequence, it has been viewed as a wasteful process hindering photosynthetic
productivity in C3 plants (Zhu et al. 2004). Nevertheless, photorespiration has been
proven to be crucial for photosynthetic organisms as mutants lacking key photores-
piratory enzymes often exhibit poor performance, stress symptoms, and lethality
under present-day atmospheric condition (Bauwe et al. 2010). Moreover, a number
of studies suggest that photorespiration acts as safety valve adjusting redox homoeo-
stasis under stress conditions (Voss et al. 2013) or a source of intermediate metabo-
lites for other metabolic pathways of the plant (Novitskaya et al. 2002).

Previous studies have reported photorespiratory activities in certain species
based on evidence from “C pulse-chase experiments showing O,-enhanced '“C
incorporation into photorespiratory intermediates (Burris et al. 1976; Andrews and
Abel 1979), inhibited photosynthetic rates in the presence of high O, (Downton
etal. 1976), O,-stimulated respiration in the light (Hough 1976), activities of glyco-
late metabolizing enzymes (Tolbert 1976), and enhanced photosynthetic rates under
low O, condition (Buapet et al. 2013a). Nevertheless, it has been suggested that
HCO; utilization systems in seagrass might be able to efficiently maintain high
CO, availability around Rubisco fixation site thus suppressing photorespiration
(Beer 1989). As a result, the role of photorespiration, as well as other alternative
electron sinks, has long been ignored. A few recent studies, however, have shown
that photorespiration in the temperate seagrasses, Z. marina and Ruppia maritima,
is enhanced by carbon limitation (Buapet et al. 2013a). Since carbon availability
occasionally becomes limiting in stagnant shallow coastal waters (Buapet et al.
2013b), the impact of photorespiration on seagrass primary production might be
more prominent in the natural setting.

Photosynthetic organisms have flexible electron transports. Linear electron flow
is the principal pathway in which the electrons are transported from PSII to PST and
eventually used to generate NADPH via ferredoxin-NADP*-oxidoreductase. Also,
plants have other alternative electron flow pathways, e.g., pseudocyclic electron
flow or the Mehler reaction and cyclic electron flow around PSI (Allen 2003). In
pseudocyclic electron flow or the Mehler reaction, molecular oxygen acts as an
electron acceptor instead of NADP*, forming superoxide which is subsequently
detoxified into water (Heber 2002). Two pathways, PGRS- and NDH-dependent
pathways, have been identified to be involved in cyclic electron flow around PSI
(Johnson 2011). These alternative electron flow and linear electron flow pathways
appear to operate simultaneously. The rates, however, depend largely on the plant
growing conditions (Allen 2003). Studies have shown conflicting conclusions
regarding contribution and physiological role of each alternative electron flow path-
way (Cornic and Briantais 1991; Biehler and Fock 1996; Lovelock and Winter
1996; Badger et al. 2000; Foyer and Noctor 2000; Proctor and Smirnoff 2011;
Driever and Baker 2011; Kramer and Evans 2011). It is proposed that these path-
ways serve as photoprotection by generating trans-thylakoid pH gradient, thus
inducing energy dissipation by non-photochemical quenching (Johnson 2011;
Johnson et al. 2014), while helping adjusting ATP/NAPDH production (Peng et al.
2009; Kramer and Evans 2011). Recent studies have reported suboptimal growth
rates in cyclic electron flow mutants, while plants lacking the Mehler reaction were



138 P. Buapet

unaffected, suggesting a more relevant contribution of cyclic electron flow when
compared to the Mehler reaction (Lakshmanan et al. 2015). Regarding seagrass, the
Mehler reaction has been investigated in the seagrass Z. marina, and its contribution
to the electron flow appears to be minor when compared to photorespiration (Buapet
and Bjork 2016). Although alternative electron flows have been mentioned in sev-
eral seagrass studies, the works focusing on their contribution and physiological
role remain scarce.

7.2 Photosynthesis in a Dynamic Environment: Research
Advances in Seagrasses

Seagrass meadows, particularly in the shallow water, are subjected to dynamic envi-
ronmental conditions. Daily and seasonal fluctuations of various physicochemical
factors such as light, temperature, and salinity have been reported in many seagrass
habitats across the bioregions. In the global change scenarios, such fluctuations can
be exacerbated as extreme weather events become more frequent. Additionally,
interactions between these environmental factors and a future increase in dissolved
CO, might impose a profound effect on seagrass metabolisms. To successfully
maintain positive carbon balance and growth, seagrass must be able to adjust their
photosynthetic systems to these short- and long-term changes. Here, recent research
addressing effects of abiotic stress factors on photophysiology of seagrasses are
summarized.

7.2.1 Light: Photoacclimation and Photoprotection

Seasonal and daily fluctuation in light quantity and quality are common in seagrass
habitats (Kenworthy and Haunert 1991; Gallegos and Kenworthy 1996; Kahn et al.
2013). Furthermore, anthropogenic activities causing sedimentation and eutrophi-
cation can lead to a shift in light regimes (Schmidt et al. 2012; Yaakub et al. 2014).
The effects of varying light conditions on the photosynthetic activity of seagrasses
have been extensively studied. Early efforts have been invested in determining the
light requirement for seagrass to maintain its carbon balance (Dennison and Alberte
1982; Pérez and Romero 1992; Abal et al. 1994; Zimmerman et al. 1995; Kenworthy
and Fonseca 1996), while more recent works have focused on photoacclimation
mechanisms to both low light and high light in relation to depth distributions (Olivé
et al. 2013; Dattolo et al. 2013, 2014; Park et al. 2016). Pulse amplitude modulation
(PAM) fluorometry has been the most frequently used techniques for the investiga-
tion of photophysiology of seagrasses. The most common PAM parameters used to
describe photosynthetic activity are the effective photochemical efficiency of PSII
(®psyy) Which provides an estimation of the proportion of the light absorbed by PSII
that is utilized in photochemistry and the maximum photochemical efficiencies
of PSII (F,/F,,) which indicates stress associated with photoinhibition (Maxwell
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and Johnson 2000). Nevertheless, fast chlorophyll a fluorescence transient (OJIP)
analysis (see review in Stirbet and Govindjee 2011) and investigations at molecular
levels have increased significantly during the recent years.

Large non-photosynthetic tissue in seagrasses resulted in high respiratory
oxygen demand, hence the high minimum light requirement to maintain the whole-
plant positive carbon balance. Furthermore, seagrasses depend largely on the
transfer of photosynthetically derived oxygen to the rhizosphere to prevent sulfide
intrusion (Brodersen et al. 2015a, b, discussed further in the section Phytotoxins).
Consequently, seagrasses are regarded as highly sensitive to a decrease in light
intensity (reviewed in Ralph et al. 2007). For this reason, much attention has been
focused on determining the effect of light limitation on seagrass photosynthesis
(reviewed in Ralph et al. 2007). In general, plant responses to low light condition
include an increase in number of chloroplasts, chlorophyll contents, and other light-
harvesting pigments per unit leaf area (Murchie and Horton 1997) as well as an
increase in chlorophyll b/a ratios which have been shown to indicate a larger PSII
light-harvesting antenna (Bailey et al. 2001). Modulation of photosynthetic appara-
tus under a low light condition such as state transition (Mullineaux and Emlyn-Jones
2005), an increase in PSI reaction center components (Bailey et al. 2001) and an
alteration in the activation state of Rubisco (Salvucci and Ogren 1996) have been
observed. Seagrasses grown under low light condition exhibit a common shade
plant response measured as the photosynthesis-irradiance characteristics such as an
increase in a slope of the light-limiting range of the photosynthesis-irradiance curve
(o) and lower light saturation point (Ek) when compared to those of seagrasses
under high light (Silva et al. 2013; Howarth and Durako 2013; Dattolo et al. 2014;
Park et al. 2016). Enhancement of light-harvesting capacity is achieved by means of
increasing chlorophyll a, chlorophyll b, and carotenoid contents and antenna size
(reviewed in Ralph et al. 2007; Silva et al. 2013; Howarth and Durako 2013; Dattolo
et al. 2014). Chlorophyll b/a ratio (a proxy of PSII antenna size) was found to be
higher in seagrasses growing under lower light intensity (Dennison and Alberte
1982; Longstaff and Dennison 1999; Lamote, and Dunton 2006; Dattolo et al.
2014). Accumulating evidence suggests a regulatory role of PSI in shade adaptation
in seagrasses. Thalassia testudinum grown in deeper site exhibited larger PSI
antenna, estimated as total chlorophylls associated with isolated PSI, when com-
pared to that of the shallow site (Major and Dunton 2002). It was proposed that an
increase in PSI antenna size might help to reduce the light requirement to reach
maximum photosynthesis, thus optimizing the photosynthetic efficiency under low
light intensity. In the extreme case of H. stipulacea with exceptionally wide range
of depth distribution (10-50 m), the protein levels of PSI iron-sulfur center (PsaC)
relative to PSII protein D1 (PsbA) as well as the functionality of PSI (estimated
from the peak heights of fluorescence emission at 717 nm at low-temperature using
excitation wavelength at 435 nm (Sharon et al. 2011) increase in the deep water
population. A similar result was observed in Arabidopsis thaliana (Bailey et al.
2001), and it was proposed to be a result of an increase in ATP demand in relation
to NADPH which can be supplied by cyclic electron transports around PSI (Bailey
et al. 2001; Sharon et al. 2011). In contrast, opposing results have been reported in
recent studies in the seagrass P. oceanica and Z. muelleri (Dattolo et al. 2014;
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Schliep et al. 2015). In these work, seagrasses under low light condition exhibited
downregulation of PSI gene expression (PSI reaction center subunit V in Dattolo
et al. 2014 and PS I reaction center subunit IV B in Schliep et al. 2015). Although
the physiological and molecular mechanisms of these differentially expressed genes
and proteins remain unclear, these cited research provide a basis for further investi-
gation of seagrass molecular adaptation to limiting light.

On the contrary, intertidal and shallow subtidal species might experience peri-
odic or prolonged high irradiance during low tides (Ralph and Burchett 1995;
Hanelt and Figueroa 2012). At the physiological level, fast chlorophyll fluorescence
induction curves revealed a closure of PSII reaction centers, which likely contrib-
uted to the decline in effective quantum efficiency under higher irradiance (York
et al. 2013). To prevent photodamage due to high light, plants use different photo-
protection strategies. Lowering light perception by reducing light-harvesting
antenna size measured as chlorophyll b/a ratio was reported in P. oceanica (Dattolo
et al. 2014). At the molecular level, Dattolo et al. (2013, 2014) highlighted the pos-
sible roles of chlorophyll a/b-binding proteins (CABs) and Rubisco activase in
photoprotection and photoacclimation of the seagrass P. oceanica. In these works,
seagrasses growing in deep (lower light intensity) and shallow (higher light intensity)
sites exhibited distinct transcriptional and proteomic profiles regarding CABs
(Dattolo et al. 2014): transcript level of chlorophyll a/b-binding proteins (chloro-
phyll a/b-binding protein 1 (Pooc_B_c293), 21 (Pooc_B_c132), 131 (Pooc_B_
¢386)) was found to be higher in the seagrass growing in shallow site. CABs are
thought to involve in light-harvesting regulation under different light conditions,
and certain members of CAB family have been proposed to play a photoprotective
role via state transition (Pietrzykowska et al. 2014) and excess light energy dissipa-
tion (Li et al. 2000). Dattolo et al. (2013) also reported higher protein level of
Rubisco activase in the seagrass growing in shallow site. Rubisco activase regulates
photosynthesis by modulating Rubisco activation under various conditions, and its
activity has been shown to increase with light intensity (Lan et al. 1992; Portis
2003). Additionally, xanthophyll cycle has been proposed to serve a role in excess
energy dissipation in various seagrass species such as Z. capricorni (Flanigan and
Critchley 1996), Z. marina (Ralph et al. 2002), P. sinuosa (Collier et al. 2008), T.
testudinum (Howarth and Durako 2013), P. oceanica, and C. nodosa (Marin-Guirao
et al. 2013a; Dattolo et al. 2014). At the molecular level, P. oceanica in shallow
areas show an upregulation of the xanthophyll cycle-related gene, zeaxanthin de-
epoxidase, as well as an increase in violaxanthin and a consequential increase in the
sum of xanthophyll cycle pigment pool compared to the deep meadow. Additionally,
a few works have proposed that anthocyanin also serve a role in photoprotection in
seagrasses. Anthocyanin accumulation in leaves has been widely reported in various
seagrass species in the intertidal to the shallow subtidal area across the tropical
bioregions (Novak and Short 2010; Ragavan et al. 2013; Kaewsrikhaw and Prathep
2014). Novak and Short (2011a, b, 2012) conducted extensive studies on the role of
anthocyanin in 7. festudinum (from Florida Keys, USA). From these observations,
it was concluded that anthocyanin accumulation provides photoprotection for 7.
testudinum by absorbing both ultraviolet (absorption maxima 280 nm) and visible
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wavelengths (absorption maxima 500-550 nm Novak and Short 2011a, b) and
reflecting across a wide region (600—640 nm Gausman 1982). Such absorbed light
energy is not transferred to the photosynthetic pigments, thus reducing excitation
energy reaching the photosystems. Production of anthocyanin is also stimulated
upon the exposure to UV-B, indicating that UV-B plays a critical role in seagrass
light signal transduction pathways (Novak and Short 2011b). On the other hand, no
clear indication of the photoprotective function of anthocyanin was observed in the
seagrass H. ovalis (Southern Thailand, Kaewsrikhaw and Prathep 2014). In this
work, H. ovalis exhibited higher anthocyanin content in the rainy season when irra-
diance was less strong when compared to that in the dry season.

7.2.2 Salinity Stress and Its Impact on Photosynthesis

Photosynthetic responses to salinity have been quantified in the seagrass species
such as P. oceanica, C. nodosa, T. testudinum, and Z. japonica (Shafer et al. 2011;
Marin-Guirao et al. 2011; Marin-Guirao et al. 2013b; Sandoval-Gil et al. 2012;
Howarth and Durako 2013; Sandoval-Gil et al. 2014; Piro et al. 2015a). Nevertheless,
the mechanisms which salinity induces photosynthetic damage are not yet fully
understood. Chlorophyll fluorescence investigations have shown a reduction in @pgy
and F,/F,, (Howarth and Durako 2013) in hypersaline treatment. Interestingly, pho-
toprotection appears to contribute to salinity tolerance as demonstrated in the sea-
grass P. oceanica (Marin-Guirao et al. 2013a, b). In this work, no difference in
maximum photochemical efficiencies was detected in under hypersaline stress
whereas non-photochemical quenching (NPQ) was significantly enhanced. This
suggests that under such unfavorable condition when carbon assimilation is com-
promised, excess energy dissipation via NPQ plays a significant role in protecting
the photosynthetic apparatus of this seagrass (Marin-Guirao et al. 2013a, b). It has
been suggested that a decrease in chlorophyll density observed under hypersaline
stress could also be a result of a downregulation of light energy harvesting in order
to minimize oxidative stress (Sandoval-Gil et al. 2012).

While photosynthetic rates, measured as oxygen evolution rates, decrease under
salinity stress, many studies have reported an increase in respiratory rates in sea-
grasses (Shafer et al. 2011; Marin-Guirao et al. 2011, 2013b; Sandoval-Gil et al.
2012). For example, dark respiration rates in salt-stressed plants were almost double
of control plants (Marin-Guirao et al. 2013b). This shift in carbon metabolisms
affects plant carbon balance and might subsequently reduce their growth rates and
lead to mortality. Such an increase in respiratory demands might be a result of more
energy needed to accommodate an increase in the activity of osmoregulatory pro-
cesses. Piro et al. (2015a) provide evidence of a shift in carbon metabolisms in C.
nodosa under salinity stress from proteomics data. Here, it was shown that the struc-
tural proteins and enzymes associated with photosynthesis (PSII, PSI, Rubisco)
became less abundant, whereas the respiratory enzymes (cytosolic glyceraldehyde-
3-phosphate dehydrogenase, enolase2, and triose phosphate isomerase) became



142 P. Buapet

more abundant under hypersaline stress. This work also proposed a role in repair
processes of the photosynthetic machinery for cytochrome b559 alpha subunit of
the PSII initial complex (Piro et al. 2015a).

7.2.3 Heat Stress and Its Impact on Photosynthesis

Shallow water seagrasses encounter daily and seasonal fluctuations in temperature.
The ongoing increase in mean global ocean temperatures, as well as more frequent
extreme heat events, brought about by global warming, can further affect seagrass
metabolisms. It is well established that high temperature increases respiration/pho-
tosynthesis ratios, thus negatively affecting the plant carbon balance (Marsh et al.
1986; Greve et al. 2003; Lee et al. 2007; Olsen et al. 2012; Rasmusson 2015; Marin-
Guirao et al. 2016) leading to reduced growth rates and biomass (Massa et al. 2009;
Olsen et al. 2012). In general, heat-tolerant plants can effectively maintain their
balance in carbon metabolisms between respiratory rates and photosynthetic rates
under high temperature (Marin-Guirao et al. 2016).

Exposure to heat shock in the seagrass Z. noltii has led to a downregulation of
certain CABs, indicating a control of energy balance or apoptosis (Massa et al.
2011). A large volume of recent works has focused on the effects of increasing tem-
perature on the photosynthetic function of seagrasses from different temperature
regimes. Transcriptomic profiling of the seagrass Zostera marina populations from
northern and southern Europe (Franssen et al. 2011) has shown that heat stress
induced an upregulation of genes associated with heat shock proteins in both popu-
lations. However, the seagrass from the southern population (adapted to higher tem-
perature) recovered their transcriptomic profiles after heat stress, while the seagrass
from the northern population did not recover and exhibited an upregulation of genes
associated with protein degradation. Similarly, Winters et al. (2011) compare the
effects of a simulated heat wave on the photophysiology and gene expressions of Z.
marina from the Adriatic Sea and North and Baltic Seas. All the populations showed
a similar response to an increase in temperature, e.g., F\/F,,, and electron transport
rates declined except the southern population. A similar concept was investigated in
the two populations of P. oceanica from different depths (Marin-Guirao et al. 2016).
The photosynthetic function of the plants from the deep population was more sensi-
tive to heat as shown by a larger decrease in $PSII, an increase in basal chlorophyll
a fluorescence, and a downregulation of the genes associated with electron transport
chain and carbon fixation. Additionally, the genes encoding for the PSII core pro-
teins D1 and D2 were downregulated under heat stress, resulting in a halt of PSII
repair, whereas the expressions of these genes remained unchanged in shallow pop-
ulation. The ability to activate photoprotective mechanisms (observed as an increase
in NPQ) and enhance electron flow and carbon assimilation under heat stress was
suggested to contribute to higher heat tolerance in the shallow population.
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Interestingly, an increase in the expressions of the genes encoding Rubisco small
subunit was observed in parallel with an increase in the expressions of the genes
encoding Rubisco activase. The positive effect of high temperature (27-33°C) has
also been demonstrated in a tropical seagrass, H. uninervis, in which photosynthesis
and growth increased with increased temperature while respiration remained con-
stant (Collier et al. 2011). These works indicate that responses to heat stress vary
considerably depending on the plant history.

7.2.4 Effect of CO, Enrichment on Seagrass Primary
Production

Considering the projected increase in dissolved CO, in the global change scenar-
ios, seagrass is expected to benefit from an increase in carbon availability.
Therefore, the effects of CO, enrichment on photosynthesis have been intensively
investigated in seagrasses for the past few years (Alexandre et al. 2012; Campbell
and Fourqurean 2013a,b; Martinez-Crego et al. 2014; Ow et al. 2015, 2016; Cox
et al. 2016; Borum et al. 2016). Additionally, the more ecological relevant experi-
mental setting using in situ mesocosms has become increasingly common
(Campbell and Fourqurean 2013a,b; Cox et al. 2016). These studies, however,
focused on comparing photosynthetic and growth rates between control and CO,-
enriched plants, while only a few works have addressed the mechanistic adapta-
tion of seagrass photobiology to high CO,.

The positive effects of increased CO, have been reported in various seagrass spe-
cies such as Z. noltii, C. serrulata, H. uninervis, T. hemprichii, and Amphibolis
antarctica (Alexandre et al. 2012; Burnell et al. 2014; Ow et al. 2015, 2016). In
these seagrasses, growth rates, net primary productivity, the maximum photosyn-
thetic rates and the photosynthetic efficiency of CO,-enriched plants were higher
than controls. Additionally, synergistic effects between an increase in dissolved CO,
and irradiance have been reported by Ow et al. (2016). Therefore seagrass responses
to an increase in CO, might vary depending on the light environments. It was sug-
gested that the seagrass C. serrulata grown under low light, being short of ATP
production, is more dependent on the passive CO, uptake and thus benefits more
from an increase in dissolved CO, (Ow et al. 2016). This is confirmed by a greater
increase in the maximum photosynthetic rates (P,,,,) and photosynthetic efficiency
() as a response to high CO, in C. serrulata under low light. Similarly, other stud-
ies have suggested that species with low HCO; utilizing efficiency would respond
more positively to an increase in dissolved CO, more than the efficient HCO; users
(Campbell and Fourqurean 2013b; Borum et al. 2016). Borum et al. (2016) exam-
ined the HCO; utilization efficiency of nine seagrass species and their subsequent
responses to CO, enrichment. Here A. antarctica which appeared to be among the
least efficient HCO; users exhibited the strongest response to an increase in CO.,.
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However, such response was observed only at saturating CO, concentration
(274 uM) which is much higher than the predicted level in 2100 (~24 pM). It is also
possible that in high CO, condition, the costly HCO; utilization systems will be
downregulated; thus the energy demand for carbon acquisition will be reduced
(Burnell et al. 2014). Although a positive growth response was observed in CO,-
enriched A. antarctica, there was no clear indication of a downregulation in HCO;
utilization system (Burnell et al. 2014). On the contrary, a number of studies found
no significant or limited effect of increased CO, on seagrass photosynthesis and
primary production (Campbell and Fourqurean 2013a; Martinez-Crego et al. 2014;
Cox et al. 2016; Borum et al. 2016).

7.2.5 Phytotoxins

Due to its proximity to shores, seagrass meadows are highly exposed to contamina-
tion via industrial runoff, waste discharges, and leachates (Lin et al. 2016a). Previous
studies have shown that exposure to heavy metals (copper, cadmium, lead, and
zinc), herbicides, and petrochemical causes a decrease in photosynthetic activity
indicated by a decline in PSII and pigment concentration in the seagrass Z. muel-
leri (previously Z. capricorni) (Haynes et al. 2000; Macinnis-Ng and Ralph 2002,
2004a, b), H. ovalis (Ralph and Burchett 1998; Wilkinson et al. 2015a; Wilkinson
et al. 2015b), and C. nodosa (Llagostera et al. 2016). Nevertheless, the cellular
mechanisms for toxicity effects on photosynthesis in this group of plants remain to
be elucidated. Excessive heavy metals generally disrupt photosynthetic activity,
causing an imbalance in metabolisms. However, the mechanism of action of each
metal differs depending on its target site in the photosynthetic pathway. In higher
plants and bacteria, PSII seems to be the most sensitive site (Barén et al. 1995;
Dewez et al. 2005). Targets for certain metals such as copper and zinc also include
oxygen-evolving complex, quinone B, pheophytin (Mohanty et al. 1989; Yruela
et al. 1996), and PSI ferredoxin-NADP* oxidoreductase (Rijstenbil et al. 1994;
Shioi et al. 1978; Van Assche and Clijsters 1990). Inhibition of these components
does not only decrease the photosynthetic electron transport, but it may as well
cause damage to the photosystems by over-excitation and overproduction of reac-
tive oxygen species (ROS) (Valko et al. 2006; Sahi and Sharma 2005). It has been
reported that heavy metals (cadmium and mercury) induce responses associated
with oxidative stress such as a decrease in glutathione pool (GSH), an increase of
lipid peroxidation, and induction of an enzyme glutathione transferase (GST) in P.
oceanica (Hamoutene et al. 1996; Ranvier et al. 2000; Ferrat et al. 2002a, b, c;
Ferrat et al. 2003). Recent work has also highlighted a role of antioxidative systems
in heavy metal responses (Lin et al. 2016b). In this work, Z. japonica exposed to
copper, lead, and cadmium exhibited higher activity of antioxidant enzymes, cata-
lase (CAT), superoxide dismutase (SOD), and glutathione peroxidase (GPX),
whereas more severe lipid peroxidation was found in high heavy metal
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concentrations (Lin et al. 2016b). In addition to antioxidative systems, the heavy
metal-binding ligands, phytochelatins (PCs) and metallothioneins (MTs), have been
proposed to play a role in metal homoeostasis in plants (Cobbett and Goldsbrough
2002). Accumulation and synthesis of PCs following heavy metal exposure (cad-
mium and lead) have been observed in the seagrasses 7. festudinum (Alvarez-
Legorreta et al. 2008) and 7. hemprichii (Tupan et al. 2014). Transcript-encoding
metallothioneins (including metallothionein-like protein) and putative type II
metallothioneins have been identified in Z. marina and P. oceanica, respectively
(Giordani et al. 2000; Cozza et al. 2006; Kong et al. 2014; Olsen et al. 2016). In P.
oceanica, an increase in transcript level of putative type II metallothionein after
exposure to copper and cadmium has been reported (Giordani et al. 2000; Cozza
et al. 2006). These results point to the importance of ROS scavenging and heavy
metal detoxification in seagrass metal tolerance. Uptake and accumulation of pesti-
cides, herbicides, and trace metals into the seagrass biomass and the possibility of
using seagrasses as a bioindicator of such contaminants have been explored (Ferrat
et al. 2003; Govers et al. 2014; Lin et al. 2016a; Bonanno and Di Martino 2016).
Much more research effort is still needed to establish the relationship between dura-
tion and dose of exposure and rapid physiological responses associated with photo-
synthetic mechanisms, antioxidative systems, and heavy metal homoeostasis which
tend to precede those that manifest at the whole plant or higher levels.

In sediments of seagrass habitats, microbial reduction of sulfate in anoxic condi-
tion generates sulphide which is a potent phytotoxin (Lamers et al. 2013). Generally,
seagrass releases oxygen to the rhizosphere via aerenchyma which then oxidizes
sulfide to nontoxic form (Hasler-Sheetal and Holmer 2015; Brodersen et al. 2015a,b,
2016). A recent study also suggested that once sulfide enters plant cells, it is detoxi-
fied into thiols and further metabolized in sulfur metabolic pathways (Hasler-Sheetal
and Holmer 2015). Nevertheless, following an event of organic matter load, exces-
sive organic matter breakdown by microbes can lead to an increase in concentra-
tions of sulfide in porewater (Pérez et al. 2007; Govers et al. 2014). Additionally,
limiting light brought about by sedimentation, overgrowth of epiphytes, or algal
blooms might lower seagrass tolerance to sulfide by decreasing photosynthetic
rates, thereby reducing photosynthetically derived oxygen available for transport to
belowground tissue (Goodman et al. 1995; Brodersen et al. 2015b). Sulfide expo-
sure was found to decrease maximum photosynthetic rates (calculated as O, evolu-
tion), and chlorophyll a concentration and increase light compensation point of Z.
marina (Goodman et al. 1995; Holmer and Bondgaard 2001). When exposed to
high sulfide concentrations (>100 mM), the photosynthetic activity of Z. marina
was fully inhibited after 6 days (Holmer and Bondgaard 2001). Sulfide has been
proposed to act as an inactivator of metalloenzymes such as oxygen-evolving com-
plex of PSII (Goodman et al. 1995; Armstrong et al. 1996; Fiirtig et al. 1996) and
inhibitor of cytochrome c¢ oxidase in mitochondrial respiratory electron transport
chain (Goodman et al. 1995; Holmer and Bondgaard 2001). Nevertheless, the
mechanisms of sulfide toxicity and plant strategies to cope with sulfide intrusion at
the molecular level remain to be further investigated.
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7.3 Knowledge Gaps

7.3.1 The Function of Photoreceptors

Plants perceive changes in the light environment using a variety of photoreceptors,
e.g., red and far-red light-absorbing phytochromes and UV-A/blue light-absorbing
cryptochromes. The perception of light signals primes plants photoadaptation,
enabling avoidance of stress imposed by limiting and high light. Additionally, it also
plays a significant role in plant growth and development. These photoreceptors are
also found in some bacteria, fungi, and algae (Duanmu et al. 2014; Rensing et al.
2016). Phytochrome is the best-characterized class of photoreceptors. Multiple gene
duplication events and subfunctionalization have given rise to various phytochromes
with different functions in bryophytes, pteridophytes, and higher plants (Rensing
et al. 2016). Such diversity of phytochromes in these groups of plants might allow
them to cope with fluctuation of light conditions with greater plasticity (Li et al. 2011).
Light signals have found to trigger a profound alteration in transcriptomes of macroal-
gae and higher plants (Facella et al. 2008; Deng et al. 2012). Additionally, it has been
shown in various plant species that light can induce significant changes in expressions
of the genes involved in photosynthetic light reactions, photorespiratory pathway, and
photosynthetic carbon reactions (Casal and Yanovsky 2005; Jung et al. 2008; Monnier
etal. 2010; Ono et al. 2010; Lehmann et al. 2011). Interestingly, some of these respon-
sive genes are also transcription factors (Tepperman et al. 2001; Zhang et al. 2008).
The regulatory mechanisms of these transcription factors in a putative transcriptional
cascade of photoreceptor-mediated responses are, however, not yet fully understood
(Casal and Yanovsky 2005; Duanmu et al. 2014).

There are many studies on photoreceptor-mediated physiological responses in
terrestrial plants. On the contrary, knowledge on how seagrasses sense the light
environment is still lacking although significant daily and seasonal fluctuations in
light quantity and quality have been observed in seagrass habitats (Kenworthy and
Haunert 1991; Gallegos and Kenworthy 1996; Kahn et al. 2013). Genes associated
with photoreceptors have been identified in the seagrass P. oceanica including phy-
tochrome A (PoPHYA), phytochrome B (PoPHYB), phytochrome C (PoPHYC),
cryptochrome 1 (CRY1), and cryptochrome 2 (CRY2) (Greco et al. 2013; Dattolo
et al. 2014). Greco et al. (2013) reported changes in methylation status of the gene
PoPHYB as well as chlorophyll a/b-binding proteins and phosphoenolpyruvate car-
boxylase (PoPPC4) in response to a light limitation in P. oceanica. From these find-
ings, it is suggested that PHYB methylation might play a regulatory role in
transcriptional cascade underlying photoacclimatory responses of this seagrass.
Dattolo et al. (2014b) have shown that the expression of photosynthetic genes fol-
lows circadian light cycle, indicating a possible regulatory role of the photorecep-
tors. Recently Dattolo et al. (2017) have conducted reciprocal light experiments and
revealed a downregulation of PHYA and CRY1 in P. oceanica upon exposure to
higher light intensity and an upregulation of the same genes upon exposure to lower
light intensity (Dattolo et al. 2017). As for Z. marina, the photoreceptors including
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PHYA, PHYB, CRY1, phototropin 1 (PHO1), and phototropin 2-like have been
identified (Kong et al. 2014; Olsen et al. 2016). Phytochromes C and UVRS tran-
scripts are, however, absent in Z. marina (Olsen et al. 2016).

Although existing studies (Greco et al. 2013; Dattolo et al. 2014; Kong et al.
2014; Olsen et al. 2016) suggest that seagrass physiological responses may be regu-
lated by photoreceptors. In aquatic condition, light quality is altered with depth. As
red and far-red wavelengths are largely attenuated by the water column (Ragni and
Ribera d’Alcala 2004), the possible functions of phytochromes in such condition
remain unclear and how they are involved in light signaling may be different from
the terrestrial systems. Further research should investigate how light is sensed by
seagrasses at different light environments and the signaling pathways associated
with light-dependent essential processes such as photosynthesis as it might reveal
one of the key adaptations of this group of plants to the sea.

7.3.2 Mechanistic Understanding of Photosynthetic Carbon
Fixation

It is generally taken for granted that seagrass possesses the same photosynthetic
pathway as terrestrial higher plants. Nevertheless, the key photosynthetic processes
of seagrasses are still not completely understood. Recent genome assemblies of the
two seagrasses Z. marina and Z. muelleri have pointed out that seagrass adaptation
to the aquatic environment has shaped their physiological features so that they in
many ways differ significantly from those of the terrestrial higher plants. While
chlorophyll fluorescence technique allows extensive investigation of the light-
dependent reactions of photosynthesis, little is known about the mode of photosyn-
thetic carbon fixation of seagrasses. In general, seagrasses are regarded as C3 plants
(discussed in the previous section); however, certain seagrass species exhibit C4
characteristics, while others were identified as C3—C4 intermediates (Benedict and
Scott 1976; Andrews and Abel 1979; Beer and Waisel 1979; Waghmode and Joshi
1983; Bowes and Salvucci 1989). It is difficult to compare these results since differ-
ent measurements and parameters have been used such as a photosynthetic quantum
efficiency, 8'3C values, first stable photosynthetic products and the activities of pho-
tosynthetic enzymes. Although there are indications that C4 photosynthesis occurs
in certain seagrass species, and that it might be inducible under certain environmen-
tal conditions, no further investigation has been conducted on this aspect. On the
contrary, much more information has been accumulated in the terrestrial plant sys-
tems regarding mode of carbon assimilation. Differential gene expressions between
C3 and C4 species have been revealed, whereas the responsive genes in the faculta-
tive C4 plant and the key genes attributing to C3—C4 intermediate characteristics in
certain plant species have been identified (Rao et al. 2008; Brautigam et al. 2011;
Kiilahoglu et al. 2014; Schulze et al. 2016).
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In addition to unclear C3 or C4 nature of seagrass photosynthesis, a basic under-
standing of Rubisco kinetics in seagrasses is poor. In many terrestrial plant species,
Rubisco is activated by light via an enzyme rubisco activase (Zhang and Portis
1999). A decline in photosynthetic activity under moderate heat stress in these
plants has been attributed to either a decreasing capacity of photosynthetic electron
transport or a reduction in carbon fixation capacity as a result of an inactivation of
Rubisco activase which is heat-sensitive (Salvucci and Crafts-Brandner 2004;
Salvucci et al. 2001; Salvucci and Crafts-Brandner 2004; Portis et al. 2008). It has
also been suggested that the heat tolerance of photosynthesis is controlled by the
thermal properties of Rubisco activase (Salvucci and Crafts-Brandner 2004). Little
is known about such role of Rubisco activase in seagrasses. Until now, it has been
addressed only in the studies of the seagrass, P. oceanica, in relation to photoaccli-
mation (Dattolo et al. 2013, 2014) and heat stress (Marin-Guirao et al. 2016). Global
warming and the rise in atmospheric CO, will likely increase the temperature of
seawater in the coming decades, particularly in the shallow areas. Identifying the
major limiting process at elevated temperature is essential when predicting the pho-
tosynthetic response of seagrasses. In terrestrial plants system, it has been demon-
strated that when taking into consideration the regulation of Rubisco activase,
kinetic properties of Rubisco can effectively predict the temperature response of
photosynthesis (Crafts-Brandner and Salvucci 2000).

The most common carbon-concentrating mechanism (CCM) proposed to operate
in seagrasses is associated with extracellular carbonic anhydrase (discussed in the
previous section). This conclusion, however, is mainly drawn from inhibitors exper-
iments. Identification and localization of extracellular carbonic anhydrase, as well
as analysis of molecular responses induced by low CO, availability, could provide
further evidence for CCM in this group of plants. For example, advanced under-
standing of CCM induction and regulation in algae was obtained from comparative
transcriptome, proteome, and metabolome analyses when algae were transferred
from high to low carbon availability. As a result, genes, proteins, and key metabo-
lites that may be involved with the CCM including carbonic anhydrase have been
identified (Yamano and Fukuzawa 2009; Renberg et al. 2010; Baba et al. 2011;
Ramanan et al. 2012; Winck et al. 2013).

7.3.3 Linkage Between Photosynthesis and Other Metabolic
Pathways

In the past decade, much more effort has been made toward understanding the pho-
tobiology of seagrasses at physiological to molecular levels (as discussed earlier).
However, knowledge on the interactions between photosynthesis and other meta-
bolic pathways across the whole system is still lacking. It is important to have a
better understanding of complex interplay within the plant primary metabolism net-
works because such interactions might affect the responses to stresses at a whole-
plant level.
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7.3.3.1 Alternative Electron Flows

It is challenging to fully understand the interconnectivity within the photosynthetic
network itself. Photosynthetic electron transport is highly flexible, and many alter-
native electron flow pathways have been identified. Since the role of these pathways
has long been understudied in seagrass systems, little is known about how they
operate and their relative contribution to seagrass primary production under chang-
ing environments. Although the capacity of alternative electron flows is generally
low in optimal conditions, these processes likely play a substantial role in redox
regulation under stress conditions (Ort and Baker 2002; Peltier and Cournac 2002).

An obvious link between photosynthetic carbon assimilation and alternative
electron flows is that both processes utilize photosynthetically derived electrons.
Relative contributions of each electron sink vary depending on the relative amounts
of CO, and O, surrounding the active site of Rubisco which is influenced by the
future scenarios of warm and high CO, conditions (Bloom 2015). CO, and
temperature impose antagonistic effects on carbon fixation and photorespiration. As
increased CO, availability favors carbon fixation, an increase in temperature pro-
motes photorespiratory activity. The solubility of CO, decreases more than the solu-
bility of O, with rising temperature, resulting in a lower dissolved CO,:0, ratio.
Also, the oxygenase activity of Rubisco is stimulated by increasing temperature to
a greater extent than the carboxylase activity. Photosynthetic carbon assimilation,
thus the production of carbohydrate, becomes less efficient under higher tempera-
ture (Ehleringer et al. 1997). In this condition, altered gene expression in photores-
piratory pathways might be expected since plants have to increase the capacity to
metabolize phosphoglycolate generated from Rubisco oxygenation of RuBP
(Hodges et al. 2016; Timm et al. 2016). It has been suggested that suppressed pho-
torespiration by CO,-enrichment contributed, in part, to an increase in effective
photochemical efficiency observed in the seagrasses Z. noltii (Alexandre et al.
2012). There is evidence of photorespiration and the Mehler reaction operating in
the seagrass Z. marina (Buapet et al. 2013a; Buapet and Bjork 2016). However,
knowledge of rates and regulations of these alternative electron flow in relation to
photosynthesis as well as in response to the future high CO, and temperature is still
missing. Given that these processes might be upregulated under stress conditions, it
is of high importance to consider them in order to get accurate estimates of seagrass
primary production.

In addition to being diverted paths from carbon assimilation, alternative electron
flows might play photoprotective roles under unfavorable conditions. It has been
proposed that photorespiration, the Mehler reaction, chlororespiration, and cyclic
electron flow may serve as safety valves when light energy is in excess, thus mitigat-
ing photoinhibition (see review by Osmond and Grace 1995; Wingler et al. 2000;
Voss et al. 2013). The common function of these processes is maintaining the redox
balance of the photosynthetic electron transport chain, while the mode of action is,
however, slightly different. The proposed photoprotective roles of alternative elec-
tron flows have been supported by many studies in terrestrial systems. For example,
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an increase in the expression of photorespiratory genes, as well as proteins associ-
ated with photorespiration, has been observed when plants are subjected to energy
imbalance (Lepisto et al. 2009; Abogadallah 2011). Tobacco overexpressing chloro-
plastic glutamine synthetase (GS2) exhibits higher tolerance to strong light com-
pared to those with a lower level of GS2 (Kozaki and Takeba 1996). Similarly,
enhanced cyclic electron flow around PSI, chlororespiration, and the Mehler reac-
tion were observed in various plant species under mild stress conditions (Heber
2002; Makino et al. 2002; Rumeau et al. 2007; Huang et al. 2012). These alternative
electron flows coordinate in their protective roles, and the contribution of each pro-
cess under certain stress condition differs among plant species (Heber 2002; Makino
et al. 2002; Rumeau et al. 2007).

7.3.3.2 Photosynthesis, Respiration, and Nitrogen Metabolisms

Photosynthesis and respiration are primary pathways of carbon and energy metabo-
lism in plants. The balance between photosynthetic production and respiratory
breakdown of carbohydrates determines plant carbon gain and potentially growth.
These two processes are interrelated via an exchange of metabolites such as ATP,
reducing equivalents and other carbon-containing intermediates. Photosynthesis
and respiration respond to changes in environmental factors in a different manner
and thus result in an alteration of photosynthesis to cellular respiration ratio. The
effects of increased temperature and salinity on photosynthesis and respiration have
been investigated in seagrasses, and a clear shift in plant carbon metabolisms has
been observed (as discussed in the previous section). Cellular respiration in the
seagrass Z. marina is inhibited in the light, whereas the respiratory rates, as well as
expressions of respiratory genes, show diel variations (Rasmusson and Bjork 2014;
Rasmusson 2015). Although it has been proposed that such variations could be a
result of an interplay between photosynthesis, photorespiration, and cellular respi-
ration, the mechanisms involved are not completely understood. In terrestrial plants,
high CO, increases the respiratory breakdown of carbohydrates (Ainsworth et al.
2006; Li et al. 2013). Such an increase in respiratory activity was found in conjunc-
tion with an accumulation of carbohydrates as well as an increase in transcripts
associated with glycolysis, tricarboxylic acid cycle, and mitochondrial electron
transport (Rogers et al. 2004; Gillespie et al. 2012). The opposing utilization and
release of O, and CO, between photosynthesis, respiration, and photorespiration
make it challenging to assess the rates of these processes in the light using classical
gas exchange method. Additionally, lacunae present in all seagrasses and the poten-
tial internal recycling of both O, and CO, interfere with gas exchange measurement
and manipulations of available O, and CO,.

The interaction between carbon and nitrogen metabolisms in the context of
increasing CO, has been widely investigated in the terrestrial model plants (Yong
et al. 2000; Bloom et al. 2002; Cousins and Blooms 2004; Takatani et al. 2014).
Suppression of nitrate assimilation by a downregulation of nitrate and nitrite reduc-
tase activities was demonstrated in wheat exposed to elevated CO, (Bloom et al.
2002), whereas Arabidopsis mutant with low nitrate reductase activity exhibited
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nitrogen deficiency symptoms under high CO,, i.e., decreased nitrogen content and
reduced shoot/root ratio (Takatani et al. 2014). Both carbon and nitrogen assimilation
compete for ATP, reducing equivalents and ferredoxin supplied by the light-dependent
reactions of photosynthesis. Enhanced photosynthetic carbon assimilation induced
by high CO, under light-limited condition decreases the amount of ATP and reducing
powers supplied to nitrogen assimilation and eventually leads to nitrogen limitation
(Bloom 2015). Additionally, a reduction in photosynthetic activity under long-term
exposure to high CO, is more pronounced under nitrogen limitation (Stitt and Krapp
1999; Sun et al. 2002; Sanz-saez et al. 2010). Despite a growing number of studies
on the effect of increased CO, on seagrass primary production, simultaneous impact
on nitrogen metabolisms has been scarcely studied. Alexandre et al. (2012) investi-
gated the effect of predicted future CO, level on carbon and nitrogen metabolisms in
Z. noltii in the mesocosm experiment. Here an increase in the photosynthetic activity
was observed, while nitrate uptake and nitrogen content in the leaves of CO,-enriched
plants were found to be significantly lower than controls. Thus no positive effect of
CO, enrichment on the growth rates of Z. noltii in these experiments is likely to be a
result of nitrogen limitation. This suggests that nitrogen might become limiting for
Z. noltii in the future CO, level. Similar declines in the leaf nitrogen content under
high CO, have been reported in 7. hemprichii (Jiang et al. 2010) and T. testudinum
(Campbell and Fourqurean 2013a). This shift of limiting factor under high CO,
might be the underlying reason for a limited or no positive effect of CO, enrichment
observed in many studies conducted on seagrasses (as discussed in the previous sec-
tion). On the contrary, CO, enrichment did not affect nitrate uptake and nitrate reduc-
tase activity of H. uninervis, whereas it increased nitrate assimilation in 7. hemprichii
grown under high nitrate level (Ow et al. 2016). Such interaction might as well affect
downstream pathways such as ammonium assimilation which also requires ATP and
NADPH. A Recent study by Pernice et al. (2016) has revealed a fast increase in
expression of glutamine synthetase (GS), a key enzyme for ammonium assimilation,
following exposure to a pulse of ammonium supply. This indicated that GS could be
used as a molecular marker of nitrogen assimilation and should be included in further
investigations of seagrass metabolisms. In-depth physiological studies are needed in
order to elucidate the connection between these two vital processes: photosynthesis
and nitrogen assimilation. This subject is of great ecological relevance as inorganic
nitrogen concentrations are commonly low in seagrass-dominated habitats (Lee and
Dunton 1999; McGlathery et al. 2001).

7.4 Further Prospects for Integrating Seagrass
Photophysiology with Systems Biology

Seagrasses are rapidly declining worldwide. Therefore, there is a critical need to
characterize the impacts of environmental changes on seagrasses, particularly those
associated with the future global change scenarios. Better mechanistic understand-
ing of photosynthesis is necessary to assess how environmental constraints affect
seagrass primary production and its carbon budget. Although photosynthesis plays
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a significant role as a central carbon and energy metabolisms process, it is clearly
important to investigate not only photobiology but also the connected metabolic
pathways in order to predict seagrass responses to environmental changes effec-
tively. With high-throughput experiments being increasingly common, combining
the “omics” approaches can help us to gain a systemic understanding of photosyn-
thesis within plant complex metabolic networks. Although being in its early stage,
many seagrass scientists have pioneered research in this field (Reusch et al. 2008;
Franssen et al. 2011; Winters et al. 2011; Dattolo et al. 2013, 2014; Mazzuca et al.
2013; Piro et al. 2015a, b; Kumar et al. 2016a). It is only recently that the first
genomic data has become available from Z. marina, a common seagrass species of
the northern hemisphere (Olsen et al. 2016) followed by its relative from the south-
ern hemisphere, Z. muelleri (Lee et al. 2016). The availability of full genome
sequences for these species means that we can now adopt a systems approach to
investigate the metabolic networks of these seagrasses and how environmental
changes modulate their metabolisms. Detailed reviews of the utilization of omics
techniques and molecular profiling in seagrass studies in the past decade and con-
cepts and applications of metabolomics in the marine macrophytes studies have
been recently presented by Davey et al. (2016) and Kumar et al. (2016b), respec-
tively. Here, omics approaches are briefly described. Further, examples of omics
investigations in model photosynthetic organisms which can be adopted to address
the knowledge gaps related to seagrass photobiology are discussed.

Transcriptomics and proteomics analyses have been proven to provide a good
systemic overview in seagrass metabolisms. The number of transcriptomic and pro-
teomic studies carried out in seagrass is growing (Franssen et al. 2011; Winters et al.
2011; Dattolo et al. 2013, 2014; Mazzuca et al. 2013; Piro et al. 2015a, b; Kumar
et al. 2016a). In these works, stressors were applied to seagrasses to unravel the
underlying metabolic pathways which are involved in stress responses or tolerance.
Comparative transcriptomics and proteomics focus on differential gene and protein
expression levels of the entire transcriptome and proteome induced by environmental
changes (Franssen et al. 2011; Winters et al. 2011; Dattolo et al. 2013, 2014; Mazzuca
et al. 2013; Piro et al. 2015a, b; Kumar et al. 2016a). Transcripts and proteins dif-
ferentially expressed due to the environmental stimuli such as high temperature,
salinity, and light gradient have been identified, as well as the metabolic pathway
they are part of. Metabolomics is another new frontier in plant systems biology. It
greatly complements transcriptome and proteome analysis as the difference in qual-
ity and quantity of metabolites readily reflect cellular biochemical processes.
Metabolome analysis provides comprehensive and dynamic views of plant primary
and secondary metabolites under changing environments. Although remained unex-
plored in seagrasses, it holds great potential for seagrass research (see extended
review by Kumar et al. 2016b).

To better understand the photosynthetic mechanisms and interconnectivity
between photosynthesis and other metabolic pathways of seagrasses, it is crucial to
conduct a parallel analysis of transcript, protein, and metabolic profiles. Combined
omics data have provided valuable insights into mechanisms of carbon acquisition
and accumulation in the green alga, Chlamydomonas reinhardtii (reviewed in Winck
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et al. 2013 and Wang et al. 2015). Time-series multi-“omics” analyses have identi-
fied carbonic anhydrase as the main component of carbon-concentrating mecha-
nisms (CCMs) in C. reinhardtii and elucidated regulatory processes of CCM as well
as interplay between photosynthetic carbon metabolism and other metabolic path-
ways in response to carbon limitation (Wienkoop et al. 2010; Baba et al. 2011;
Winck et al. 2013; Wang et al. 2015). Additionally, advanced understanding of car-
bon metabolism and its coordination with other metabolic pathways such as photo-
respiration and nitrogen metabolism have been established in many model
photosynthetic organisms such as Arabidopsis, rice, tomato, and maize using
multi-“omics” analyses (reviewed in Fukushima and Kusano 2014; Sato and
Yanagisawa 2014). For example, it was shown that responses of plant metabolism
to increasing CO, depend largely on the nitrogen conditions. While similar approach
can be adopted to seagrass studies, the availability of full genome sequences for
certain seagrass species makes it possible to develop a genome-scale metabolic
model to investigate fluxes between photosynthesis and other metabolic processes
in these seagrasses. It has been shown that simulation of plant metabolisms using
genome-scale model can successfully predict fluxes between fundamental meta-
bolic pathways such as glycolysis and the TCA cycle in Arabidopsis (Poolman et al.
2009; Williams et al. 2010) and cooperation between mesophyll cells and bundle
sheath cells during C4 photosynthesis (De Oliveira Dal’Molin et al. 2010).

Advanced insights into the function and regulation of the photosynthesis have
come from functional genomic studies in which photosynthetic processes have been
dissected by the molecular tools (Dent et al. 2001, 2005). While omics data provides
an indication of regulatory roles of certain genes or proteins, the future challenge for
seagrass research is the development of mutagenesis experiment which is a powerful
approach to study the function of the genes of interest. Furthermore, proteomics tech-
niques can be applied to investigate protein-protein interaction, posttranslational mod-
ifications, and organization of proteins in multi-protein complexes which remain
unexplored in seagrasses. Additionally, chloroplast-targeted transcriptomes and pro-
teomes can provide insights on chloroplast structures and function (Eckardt 2012;
Petersen et al. 2013; Chang et al. 2015). These studies have led to better understanding
of chloroplast protein components and photosynthetic responses to various stressors,
as well as interconnectivity between chloroplast-encoded and nuclear-encoded pro-
teins. Purification of intact chloroplast for quantitative proteomic study has recently
been developed in P. oceanica (Piro et al. 2015a, b), and future organelle-specific
analysis will most likely improve our knowledge on seagrass photosynthetic
mechanisms.

7.5 Conclusion

System biology is an area of research that needs development and represents the key
to a significantly improved understanding of the regulation of photosynthesis and its
interaction with other metabolic pathways. The integration of omics approaches will
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help to unravel plant dynamic and complex responses to changing environments.
Such knowledge is extremely crucial for predicting impacts of global climate change
on seagrasses.
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Chapter 8

Systems Biology and the Seagrass Paradox:
Adaptation, Acclimation, and Survival

of Marine Angiosperms in a Changing Ocean
Climate

Richard C. Zimmerman

Abstract Predicting adaptive fitness to any environment requires mechanistic
understanding of environmental influence on metabolic networks that control
energy assimilation, growth, and reproduction. Although the potential impacts of
environment on gene products are myriad, important phenotypic responses are often
regulated by a few key points in metabolic networks where externally supplied
resources or physiological reaction substrates limit reaction kinetics. Environmental
resources commonly limiting seagrass productivity, survival, and growth include
light and CO, availability that control carbon assimilation and sucrose formation.
Phosphate availability can also be important in oligotrophic tropical environments,
particularly in the presence of carbonate sediments. Temperature and macronutrient
oversupply (eutrophication) can act as confounding stressors, particularly in tem-
perate environments. Photoacclimation can be regulated by electron transport path-
ways residing in the chloroplast stroma, but stress responses are often manifest by
the expression of generalized stress response proteins, both of which appear to be
affected by temperature and CO, availability. A systems approach is employed to
explore (1) the responses of seagrasses to the combined impacts of environmental
limiting factors that control fundamental physiological processes leading to whole-
plant performance; (2) sediment diagenetic processes that facilitate nutrient remin-
eralization, carbon sequestration, and toxin neutralization; (3) interactions with
other organisms induced by trophic cascades; and (4) impacts of human-induced
climate change that affect system dynamics at numerous points in the network.
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8.1 A Few Words About the Systems Approach

The complexity of life has always fascinated mankind, but the development of a
systems perspective in the biological sciences has been a gradual one. During the
twentieth century, the science of biology evolved from descriptive natural history to
the development of mechanistic insights derived from painstaking reductionist
experimentation increasingly informed by evolutionary theory. However, integrat-
ing that knowledge across levels of organization from molecule through individuals
to ecosystems has been hindered by important gaps in our understanding of the
genome, its physiological regulation, and organismal responses to environmental
forcing. The dawn of the twenty-first century has witnessed significant break-
throughs in data collection, processing, and interpretation at all levels or organiza-
tion such that it is now possible to translate the complex network diagrams of
metabolic processes, food webs, and even global biogeochemical cycles into predic-
tive mathematical models. In addition to providing a quantitative understanding, the
resulting system-wide perspective provides pathways for exploring emergent prop-
erties not readily apparent in the individual pieces of reductionist information used
to construct the networks. The ability to influence emergent properties by manipu-
lating specific components of complex systems helps provide rational approaches
for identifying critical steps that may be responsive to external forcing.

Seagrasses (marine angiosperms) provide critical ecosystem services in shallow
coastal seas through the world and are presently at risk from human impacts derived
from coastal development, regional eutrophication, resource extraction, and global
climate change (Orth et al. 2006). Growing interest into all scientific aspects of
seagrasses during the past 30 years has provided a remarkable archive of informa-
tion (e.g., Larkum et al. 2006) from which to develop a systems-level appreciation
of these remarkable plants from molecules to ecosystems. This chapter will explore
physiological, or bottom-up, aspects of seagrasses that must adapt to local environ-
ments in order to transform solar energy and dissolved nutrients into biochemical
products required to sustain individual plants. We will also explore seagrasses as a
component of complex coastal food webs and place particular emphasis on the
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importance of trophic interactions in maintaining the viability of seagrass
ecosystems. Finally, we will examine seagrasses as biogeochemical agents that sta-
bilize coastal sediments; sequester CO, through direct burial of organic carbon in
coastal ocean sediments, recently termed “blue carbon” (McLeod et al. 2011); and
trap remineralized CO, by generating alkalinity through carbonate dissolution and
hydrogen sulfide precipitation in sedimentary pore waters.

8.2 Seagrasses as Biological Systems

Seagrasses represent an ecological assemblage of about 66 species of angiosperms
distributed across four taxonomic families within the superorder Alismatiflorae
(Monocotyledonae, den Hartog and Kuo 2006). The somewhat obscure evolution-
ary origins appear to involve independent derivations from freshwater and estuarine
ancestors sometime in the Lower Cretaceous (Les et al. 1997). Despite this poly-
phyletic origin, seagrasses share many common properties with each other that
facilitate an aquatic life history. These traits include (1) the full submergence of all
plant structures; (2) tolerance of saline water; (3) a secure anchoring system consist-
ing of metabolically functional roots and rhizomes capable of assimilating nutrients
and tolerating anoxic, permanently flooded sediments; and (4) hydrophilous polli-
nation mechanisms (Larkum et al. 2006; Jackson et al. 2009).

8.2.1 Key Anatomical Features and Functions

The seagrass leaf has been heavily modified from the terrestrial archetype to accom-
modate a submerged aquatic existence. Chloroplasts are concentrated in the epider-
mis rather than the mesophyll (Kuo and den Hartog 2006) (Fig 8.1a). The cuticle is
extremely thin and water permeable to permit gas, solute, and water exchange with
the epidermis. There are no stomata. However, the thin water-permeable cuticle
renders seagrasses highly vulnerable to desiccation upon exposure to air (Leuschner
et al. 1998; Bjork et al. 1999). These leaf modifications are more reminiscent of
macrophytic algae than the terrestrial vascular plants from which seagrasses are
derived and provide a strong example of convergent evolution by the seagrasses and
seaweeds to the solution of common problems. The photosynthetic apparatus also
shows a high capacity for photoacclimation to different light environments, which
protects it from photoinhibition in the bright, blue light of clear tropical waters and
facilitates light harvesting in the dim, green waters of many temperate environments
(Ralph et al. 2002; Cummings and Zimmerman 2003).

Gas-filled lacunae (i.e., aerenchyma) run continuously from the leaves through
the rhizomes to the roots. They provide buoyancy to maintain the leaves in a vertical
orientation that minimizes self-shading and optimizes photosynthesis of the entire
canopy (Zimmerman 2006). The lacunae transport life-sustaining oxygen to roots
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Fig. 8.1 A. Photomicrograph of a cross section of a turtlegrass (Thalassia testudinum Banks ex.
Konig) leaf showing two layers of chloroplast-dense epidermis, a chloroplast-free mesophyll, and
air-filled lacunae running parallel to the central axis of the leaf. Image reproduced from Zimmerman
(2006). B. Short shoots of turtlegrass (Thalassia testudinum, Banks ex Koenig) consisting of green
photosynthetic leaves, and vertical rhizomes with old leaf scars connected by horizontal rhisomes
containing roots. C. Subterranean turtlegrass rizomes emerging from an eroded bank of carbonate
sediment on the Great Bahama Bank reveal comsiderable potential for blue carbon burial bu this
species

and rhizomes located in permanently flooded anoxic sediments. The roots and rhi-
zomes (Fig 8.1b) provide a solid anchor in the unconsolidated sediments (Fig 8.1c¢),
and the roots assimilate inorganic nutrients from a pore-water reservoir that is gen-
erally unavailable to rootless macrophytic algae and phytoplankton (Zimmerman
et al. 1987). The roots and rhizomes have low rates of biomass-specific respiration,
relative to the leaves, that minimizes carbon demand by these non-photosynthetic
tissues (Zimmerman et al. 1989; Zimmerman and Alberte 1996). However, unlike
wetland angiosperms that continuously transport air from emergent leaves to
belowground tissues rooted in flooded soils, the submerged nature of seagrass
leaves restricts belowground transport of oxygen to daylight periods when photo-
synthesis loads the lacunae with oxygen. As a result, seagrass roots and rhizomes
must tolerate daily periods of anoxia that can approach 12 h or more. As in other
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angiosperms, root/rhizome anoxia interrupts the translocation of sucrose from
leaves and induces alcoholic fermentation in these belowground tissues (Pregnall
et al. 1984; Smith et al. 1984; Zimmerman and Alberte 1996). When deprived of
oxygen, most facultative anaerobes (including most angiosperms) exhibit a Pasteur
effect that increases the rate of glycolysis to maintain ATP production necessary for
metabolic function. The resulting ability to tolerate anoxia is linked to the supply of
glucose, and anoxic death results when tissues become depleted of sugar reserves
and cannot maintain ATP and NADPH production (Bailey-Serres and Voesenek
2008). Seagrass roots, however, exhibit a low-oxygen quiescence strategy (LOQS),
in which the onset of anoxia reduces the rate of metabolic glucose consumption and
ATP production. The reduced nighttime carbon demand of anaerobic tissues extends
the period of anoxia tolerated by eelgrass roots and further reduces carbon demand
by belowground tissues (Smith et al. 1988; Zimmerman et al. 1996). The LOQS
appears to be highly conserved among vascular plants to maintain cellular homeo-
stasis under low-O, stress and enables the synthesis of proteins involved in
metabolite transport, protection from reactive oxygen species (ROS), and chaperone
activity (Voesenek and Bailey-Serres 2015).

Finally, all species of seagrasses (except Enhalus spp.) are adapted for com-
pletely submerged pollination. The filiform pollen grains of Zostera marina tumble
as they encounter turbulent velocity gradients induced by the anatomy of flowers
and inflorescences, increasing the probability of attachment to the stigmatic sur-
faces (Ackerman 2006). In Thalassia testudinum, invertebrates may also facilitate
pollen transfer from male flowers to female stigma (van Tussenbroek et al. 2016).

8.2.2 Sensitivity to Environmental Change Results from High
Light Requirements

Although seagrasses possess a remarkable assemblage of successful adaptations to
a submerged aquatic life history, their light requirements for survival are 10- to
20-fold higher than many marine autotrophs, which renders them vulnerable to a
variety of habitat disturbances, often of anthropogenic origin (Duarte 1991; Short
and Wyllie-Echeverria 1996). More than 40 large-scale seagrass declines involving
at least 24 different species were reported worldwide during the twentieth century,
and the losses have continued to the point where seagrasses may be nearing a crisis
with respect to global sustainability (Orth et al. 2006; Short et al. 2011).
Eutrophication, which promotes the growth of light-absorbing phytoplankton and
opportunistic macroalgae, is a critical factor in many of these disturbance events,
including the extensive and persistent losses throughout the Chesapeake Bay, USA
(Orth and Moore 1983). However, even when algal competitors are brought under
control, seagrass recovery can be hampered by the destabilization and resuspension
of marine sediments that further reduces light availability to the benthos (Lawson
et al. 2007; Carr et al. 2010; McPherson et al. 2011).
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Seagrasses are also vulnerable to elevated summertime water temperature,
despite considerable physiological tolerance to short-term temperature elevation. At
least part of the vulnerability to extreme summer temperature results from the dif-
ferential responses of photosynthesis and respiration. Eelgrass near the Chesapeake
Bay, for example, are commonly exposed to seasonal temperature excursions rang-
ing from wintertime lows near 5°C to summertime highs exceeding 25°C. Prolonged
summer temperatures can approach 30°C during particularly warm years, causing
eelgrass meadows to die back throughout the southern Chesapeake Bay (Orth and
Moore 1983; Moore and Jarvis 2008). This thermal intolerance has been linked to
the differential effects of temperature on photosynthesis and respiration (Evans
et al. 1986; Zimmerman et al. 1989). In essence, the Q,, response for eelgrass respi-
ration is about 2.5, but only 1.98 for photosynthesis. Thus, temperature causes res-
piration rates to increase more dramatically than photosynthesis rates, making
eelgrass vulnerable to negative carbon balance above 25°C.

8.2.3 A Surprising Mechanism Responsible for High Light
Requirements

Much of the paradoxical vulnerability of this otherwise highly adapted group of
marine angiosperms to light limitation and thermal stress can be attributed to their
relatively poor ability to extract dissolved inorganic carbon (DIC) from seawater to
support photosynthesis. Seawater is an alkaline medium, and most of the DIC is
present in the form of bicarbonate (HCO; =2 mM). However, CO, is the exclusive
substrate for the carboxylation reaction of Rubisco, and the concentration of aque-
ous CO, [COy,q] is sufficiently low (10 to 20 pM) that passive diffusion of CO,
cannot satisfy the photosynthetic demand for inorganic carbon in most cases (Raven
2010). Consequently, many marine autotrophs possess carbon-concentrating mech-
anisms for extracting CO, from the more abundant pool of HCO; in seawater
(Falkowski and Raven 2007; Raven and Beardall 2014).

Although seagrass leaves are capable of extracellular dehydration and direct
uptake of HCO; (Al-Moghrabi et al. 1996; Beer and Rehnberg 1997), light-
saturated photosynthesis of many species is CO, limited. The instantaneous positive
response to increased CO,,q demonstrates a constitutive ability for light harvesting,
electron transport, and carbon fixation at rates that vastly exceed the C-limited pho-
tosynthetic capacity of seagrass leaves in the present-day ocean (Durako 1993;
Zimmerman et al. 1995; Beer and Koch 1996; Invers et al. 2001). Higher rates of
photosynthesis resulting from elevated CO,,q can reduce the light requirements for
daily carbon balance (Zimmerman et al. 1997) and promote the accumulation of
carbon reserves that increases vegetative shoot proliferation and flowering shoot
differentiation (Palacios and Zimmerman 2007). Coupling these experimentally
derived physiological responses with a geometrically explicit formulation of radia-
tive transfer through submerged plant canopies led to the development of GrassLight
(Fig 8.2), a bio-optical model that permits quantitative exploration of the impacts of
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Fig. 8.2 Schematic diagram illustrating the flow of energy and sucrose to support growth and
respiration, as mediated by temperature and CO, availability in the bio-optical model GrassLight
using the energy circuit language of Odum (1983). Open circles represent donor-controlled pro-
cesses external to the model. Tank symbols represent depletable resources capable of interacting
with other model components. Block arrows represent interactions between components (work
gates) that can be either positive or negative, depending on the interaction. Detailed mathematical
relations are described in Zimmerman (2003) and Zimmerman et al. (2015)

environmental forcing (e.g., light, temperature, flow, DIC, epiphytes, etc.) on
photosynthesis, metabolic carbon balance, shoot density, and depth distribution
(Zimmerman 2003; Zimmerman et al. 2015). The model predicted that doubling the
atmospheric CO, concentration would yield a 35% increase in the density and spa-
tial distribution of eelgrass in Elkhorn Slough, California, USA, a turbid estuary
where eelgrass distributions are currently restricted to very shallow (<2 m) depths
(Zimmerman et al. 1994; Zimmerman and Caffrey 2002; Zimmerman 2006).

A high-CO, world may also reduce seagrass vulnerability to summertime ther-
mal stress, a situation that has increasingly limited the survival of eelgrass near the
southern limit of their distribution along the east coast of North America (Moore
and Jarvis 2008; Moore et al. 2012). However, prolonged experimental stimulation
of eelgrass photosynthesis via CO, can enhance the summertime survival, growth,
and proliferation of perennial eelgrass from the Chesapeake region that is regularly
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impacted by summer heat stress (Zimmerman et al. 2017). The experiment also
demonstrated a logarithmic response to CO, in terms of shoot proliferation, size,
growth, and sugar accumulation that was fundamentally consistent with short-term
laboratory experiments performed with other eelgrass populations from cool ocean
climates and other seagrass species from tropical and temperate environments.
These experimental results further validate model predictions of the combined
effects of climate warming and ocean carbonation on eelgrass distributions in the
Chesapeake region (Zimmerman et al. 2015). In addition to reproducing the nega-
tive effects of warm summer temperatures on eelgrass distributions, the model dem-
onstrated that CO, increases projected for the next century should stimulate
photosynthesis sufficiently to offset the negative effects of thermal stress on eel-
grass growing in the Chesapeake region. When combined, the experimental and
modeling results suggest that increased CO, availability can serve as a quantitative
antagonist to counter the negative impact of climate warming on seagrass growth
and survival.

The combined impacts of light and CO, availability on photoacclimation
responses in eelgrass are now being unraveled. Carbon limitation of photosynthesis
appears to be a common feature of most seagrass species (Invers et al. 2001; Jiang
et al. 2010; Koch et al. 2013) and helps explain the characteristically heavy stable
carbon isotope values (6'*C = —15 to 0) that have been used to trace seagrass carbon
through marine food webs (Hemminga and Mateo 1996). McPherson et al. (2015)
developed a mathematical model parameterized by laboratory experiments in order
to predict the impacts of substrate availability on carbon isotope fractionation in
seagrasses. Model predictions of §"*C were most sensitive to DIC and flow, but were
less sensitive to DIC source [CO,,q, vs. HCO; |, indicating that carbon limitation of
Rubisco was the primary driver of seagrass 6'*C. Accurate model predictions of
specific §°C values reported for a variety of seagrass taxa from different environ-
ments provided a systems-level understanding of the environmental control of car-
bon isotope composition of seagrasses. The mathematical relationships embodied in
this model will become increasingly important for predicting the response of these
ecosystem engineers to local processes that affect light availability and flow, as well
as global impacts of climate warming and ocean acidification.

A long-term experiment conducted with Zostera marina L. (eelgrass) grown in
controlled outdoor aquaria revealed predictive increases in absolute growth, plant
size, and flowering that could be traced to increased rates of light-saturated photo-
synthetic and sucrose formation under CO, enrichment (Celebi 2016; Zimmerman
et al. 2017). In contrast to these increases in whole-plant performance characteris-
tics, photosynthetic and photoprotective pigment content in eelgrass leaves was
downregulated, suggesting an important role for Rubisco in balancing redox state in
the chloroplast, which regulates expression of light-harvesting complexes
(Backhausen and Scheibe 1999; Pfannschmidt 2003; Hanke et al. 2009; Hiiner et al.
2012). These regulatory mechanisms are generally thought to be controlled by the
redox state of Q4 (a plastoquinone) in the thylakoid membrane that depends on the
continuity of electron transport under various limiting conditions (Pfannschmidt
2003; Pfannschmidt and Yang 2012). Thus, in addition to capturing energy for
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metabolism, the photosynthetic machinery performs important sensory functions
which further explain the interdependent regulation of pigment composition and
optical properties of eelgrass leaves by CO,, temperature, and light.

8.2.4 Integrating Transcriptomic Information into Predictive
Seagrass Models

As the above discussion indicates, mathematical modeling of ecophysiological pro-
cesses can provide deep insights into complex systems. The application of systems
analysis to subcellular processes has been hindered by available technology and,
particularly in the case of seagrasses, the lack of a properly annotated genome on
which to base transcriptomic information. The study of seagrass biology, in particu-
lar, remains in the nascent stages of linking ecophysiology with genomic responses
(Procaccini et al. 2012). However, the explosion in “omics” technology during the
last two decades has opened a wealth of opportunities to exploit this information in
the development of genome-scale metabolic models that offer a “top-down” per-
spective on cellular function (Kim et al. 2012). The complete genome of Zostera
marina L. was recently published, revealing unique insights into the genomic losses
and gains involved in adapting to the marine environment (Olsen et al. 2016).
Transcriptomic analysis of Posidonia oceanica responses to different light environ-
ments revealed the upregulation of genes involved in photoacclimation and photo-
protection by plants growing in shallow vs. deep water, suggesting shallow-growing
plants were experiencing stressful light conditions (Dattolo et al. 2014). Such
genome-scale (top-down) approaches are becoming extremely useful for identify-
ing phenomenological correlations that can be mapped onto virtual subcellular
mechanisms that can serve as a scaffold for future experimental investigations
(Bruggeman and Westerhoff 2007).

In contrast, bottom-up approaches rely on explicitly defined mathematical rela-
tionships (e.g., photosynthesis vs. irradiance, Michaelis-Menten enzyme Kkinetics,
Arrhenius equation for temperature, etc.) that can be integrated to predict system
behavior (e.g., growth) in response to external drivers (e.g., light, temperature, CO,,
and nutrient availability). As such, they rely heavily on experimentally determined
rate constants for accurate parameterization. The bio-optical seagrass model
GrassLight (Zimmerman 2003; Zimmerman et al. 2015) is an example of such a
bottom-up model. It currently possesses significant skill in predicting the light-
limited distribution of eelgrass in the Chesapeake region under present-day condi-
tions and is consistent with the observations of dense, productive Posidonia oceanica
meadows growing in the warm, shallow, and volcanically acidified waters surround-
ing the Castello Aragonese on the island of Ischia, Bay of Naples, Italy (Hall-
Spencer et al. 2008). As with eelgrass, the productivity and geographic distribution
of this species is typically inhibited by high summertime water temperature (Zupo
et al. 1997; Celebi et al. 2006).
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Although the GrassLight model is capable of predicting population-level responses
to thermal stress and potential impacts of elevated CO, on whole-plant energy balance
and depth distribution in the coming century using static physiological properties
(Zimmerman et al. 2015), it does not presently allow for genetically controlled accli-
mation responses that introduce temporal variations into these properties. Flux bal-
ance analysis offers a potential mathematical approach for bridging this “top-down”
vs. “bottom-up” contrast by constraining the flow of metabolites through metabolic
networks defined by genomic analyses (Orth et al. 2010). The networks, constrained
by steady-state flux stoichiometry between subcellular compartments, can be driven
by ecological conditions (e.g., temperature, light, CO,, and external nutrient availabil-
ity) to predict non-steady-state rates of growth and chemical composition resulting
from the metabolic network (Levering et al. 2016). A conceptual model coupling eco-
logical and transcriptomic functions is illustrated in Fig 8.3. The new model combines

Temp
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Fig. 8.3 Schematic diagram illustrating the flow of energy and sucrose to support growth and
respiration (black lines), signal transduction pathways that potentially regulate gene expression
and putative expression targets (red lines) to be integrated into the model. Effect of light and CO,
on plant metabolism is mediated primarily by photosynthetic processes in the chloroplasts.
Temperature implicitly affects all biochemical processes but is not shown in this diagram, for
simplicity. Similarly, stress responses exert broad effects, and feedbacks to all metabolic pathways
are implied but not illustrated for simplicity. Chpl chloroplast, LHC light-harvesting complex, Rbc
Rubisco, TP triose phosphates, INV cell wall and cytoplasmic invertases, SUS sucrose synthase,
HXK hexokinases, Nuc nucleus, PS photosynthesis genes, STRESS stress-related genes (HSPs,
metallothionein, etc.), FLOWER genes responsible for flowering, SucTr sucrose transport genes,
ET electron transport, ROS reactive oxygen species
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the energy-based metabolic processes (black arrows) already incorporated into
GrassLight with feedback controls on physiological potential mediated by differential
gene expression (red arrows). Genetically controlled responses to environmental forc-
ing are identified by key pathways that control, e.g., the function of chloroplast LHCs,
carbon fixation by Rubisco, the allocation of sucrose to growth and respiration, as well
as translocation between shoots and root/rhizomes. This integrated approach to envi-
ronmental forcing through differential transcriptomics that control physiology leading
to whole-plant performance will provide a powerful tool for future field investigations
of seagrass responses to climate change.

8.3 Seagrasses as Ecosystem Engineers

In addition to representing complex biological systems in their own right, seagrasses
interact with a larger ecosystem of sedimentary, surficial, and planktonic microbes,
epiphytic algae, several trophic levels of grazers and predators (Duffy 2006), and
even pathogens (Lamb et al. 2017). As will be discussed below, seagrasses are more
than just another “brick in the wall”—they are true engineers of ecosystems that
would not exist in their absence, as evidenced by the disappearance of associated
services in the wake of local extirpations (Short and Wyllie-Echeverria 1996; Lamb
et al. 2017). This appreciation of seagrass connectivity led to the early adoption of
the ecosystems approach to the study of seagrass interactions with their environ-
ment and other trophic levels (McRoy and Hellfrich 1977; Phillips and McRoy
1980).

8.3.1 Seagrass-Sediment Interactions

In addition to their importance as a source of organic carbon for higher trophic lev-
els and burial, seagrasses are significant biogeochemical agents in their own right
(Fig 8.4). By transporting as much as 6% of the photosynthetically produced O,
below ground to support aerobic respiration of roots and rhizomes, seagrasses stim-
ulate oxidative remineralization of organic carbon buried in the sediment (Smith
et al. 1984; Bodensteiner 2006; Hu and Burdige 2008), potentially limiting their
role as blue carbon sinks. However, the corrosive environment generated by the
release of respiratory CO, stimulates the dissolution of sedimentary carbonates,
thereby increasing alkalinity and trapping the remineralized C as HCO; that does
not re-equilibrate with the atmosphere upon release from the sediment (Burdige and
Zimmerman 2003; Burdige et al. 2008; Burdige et al. 2010). Sulfate reduction in
sediments also generates alkalinity, but the low iron content of most carbonate sedi-
ments limits pyrite formation, and virtually all of the sulfide is oxidized back to
sulfate upon contact with O, in the overlying bottom water, consuming alkalinity in
the process.



178 R.C. Zimmerman

Suspended
Particles

DOC, POC
Blue
Carbon

[Sedimentf
B <

Fig. 8.4 Schematic diagram illustrating seagrass-sediment interactions that lead to the burial and
remineralization of organic carbon, the generation of alkalinity, and CO, sequestration through
carbonate dissolution and sulfide precipitation. Open circles represent donor-controlled processes
external to the model. Tank symbols represent depletable resources capable of interacting with
other model components. Block arrows represent interactions between components (work gates)
that can be either positive or negative, depending on the interaction

Temperate seagrass meadows, in contrast, grow in siliciclastic sediments that
generally possess little carbonate for acid titration. However, they are often suffi-
ciently rich in iron that a significant fraction of the microbially generated sulfide is
precipitated as pyrite (FeS,). The net burial of these sulfide minerals, which is com-
mon in most estuarine and coastal sediments (Goldhaber 2003), will result in a net
flux of alkalinity from these sediments to the overlying water (Berner et al. 1970),
and this flux may play an important role in the capacity of the surface ocean to
absorb and neutralize atmospheric CO, (Hu and Cai 2011; Faber et al. 2012; Faber
et al. 2014). Sulfide precipitation also protects seagrasses from the toxic effects of
high dissolved sulfide concentrations (Pedersen et al. 2004; Borum et al. 2005).

Although the quantitative impact of climate change on these processes is uncer-
tain, enhanced productivity and metabolic activity of seagrasses and carbon burial
associated with rising CO, and temperature should increase sulfide production and
burial in iron-rich sediments and alkalinity flux to the overlying waters. Ongoing
work will increase our quantitative understanding of these processes, leading to bet-
ter estimates of carbon sequestration potential of seagrass systems in the context of
a changing climate.
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8.3.2 Interactions with Other Organisms

Seagrasses interact with a diverse array of epiphytic microorganisms, macroalgae,
and metazoans (Fig 8.5). The leaf epiphyte complex consists of (1) all organisms
that grow attached to or crawl over the leaf surface, (2) the associated extracellular
matrix deposited on the leaves by these organisms, and (3) mineral and organic
particles embedded in the organic matrix. This complex provides a significant
fraction of the overall productivity of seagrass ecosystems (e.g., Penhale 1977;
Mazzella and Alberte 1986; Klumpp et al. 1992), as well as refuge and food for an
assemblage of invertebrates and fish (e.g., Orth and Montfrans 1984; van Montrfrans
et al. 1984; Neckles et al. 1994; Short et al. 2001). A modest epiphyte layer may
benefit seagrasses by preventing damage from ultraviolet radiation (Trocine et al.
1981) or repelling potential leaf grazers (Karez et al. 2000). When epiphytes accu-
mulate to high densities from eutrophication and/or removal of grazers, they may
also have negative effects on their seagrass hosts—creating physical barriers to light
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Fig. 8.5 Schematic diagram illustrating interaction between seagrasses, leaf epiphytes, and higher
trophic levels that control their abundances. Open circles represent donor-controlled processes
external to the model. Tank symbols represent depletable resources capable of interacting with
other model components. Block arrows represent interactions between components (work gates)
that can be either positive or negative, depending on the interaction
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absorption (Bulthuis and Woelkerling 1983) (Losee and Wtezel 1983; Dalla Via
et al. 1988; Cebridn et al. 1999; Brush and Nixon 2002), nutrient uptake, gas
exchange, or a combination of these factors (Sand-Jensen 1977; van Montrfrans
et al. 1984; Sand-Jensen et al. 1985).

Some animals (e.g., sea urchins, turtles, dugongs, manatees, and migratory
waterfowl) will graze directly on seagrass leaves. However, most seagrass biomass
is probably consumed via detrital pathways involving microbial degradation of
drifting wrack and organic carbon buried in the sediment, although there are few
quantitative estimates of the magnitude of the detrital flux (Heck et al. 2008).
Remineralization of the buried organic carbon can fuel secondary chemosynthesis
that supports invertebrate-microbial chemosynthetic symbioses that consume sedi-
mentary sulfide (Burdige 2006), a potential seagrass toxin (Borum et al. 2005;
Holmer and Nielsen 2007), and plays an important role in the economically impor-
tant spiny lobster fishery of the Bahamas (Higgs et al. 2016).

8.3.3 Interactions with Humans

No exploration of seagrasses would be complete without a consideration of human
impacts, both direct and indirect, on seagrass systems (Fig 8.6). The industrial fixa-
tion of atmospheric nitrogen into chemical fertilizers has revolutionized global agri-
cultural production, but much of the added nutrients are eventually delivered to
coastal environments. Seagrasses are capable of exploiting dissolved nutrients in
both the sediments and water column and are probably not nitrogen limited in most
cases (Zimmerman et al. 1987). Consequently, the nutrient loading serves to fuel
growth of phytoplankton and nuisance algae, including epiphytes, that compete
with seagrasses for light (Batiuk et al. 2000). Deforestation, tilling, and landscape
hardening associated with urbanization also promote the transport of mineral sedi-
ments to coastal waters, which contributes to the attenuation of light propagation
through the water to seagrass leaves. The resulting deterioration in water quality has
resulted in catastrophic seagrass declines throughout the world (Short and Wyllie-
Echeverria 1996). Since the water quality issues described above are quantitatively
unique to local watersheds, their impacts are amenable to local management.
Consequently seagrass losses have been reversed following improvements in water
quality (Tomasko et al. 2005; Greening et al. 2011).

Anthropogenic perturbation of biodiversity, and particularly the decimation of
top predators, can have comparable and sometimes greater impacts on seagrass sur-
vival than eutrophication alone, by releasing epiphytic algae from mesograzer con-
trol (Eriksson et al. 2009; Duffy et al. 2015; Hughes et al. 2016). These experiments
(and others cited therein) show that biodiversity is a strong predictor of fundamental
ecosystem processes controlling seagrass biomass that may be as important as bot-
tom-up processes (e.g., light, nutrients, CO,, and temperature) in regulating sea-
grass productivity.
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Fig. 8.6 Schematic diagram illustrating the cumulative human impacts, including fossil fuel com-
bustion that generates CO,, sediment loading, eutrophication, and exploitation of top predators that
control leaf epiphytes. Open circles represent donor-controlled processes external to the model.
Tank symbols represent depletable resources capable of interacting with other model components.
Block arrows represent interactions between components (work gates) that can be either positive
or negative, depending on the interaction

In addition to the local processes described above, human activity is altering
fundamental biogeochemical processes through the combustion of fossil fuels
that increase the concentrations of CO, and other greenhouse gases in the atmo-
sphere. Increasing temperature will have direct effects on seagrass respiration and
photosynthesis that determine metabolic carbon balance (Evans et al. 1986;
Zimmerman et al. 1989), and climate warming is already having an impact on
seagrass survival (Short and Neckles 1999; Moore and Jarvis 2008; Moore et al.
2012). However, as described above, increasing availability of CO, derived from
anthropogenic fossil fuel combustion may stimulate seagrass photosynthesis suf-
ficiently to compensate for at least some of the temperature increase (Palacios and
Zimmerman 2007; Jiang et al. 2010; Campbell and Fourqurean 2013; Zimmerman
et al. 2017).

The impacts of a warmer climate on seagrass systems will depend on thermal
tolerance and temperature optima for photosynthesis, respiration, and growth of
individual species. A warmer climate is likely to accelerate microbial activity that
controls important processes including the redox state of the sedimentary pore
water, blue carbon storage, sulfide production, and carbonate dissolution.
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8.4 Implications of the Seagrass Paradox for the Future
of Seagrass Systems

The systems analysis described above leads us to wonder why seagrasses have not
followed the example of many of their algal counterparts in evolving more efficient
carbon-concentrating mechanisms to cope with relative scarcity of this important
inorganic carbon substrate and why they bothered to retain so much excess photo-
synthetic capacity in a low-CO, world. The paradoxically high reliance on CO,,
may be the legacy of the evolutionary origins of seagrasses in the high-CO,
environment of the Cretaceous (Hartog et al. 1979; Retallack 2001). Further, the
possession of roots and rhizomes gives seagrasses a unique ability to colonize and
exploit the nutrient-rich, permanently flooded sediments of protected coastal shores
that may have provided an important refuge from competition for light and space
with the more photosynthetically efficient algae. Without competition from the
algae in oligotrophic waters of the preindustrial world, seagrasses may simply not
have experienced the selective pressure required to increase photosynthetic effi-
ciency, or to reallocate resources invested in unnecessary photosynthetic capacity,
in these shallow, high light environments. Unfortunately, anthropogenic alteration
of the coastal ocean is probably occurring too rapidly to facilitate adaptive change
in this group of organisms that has persisted for 100 million years.

Despite their inefficiency in extracting CO, for photosynthesis in seawater, sea-
grasses possess marvelous physiological mechanisms to protect the leaves from
photoinhibition in high light environments. Carbon limitation imposes a relatively
low threshold for irradiance saturation of photosynthesis that should make sea-
grasses extremely vulnerable to photoinhibition. Yet, paradoxically, they thrive best
in high light environments. Acclimation processes that may protect seagrass leaves
involve dynamic xanthophyll cycling capable of modulating non-photochemical
quenching on time scales of minutes (Ralph et al. 2002) to the adjustment of light-
harvesting pigment concentrations over relatively long time scales involving weeks
to months (Cummings and Zimmerman 2003; Celebi 2016). Carbon limitation of
photosynthesis combined with high O, concentration in the leaf epidermis also
appears to promote the dissimilatory photorespiration reaction of Rubisco (Buapet
etal. 2013; Celebi 2016). The photorespiratory pathway is often considered a waste-
ful relic of this enzyme’s evolution in a high-CO, world because it lowers the effi-
ciency of photosynthesis by oxidizing carbon substrates from the Calvin cycle (Xue
et al. 2010), reducing net photosynthesis by 25% or more. In doing so, however,
photorespiration may provide a CO,-responsive “clutch” that facilitates the turnover
of Rubisco and maintains the flow of electrons generated by photosystem II, thereby
preventing photoinhibition in even the highest light environments.

It is ironic to consider that increasing the atmospheric concentration of CO,,
perhaps the most significant global impact of anthropogenic climate change, may
offset some of the insults visited on seagrass populations by anthropogenic eutro-
phication and climate warming. Our ability to develop a predictive understanding of
the future trajectory of seagrass-based ecosystems to climate change will require a
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greater mechanistic understanding of the physiological and genomic responses of
these remarkable submerged vascular plants to the simultaneous impacts of ocean
acidification, climate warming, and eutrophication that are altering ecosystem func-
tion across the globe. In the case of seagrass systems, CO, appears to be a master
variable that can exert significant impacts on light requirements, temperature toler-
ance, and even reproductive success. However, even among those species exhibiting
initial positive responses to increased [CO,], long-term effects can be difficult to
predict (Arp 1991; Woodward 2002). In terrestrial systems, higher rates of carbon
fixation can increase nutrient demand and/or dilute the nutritional quality of plant
biomass, producing a cascade of effects on rates of grazing and decomposition
(Field and Mooney 1986; Cotrufo et al. 2002). Further, ocean acidification resulting
from increased atmospheric CO, may produce significant impacts on organisms,
particularly calcareous species that presently serve to keep leaf epiphytes and algal
competitors in check (Hall-Spencer et al. 2008).

Clearly, seagrasses possess a number of characteristics that are consistent with
the paradigm of adaptation, yet CO, limitation of photosynthesis demonstrates that
they are less than perfectly adapted to a submerged aquatic existence. Like the pan-
da’s thumb (Gould 1978), these less-than-perfect features may help reveal the con-
straint of evolutionary history on the optimization of systems-level performance in
this remarkable group of aquatic angiosperms that we are just beginning to
understand.
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Chapter 9

Gas and Liquid Chromatography-Mass
Spectrometry-Based Metabolic Profiling
of Marine Angiosperm Zostera muelleri
(Alismatales, Zosteraceae)

Unnikrishnan Kuzhiumparambil, Manoj Kumar, and Peter Ralph

Abstract Seagrasses are monocotyledonous marine flowering plants that are con-
sidered lungs of the sea and are the most intense carbon sinks on the planet, deliver-
ing a range of ecologically and economically valuable biological services. In this
study, we report the chemical fingerprint of Zostera muelleri using an untargeted
metabolomic approach. High-performance liquid chromatography-mass spectrom-
etry (HPLC-MS) and gas chromatography-mass spectrometry (GC-MS) were per-
formed to study the metabolic profile of Z. muelleri. A total of 98 metabolites
belonging to various chemical classes including flavonoids, phenolics, lipids, fatty
acids, sugar alcohols and amino acids were identified, including two characteristic
marker compounds of the genus, zosteric acid and rosmarinic acid. Chromatographic
profiling yield a comprehensive map for the chemical constituents of Z. muelleri,
and this method can be used as an effective and convenient approach to gain insights
into the chemical composition of other seagrasses.

Keywords Seagrass * Zostera muelleri  Metabolomics ¢ GC-MS ¢ LC-MS -
Primary and secondary metabolites
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9.1 Introduction

Seagrasses are marine angiosperms that colonize coastal and estuarine sediments
and play an important role in coastal food webs, carbon sequestration, sediment
stabilization and nutrient cycling (Orth et al. 1976). Seagrasses are amongst the
most productive aquatic autotrophic organisms on a global scale (Duarte and
Chiscano 1999). Zostera muelleri, commonly known as eel grass, is a marine flow-
ering plant that forms extensive meadows in sheltered soft-bottom habitats along
North Atlantic and North Pacific temperate shores (Engle and Miller 2003).

Very few chemical and biological studies have been reported on Z. muelleri so
far; however Z. marina, a related species, has been well studied on chemical and
biological aspects. Pharmacological effects of Z. marina including antibiotic, anti-
oxidant, nematicidal antimicrofoulant, antibacterial and anti-Labyrinthula proper-
ties have been reported (Kim et al. 2004; Custddio et al. 2016; Zidorn 2016). An
in vitro cytotoxic activity of Z. marina to selectively reduce the viability of tumor-
ous neuronal cells has also been recently demonstrated (Custédio et al. 2016). The
most important constituent of Zostera spp. is zosteric acid, which is the most
intensely studied natural product from seagrasses, to which the antimicrofoulant
activity is attributed. Experimentally prepared silicone-based coatings containing
zosteric acid have proven to delay microfouling. Nematicidal and antibacterial
effects are attributed to rosmarinic acid (Achamlale et al. 2009). Other constituents
reported in Zostera spp. include apigenin-7-O-f-D-glucoside, chrysoeriol, gallic
acid, gentisic acid, p-hydroxybenzoic acid, vanillic acid, coumaric acid, caffeic acid
and ferulic acid (Kim et al. 2004, Zidorn 2016, Grignon-Dubois and Rezzonico
2012, Quackenbush et al. 1986, Kawasaki et al. 1998, De Leeuw et al. 1995). Even
though the presences of few other sulphated molecules have been reported, their
molecular structure is still unknown (Zidorn 2016).

Big ambiguity remains on the chemical diversity amongst seagrass taxa. Due to
the exposure of seagrasses to a number of unique environmental challenges, as well
as submersed lifestyle, a high diversity of defence chemicals are expected. A com-
prehensive investigation on the composition of Z. muelleri with the aid of new ana-
Iytical techniques is lacking. Lack of metabolite information makes it difficult to
understand the pathways leading to the synthesis of secondary metabolites, their
enzymes and regulation by external stimuli or their roles in plant defence mecha-
nism (Farag et al. 2012).

Chromatography coupled with mass spectrometry has become an indispensable
tool to elucidate the structure information without isolation and purification.
Metabolic profiling using these techniques can resolve individual chemical compo-
nent into separate peaks, enhancing the opportunity to uncover novel or minor
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metabolites and can provide advanced, simple and real-time means of metabolome
analysis (Vaclavik et al. 2011). The objective of this study was to identify the metab-
olites in Z. muelleri using LC-Q-TOF (quadrupole time of flight)-MS and GC-MS.

9.2 Material and Methods

9.2.1 Chemicals

Methanol and acetonitrile (LC-MS grade) were obtained from Chem-Supply
(Gilman, SA, Australia) and Merck (French Forest, NSW, Australia). Milli-Q grade
water was used for all LC analysis. Formic acid, 2-amino anthracene and pentafluo-
robenzoic acid were obtained from Sigma Aldrich (Castle Hill, NSW, Australia).

9.2.2 Extraction and Sample Preparation
9.2.2.1 Gas Chromatography-Mass Spectrometry (GC-MS)

Metabolites were extracted using 500 pL extraction solution per 30 mg of lyophi-
lized leaf powder (90% methanol with three internal standards, 100 pM labelled
valine, 10 pM labelled sorbitol, 10 pM ribitol). Samples were incubated 20 min at
65 °C and 1250 rpm incubation in a thermomixer and then centrifuged for 3 min at
20,800xg at 65 °C. An aliquot of 60 pL of supernatant was transferred into a glass
insert and evaporated to dryness in a vacuum evaporator for 3 h at ambient tempera-
ture. Glass inserts were transferred to a 2 mL GC vial and capped with magnetic
crimp top.

Samples were derivatized using a CTC autosampler: 20 pL of 20 mg/mL methox-
ylamine in pyridine were added. Samples were incubated at 37 °C for 2 h while
agitating at 750 rpm. Later, 20 pL. N-methyl-N-(trimethylsilyl)trifluoroacetamide
(MSTFA) was added and incubated at 37 °C for 30 min, while agitating at 750 rpm.
Later, an aliquot of 1 pL was injected onto the GC-MS.

9.2.2.2 Liquid Chromatography-Mass Spectrometry (LC-MS)

Finely powdered freeze-dried material (20 mg) was weighed into a 1.5 mL
Eppendorf tube. 400 pL of 100% MeOH solution containing internal standards was
added and samples were vortexed for 3 min followed by incubation for 30 min at
25 °C. The samples were spun down in a microcentrifuge at 13,000 rpm for 10 min.
Supernatant was collected and remaining pellet was re-extracted twice using 100%
MeOH (400 pL) and 200 pL H,O (Milli-Q), respectively, using the protocol as
above. Combined extracts were stored at —80 °C until further analysis.
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9.2.3 Instrumentation
9.2.3.1 GC-MS

The samples were run on a 7890A GC coupled to a 5975C MSD (Agilent); the col-
umn used was a VF 5 ms 30 m x 250 pm x 0.25 pm with a 10 m guard column
(Agilent J&W). The carrier gas was helium and the column flow was 1 mLmin=".
The temperature gradient of the oven was set initially at 70 °C for 1 min and then
increased by 7 °C per minute to 325 °C. The inlet, thermal auxiliary, MS source and
MS quadrupole temperatures were set to 250 °C, 280 °C, 230 °C and 150 °C,
respectively. The scan range was m/z 50—600. Metabolites were identified in ADMIS
version 2.72 (NIST) using the Metabolomics Australia in-house library and NIST
14 library version 2.2 for mass spectral comparison.

9.2.32 LC-MS

Instrument and LC-MS setup were as follows: LC-MS system (Agilent 6520 QTOF,
Santa Clara, CA, USA) with a dual sprayer ESI source and attached to Agilent 1200
series HPLC system (Santa Clara, CA, USA) comprised of a vacuum degasser,
binary pump, with a thermostated autosampler and column oven. The MS was oper-
ated in positive mode using the following conditions: nebulizer pressure 30 psi, gas
flow rate 10 L/min, gas temperature 300 °C, capillary voltage 4000 V, fragmentor
150 and skimmer 65 V. The instrument was operated in the extended dynamic range
mode with data collected in m/z range 70-1700. Chromatography was carried out
using Zorbax Eclipse XDB-C18 column (2.1 x 100 mm, 1.8 pm column, Agilent)),
maintained at 40 °C (x 1 °C) at a flow rate of 400 pL min~' with a 20-min run time.
A gradient LC method was used with mobile phases comprised of (A) 0.1% formic
acid in deionized water and (B) 0.1% formic acid in acetonitrile. Gradient: A 5-min
linear gradient from 5% solvent (B) to 30% solvent (B), followed by a 5-min linear
gradient to 30% solvent (B) to 100% solvent (B), and then a 5-min hold at 100%
solvent (B) and a 4-min re-equilibration at 5% solvent (B). Additionally, targeted
MS/MS analysis was performed using Agilent 6510 Q TOF (Santa Clara, CA, USA)
following the chromatographic conditions as detailed above. The MS parameters
used were as follows: m/z 100-950 (MS/MS); capillary voltage, 3500 V; nebulizer
pressure, 30 psig; gas flow, 5 L/min; gas temperature, 325 °C; fragmentor voltage,
160 V; collision energy, 15 and 25 eV; and skimmer voltage, 65 V.

9.2.4 Chromatographic Peak Identification

Molecular feature extraction was conducted using Agilent MassHunter Profinder
(version B.06.00) and MassHunter Qualitative analysis (version B.07.00). Putative
molecular feature identification was done by accurate mass (<10 ppm) and retention
time (<0.3 min) matching using an in-house library maintained at Metabolomics
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Australia. Additional peak identification was carried out by accurate mass (<10 ppm)
matching using METLIN database, by manually interpreting the mass spectra, con-
sidering the data obtained from literature and fragmentation pattern of the com-
pounds. Samples were analysed in triplicates and only those molecules identified in
all the three samples are reported.

9.3 Results and Discussion

In this study, the metabolite profile of Z. muelleri was analysed. A total of 63 com-
ponents were identified in the GC-MS analysis accounting for >90% of the total
peak areas. This could be classified into four metabolite categories: organic acids
(40%), sugar and sugar alcohols (25%), amino acids (23%), phytosterols and others
(10%). A list of annotated molecules using GC-MS is listed in Table 9.1.
Forty-four metabolites were annotated using LC-MS analysis. Identified metab-
olites belonged to various classes including phenolic acids, amino acids, sugar alco-
hols, flavonoid glycosides/methyl ether derivatives and fatty acids. Based on
metabolite identification, LC-MS chromatogram of Z. muelleri indicated three main
regions, 0.6—1.5 min with eluted peaks linked to amino acids and sugar, 3.5-7.2 min
for organic acid and flavonoids and 11-13 min for fatty acid and derivatives. The
compounds annotated from Z. muelleri using LC-MS is summarized in Table 9.2.

9.3.1 Identification of Rosmarinic Acid and Zosteric Acid

Earlier studies have reported rosmarinic acid and zosteric acid as the marker com-
pounds of Zostera species (Quackenbush et al. 1986). Rosmarinic acid, a dimer of
caffeic acid, was characterized by the presence of molecular ion at m/z 361.0922
and fragments at m/z 343.0815 (M + H-18, loss of water molecule), 181.0494
(M + H-180, loss of caffeic acid and m/z 163.088 (M + H-198, loss of R(+)-B-(3,4-
dihydroxyphenyl) lactic acid) (Barros et al. 2013; Taamalli et al. 2015). The molec-
ular ion peak at m/z 245.0110 (Rt 3.48 min) was assigned to zosteric acid. Targeted
QTOF analysis in negative ion mode showed product ions at m/z 198.991 and
163.038 corresponding to loss of carboxylic acid (—COOH) and sulphonic acid (—
SO;H), respectively, thus indicating the peak as zosteric acid.

9.3.2 Profile of Z. muelleri

In the last few decades, considerable progress has made in identifying secondary
metabolites in seagrass using targeted and/or non-targeted metabolomic approaches.
Several studies have demonstrated the high existence of natural secondary
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metabolites wherein some have focused on their bioactive potential (Papenbrock
2012; Subhashini et al. 2013). However, considering almost 72 species of seagrasses
distributed across the globe, only few have been examined for natural bioactives and
their associated role. So far, seagrass Posidonia oceanica is the only most studied
species with the identification of almost 51 natural compounds belonging to phe-
nols, phenyl-methane/ethane/propane and their derivatives and flavonoids (Zidorn
2016; Subhashini et al. 2013). These secondary metabolites have been suggested to
play crucial role not only for growth and development but also in defence from
environmental stress, pathogen attack and herbivory (Kumar et al. 2016).

The importance of primary polar metabolites (such as sugars, TCA intermedi-
ates, amino acids, and/or polyalcohols) as taxonomical and physiological traits has
also been well reported. In this study, 24 amino acids and 16 compounds related to
“sugar and derivatives” were detected (Tables 9.1 and 9.2). Sugars, amino acids and
organic acids are the major energy sources for photosynthesis and respiration in
plants. Sugars, as a carbon source, provide the energy required for growth and
development, and amino acids, as a nitrogen source, promote rapid growth.

In recent years, the role of primary metabolites in stress physiology of seagrasses
has been reported. A metabolomic study on diurnal effects of anoxia in Z. marina
identified varied expression levels of lactate, pyruvate, GABA (y-aminobutyric
acid), succinate, alanine, glutamate and glutamine. It was suggested that the func-
tion of the alanine-GABA shunt was to mitigate the toxic effects of lactate or etha-
nol produced during anoxic condition, by providing an alternative route for pyruvate
metabolism. Also, alanine and GABA accumulation together with glutamate and
glutamine allowed carbon and nitrogen storage during anoxia, and this would pro-
vide energy for metabolism upon re-establishment of normoxic conditions (Hasler-
Sheetal et al. 2015). Another study on adaptive mechanism for chronic heat stress in
Z. marina and Z. noltii have identified sucrose, fructose and myo-inositol as the
most responsive metabolites (Gu et al. 2012). Given the osmoprotective function of
sugars, the accumulation of myo-inositol in both species was suggested to act as a
substrate to generate protein-stabilizing osmolytes such as di-myo-inositol phos-
phate. Further, differential expression of primary metabolites, particularly sugars
such as glucose and fructose, has been reported in Z. marina under light stress con-
ditions (Hasler-Sheetal et al. 2016). Therefore, identification of these metabolites
and studying their regulation under stressful environment can provide insights on
the acclimation and/or tolerance mechanism of Z. muelleri (an abundant species of
Zosteraceae family in Australia) under the scenario of global climate change.

In both terrestrial and sea plants, shikimate pathway has been evident as the
major pathway for the synthesis of phenylpropanoid and flavonoid derivatives form-
ing the bulk of metabolites (Zidorn 2016; Papenbrock 2012). In the present study,
phenolic acids such as caffeic, rosmarinic, zosteric and ferulic acid and
3-hydroxycoumarin were detected as major phenolic acids with homovanillic being
identified for the first time in Zostera species. The identified phenolics were either
hydroxybenzoic acid or hydroxycinnamic acid derivatives. An array of phenolic
compounds such as coumaric acid, caffeic acid, ferulic acid, vanillic acids and ros-
marinic acid have also been reported from leaf samples of P. oceanica and Z. marina
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(Subhashini et al. 2013; Cuny et al. 1995; Haznedaroglu and Zeybek 2007). Zosteric
acid is the marker bioactive isolated from various Zostera species and was first dis-
covered in Z. marina (Todd et al. 1993). Zosteric acid is a phenylpropane derivative
(p-(sulphoxy) cinnamic acid) with huge antifouling activities. Zosteric acid has
been documented to inhibit colonization of bacteria and fungus thus hinders their
biofilm formation and offers a zosteric acid as a promising broad spectrum antifou-
lant [hindering biofilm formation with zosteric acid]. Another major biomarker phe-
nolic in Zostera species in rosmarinic acid identified in this study is caffeoyl ester,
which has diverse applications from food preservatives to cosmetics due to its high
antioxidant activity. Rosmarinic acid isolated from Z. marina and other species
exhibited nematicidal, antibacterial and algicidal activities (Wang et al. 2012; Laabir
et al. 2013). The identified phenolics in this study have been shown to exhibit anti-
Labyrinthula activity isolated from Z. marina as natural defence against this patho-
gen (Vergeer and Develi 1997). In seagrasses, phenolics have been shown to
accumulate considerably in most of the adverse conditions caused by environmental
stress such as high light and salinity fluctuations. In contrast, recently a noticeable
loss in phenolic substances (vanillin, coumaric and ferulic acid, proanthocyanidins)
has been observed in seagrass Cymodocea nodosa, Ruppia maritima and
Potamogeton perfoliatus with high grazing rate during ocean acidification condi-
tions. These observations temper the recent predictions that seagrass would neces-
sarily be “winners” in a high CO, world.

Flavonoids are another class of major metabolites identified in this study. In sea-
grasses, the polyphenolic flavonoids generally exist as flavones, flavonols, flava-
nons, flavanols and anthocyanidins and are synthesized from a common
precursor — phenylalanine. In the present study, the identified flavonoids include
flavonoid glycosides (luteolin 4'-glucoside and luteolin 5-(6"-malonylglucoside)),
sulphated flavonoids (luteolin 4'-sulphate, luteolin 4'-methyl ether 3'-sulfate and
apigenin 7-sulphate), flavone (luteolin and 5,2',5'-trihydroxyflavone) and flavanol
(kaempferide). Sulphated flavonoids are of particular interest due to its role in plant
physiology as a growth regulator and its ability to form stable complexes with other
flavonoids. They are also well known for various biological activities such as anti-
inflammatory, antiviral and antitumour activity (Subhashini et al. 2013). We reported
here for the first time the existence of luteolin 3'-methyl ether 7-sulphate in Z. muel-
leri; however, this requires further confirmatory analysis. Seagrasses Halophila,
Enhalus, Thalassia and Zostera species have been the most studied for the presence
of sulphated flavonoids, with no record of such flavonoids in Posidonia sp. A con-
siderable accumulation of flavonoids such as luteolin 7-sulphate and luteolin
7,3’-disulphate has been observed in Z. marina as a strategy of chemical defence to
inhibit marine microorganism (Enerstvedt et al. 2016). In our study, luteolin 4’-glu-
coside and luteolin 5-(6”-malonylglucoside) are the only flavonoid glycosides that
we observed. The existence of luteolin 7-O-glucoside, diosmetin-7-O-glucoside (Z.
marina and Z. nana) and luteolin 7-O-glucoside (Z. noltii) suggests that Zostera
spp. are strong enough to synthesize these flavonoid derivatives in stressful aquatic
environment (Zidorn 2016; Subhashini et al. 2013). Similar to our findings, the
presence of malonylated flavone glycoside derivatives has also been observed in
Halophila stipulacea (Papenbrock 2012).
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Recently, the presence of flavone glycoside thalassiolin B in significant concen-
trations from 7. testudinum (partially characterized using 1H NMR and LC-MS)
was reported which was capable of inhibiting the growth of Labyrinthula sp.
(Vergeer and Develi 1997). Furthermore, various flavonoids such as luteolin, api-
genin, luteolin-3'-glucuronide and luteolin-4-O-glucuronide have also been isolated
and characterized by HPLC/MS" and NMR from 7. testudinum and Enhalus acoroi-
des with anti-feedent and anti-larval activities against Spodoptera litura and Bugula
neritina larvae (Vergeer and Develi 1997). Luteolin from leaf tissues of 7. testudi-
num has also been shown to inhibit the settlement of motile zoospores of the protist
Schizochytrium aggregatum.

The most abundant lipid classes defined in seagrass species are fatty acids, ste-
rols and hydroxyl fatty acids. Free fatty acids and amides such as y-linolenic acid,
myristic acid, palmitoleic acid, docosahexaenoic acid, 10,12,14-octadecatrienoic
acid, palmitic amide, oleamide and stearamide and steroidal compounds
[-sitosterol, campesterol and stigmasterol were identified in this study. However, it
should be noted that the extraction protocol in this study was not lipid specific and
hence the fatty acid and derivatives identified in this study may not be conclusive.
Many targeted and non-targeted GC-MS-based metabolomic approaches have
revealed fluctuations in fatty acid composition in marine plants exposed to various
biotic and abiotic stresses. An enhanced proportion of oleic acid and linoleic acid
with a parallel decrease in palmitoleic acid was observed in marine macrophyte
Gracilaria corticata and Ectocarpus siliculosus at hypersalinities in contrast to
hyposalinity (Kumar et al. 2016). Higher PUFAs accumulation was suggested as
an adaptive strategy to maintain greater membrane fluidity, to stabilize the protein
complexes of PSII and to control the physicochemical properties of membranes,
such as the increased activity of the Na*/H* antiporter system of the plasma mem-
brane in order to cope with hypersalinity stress (Kumar et al. 2016). Phytosterols
play important role in plant adaptation to temperature and are also involved in the
regulation of temperature involved membrane dynamics (Ribeiro et al. 2014).
Sterols such as 24-ethylcholest-5-en-3/-ol, 24-ethylcholesta-5,22E-dien-3/-ol and
24-methylcholest-5-en-33-0l have been previously reported from Z. muelleri
(Gillan et al. 1984).

9.4 Conclusion

In this study, we demonstrate the potential of MS-based metabolite profiling for
analysing a broad spectrum of metabolites in seagrasses. Information on metabo-
lites is integral for linking genotype and phenotype and thus has a significant role
in the development of system biology approaches in marine systems. The metabo-
lite information of Z. muelleri attained in this study can provide a better insight
into the biochemical composition of the species. However, it is highly likely that
results of metabolomics when integrated with allied omic platform such as
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transcriptomics or proteomics will further deepen our understanding on system
biology and to discover new biomolecules and metabolic pathways that are crucial
for survival process of marine macrophytes in response to global climate change.
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Chapter 10
Marine Microalgae: Systems Biology
from ‘Omics’

Justin Ashworth

Abstract Marine biological systems are vast, productive, long-lived, dynamic, and
complex. The oceans are fed and balanced primarily through photosynthesis and
nutrient cycling by ubiquitous marine microalgae, including cyanobacteria, found
thriving even in vast nutrient-limited pelagic deserts, and larger eukaryotic phyto-
plankton, whose genetic and functional diversity appear substantially more complex
and understudied than initially expected. The rapid complete sequencing of envi-
ronmentally relevant genomes has provided the first precise molecular descriptions
of complete biological systems. Metatranscriptomic data quickly and easily provide
intercomparable system-wide and conditionally relevant functional information.
Environmental proteomics are able to directly identify functional protein biomark-
ers of nutrient conditions. The integration of comprehensive molecular data
(genomes, transcriptomes, proteomes, metabolomes) into models capable of rigor-
ous hypothesis testing and prediction constitutes a new way to study the connec-
tions between genotype and phenotype, phenotype and environment, species and
ecosystems, and interspecies evolution and adaptation. To date, marine microalgae
are the first and most extensively studied marine organisms in terms of their func-
tioning as coalescent molecular systems. The richness of data, systematic integra-
tion, and predictive models therein set a new example for the broad new study of
marine life at unprecedented detail and comparability, promising answers to broad
new scientific, statistical, and quantitative questions of critical concern for the pres-
ent and future functioning and adaptability of the world’s oceans.

Keywords Systems biology ® Marine microeukaryotes ® Transcriptomics ® Diatoms
* Microalgae ¢ Data-driven science ® Metagenomics ® Metatranscriptomics ¢ Gene
expression ¢ Environmental microbiology

J. Ashworth (>4)
Climate Change Cluster, University of Technology Sydney, Sydney, NSW, Australia
e-mail: Justin.Ashworth@uts.edu.au

© Springer International Publishing AG 2017 207
M. Kumar, P. Ralph (eds.), Systems Biology of Marine Ecosystems,
DOI 10.1007/978-3-319-62094-7_10


mailto:Justin.Ashworth@uts.edu.au

208 J. Ashworth

Contents

TO. 1 INEEOQUCTION ....ttiitieiiestieie ettt ettt ettt ettt et et e sae et e seee s e ense e st e nbeeneeeseenseentensaensennes 208
10.2  Systems Biology ................. ... 209
10.3 Marine Microalgal Genomics ....... .. 210
10.4 Marine Microalgal Transcriptomics.. 212
10.5 Proteomics and MetabOIOMICS ......c..eueveuiirieuirieiiieiiieicieteeetee ettt 214
10.6 Integration and Meta-analySiS........cccovirererieierieiieieirieeieeiest ettt 215

10.7  Prediction and Synthesis
References.........ccccovevvivininiccnnns

10.1 Introduction

Marine systems are vast, productive, long-lived, dynamic, and complex. However,
they are also finite and sensitive and can be overwhelmingly altered or impacted by
strong short-term pressures of environmental or human origin. As these pressures
and impacts proceed in the natural environment, it is crucial to consider questions
about how these systems function and respond to change. What feeds and balances
marine ecosystems? How do biooceanographic processes vary geographically,
genetically, functionally, and in accordance with environmental change? What are
the strengths and weaknesses of marine systems, and what are the ways in which
they are likely to adapt to future ocean conditions? Can we transform detailed
observations of past and present systems into valuable predictions and answers to
present and future questions?

Marine ecosystems are fed and balanced primarily by the photosynthesis and
nutrient cycling ubiquitous marine microalgae. The biology, photosynthesis, and
life cycles of these organisms have adapted, evolved, diversified, and colonized all
parts of the diverse and dynamic oceans, providing a food source and biogeochemi-
cal shuttle that sustains almost all other sea life. The ubiquity and critical function
of robust primary productivity by marine microalgae are now wholly evident and
fundamentally accepted (Falkowski 1997; Falkowski et al. 1998). However, the true
complexity, variability, and adaptive paths that govern wild marine microbial sys-
tems now and in future scenarios are far from entirely measured or understood.

Broad and precise new capabilities now exist to measure and model the identi-
ties, distribution, dynamics, and functions of cellular processes operating in biologi-
cal systems. More importantly, new questions can be addressed holistically based
upon these increasing data (Karsenti et al. 2011). How do marine organisms balance
their complex physiologies and cellular states in order to persist, thrive, and pro-
duce? What are the organized systems of genes and proteins that have specifically
evolved to sense, respond, and catalyze these processes? How do these diverse and
highly evolved unicellular machines manage to cope with dynamic and challenging
conditions? What are the chemical species and processes that crucially mediate
competitive and cooperative exchange? How do numerous evidently co-occurring
species truly co-exist? How quickly can these functions adapt to new changes, and
which features of biological systems are most subject to novel environmental and
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evolutionary selection pressures? What do these details mean for ecosystem dynam-
ics and larger ocean processes now and in the future?

These and other important questions are now theoretically addressable through
(a) well-reasoned scientific thinking and experimentation, (b) collection of relevant
comprehensive molecular data (genomes, transcriptomes, proteomes, metabo-
lomes), and (¢) systematic, robust, and scientific methods of data interpretation,
aggregation, analysis, modeling, prediction, and validation.

10.2 Systems Biology

The specific organization and intrinsic biological programs operating within living
cells in their environments define their functional and ecological roles. Cast about
randomly in a marine environment, the millions of highly specialized biomolecules
inside a cell would accomplish very little, fail to self-replicate, and quickly cease to
exist. Simply cataloging their presence individually in that case would mean equally
little: it is the programmed and compartmentalised coordination of these biomole-
cules that govern their existence and functions. The systematic co-organization of
nucleic acids, proteins, metabolites, and systems by millions of years of evolution-
ary selection results in irreducible and interconnected processes. This integrative
nature is essential to their functions and relevance, and this thinking motivates and
defines “systems biology” as a scientific discipline (Ideker et al. 2001). It is not
simple however to accurately, rigorously, and scientifically measure, model, and
study biological systems in an integrative or exhaustively detailed manner.

Biological systems can be defined at many levels: a single metabolic pathway,
signaling cascade, or set of coevolving gene functions; each operates as a molecular
system. The outward functions of these systems are defined (and selected upon) as
much by their coalescent properties as a whole, as by the functions of their indi-
vidual components. These small systems do not function or make sense except in
the context of the additional information contained within their coevolving proper-
ties and interactions. No protein, gene, or environmental response mechanism oper-
ates in isolation; the operation of one biomolecule, phenotype, or gene depends on
the functions and identities of others. Viruses, organelles, cells and tissues, organ-
isms, populations, and ecosystems are all complex biological systems, whose rele-
vance and operation similarly cannot be reduced to individual parts without missing
critical information. Likewise, the relevance and specific effect or response of any
single environmental variable can only be understood or predicted in the context of
co-varying conditions. The unique and irreducible information stored within the
context and arrangement of a biological system in its dynamic environment is essen-
tial to understanding its nature and operation—and the principles and theories
therein are as important to study, measure, model, and predict as the properties of
single genes, proteins, or metabolic components.

The importance of this “systems-level” thinking has long been recognized (von
Bertalanffy 1968) but seldom easily or scientifically addressed. Billions of
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microorganisms teem in most marine waters, and the genomes of even the simplest
among them encode for thousands of active biomolecules. The coalescent behavior
of these numerous variables is often limited to outward observations, measure-
ments, and qualitative classifications: cell size, growth rate, fluorometry, and ele-
mental contents. However, the complex, dynamic, and interacting molecular and
genetic parameters that give rise to emergent biological functions must be explicitly
considered in order to reach sufficient or predictive answers to many fundamental
questions. For example, certain species dominate others, depending on environmen-
tal factors. The cyanobacteria thrive in nutrient-limited pelagic waters (Zwirglmaier
et al. 2008), while the large eukaryotic phytoplankton tend to dominate in areas
abundant in macronutrients (de Vargas et al. 2015). But why is this? What combina-
tions gene functions have critically coevolved into these divergently optimized
systems-level properties? Which emergent properties of their molecular systems
produce their respective advantages? What are the constraints and boundaries on
their niches and adaptabilities? What are the minimum molecular and genetic differ-
ences (among many) required to explain and account for the outward differences
between species? How have proliferative, competing, or cooperating species
coevolved or co-opted advantages to become successful in each other’s niches
through evolution, gene transfer, and symbiosis? What are the possibilities and
opportunities for this to continue and change in new and future environments?

The consideration of complex molecular, genetic, ecological, and environmental
data and models becomes necessary in order to accurately and scientifically answer
questions like these. The advent of efficient large-scale comprehensive molecular
data collection (genomics, transcriptomics, proteomics, metabolomics, etc.) now
offers broad and explicit information that can help to explicitly link genotype to
phenotype, phenotype to environment, species to ecosystems, and intra- and inter-
species evolution to adaptation. The amount of new data available is immense and
is superseded in importance and opportunity only by a careful focus on biological
questions, well-conceived hypotheses, and measurements and experiments designed
to address them.

10.3 Marine Microalgal Genomics

The first comprehensive molecular data rapidly, efficiently, and completely col-
lected for living systems were arguably the first microbial genomes (Fleischmann
et al. 1995; Fraser et al. 1995, 1997, 1998; Bult et al. 1996). The rapid, systematic
sequencing of genomes provided the first precise molecular descriptions of com-
plete biological systems. Every functional biomolecule in the organism is encoded
or imprinted in its genome, as well as the hardcoded portion of the biological pro-
gram that controls its physiology, metabolism, life cycle, responses to change,
potential for interactions with the extracellular environment, evolutionary history
and relationships, and heritable capacity to genetically evolve new functions, adap-
tations, and emergent properties. The whole genome of an organism is necessary
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(but not sufficient) to fully understand and consider its biology and its current and
future capabilities.

Prokaryotic Microalgae The most ubiquitous marine microalgae are the cyano-
bacteria, including the genera Prochlorococcus and Synechococcus. These are
found thriving throughout marine systems, including throughout vast nutrient-
limited pelagic deserts where organic nitrogen, phosphorus, iron, or silicate are
insufficient for larger microalgae to thrive. The genomes of Prochlorococcus and
Synechococcus are approximately 1.5-2.5 Mbp in length and contain between 1000
and 2500 genes (Dufresne et al. 2003; Palenik et al. 2003; Rocap et al. 2003), typi-
cally including all of the genes necessary for photosynthesis. These genomes appear
remarkably streamlined in comparison to the 4.6Mbp genome of the E. coli bacte-
rium, consisting of approximately 4300 genes (Blattner et al. 1997). It is hypothe-
sized that the small genome sizes of cyanobacteria are optimized for nutrient-limited
environments (Bentkowski et al. 2017).

Eukaryotic Microalgae The first fully sequenced marine microeukaryote genomes
have revealed a surprising genetic and physiological complexity hidden within
seemingly simple unicellular plankton. The genome of the siliceous “cosmopolitan”
diatom, Thalassiosira pseudonana, the first diatom sequenced due to its ubiquity
and compact genome size (32 Mbp), consists of 24 chromosomes and encodes an
estimated 11,390 genes (Armbrust et al. 2004). Roughly half of these genes bear no
confident similarity to any other genes of known function. The genome of
Phaeodactylum tricornutum, the second diatom to be sequenced, similarly encodes
over 10,000 genes, only about half of which bear detectable similarity to those
found in T. pseudonana, despite only ~90 million years of divergent evolution
between the two species. Both of these marine microeukaryote genomes imply a
complexity greater than that of the first fully sequenced microeukaryote, the yeast
Saccharomyces cerevisiae, the 12 Mbp genome of which consists of ~6000 genes
(Goffeau et al. 1996). Similarly, the ~120 Mbp genome of the freshwater microalga
Chlamydomonas reinhardtii harbors a surprisingly complex genome encoding
~16,700 genes (Merchant et al. 2007), less than 3000 of whose products bear confi-
dent similarity to those encoded in the genomes of 7. pseudonana (Armbrust et al.
2004) or P. tricornutum (Bowler et al. 2008). The collection of microalgal genomes
is rapidly expanding, including several additional diatom (Lommer et al. 2012;
Traller et al. 2016; Mock et al. 2017; Basu et al. 2017) and dinoflagellate (Lin et al.
2015) genomes now available for research into these lesser understood phyla. In
addition to this, at least hundreds of new genomes and millions of new putative
protein coding genes have been cataloged by the latest exploratory and integrative
oceanographic efforts (de Vargas et al. 2015).

Marine Microbial Metagenomes Within any water sample or marine ecosystem,
there are multiple genomes present, numbering from the tens to trillions, depending
on scale. The specific repertoires of variously encoded functions and alleles in any
sample define the genetic potential of biological processes in that context and spec-
ify salient functions and features that are adapted to exist in the environment from
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which the sample was collected. The genomic information typically observed in
marine environments is inexhaustibly complex and difficult to assemble or reduce
(Gilbert and Dupont 2011; Iverson et al. 2012). Nevertheless, the sample-specific
richness of taxonomy, diversity, allele distribution, and function gained through
high-depth short-read sequencing of environmental samples quickly yields critical
information to understand the aggregate nature and properties of marine microbial
systems (Venter et al. 2004; Sunagawa et al. 2015). The genome, however, is largely
passive and inactive and merely a source code in all living systems. In order to
understand how the information stored and transmitted in genomes relates to
biology itself, it is necessary to consider the messages and biomolecules transcribed
from genomes to perform cellular functions.

10.4 Marine Microalgal Transcriptomics

The primary (and likely most ancient) dynamically encoded information in the cell
is contained within RNAs conditionally and flexibly transcribed to and from the
functionally inactive genome. Fortunately, this is also now relatively comprehensive
and easy information to obtain through high-throughput sequencing. For microeu-
karyotes with large genome sizes and mixed cultures or in environmental samples,
the size and complexity of the expressed transcriptome are significantly smaller in
size than the corresponding whole genome space and by definition contain nearly
all of genetically encoded functional information that is operating under a particular
condition. These information, which are in many cases now readily comprehensive,
provide a wealth of detailed information about crucially acting molecular processes
and the emergent patterns of gene expression that give rise to various cellular states.
While it is necessary but not sufficient to explain the operation of biological sys-
tems, transcriptomic data currently represent the broadest, most sensitive, and most
easily obtainable and intercomparable system-wide functional information that can
be collected for most organisms and biological systems.

The putative biological activities of the proteins produced by typically about half
of all microalgal transcripts can be inferred bioinformatically, and while in some
examples and species the expression levels of proteins can be uncorrelated to the
expression levels of their transcripts, increases or decreases of mRNA transcript
levels are often concordant with changes in the cellular levels of the proteins that
they encode. mRNA sequencing of genetically variable species or environments
also yields nucleotide polymorphisms in conserved and evolutionarily pressured
protein-coding regions that may be linked to spatial, temporal, ecological, evolu-
tionary, and functional divergence. For all of these reasons, a wealth of transcrip-
tomic and metatranscriptomic data has been collected for marine microalgal species
in a very short time. These data can be used to rapidly characterize informative gene
regulatory profiles of biological systems in accordance with varying cellular states
and environments.
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Laboratory Studies The first comprehensive genome-wide expression studies in
marine microalgae consisted of single-species experiments in which whole-
transcriptome microarrays were used to measure changes in the expression of all
genes under various conditions of relevance to the natural environment. These
include tracking the cyanobacterium Prochlorococcus over its day/night cycle
(Waldbauer et al. 2012), measuring the comprehensive responses of the diatom 7
pseudonana to a panel of typical stresses and limitations (Mock et al. 2008), and
interacting factors of the diel cycle, culture density, and nutrient exhaustion
(Ashworth et al. 2013). For the diatoms in particular, abundant transcriptome-wide
expression data have been collected using microarrays and mRNA sequencing
under various laboratory conditions designed to simulate environmental variables.
These include, among others: (1) 7. pseudonana: silica, iron, and nitrogen limita-
tion, low temperature and elevated pH (Mock et al. 2008), iron starvation
(Thamatrakoln et al. 2012), silica starvation and re-supplementation (Shrestha et al.
2012; Smith et al. 2016b), diel growth from exponential to stationary phase
(Ashworth et al. 2013), exposure to the pollutant benzo[a]pyrene (Carvalho et al.
2011), and growth at moderate and elevated CO, levels under moderate and elevated
light and (2) P_tricornutum: silica limitation (Sapriel et al. 2009), acclimation to
high light (Nymark et al. 2009), exposure to cadmium (Brembu et al. 2011), accli-
mation to light and dark cycles (Chauton et al. 2013), exposure to a panel of stresses
and pollutants (Hook and Osborn 2012), darkness and re-illumination (Nymark
et al. 2013), and growth in red, blue, and green light (Valle et al. 2014).

The comprehensive tracking of changes in gene expression over all of these vari-
ous experimental conditions results in a rich and complex picture of transcriptome
dynamics in these organisms (Ashworth et al. 2013, 2016; Levering et al. 2017),
much of which is still yet to be sufficiently studied, understood, and fully applied to
address fundamental questions and predictions with regard to marine systems and
future change.

RNA Sequencing Whole transcriptome RNA sequencing at high depth has become
affordable enough to simplify the process and information necessary to obtain tran-
scriptomic profiles for any species or biological sample. The sequencing of tran-
scribed RNA repertoires through reverse transcription and amplification is powerful
and sensitive and can be informatively classified, quantified, and assembled even in
the absence of corresponding genome sequences. For eukaryotes in particular, the
functional and phylogenetic information density present in transcribed messenger
RNA is high, and the amplification of cDNA improves signal detection—particu-
larly in the case of poly-dT-primed strand synthesis and 3’-directed selective ampli-
fication (Xiong et al. 2017). Laboratory mRNA sequencing studies in marine
microalgae include the profiling of diatoms to transcriptome dynamics at different
levels of carbon dioxide (Hennon et al. 2015), during silica starvation (Smith et al.
2016b), diel cycling combined with iron limitation (Smith et al. 2016a), and an
integrated range of several other environmental, nutrient, and chemical perturba-
tions (Levering et al. 2017). Hundreds of additional new single-strain transcrip-
tomes have been sequenced in order to cover dozens of completely new clades of



214 J. Ashworth

marine microeukaryotes (Keeling et al. 2014), resulting in an atlas of transcribed
and functional coding sequences of unprecedented comparative breadth and depth
against which to integrate and contextualize individual new studies conducted in the
laboratory and in the field.

Metatranscriptomic mRNA sequencing studies, or those conducted on samples
collected in natural marine systems, are beginning to produce a deep and unprece-
dented richness of functional eukaryotic coding sequences operating in wild envi-
ronments. The transcriptomic complexity and response of a wild phytoplankton
community during iron supplementation experiments at sea revealed a rapid and
iron-specific response encoded in native organisms that are evolutionarily and adap-
tively primed to cope with and take advantage of fluctuating iron levels in the North
Pacific Ocean (Marchetti et al. 2012), confirming and expanding upon observations
from related laboratory experiments. Environmentally responsive biological pro-
grams can be identified within these large data sets that help to explain acclimation
and evolved survival mechanisms in unpredecented precision and detail (Marchetti
et al. 2017). Meanwhile, in the Atlantic Ocean, transcriptomics are being used to
more deeply observe and understand the intracellular behaviors and responses of
phytoplankton with respect to nutrient conditions (Alexander et al. 2015). The abil-
ity to track detailed and specific intracellular programs in the natural environment
provides an opportunity to deeply understand what native cellular communities are
really doing as they occupy and experience different marine environments, and this
may soon be broadly automated to study and predict the dynamics of communities
in situ (Ottesen et al. 2013, 2014; Aylward et al. 2015).

10.5 Proteomics and Metabolomics

The majority of unique functional biomolecules in marine systems are proteins, and
the majority of the remainder are metabolites and the products of enzymes. It would
be deeply informative to know the identity and quantity of all proteins, metabolites,
and biomaterials present in a cell or sample from the ecosystem—this could be used
to model and predict metabolic flux—and would be more closely representative of
true physiology and activity than transcript levels, from which the levels and func-
tions of posttranscriptional, posttranslational, and metabolic products may impor-
tantly diverge.

Proteins are more complex polymers than nucleic acids, are complicated to
uniquely separate and identify, and cannot be amplified; unfortunately, unlike for
DNA and RNA, there is no simple way to simply sequence or quantify complex
pools of proteins. Proteomic technologies based on peptide generation, automated
multidimensional separation, and mass spectrometry are now able to finely sample
and detect thousands of different peptides at high resolution, resulting in successful,
albeit noncomprehensive proteomic analyses of microalgae in response to changing
conditions (Nunn et al. 2009; Dyhrman et al. 2012; Nunn et al. 2013).
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Quantification of complex protein pools is also a challenge and is best conducted
using a pool of peptide standards matching the expected proteome. Exhaustive
species-specific prototypic peptides have made this possible for the human pro-
teome (Kusebauch et al. 2016), but this does not immediately translate to other
species, and the theoretical pool of possible peptides in wild environments is pro-
hibitively large for accurate and comprehensive de novo quantification. Nevertheless,
environmental proteomics have been able to directly identify certain functional pro-
teins that present and operate in accord with environmental conditions (Saito et al.
2014), and the proteomic detection and quantification of specifically validated and
informative protein biomarkers may be an important tool for oceanography.

The broad measurement of metabolites and biomaterials in cells and natural sys-
tems similarly relies on adequate chemical separation, unique identification through
mass spectrometry, and validated standards for quantification and thus are similarly
challenging in terms of comprehensiveness and sensitivity compared to amplifiable
nucleic acids. Nevertheless, deep and informative biochemical datasets are emerg-
ing that can be integrated with transcriptomic, proteomic, and environmental data to
obtain cellular models that are predictive of basic emergent cellular properties.

10.6 Integration and Meta-analysis

The critical task and opportunity in systems biology and high-dimensional measure-
ments (including omics) are to coherently integrate and apply these data into forms
that are easily distilled and amenable to testable scientific questions. Some of these
questions include

how do multiple experiments agree? Which aggregate patterns are robust and
unique? Which features are condition specific? What are the informative trends and
relationships between linked but orthogonal components: genome, transcriptome,
proteome, metabolome, phenotype, community, and environment? What is the
organizational and reactive information contained within the system, what are its
constraints, and how is it most likely transmitted?

In the case of transcriptome-wide gene expression, coherent microarray or RNA
sequencing data from many independent experiments can be readily integrated to
discover patterns of co-expression and conditionality that are only evident in aggre-
gation. In the case of microalgae, as in other organisms, this can more powerfully
imply condition-specific units of implied co-regulation and function than individual
experiments alone (Hennon et al. 2015), partition all genes into subgroups of statis-
tical and conditional relatedness within and between species (Ashworth et al. 2016),
and identify core features of apparent conditional metabolic control (Levering et al.
2017). The bioinformatics and integrative construction of metabolic models help to
organize, explain, and predict the flow of metabolites in new microalgal species
(Chang et al. 2011; Nogales et al. 2012; Levering et al. 2016; Kim et al. 2016).
Layering additional data types together into multi-scale models is also in some
sense simple, given adequately comprehensiveness and coherence (Karr et al. 2012).
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This is now also imminently possible for microalgae. Increasingly, deep data collec-
tion and performance-optimised “data-driven” statistics must be intimately applied
to justifiable biological hypotheses in order understand and compare profound and
complex features evident in single cells or entire ecosystems. Modeling ocean pro-
cesses has evidently little do to with the tidy normal distributions and convenient
statistical models that easily obtained in the laboratory. In practice, assumptions
about what to expect in environmental datasets must be very carefully considered,
and designed uniquely to address new questions with statistically valid findings.
The computational challenge alone rivals the prodigious stargazing efforts and bril-
liant scientific advances of the national space programs of the 20th century. The
constellations of biological entities and processes occurring in the world’s oceans
still exceed our ability to fully observe them, or to accurately and predictively model
all of the biological processes operating in balance with changing environments.
This is a major new challenge for 21st century oceanography.

10.7 Prediction and Synthesis

The increasing depth and comprehensiveness available through high-throughput
molecular data collection now parameterizes the operational details of living sys-
tems in typically overwhelming detail. This detail is necessary but not sufficient to
constitute scientific knowledge and utility. The burden is on a [systems] biologist to
demonstrate the soundness, practicality, and relevance of their data, models, and
products to broader fields. How is high-data analysis and modeling useful, informa-
tive, and predictive? For what reasons were these complex data and models invested
in and what is their readily transferable scientific or technological value?

Two applicable aims in this regard are (1) predictions of present and future eco-
system properties and dynamics and (2) predictive testing, optimization, and reen-
gineering of cellular and system-wide properties. The use of complex “whole-cell”
models with predictable aggregate properties could be used to deepen predictions of
genetic and cellular functions that drive ecosystems (Bragg et al. 2010), and
responses and adaptations of species and strains to ecological situations may soon
be modelable as a function of complex, interacting, and adaptable molecular pro-
grams whose inputs, rules, and outputs are predictable. Complementary to pure new
“data-driven” approaches are efficient and multiplexed laboratory experiments that
are able to directly probe the functions and impacts of specific new gene candidates
identified from conditional ‘omics experiments. Two exciting examples of this are
direct and thoroughly demonstrations of the evidently broad effects of transcription
factors and regulatory systems on productive microalgal phenotypes. The direct
experimental knockdowns of single transcription factors identified by targeted tran-
scriptomics experiments in both P. tricornutum (Matthijs et al. 2017) and N. gadi-
tana (Ajjawi et al. 2017) resulted in dramatic changes in metabolism and natural
product profiles, demonstrating the genetic and regulatory flexibility of microalgal
species with regard to microbial engineering.
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The use of whole-cell modeling is also an attractive answer to the challenge
microbial engineering that can probe the bounds and productive potential of micro-
algae. This may be crucial for pathways or cellular functions whose operation
involves multigenic tuning, signaling and regulatory logic, subcellular organization,
or large-scale bulk cell properties and phenotypes. Honest estimates of uncertain-
ties, model assumptions, and validating tests are all critical to the scientific relevance
of integrative analyses—as well as efficient and parsimonious algorithms that can be
widely adopted and understood. True biotechnological gains from data-based mod-
eling in microbial systems will require the contextualization and design of methods
specifically to be predictive, parsimonious and practical engineering within larger
real-world goals, constrains, and opportunities (Georgianna and Mayfield 2012).

Marine systems are vast, and they are ubiquitously populated, produced, and bal-
anced by the contextual operation of diverse and complex microalgae. Understanding
the molecular and genetic dynamics of present and future marine biological systems
will be crucial to interpret large-scale observations and shifts in marine ecosystems.
As cellular and biological systems often vary astonishingly in their distinctly vary-
ing modes of genome organization, regulation, metabolism, interactions, and envi-
ronments, it will be crucial to begin modeling efforts by designing data collection,
analyses, model, and algorithms to suit the essential biology at hand. Many systems
may not simply conform to pre-existing assumptions, tools, or frameworks. As the
depth and variety of available data and modeling approaches continue to increase,
continued critical, honest, practical, efficient, and rigorous adaption of scientifically
focused thinking, data collection, modeling, analysis, prediction, and validation
methods will yield the most fit and fruitful and translatable products of systems-
level scientific research.

References

Ajjawi I, Verruto J, Aqui M, Soriaga LB, Coppersmith J, Kwok K, Peach L, Orchard E, Kalb R, Xu
W, Carlson TJ, Francis K, Konigsfeld K, Bartalis J, Schultz A, Lambert W, Schwartz AS,
Brown R, Moellering ER (2017) Lipid production in Nannochloropsis gaditana is doubled by
decreasing expression of a single transcriptional regulator. Nat Biotechnol 35(7):647-652

Alexander H, Jenkins BD, Rynearson TA, Dyhrman ST (2015) Metatranscriptome analyses indi-
cate resource partitioning between diatoms in the field. Proc Natl Acad Sci 112:E2182-E2190.
doi:10.1073/pnas. 1421993112

Armbrust EV, Berges JA, Bowler C et al (2004) The genome of the diatom Thalassiosira pseudonana:
ecology, evolution, and metabolism. Science 306:79-86. doi:10.1126/science.1101156

Ashworth J, Coesel S, Lee A et al (2013) Genome-wide diel growth state transitions in the dia-
tom Thalassiosira pseudonana. Proc Natl Acad Sci U S A 110:7518-7523. doi:10.1073/
pnas.1300962110

Ashworth J, Turkarslan S, Harris M et al (2016) Pan-transcriptomic analysis identifies coordi-
nated and orthologous functional modules in the diatoms Thalassiosira pseudonana and
Phaeodactylum tricornutum. Mar Genomics 26:21-28. doi:10.1016/j.margen.2015.10.011

Aylward FO, Eppley JM, Smith JM et al (2015) Microbial community transcriptional networks are
conserved in three domains at ocean basin scales. Proc Natl Acad Sci U S A 112:5443-5448.
doi:10.1073/pnas.1502883112


https://doi.org/10.1073/pnas.1421993112
https://doi.org/10.1126/science.1101156
https://doi.org/10.1073/pnas.1300962110
https://doi.org/10.1073/pnas.1300962110
https://doi.org/10.1016/j.margen.2015.10.011
https://doi.org/10.1073/pnas.1502883112

218 J. Ashworth

Basu S, Patil S, Mapleson D, Russo MT, Vitale L, Fevola C, Maumus F, Casotti R, Mock T,
Caccamo M, Montresor M, Sanges R, Ferrante MI (2017) Finding a partner in the ocean:
molecular and evolutionary bases of the response to sexual cues in a planktonic diatom. New
Phytol 215(1):140-156

Bentkowski P, van Oosterhout C, Ashby B, Mock T (2017) The effect of extrinsic mortality on
genome size evolution in prokaryotes. ISME J 11:1011-1018. doi:10.1038/ismej.2016.165

Blattner FR, Plunkett G, Bloch CA et al (1997) The complete genome sequence of Escherichia coli
K-12. Science 277:1453-1462. doi:10.1126/science.277.5331.1453

Bowler C, Allen AE, Badger JH et al (2008) The Phaeodactylum genome reveals the evolutionary
history of diatom genomes. Nature 456:239-244. doi:10.1038/nature07410

Bragg JG, Dutkiewicz S, Jahn O et al (2010) Modeling selective pressures on phytoplankton in the
Global Ocean. PLoS One 5:€9569. doi:10.1371/journal.pone.0009569

Brembu T, Jgrstad M, Winge P et al (2011) Genome-wide profiling of responses to cadmium in the
diatom Phaeodactylum tricornutum. Environ Sci Technol 45:7640-7647. doi:10.1021/es2002259

Bult CJ, White O, Olsen GJ et al (1996) Complete genome sequence of the Methanogenic Archaeon,
Methanococcus jannaschii. Science 273:1058-1073. doi:10.1126/science.273.5278.1058

Carvalho RN, Bopp SK, Lettieri T (2011) Transcriptomics responses in marine diatom
Thalassiosira pseudonana exposed to the polycyclic aromatic hydrocarbon Benzo[a]pyrene.
PLoS One 6:626985. doi:10.1371/journal.pone.0026985

Chang RL, Ghamsari L, Manichaikul A et al (2011) Metabolic network reconstruction of
Chlamydomonas offers insight into light-driven algal metabolism. Mol Syst Biol 7:518.
doi:10.1038/msb.2011.52

Chauton MS, Winge P, Brembu T et al (2013) Gene regulation of carbon fixation, storage, and
utilization in the diatom Phaeodactylum tricornutum acclimated to light/dark cycles. Plant
Physiol 161:1034-1048. doi:10.1104/pp.112.206177

de Vargas C, Audic S, Henry N et al (2015) Eukaryotic plankton diversity in the sunlit ocean.
Science 348:1261605. doi:10.1126/science.1261605

Dufresne A, Salanoubat M, Partensky F et al (2003) Genome sequence of the cyanobacterium
Prochlorococcus marinus SS120, a nearly minimal oxyphototrophic genome. Proc Natl Acad
Sci 100:10020-10025. doi:10.1073/pnas.1733211100

Dyhrman ST, Jenkins BD, Rynearson TA et al (2012) The Transcriptome and proteome of the
diatom Thalassiosira pseudonana reveal a diverse phosphorus stress response. PLoS One
7:€33768. doi:10.1371/journal.pone.0033768

Falkowski PG (1997) Evolution of the nitrogen cycle and its influence on the biological sequestra-
tion of CO2 in the ocean. Nature 387:272-275. doi:10.1038/387272a0

Falkowski PG, Barber RT, Smetacek V (1998) Biogeochemical controls and feedbacks on ocean
primary production. Science 281:200-206. doi:10.1126/science.281.5374.200

Fleischmann RD, Adams MD, White O et al (1995) Whole-genome random sequencing and
assembly of Haemophilus influenzae Rd. Science 269:496-512. doi:10.1126/science.7542800

Fraser CM, Casjens S, Huang WM et al (1997) Genomic sequence of a Lyme disease spirochaete,
Borrelia burgdorferi. Nature 390:580-586. doi:10.1038/37551

Fraser CM, Gocayne JD, White O et al (1995) The minimal Gene complement of mycoplasma
genitalium. Science 270:397-404. doi:10.1126/science.270.5235.397

Fraser CM, Norris SJ, Weinstock GM et al (1998) Complete genome sequence of Treponema pal-
lidum, the syphilis spirochete. Science 281:375-388. doi:10.1126/science.281.5375.375

Georgianna DR, Mayfield SP (2012) Exploiting diversity and synthetic biology for the production
of algal biofuels. Nature 488:329-335. doi:10.1038/nature11479

Gilbert JA, Dupont CL (2011) Microbial Metagenomics: beyond the genome. Annu Rev Mar Sci
3:347-371. doi:10.1146/annurev-marine-120709-142811

Goffeau A, Barrell BG, Bussey H et al (1996) Life with 6000 genes. Science 274:546-567.
doi:10.1126/science.274.5287.546

Hennon GMM, Ashworth J, Groussman RD et al (2015) Diatom acclimation to elevated CO2 via
cAMP signalling and coordinated gene expression. Nat Clim Chang 5:761-765. doi:10.1038/
nclimate2683


https://doi.org/10.1038/ismej.2016.165
https://doi.org/10.1126/science.277.5331.1453
https://doi.org/10.1038/nature07410
https://doi.org/10.1371/journal.pone.0009569
https://doi.org/10.1021/es2002259
https://doi.org/10.1126/science.273.5278.1058
https://doi.org/10.1371/journal.pone.0026985
https://doi.org/10.1038/msb.2011.52
https://doi.org/10.1104/pp.112.206177
https://doi.org/10.1126/science.1261605
https://doi.org/10.1073/pnas.1733211100
https://doi.org/10.1371/journal.pone.0033768
https://doi.org/10.1038/387272a0
https://doi.org/10.1126/science.281.5374.200
https://doi.org/10.1126/science.7542800
https://doi.org/10.1038/37551
https://doi.org/10.1126/science.270.5235.397
https://doi.org/10.1126/science.281.5375.375
https://doi.org/10.1038/nature11479
https://doi.org/10.1146/annurev-marine-120709-142811
https://doi.org/10.1126/science.274.5287.546
https://doi.org/10.1038/nclimate2683
https://doi.org/10.1038/nclimate2683

10 Marine Microalgae: Systems Biology from ‘Omics’ 219

Hook SE, Osborn HL (2012) Comparison of toxicity and transcriptomic profiles in a dia-
tom exposed to oil, dispersants, dispersed oil. Aquat Toxicol Amst Neth 124-125:139-151.
doi:10.1016/j.aquatox.2012.08.005

Ideker T, Galitski T, Hood L (2001) A NEW APPROACH TO DECODING LIFE: systems biology.
Annu Rev Genomics Hum Genet 2:343-372. doi:10.1146/annurev.genom.2.1.343

Iverson V, Morris RM, Frazar CD et al (2012) Untangling genomes from Metagenomes: reveal-
ing an uncultured class of marine Euryarchaeota. Science 335:587-590. doi:10.1126/
science.1212665

Karr JR, Sanghvi JC, Macklin DN et al (2012) A whole-cell computational model predicts pheno-
type from genotype. Cell 150:389-401. doi:10.1016/j.cell.2012.05.044

Karsenti E, Acinas SG, Bork P et al (2011) A holistic Approach to marine eco-systems biology.
PLoS Biol 9:e1001177. doi:10.1371/journal.pbio.1001177

Keeling PJ, Burki F, Wilcox HM et al (2014) The marine microbial eukaryote Transcriptome
sequencing project (MMETSP): illuminating the functional diversity of eukaryotic life in
the oceans through transcriptome sequencing. PLoS Biol 12:¢1001889. doi:10.1371/journal.
pbio.1001889

Kim J, Fabris M, Baart G et al (2016) Flux balance analysis of primary metabolism in the diatom
Phaeodactylum tricornutum. Plant J 85:161-176. doi:10.1111/tpj.13081

Kusebauch U, Campbell DS, Deutsch EW et al (2016) Human SRMAtlas: a resource of tar-
geted assays to quantify the complete human proteome. Cell 166:766-778. doi:10.1016/j.
cell.2016.06.041

Levering J, Broddrick J, Dupont CL et al (2016) Genome-scale model reveals metabolic basis
of biomass partitioning in a model diatom. PLoS One 11:¢0155038. doi:10.1371/journal.
pone.0155038

Levering J, Dupont CL, Allen AE, et al (2017) Integrated regulatory and metabolic networks of the
marine diatom Phaeodactylum tricornutum predict the response to rising CO2 levels. mSys-
tems 2:¢00142-16. doi: 10.1128/mSystems.00142-16

Lin S, Cheng S, Song B, Zhong X, Lin X, Li W, Li L, Zhang Y, Zhang H, Ji Z, Cai M, Zhuang Y,
Shi X, Lin L, Wang L, Wang Z, Liu X, Yu S, Zeng P, Hao H, Zou Q, Chen C, Li Y, Wang Y, Xu
C, Meng S, Xu X, Wang J, Yang H, Campbell DA, Sturm NR, Dagenais-Bellefeuille S, Morse
D (2015) The Symbiodinium kawagutii genome illuminates dinoflagellate gene expression and
coral symbiosis. Science 350(6261):691-694

Lommer M, Specht M, Roy A-S, Kraemer L, Andreson R, Gutowska MA, Wolf J, Bergner SV,
Schilhabel MB, Klostermeier UC, Beiko RG, Rosenstiel P, Hippler M, LaRoche J (2012)
Genome and low-iron response of an oceanic diatom adapted to chronic iron limitation.
Genome Biol 13(7):R66

Marchetti A, Schruth DM, Durkin CA et al (2012) Comparative metatranscriptomics identifies
molecular bases for the physiological responses of phytoplankton to varying iron availability.
PNAS 2012 109 (6) E317-E325. doi:10.1073/pnas.1118408109

Marchetti A, Moreno CM, Cohen NR, Oleinikov I, deLong K, Twining BS, Armbrust VE, Lampe
RH, Miiller K (2017) Development of a molecular-based index for assessing iron status in
bloom-forming pennate diatoms. J Phycol 53(4):820-832

Merchant SS, Prochnik SE, Vallon O et al (2007) The Chlamydomonas genome reveals the evolu-
tion of key animal and Plant functions. Science 318:245-250. doi:10.1126/science.1143609

Mock T, Samanta MP, Iverson V et al (2008) Whole-genome expression profiling of the marine
diatom Thalassiosira pseudonana identifies genes involved in silicon bioprocesses. Proc Natl
Acad Sci U S A 105:1579-1584. doi:10.1073/pnas.0707946105

Mock T, Otillar RP, Strauss J, McMullan M, Paajanen P, Schmutz J, Salamov A, Sanges R,
Toseland A, Ward BJ, Allen AE, Dupont CL, Frickenhaus S, Maumus F, Veluchamy A, Wu T,
Barry KW, Falciatore A, Ferrante M1, Fortunato AE, Glockner G, Gruber A, Hipkin R, Janech
MG, Kroth PG, Leese F, Lindquist EA, Lyon BR, Martin J, Mayer C, Parker M, Quesneville H,
Raymond JA, Uhlig C, Valas RE, Valentin KU, Worden AZ, Virginia Armbrust E, Clark MD,


https://doi.org/10.1016/j.aquatox.2012.08.005
https://doi.org/10.1146/annurev.genom.2.1.343
https://doi.org/10.1126/science.1212665
https://doi.org/10.1126/science.1212665
https://doi.org/10.1016/j.cell.2012.05.044
https://doi.org/10.1371/journal.pbio.1001177
https://doi.org/10.1371/journal.pbio.1001889
https://doi.org/10.1371/journal.pbio.1001889
https://doi.org/10.1111/tpj.13081
https://doi.org/10.1016/j.cell.2016.06.041
https://doi.org/10.1016/j.cell.2016.06.041
https://doi.org/10.1371/journal.pone.0155038
https://doi.org/10.1371/journal.pone.0155038
https://doi.org/10.1128/mSystems.00142-16
https://doi.org/10.1073/pnas.1118408109
https://doi.org/10.1126/science.1143609
https://doi.org/10.1073/pnas.0707946105

220 J. Ashworth

Bowler C, Green BR, Moulton V, van Oosterhout C, Grigoriev IV (2017) Evolutionary genom-
ics of the cold-adapted diatom Fragilariopsis cylindrus. Nature 541(7638):536-540

Matthijs M, Fabris M, Obata T, Foubert I, Franco-Zorrilla JM, Solano R, Fernie AR, Vyverman W,
Goossens A (2017) The transcription factor bZIP14 regulates the TCA cycle in the diatom.
EMBO J 36(11):1559-1576

Nogales J, Gudmundsson S, Knight EM et al (2012) Detailing the optimality of photosynthe-
sis in cyanobacteria through systems biology analysis. Proc Natl Acad Sci 109:2678-2683.
doi:10.1073/pnas. 1117907109

Nunn BL, Aker JR, Shaffer SA et al (2009) Deciphering diatom biochemical pathways via whole-
cell proteomics. Aquat Microb Ecol Int J 55:241-253. doi:10.3354/ame01284

Nunn BL, Faux JE, Hippmann AA et al (2013) Diatom proteomics reveals unique acclimation
strategies to mitigate Fe limitation. PLoS One 8:¢75653. doi:10.1371/journal.pone.0075653

Nymark M, Valle KC, Brembu T et al (2009) An integrated analysis of molecular acclimation to
high light in the marine diatom Phaeodactylum tricornutum. PLoS One 4:¢7743. doi:10.1371/
journal.pone.0007743

Nymark M, Valle KC, Hancke K et al (2013) Molecular and photosynthetic responses to prolonged
darkness and subsequent acclimation to re-illumination in the diatom Phaeodactylum tricornu-
tum. PLoS One 8:58722. doi:10.1371/journal.pone.0058722

Ottesen EA, Young CR, Eppley JM et al (2013) Pattern and synchrony of gene expression
among sympatric marine microbial populations. Proc Natl Acad Sci U S A 110:E488-E497.
doi:10.1073/pnas.1222099110

Ottesen EA, Young CR, Gifford SM et al (2014) Multispecies diel transcriptional oscillations
in open ocean heterotrophic bacterial assemblages. Science 345:207-212. doi:10.1126/
science. 1252476

Palenik B, Brahamsha B, Larimer FW et al (2003) The genome of a motile marine Synechococcus.
Nature 424:1037-1042. doi:10.1038/nature01943

Rocap G, Larimer FW, Lamerdin J et al (2003) Genome divergence in two Prochlorococcus eco-
types reflects oceanic niche differentiation. Nature 424:1042-1047. doi:10.1038/nature01947

Saito MA, Mcllvin MR, Moran DM et al (2014) Multiple nutrient stresses at intersecting
Pacific Ocean biomes detected by protein biomarkers. Science 345:1173-1177. doi:10.1126/
science. 1256450

Sapriel G, Quinet M, Heijde M et al (2009) Genome-wide Transcriptome analyses of silicon
metabolism in Phaeodactylum tricornutum reveal the multilevel regulation of silicic acid trans-
porters. PLoS One 4:¢7458. doi:10.1371/journal.pone.0007458

Shrestha RP, Tesson B, Norden-Krichmar T et al (2012) Whole transcriptome analysis of
the silicon response of the diatom Thalassiosira pseudonana. BMC Genomics 13:499.
doi:10.1186/1471-2164-13-499

Smith SR, Gillard JTF, Kustka AB et al (2016a) Transcriptional orchestration of the global cellular
response of a model Pennate diatom to Diel light cycling under iron limitation. PLoS Genet
12:¢1006490. doi:10.1371/journal.pgen. 1006490

Smith SR, Glé C, Abbriano RM et al (2016b) Transcript level coordination of carbon pathways
during silicon starvation-induced lipid accumulation in the diatom Thalassiosira pseudonana.
New Phytol 210:890-904. doi:10.1111/nph.13843

Sunagawa S, Coelho LP, Chaffron S et al (2015) Structure and function of the global ocean micro-
biome. Science 348:1261359. doi:10.1126/science.1261359

Traller JC, Cokus SJ, Lopez DA, Gaidarenko O, Smith SR, JP MC, Gallaher SD, Podell S,
Thompson M, Cook O, Morselli M, Jaroszewicz A, Allen EE, Allen AE, Merchant SS,
Pellegrini M, Hildebrand M (2016) Genome and methylome of the oleaginous diatom
Cyclotella cryptica reveal genetic flexibility toward a high lipid phenotype. Biotechnol Biofuels
9(1):258

Thamatrakoln K, Korenovska O, Niheu AK, Bidle KD (2012) Whole-genome expression anal-
ysis reveals a role for death-related genes in stress acclimation of the diatom Thalassiosira
pseudonana. Environ Microbiol 14:67-81. doi:10.1111/j.1462-2920.2011.02468.x


https://doi.org/10.1073/pnas.1117907109
https://doi.org/10.3354/ame01284
https://doi.org/10.1371/journal.pone.0075653
https://doi.org/10.1371/journal.pone.0007743
https://doi.org/10.1371/journal.pone.0007743
https://doi.org/10.1371/journal.pone.0058722
https://doi.org/10.1073/pnas.1222099110
https://doi.org/10.1126/science.1252476
https://doi.org/10.1126/science.1252476
https://doi.org/10.1038/nature01943
https://doi.org/10.1038/nature01947
https://doi.org/10.1126/science.1256450
https://doi.org/10.1126/science.1256450
https://doi.org/10.1371/journal.pone.0007458
https://doi.org/10.1186/1471-2164-13-499
https://doi.org/10.1371/journal.pgen.1006490
https://doi.org/10.1111/nph.13843
https://doi.org/10.1126/science.1261359
https://doi.org/10.1111/j.1462-2920.2011.02468.x

10 Marine Microalgae: Systems Biology from ‘Omics’ 221

Valle KC, Nymark M, Aamot I et al (2014) System responses to equal doses of Photosynthetically
usable radiation of blue, green, and red light in the marine diatom Phaeodactylum tricornutum.
PLoS One 9:e114211. doi:10.1371/journal.pone.0114211

Venter JC, Remington K, Heidelberg JF et al (2004) Environmental genome shotgun sequencing
of the Sargasso Sea. Science 304:66—74. doi:10.1126/science.1093857

von Bertalanffy L (1968) General system theory: foundations, development, applications. George
Braziller, New York

Waldbauer JR, Rodrigue S, Coleman ML, Chisholm SW (2012) Transcriptome and proteome
dynamics of a light-dark synchronized bacterial cell cycle. PLoS One 7:e43432. doi:10.1371/
journal.pone.0043432

Xiong Y, Soumillon M, Wu J, et al (2017) A comparison of mRNA sequencing with random
primed and 3’-directed libraries. bioRxiv 098905. doi: 10.1101/098905

Zwirglmaier K, Jardillier L, Ostrowski M et al (2008) Global phylogeography of marine
Synechococcus and Prochlorococcus reveals a distinct partitioning of lineages among oceanic
biomes. Environ Microbiol 10:147-161. doi:10.1111/j.1462-2920.2007.01440.x


https://doi.org/10.1371/journal.pone.0114211
https://doi.org/10.1126/science.1093857
https://doi.org/10.1371/journal.pone.0043432
https://doi.org/10.1371/journal.pone.0043432
https://doi.org/10.1101/098905
https://doi.org/10.1111/j.1462-2920.2007.01440.x

Chapter 11
Application of ‘Omics’ Approaches
to Microbial Oceanography

Deepa R. Varkey and Martina A. Doblin

Abstract Viruses, bacteria, archaea and single celled eukaryotes, collectively
known as microbes, dominate the biomass and metabolism of ocean ecosystems.
Marine microbes are highly abundant and critical to human survival, but the vast
majority of taxa have not yet been cultured. The use of environmental nucleic acid
sequencing as a cultivation-independent approach to microbial oceanography has
therefore significantly expanded our understanding of the diversity, evolution, bio-
geography and important biogeochemical roles of marine microorganisms. Here we
provide illustrative examples of how genomic, transcriptomic and proteomic
approaches have been applied to marine microbes to advance our understanding of
their ecology. A remaining challenge is the need to link phenotypes to their environ-
ment, requiring a better understanding of genomic features that influence transcrip-
tion (e.g. promoters and methylation) as well as post-translational modifications,
and how such regulatory processes are impacted by extracellular abiotic and biotic
processes. In addition, the expansion of available protein and taxonomic databases
will greatly increase our capacity to link microbial function to specific taxa.

Keywords Marine microbes ¢ Microbial function ¢ Genomics ® Proteomics °
Transcriptomics
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11.1 Introduction

Whilst oceanographers have been interested in microbially mediated ocean pro-
cesses for more than a century, our understanding of the diversity and functional
capacity of these organisms has really only been delivered since the development of
molecular approaches in the 1980s. Prior to this, our knowledge about their roles in
the ocean was primarily derived from culture-dependent approaches, whereby
microbes were isolated and grown under different conditions and subsequently
tested for their chemical and biological activity. However, as a consequence of the
difficulty in cultivating many microbial species, these approaches only afforded
insights into a very small proportion of the microbes in the ocean (Rappé and
Giovannoni 2003).

In general, molecular methodologies rely on the fact that microbes share com-
mon genes that have changed relatively little throughout the evolutionary history of
life on Earth. Analysing the differences in these conservative genes enables organ-
isms to be classified into different species or operational taxonomic units (OTUs) in
a way that reflects their evolutionary history (Giovannoni and Cary 1993). Moreover,
DNA codes for a large variety of proteins which can then be used to infer microbial
metabolism and function (DeLong 2009). The techniques that sequence DNA,
examine its transcription, and the subsequent expression of proteins are known as
genomics, transcriptomics and proteomics, respectively. Collectively, these meth-
odologies are referred to as ‘omic approaches.

Various ‘omic techniques have been applied in broadscale ocean surveys such as
the Global Ocean Sampling expedition (GOS), International Census of Marine
Microbes (ICoMM) and Tara Oceans expedition, as well as long-term microbial
observatories such as the Bermuda Atlantic Time-Series and Hawaii Ocean Time-
series (BATS and HOT, respectively). Here we provide a focussed, but deliberately
not exhaustive, set of laboratory and field-based examples which demonstrate the
use of such ‘omic approaches to characterise microbial processes in the ocean.

11.2 Influence of Oceanographic Processes on Microbial
Distribution and Diversity

Early investigations of the diversity of marine microbial samples involved finger-
printing techniques (Avaniss-Aghajani et al. 1994) which separated ribosomal RNA
(rRNA) fragments according to their length or nucleotide composition (e.g. termi-
nal restriction fragment length polymorphism (T-RFLP), automated rRNA inter-
genic spacer analysis (ARISA)). Such methods provided no significant details on
the identity of organisms, simply patterns of similarity between samples (Dorigo
etal. 2005; Zinger et al. 2012). Alternatively, researchers identified microbes within
natural samples by microscopy using fluorescence in situ hybridisation or created
clone libraries using rRNA gene fragments, involving PCR amplification of a



11 Application of ‘Omics’ Approaches to Microbial Oceanography 225

specific marker gene which was cloned into vectors, followed by sequencing
(Dorigo et al. 2005). The construction of clone libraries is time-consuming, and
identification was therefore restricted to 100 clones or less in most instances.
However, with the advent of next-generation sequencing, it became possible to
retrieve thousands of sequences from a single sample, significantly expanding our
view of microbial diversity in the environment.

Over the last 30 years, multiple sequencing approaches have been used to under-
take genomic studies of marine microbes, but the development of next-generation
sequencing has led to increasing application of metabarcoding and metagenomics
(Fig. 11.1) as rapid and effective methods for characterising ocean microbial com-
munities. These are techniques that combine DNA-based identification with high-
throughput DNA sequencing, enabling a high degree of parallel sequencing for the
analyses of multiple samples or complex communities, or both. Amplicon sequenc-
ing (otherwise referred to as metabarcoding) is a technique that utilises the parallel
sequencing power of next-generation sequencing to characterise microbial diversity
based on a phylogenetic marker that is conserved across taxa (Fig. 11.1). The marker
gene is PCR amplified and sequenced to determine the diversity and relative abun-
dance of taxa present in the sample. Commonly used markers include the 16S rRNA
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Fig.11.1 Application of ‘omics approaches to microbial communities (red text) and isolates (blue
text). Genomic approaches using next-generation sequencing involve extraction of DNA and
sequencing of fragments amplified from a single marker gene (amplicon sequencing or metabar-
coding) or randomly generated fragments of DNA (shotgun metagenome sequencing), whilst tran-
scriptomic and proteomic approaches examine the products of gene expression and their respective
metabolic pathways
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gene for prokaryotes (Pace et al. 1986), 18S and 28S rRNA genes for eukaryotes
(Moon-van der Staay et al. 2000; Gong et al. 2013) and the internal transcribed
spacer (ITS) region for both (Brown and Fuhrman 2005; Santoferrara et al. 2014).
Such markers generally resolve taxa to family or genus level, but more specific
genetic markers that provide higher taxonomic resolution have also been developed
(e.g. petB that encodes the cytochrome b6 subunit of the cytochrome b6f complex
(Mazard et al. 2012), rbcL that encodes the large subunit of the carbon fixation
enzyme RuBisCO (Hamsher et al. 2011), Asp90 that encodes a major heat shock
protein (Hoppenrath and Leander 2010) and nifH that encodes the iron protein of
nitrogenase enzyme (Zehr and Turner 2001). Amplicon sequencing has been applied
to a range of marine environments across temporal and spatial scales and has been
most insightful to microbial oceanographers when diversity of a specific microbial
group has been assessed, coupled with investigations of their biogeochemical trans-
formations (e.g. diversity of diazotrophs estimated using nifH, with measured rates
of N, fixation; Messer et al. 2016).

To date, many studies have explored microbial community composition changes
in response to oceanographic processes such as ocean currents, upwelling, estuarine
outflows and the formation of mesoscale eddies (Treusch et al. 2009; Villar et al.
2015; Doblin et al. 2016; Zielinski et al. 2016). For example, Malviya et al. (2016)
used the hypervariable VO region of the 18S ribosomal marker gene to characterise
the distribution and diversity of diatoms in the global ocean. Over 33,000 OTUs
could be assigned at least down to genus level, with over 90% of assigned sequences
belonging to known planktonic genera. Diatoms were less abundant in the oligotro-
phic open ocean compared to coastal locations, but had comparable diversity, sug-
gesting a large reservoir of taxa that respond to changes in the environment. There
was a significant drop in diversity across Cape Agulhas (separating the Indian and
Atlantic Ocean) and the Drake Passage (separating the Atlantic and Southern
Ocean), indicating areas of restricted oceanographic circulation constrain diatom
diversity and distribution (Malviya et al. 2016).

Examining temporal dynamics in microbial diversity, Gilbert et al. (2012) used
16S rRNA sequencing to discover strong seasonal patterns in bacterial diversity (i.e.
consistent winter peaks in diversity over 6 years) at a temperate coastal location off
Plymouth, UK. They showed that environmental parameters explained most of the
variation (49-91%) in bacterial community composition compared to biological
parameters (18-51%), suggesting that bottom-up processes were potentially more
important drivers of bacteria than the temporal dynamics of coexisting eukaryotes.
Chow et al. (2013) conducted a similar study at the San Pedro Ocean Time-series
(SPOT) station off the California coast, determining that the bacterial community
comprised persistent (>75% of months), intermittent (25-75%) and ephemeral
(<25%) taxa. There was a relatively stable core microbial community at both the
surface and subsurface chlorophyll-a maximum (~30 m) such that OTUs were simi-
lar between samples taken days, weeks, months or years apart, with most pairs of
samples having on average at least 36% similarity.

Shotgun metagenomics sequencing is another approach used to characterise
microbial communities. No specific gene is targeted but rather the whole community
DNA is fragmented and sequenced (Fig. 11.1), yielding thousands of sequences for
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multiple genes from multiple organisms present in the community. Metagenomics
has been extensively applied to various environments across multiple spatial and
temporal scales (see review Sharpton 2014; Thomas et al. 2012). This is a powerful
technique that provides information about not just the microbial community
composition and structure, but also their functional potential. This approach enables
the identification of novel genes and biomarkers from uncultured organisms.

Allen et al. (2012) used a metagenomic approach to investigate microbial
responses to upwelling in Californian coastal waters, demonstrating that oligotro-
phic waters were dominated by alpha-proteobacteria (primarily Pelagibacter sp.)
and Prochlorococcus sp., with upwelled and aged upwelled water having distinctly
different microbial communities. Sites from oligotrophic waters had a greater num-
ber of genomes and lower estimated genome size, whereas sites from upwelling
regions had a smaller number of genomes and greater genome size (Allen et al.
2012). Upwelling sites were enriched in diatom sequences in the largest size class
(3.0-200 pm), as well as the picoeukaryotic prasinophytes, Micromonas sp. and
Ostreococcus sp. In contrast, offshore oligotrophic sites, particularly in the case of
the largest size class, were enriched in sequences classified as dinoflagellates or
other Alveolata. Within the picoeukaryotic size class (0.8-3.0 pm), the prasino-
phytes were more abundant at upwelling sites, whereas pelagophytes and ciliates
were more abundant at oligotrophic sites.

Whilst such genomic datasets are more comprehensive, faster to produce and
less dependent on taxonomic expertise, they rely on comparison with reference
sequences from known taxa. This has necessitated sequencing of key microbial taxa
to achieve representation of virus, bacteria and archaea genomes in reference data-
bases, as well as a growing number of eukaryotes (Keeling et al. 2014).

Despite our increasing understanding of how microbes are distributed between
and within ocean basins, across depth and over time, there is still no consensus on
the role of environmental factors in regulating community assembly or whether
biotic interactions are more important (Giovannoni and Vergin 2012). Furthermore,
whilst genomic approaches provide a blueprint of the genetic diversity within com-
munities, they lack information on gene expression dynamics and changes in micro-
bial activity. To progress understanding of how microbes respond to different
aspects of their growth environment, we therefore need to go beyond genomic
approaches.

11.3 Influence of Oceanographic Processes on Microbial
Gene Expression

Transcriptomics involves the exploration of genes that are expressed at a given time
and place and how expression changes under different conditions. Whilst transcrip-
tomics focuses on a single organism, metatranscriptomics is the sequencing of
expressed genes within a whole community. Gene expression changes reveal active
metabolic pathways and the molecular adjustment of cells in response to changing
growth conditions. This approach is useful in determining the molecular mechanisms



228 D.R. Varkey and M.A. Doblin

underpinning community dynamics and structure. Below we provide some illustra-
tive examples of how these approaches have been used to characterise the responses
of marine microbial communities to different oceanographic processes. Given that
many oceanographic phenomena cause local and regional changes in resources for
growth, many of these transcriptomic studies have explored responses to different
nutrient conditions.

In a laboratory study, Mock et al. (2008) grew the widely distributed marine
eukaryote Thalassiosira pseudonana axenically (clone CCMP 1335 for which the
whole-genome sequence is available) to examine its transcriptome in response to
different growth environments. Whole-genome expression profiling of this species
revealed a set of 75 genes specifically upregulated during silicon limitation but not
under low concentrations of nitrogen or iron, alkaline pH, or low temperatures
(Mock et al. 2008). This study also found unexpectedly tight coupling of pathways
initiated by iron (Fe) and silicon (Si) bioavailability (84 common genes upregulated
by both Fe and Si limitation but no other treatments), suggesting that the in situ iron/
silicon nutritional status of diatoms could be detected using molecular indicators,
thereby enhancing our understanding of these important nutritional controls on dia-
tom productivity.

Shi et al. (2011) compared the diversity and metabolic activity of a bacterio-
plankton community at discrete depths in a stratified water column using a meta-
transcriptomic approach. Comparison of the DNA and cDNA libraries suggested
differential relative transcriptional activities per cell and revealed a transcriptionally
active but less abundant Prochlorococcus population in the bottom of the photic
zone. The metatranscriptomic dataset sheds light on the genes that were required to
maintain function at different depths such as the high expression of oxidative stress-
associated genes at the surface, carbon fixation and photosynthetic genes at DCM
and ammonium assimilation genes at mesopelagic region (500 m depth). Functional
information was used to associate individual taxa to biogeochemical processes
including the role of Roseobacter in aerobic anoxygenic phototrophy (expression of
proteorhodopsin) and Crenarchaeota in ammonia oxidation (expression of ammo-
nium transporters and ammonium monooxygenase subunits). The study also high-
lighted the adjustment of gene expression based on nutrient availability and
requirement, i.e. distinct profiles of transporters such as ABC-transporters, Na+/
solute symporters and tripartite ATP-independent periplasmic transporters expressed
by Pelagibacter populations at different depths (Shi et al. 2011).

To explore the role of iron in a natural phytoplankton community, Marchetti
et al. (2012) undertook a microcosm experiment investigating the differential gene
expression under conditions of iron limitation versus iron enrichment. Iron enrich-
ment resulted in a community shift from small picophytoplankton to larger eukary-
otic phytoplankton, mainly diatoms, haptophytes and chlorophytes, but there was
also a distinct difference in expression within the three dominant phytoplankton
groups. Under iron amendment, diatoms increased expression of genes involved in
photosynthesis, N assimilation and carbohydrate storage, whilst haptophytes
upregulated iron-containing proteins for light harvesting and photosynthesis with
no change in nitrate assimilation genes. Notably, under iron-replete conditions,
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diatoms continued using iron-free versions of photosynthetic proteins (i.e. did not
replace non-iron proteins with their more efficient iron-containing counterparts),
selectively partitioning acquired iron towards nutrient assimilation rather than light
harvesting. This could offer some explanation for why diatoms dominate low iron
environments (Marchetti et al. 2012). Haptophytes, on the other hand, increased
their expression of iron-containing proteins (Marchetti et al. 2012). Thus, applica-
tion of a transcriptomic approach to examine nutrient amendment is not only use-
ful to understand lifestyle strategies between taxonomic groups but also to explore
nutrient partitioning within individual cells.

In a further example, Alexander et al. (2015) explored resource partitioning
amongst coexisting diatoms using nutrient amendment and quantitative metatran-
scriptomics. This approach highlighted the specific pathways for nutrient acquisi-
tion and metabolism utilised by sympatric diatoms within a natural community.
Samples for metatranscriptomes were collected from the field, and the Marine
Microbial Eukaryotic Transcriptome Sequencing Project database was used as a
reference to identify transcripts. Resource portioning was evident by the different
transcriptional responses between Skeletonema spp. and Thalassiosira rotula in the
same environment, enabling co-occurrence without competition, a first time obser-
vation. During the bloom, the dominant diatom was Skeletonema which had high
expression of growth-related genes such as those involved in carbon, nitrogen, sul-
fur and lipid metabolism as well as nitrate and ammonia assimilation whilst the less
abundant diatom, Thalassiosira, highly expressed genes associated with amino acid
transporters as well as transport and repair (Alexander et al. 2015). This study high-
lighted that despite possessing similar nitrogen and phosphorous transport and
metabolism genes, the two species differed temporally in their expression, suggest-
ing resource partitioning.

11.4 Influence of Oceanographic Processes on Microbial
Protein Expression

Whilst transcriptomics provides valuable insights into the metabolic potential of
individual species and natural communities by pinpointing differentially expressed
genes, the observed expression does not necessarily directly translate into synthe-
sised proteins. Since there are multiple regulatory controls on genes and post-
transcriptional modifications on expressed transcripts (Williams and Cavicchioli
2014), measures of expressed proteins (i.e. products of biosynthesis) provide verifi-
cation of function over metabolic potential inferred from the genome or the tran-
scriptome (Fig. 11.1). The high-throughput ‘omic’ approach, proteomics, determines
the presence and abundance of expressed proteins, providing an additional level of
information on microbial activity and function. Metaproteomics is the application
of this technique to entire populations or communities without specific targets
(Morris et al. 2010; Williams and Cavicchioli 2014). This requires reference
genomes or metagenomic datasets to identify protein-coding genes. Complementing
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metagenomics with metaproteomics therefore has the most potential to decipher
microbial community dynamics and function. The rapidly developing field of meta-
proteomics has had increasing application within marine systems to better under-
stand microbial communities and their roles in biogeochemical functions (Wang
et al. 2014; Williams and Cavicchioli 2014).

Two early studies by Sowell et al. (2009, 2011) elegantly demonstrated the
utility of metaproteomics for microbial oceanography. Sowell et al. (2009)
explored changes in protein expression under contrasting oceanographic condi-
tions to examine how microbes inhabiting the upper ocean respond to their envi-
ronmental conditions. Under stratified conditions in the oligotrophic Sargasso
Sea, the heterotrophic marine bacterium SAR11 expressed high-affinity transport-
ers for limiting nutrients (e.g. phosphate), providing a possible explanation for the
dominance of this organism during nutrient-deplete summer months (Sowell et al.
2009). On the other hand, in the upwelling influenced and nutrient-rich coastal
regions of the Oregon shelf, SAR11 alternatively displayed a higher expression of
transporters associated with carbon and nitrogen uptake (Sowell et al. 2011).
These comparative proteomic approaches therefore delivered a new understand-
ing of how the ocean’s most abundant bacterium adjusts its metabolic machinery
according to resource availability, allowing it to succeed in both nutrient-limited
and nutrient-replete conditions.

Morris et al. (2010) utilised metaproteomics to explore how nutrient utilisa-
tion strategies shape marine bacterial community structure along an oceanic
nutrient gradient. They focussed on membrane proteins that were identified both
functionally and taxonomically to provide insight into changes in both the com-
position of the community and the proteins they expressed. TonB-dependent
transporters, which are membrane proteins that transport diverse nutrients across
the outer membrane of Gram-negative bacteria using a proton motive force, were
found to be more abundant in nutrient-rich coastal waters, whereas other trans-
porters such as porins, permeases and major facilitator superfamily transporters,
which transport a diverse range of substrates, were highly expressed in the nutri-
ent-poor open ocean. Taxonomic assignment of these proteins highlighted that
diverse taxa expressed TonB-dependent transporters whilst porins were mostly
associated with the dominant open ocean microbes Prochlorococcus and SAR11
(Morris et al. 2010).

Proteomic approaches have also been used to examine microbial processes
over time. Teeling et al. (2012) coupled metatranscriptomics and metagenomics to
examine temporal dynamics of bacterioplankton substrate utilisation during the
progression of a phytoplankton bloom. During the early stages of the bloom, there
was a high expression of TonB-dependent transporters, which enable the utilisa-
tion of complex organic matter available at the start of the bloom and was linked
to an initial dominance of Bacteroidetes (Ulvibacter and Formosa). Progression
of the bloom and a change in algal exudate composition led to the dominance of
copiotrophic opportunists that expressed transporters with broad substrate spec-
tra, including members of the gammaproteobacteria, Reinekea spp. and alpha-
proteobacteria Roseobacter spp. This was followed by the rise of lineages of
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flavobacteria (Polaribacter and Formosa) and gammaproteobacteria (SAR92)
which had expression profiles different to their predecessors. Thus in this study,
metaproteomics allowed the investigation of the protein expression profiles to
explain why different bacterioplankton taxa dominate across the progression of a
phytoplankton bloom.

The study by Saito et al. (2014) demonstrated a different approach using pro-
teomics, that is, targeted quantification of specific proteins of interest that were
first identified using metaproteomics. This study explored how the cyanobacterium,
Prochlorococcus, deals with multiple nutrient limitations to dominate nutrient-poor
open ocean environments. Expression of targets identified from metaproteomes and
culture-based studies, namely, flavodoxin (IdiA), global nitrogen response regulator
(NtcA), nitrogen regulatory protein (P-II) and a urea transporter, was measured with
high taxonomic resolution. The change in expression of these targets at stations in
the Pacific Ocean was correlated with shifts in nutrient availability and involved
increased expression of IdiA in regions of reduced iron availability and high expres-
sion of P-II in low-nitrogen regions. Thus using both targeted and non-targeted pro-
teomic approaches, the influence of nutrient availability on specific taxa and the
strategy adopted to tolerate nutrient limitations were explored.

11.5 Conclusion

Cultivation-independent ‘omic’ approaches have increased our understanding of the
planet’s most abundant organisms and their roles in the ocean. The application of
genomic, transcriptomic and proteomic approaches to natural communities and
microbial isolates have revealed previously undescribed microorganisms, new
genes, and novel metabolic pathways. We now know that microscopic marine
microbes are the most evolutionarily diverse organisms in the biosphere, are respon-
sible for ~50% of global primary production (Field et al. 1998) and influence the
Earth’s climate by driving global biogeochemical cycles (Falkowski et al. 2008).
These studies illustrate the immense potential that ‘omic approaches have in under-
standing microbial communities beyond just the presence of species and their func-
tional potential. By studying organisms at the gene expression level, we can begin
to decipher how taxa adjust their molecular and physiological machinery to take
advantage of changing environmental conditions and in turn shape microbial com-
munity structure, which ultimately determines ecosystem function. However, there
is still much to learn about the responses of microbes to oceanographic processes,
including the relative impact of physico-chemical changes in growth conditions ver-
sus biological interactions.
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Chapter 12

Effects of Ocean Acidification and UV
Radiation on Marine Photosynthetic
Carbon Fixation

Kunshan Gao and Donat-P. Hader

Abstract The oceans absorb anthropogenically released CO, at a rate of more than
one million tons per hour, which causes a pH decrease of seawater and results in ocean
acidification (OA). The effect of OA and absorption of CO, via the biological carbon
pump driven by marine photosynthesis has drawn increasing attentions. As a conse-
quence, there are numerous studies on influences of OA on primary producers, and the
effects on photosynthetic carbon fixation are still under debate. OA can promote
the growth of diatoms at low PAR irradiances and inhibit it at high PAR. Besides, OA
may influence metabolic pathways of phytoplankton, upregulating p-oxidation, and
the tricarboxylic acid cycle, resulting in increased accumulation of toxic phenolic
compounds. In parallel, phytoplankton cells in the upper mixed layer are affected by
intense PAR and UV radiation (UVR). The calcareous layers of calcified algae, which
have been shown to shield the organisms from UVR, are thinned due to OA, exposing
the cells to increased UVR and further inhibiting the calcification. Therefore, effects
of OA and UV on marine photosynthetic carbon fixation could be compounded. While
the photosynthetic carbon fixation is controlled by other environmental stressors in
addition to OA and UV, such as nutrients limitation and warming, combined effects of
OA and UV have been less considered. In this review, we synthesize and analyze
recent advances on effects of OA and UV and their combined effects, implying that
future studies should pay special attentions to ecological and physiological effects of
OA in the presence of solar UV irradiance to reflect more realistic implications.
The ecophysiological effects of OA and/or UV and their mechanisms in complex
environments should be further explored.

Keywords CO, * Ocean acidification ¢ Photosynthesis ¢ Primary producers ® Solar UV
radiation

K. Gao ()

State Key Laboratory of Marine Environmental Science, College of Ocean and Earth
Sciences, Xiamen University, Xiang-An Campus, Xiamen 361102, China

e-mail: ksgao@xmu.edu.cn

D.-P. Hader
Department of Biology, Friedrich-Alexander University Erlangen-Niirnberg,
Neue Str. 9, Erlangen 91096, Germany

© Springer International Publishing AG 2017 235
M. Kumar, P. Ralph (eds.), Systems Biology of Marine Ecosystems,
DOI 10.1007/978-3-319-62094-7_12


mailto:ksgao@xmu.edu.cn

236 K. Gao and D.-P. Hiader

Contents
12,1 INEOUCHION ...ttt ettt 236
12.2 Ocean Acidification and Its Effect on Photosynthetic Organisms ...........c.ccccccueeennee. 237
12.2.1 Ocean acidification 237
12.2.2 Responses of photosynthetic organisms to ocean acidification.................... 239
12.3 UV and Its Effect on Marine Photosynthetic Carbon Fixation............ccccoceeeveeennne. 242
12.3.1 UV radiation 242
12.3.2  The effect of UV on photosynthetic carbon fixation .............c.cccoeeiviiinnnns 244
12.4  The combined effects of OA and UV radiation ............cceeeveenncincineenecnenceees 244
12.5 Conclusion 246
RELETENCES ...ttt ettt 247

12.1 Introduction

Global environmental change has become a key factor influencing the sustainable
development of humans, and increasing atmospheric CO, concentration is causing
ocean acidification (OA), global warming, sea level rise, and altering water mixing
dynamics. As a CO, sink, the oceans continuously absorb CO,, playing an important
role in mitigating global warming. Therefore, the oceanic absorption of CO, and its
mechanism are key to study and predict the global environmental changes.
Photosynthesis is the basic driver of the biological CO, pump. As a result, it is nec-
essary to understand the relationship between photosynthesis and the change of
marine chemical and physical environments to assess CO, uptake capacities in dif-
ferent regions.

Global warming caused by increasing atmospheric CO, concentrations results in
rise of seawater temperature and shoaling of the upper mixed layer (UML) above
the thermocline, which exposes the phytoplankton within this layer to higher inte-
grated levels of UVR irradiances (Gao et al. 2012a). Meanwhile, the increased tem-
perature on the ground and the decreased heat reflection from the Earth’s surface
through the atmosphere to the outer space lowers the temperature of the stratosphere
and accelerates the depletion of stratospheric ozone. The release of CFCs (chloro-
fluorocarbons) has been reduced since the Montreal Protocol Agreement was
signed; however, due to their long lifetimes (on the order of a century) in the strato-
sphere, these substances are still harmful for the stratospheric ozone (Bais et al.
2015). Besides, several new gases, harmful to the stratospheric ozone, are rapidly
accumulating in the atmosphere (Laube et al. 2014). Thus, the ecophysiological
effects of the enhanced UV-B radiation (280-315 nm) still gain much attention
(Héder and Gao 2015).

In short, OA and increased UVR exposure negatively affect the efficiency of the
marine biological CO, pump by influencing the physiological performance of
marine primary producers in the UML. Therefore, their respective and combined
effects on the photosynthetic carbon fixation should be examined in a context of
marine environmental changing biology.
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12.2 Ocean Acidification and Its Effect on Photosynthetic
Organisms

12.2.1 Ocean Acidification

The exchange of CO, between the oceans and the atmosphere relies on seawater
mixing intensity and surface ocean carbonate chemistry. The dissolved CO, in
seawater remains in the upper layer for 6 years on average. The mixture between
epipelagic and mesopelagic seawater (10004000 m) is relatively slow and needs
hundreds of years (The Royal Society 2005). The oceans have absorbed more than
1/3 of the anthropogenically released CO, since the Industrial Revolution, which
significantly mitigates global warming (Sabine et al. 2004). However, the atmo-
spheric CO, concentration is still rising, with continuous oceanic absorption of CO,,
leading to a lowered alkalinity of the mesopelagic seawater. This process of increas-
ing acidity of seawater caused by the rising atmospheric CO, concentration is
termed “ocean acidification (OA).” More than half of the CO, absorbed from the
atmosphere by the oceans remains at a depth of 0 to 400 m (Sabine et al. 2004); the
longer CO, remains in the upper layer, the faster OA proceeds.
CO, is an acidic gas, and its dissolution into seawater leads to acidification:

CO, +H,0 = H,CO, (12.1)
H,CO, = H" + HCO; (12.2)
HCO; =H* +CO*> (12.3)

(The equilibrium constants of the above three reactions are dependent on tem-
perature and salinity in surface oceans). As indicated by these reactions, when CO,
dissolves into seawater, it forms carbonic acid. Then, carbonic acid dissociates and
forms HCO; and H*. As the concentration of H* increases, reaction (12.3) is shifted
to the right, causing the decrease of CO? concentration.

The seawater carbonate system of the upper oceans provides an inorganic carbon
source for primary production. With the progressive pH decrease associated with
OA, the concentration of inorganic carbon in the carbonate system and the concen-
tration ratios of different inorganic carbons (CO,, HCOy, CO%’) change, thus
affecting the saturation Q of CaCQj in seawater (Q = Ca** x CO?’ /K., where K_ is
the product of Ca** x CO;’ when the CaCOs solution is saturated, which is associ-
ated with the crystal type of CaCOj; such as calcite and aragonite. Since the oceanic
Ca’* concentration is relatively constant (approximately 10 mM), the CaCOj; satura-
tion © mainly depends on the concentration of CO> . In general, HCO; in the
seawater accounts for more than 90% of the dissolved inorganic carbon (DIC),
CO:" for about 9%, and CO, for less than 1% (these percentages change at differ-
ent latitudes or regions). Increasing atmospheric CO, results in increased concentra-
tions of dissolved CO,, HCO; , and H, the decreased concentration of CO?’ , and
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consequently a decreased saturation of CaCQO;. Since the Industrial Revolution, the
concentration of CO3™ in the epipelagic seawater has decreased approximately by
10% (Orr et al. 2005). If the atmospheric CO, concentration is doubled, the partial
pressure of CO, (;CO,) of epipelagic seawater will also be doubled, the concentra-
tion of HCO; increased by about 11%, DIC increased by 9%, and CO;’ decreased
by 45% (Kleypas et al. 2006). It should be noted that the concentration of CO3”
varies in waters (dependent on temperature etc.). The concentration of CO} in
polar waters is only 41% of that in tropical waters. By the end of this century, the
concentration of CO;™ in tropical waters will decrease to 149 pmol/kg, while that
of polar waters will decrease to 55 pmol/kg, which is 37% of that in tropical waters
(Orr et al. 2005). In waters with relatively low temperature, OA will decrease the
concentration of €03 t0a larger extent. Therefore, OA has different effects on the
chemical processes of different waters (Kleypas et al. 1999; Orr et al. 2005).

If utilization of fossil fuels by humans continues at the current rate, the atmo-
spheric CO, concentration will rise up to 800—1000 ppmv before 2100, decreasing
the pH of the upper layer by 0.3-0.4, which means the concentration of H* will
increase by 100—150% (Zeebe and Wolf-Gladrow 2001; Caldeira and Wickett 2003;
Gattuso et al. 2015). According to the predicted reserves of available fossil fuel, the
anthropogenic CO, emissions will reach a maximum in 2150 and then decline.
However, the high concentration of CO, will remain in the atmosphere for thou-
sands of years. During this period, the oceans will continue to absorb CO,, decreas-
ing the pH of the upper ocean. Meanwhile, the CO, absorbed by the upper ocean
gradually sinks to the deep ocean, decreasing the deep ocean pH as well. The
absorbed CO, can sink even thousands of meters deep into the ocean (Caldeira and
Wickett 2003). Thus, it can be seen that OA has influences on the chemical and
biological processes not only in the euphotic zone but also in deeper layers. Even if
humans stopped the CO, emission from now on, the tendency of OA would not be
reversible in a short term (several hundreds of years) (The Royal Society 2005),
since it takes thousands of years to complete the mixture of the upper and deep lay-
ers of the ocean. In the past, the concentration of atmospheric CO, changed slowly,
which allowed mixing between upper and deeper layers to mitigate the pH drop of
the upper ocean. But at present, OA proceeds much faster than ever in the past 300
million years (Honisch et al. 2012) which is far beyond the mitigation capacity of
geochemical processes.

OA changes the ocean carbonate system and other chemical processes (Millero
2007), which influence life processes relying on the chemical environment of seawater.
Hence, potential effects of OA on organisms and ecosystems have drawn increasing
attentions (Riebesell and Gattuso 2015). At the same time, in different waters and lati-
tudes, progress of OA and its effects on ecosystems are controlled by other environ-
mental factors (Riebesell and Gattuso 2015). In addition to visible light, temperature,
and nutrients, UV is of special concern (Boyd 2011; Brennan and Collins 2015).

In summary, anthropogenically released CO, has already influenced fundamen-
tal marine chemical processes. How OA will affect biological processes, organisms,
and biogeochemical process is of great significance for the scientific community
and society.
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12.2.2 Responses of Photosynthetic Organisms to Ocean
Acidification

Chemical changes as a result of OA can influence physiological processes of organ-
isms as well as their heredity and evolution. Marine phytoplankton (prokaryotic spe-
cies and microalgae) as well as macroalgae can convert CO, into organic materials,
which accounts for 50% of the global primary production (Field et al. 1998). Analysis
of the ecological effects of OA on photosynthetic carbon fixation is key to understand-
ing the relationship between OA and marine ecosystem and estimating the amount of
CO, absorbed by the oceans.

A number of previous studies have shown that OA may either promote growth
and photosynthesis of phytoplankton (Reibesell and Tortell 2011) or have no effect
(Tortell et al. 2000; Kim et al. 2006; Gao and Campbell 2014) or have a negative
effect on it, such as promoting mitochondrial respiration and photorespiration (Wu
et al. 2010; Gao et al. 2012b). Shipboard studies in the South China Sea during
several research cruises showed that the effect of OA on the photosynthetic carbon
fixation by phytoplankton relies on the intensity of solar radiation and the depth
distribution of phytoplankton. The increased concentration of CO, lowers the car-
bon fixation of phytoplankton communities and inhibits the growth of diatoms in
shallow waters or under high irradiances while accelerating the growth of diatoms
or augmenting carbon fixation in deeper layers or at low irradiances (Fig. 12.1).
The biological mechanism behind this phenomenon is that the increased concen-
tration of CO, downregulates the active uptake capacity of inorganic carbon (CO,,
HCO; ) of the cells, saving energy for CO,-concentrating mechanisms, which pro-
motes the growth of phytoplankton at low irradiances. Such energy saving interacts
with increased acidity to stimulate light stress under intense levels of solar radiation,
so that photorespiration can be enhanced (Gao et al. 2012a, b). On the other hand,
in order to resist OA, phytoplankton cells increase synthesis of toxic phenolics and
gain extra energy by degrading them, with mitochondrial respiration being enhanced.
The underlying mechanism is that OA promotes several metabolic pathways such as
[-oxidation, the tricarboxylic acid (TCA) cycle, glycolysis, etc. (Fig. 12.2), leading
to a higher concentration of phenolics (toxic compounds) and a higher respiratory
rate (Jin et al. 2015).

Nutrients also influence the physiological responses of phytoplankton to OA (Li
and Gao 2012; Verspagen et al. 2014). The substrate of cyanobacterial and algal
carboxylation is CO,, while more than 90% of inorganic carbon in the surface ocean
is HCO; . Thus, if seawater carbonate chemistry changes (pCO, rises, pH decreases
etc.), utilization of inorganic carbon and the energy to maintain an intracellular acid-
base balance will be affected (Mackey et al. 2015). Furthermore, OA can influence
some metabolic pathways of harmful red tide species with regard to toxin produc-
tion. For example, under OA conditions, more toxic compounds were accumulated
in the cells of Pseudo-nitzschia (Sun et al. 2011) and of toxic dinoflagellates
(Hattenrath-Lehmann et al. 2015).
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Fig. 12.1 The decrease of carbon fixation by phytoplankton in the upper layer of the South China
Sea under acidification conditions (red triangles). Left panels a and b show the carbon fixation per
volume of seawater and per chl a, respectively) and increased light stress (left panel c, non-
photochemical quenching). Right panels a, b and ¢, respectively, represent the relationship between
the irradiance and the growth rates of Phaeodactylum tricornutum (a), Thalassiosira pseudonana
(b), and Skeletonema costatum (c) at low (390 patm, blue squares) and high (1000 patm, red cir-
cles) CO, concentrations showing growth rates as a function of irradiance. There is a coupling
effect between OA and irradiance, as low radiation promotes the growth of diatoms while high
radiation inhibits it (Gao et al. 2012a, b)

Oceanic photosynthetic carbon fixation is limited by the availability of nutrients
and trace elements (such as Fe). In oligotrophic waters, biological nitrogen fixation
by cyanobacteria can provide biologically usable nitrogen, which promotes growth
of phytoplankton and increases photosynthetic carbon fixation. In this way, the
marine diazotrophs mitigates the global warming indirectly (Michaels et al. 2001;
Berthelot et al. 2015). OA can influence nitrogen fixation in cyanobacteria and
also affects their photosynthetic carbon fixation directly and/or indirectly. For
cyanobacteria with heterocysts, OA either promotes (Wannicke et al. 2012) or
inhibits (Czerny et al. 2009) nitrogen fixation. In cyanobacteria without heterocysts,
the extent of promotion varies among the species (Eichner et al. 2014). However,
some research cruise studies show that OA caused by increased CO, concentrations
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Fig. 12.2 Upper panel: OA-induced upregulates (red) or downregulates (green) metabolic pathways
of calcified phytoplankton organisms. Lower panel: both microcosm (a) and mesocosm (b) experi-
ments show significantly increased concentrations of phenolics in phytoplankton under acidifi-
cation. As required for the degradation of phenolics, cells upregulate several metabolic pathways
such as p-oxidation, the TCA cycle, and glycolysis (upper panel), so as to gain more energy to resist
OA (Jin et al. 2015)

has no significant effect or inhibits nitrogen fixation in Trichodesmium (Bottjer et al.
2014; Gradoville et al. 2014). These different findings can be attributed to inherent
physiological characteristics of species as well as different marine environments
and experimental conditions. Due to different responses of different nitrogen-fixing
organisms to OA, the structure of communities and biodiversity are bound to change
with progressive OA (Hutchins et al. 2013; Gradoville et al. 2014).



242 K. Gao and D.-P. Hiader

Regardless of pelagic or coastal waters, photosynthetic organisms are affected
by OA, and the effects can be compounded with other chemical/physical factors.
Most previous studies have been carried out in the laboratory under controlled
conditions. Due to data deficiency, it is still difficult to characterize the mechanisms
of OA effects on photosynthesis and related ecological processes in complex envi-
ronments (Riebesell and Gattuso 2015).

12.3 UV and Its Effect on Marine Photosynthetic
Carbon Fixation

12.3.1 UV Radiation

Ultraviolet radiation is divided into UV-A (315-400 nm), UV-B (280-315 nm), and
UV-C (<280 nm). The ozone layer completely absorbs UV-C (most harmful to
organisms). Most of the UV-B is also absorbed by the ozone in the atmosphere
(mainly in the stratosphere). Only a fraction of UV-B reaches the ground through
the stratosphere and the upper troposphere. With little attenuation by the atmosphere
and ozone, most UV-A and visible light reach the ground. Since the mid of the last
century, the ozone layer has been destroyed with increasing accumulation of
anthropogenic CFCs (chlorofluorocarbons) and chlorinated organic compounds.
The ozone decreased in the stratosphere and ozone holes were discovered in the
atmosphere above Antarctica resulting in increased UV-B radiation at the ground,
to a different extent at different latitudes. Since the Montreal Protocol was enforced,
the amount of released CFCs has been reduced; however, the destroyed ozone layer
has not yet recovered due to the long lifetimes of CFCs in the atmosphere (Bais
et al. 2015). Additionally, several new gases destructive to the ozone layer are rap-
idly accumulating in the atmosphere (Laube et al. 2014). Ozone holes have also
been discovered over the Arctic (Manney et al. 2011). Therefore, more attention
should be given to the increased UV-B and other global environmental change drivers
(Héder and Gao 2015).

At the same time increased ocean temperature results in the shoaling of the
upper mixed layer, which increases the exposure of the plankton in this layer to UV
radiation. In addition, this temperature-dependent increased stratification reduces
the amount of nutrients transported upward through the thermocline into the UML
(Gao et al. 2012a).

In marine environments, seawater itself and particles (including phytoplankton)
and dissolved matters absorb and scatter solar radiation. The degree of absorption
and scattering depends on the wavelength. The solar radiation transmitted into the
water undergoes exponential attenuation (Piazena and Hider 1997). The energy
ratio of light with different wavelengths to the total light energy varies with depth
(Hargreaves 2003). In estuary and coastal ecosystems, particulate organic matters
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(POM) and chromophoric dissolved organic matter (CDOM) are the main factors
resulting in the attenuation of solar irradiances. In offshore waters, due to high
transparency, the attenuation of solar radiation mainly depends on the biomass den-
sity or degradation of the phytoplankton and the intake and excretion of inorganic/
organic matter of zooplankton (Héder et al. 2011). The transmission depth varies
greatly for light with different wavelengths in different waters. For example, in the
Atlantic, UV-B (310 nm) can reach 30 m, 100 m for UV-A (380 nm), over 190 m for
blue light (450-500 nm) and 20 m for other visible light wavelengths (600—700 nm)
(Piazena et al. 2002). In the offshore waters of the South China Sea, the visible light
can penetrate deeper than 80 m (the depth of the euphotic zone), 50 m for UV-A and
38 m for UV-B which accounts for 62% and 47% of the depth of the euphotic zone,
respectively (Li et al. 2009). In the coastal waters of Shantou with large quantities
of suspended particles, the visible light can only penetrate less than 10 m in the
waters adjacent to the aquaculture area; UV-A and UV-B can only transmit less than
5 m and 3 m, respectively, accounting for 50% and 30% of the depth of the euphotic
zone (Gao et al. 2007a; Li and Gao 2012). In the estuary of Jiulong River of Fujian
Province, visible light penetrates even less (0.47-5 m), only 0.25-1.8 m for UV-A
and 0.21-1.7 m for UV-B which accounts for 36-75% and 46-56% of the depth of the
euphotic zone, respectively, of the transmission depth of visible light (Li et al. 2011b).
Recently, it has been suggested that intensity and transmission depth of UV will
also change with global ocean changes (Zepp et al. 2007; Hader et al. 2011). By
affecting the phytoplankton biomass of the euphotic zone, global change will indi-
rectly influence the attenuation of visible light and UV in the water column, which
may increase the intensity and the transmission depth of UV (Zepp et al. 2007). On
the other hand, dissolved organic carbon (DOC) and particulate organic carbon
(POC) are the main factors attenuating UV-A and UV-B, respectively. Increased
temperatures will accelerate bacterial decay and photodegradation of CDOM and
increase the transmission depth of UV (Tzortziou et al. 2007; Zhang et al. 2009).
Exposure to solar ultraviolet radiation is fluctuating due to vertical mixing within the
epilimnion. Therefore, increased solar UVR (as a result of a shallower epilimnion and
more frequent circulation near the surface), fluctuating irradiances (as a result of
stronger vertical mixing due to increased wind stress), and attenuation of solar radia-
tion in the water column will have a compound effect (Helbling et al. 2015). This new
scenario for oceanic phytoplankton requires further studies.

UV-B irradiance at the earth surface also changes with latitude, ozone content
in the stratosphere, and suspended particles in the atmosphere. Thus, the effect of
UV on photosynthetic carbon fixation varies with different areas, waters, and
depths. In the past, many marine in situ carbon sequestration studies and investiga-
tions have been carried out in ordinary transparent containers (glass or PC culture
bottles) which block most of the UV radiation. As a result, the effects of UV radia-
tion on carbon fixation and other biological processes have been ignored in many
studies and investigations. A large number of reports have given insight into the
effect of UV radiation on phytoplankton (see reviews Hader et al. 2014; Héider and
Gao 2015).
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12.3.2 The Effect of UV on Photosynthetic Carbon Fixation

UV can damage the DNA of phytoplankton (Héder and Gao 2015) and inhibit its
repair (Gao et al. 2008; Rastogi et al. 2014) as well as negatively affect its physio-
logical metabolism. Moreover, UV can also produce active free oxygen radicals
indirectly which causes oxidative stress in the cells (Héder et al. 2014), which may
lower the photosynthesis rate (Wu et al. 2005). Solar UV also changes the morphol-
ogy of filamentous cyanobacteria and causes their death (Wu et al. 2005). Although
in most areas UV-B accounts for less than 1% of the total solar energy, its harmful
effect is usually stronger than that of UV-A, which accounts for about 6-8% of the
total solar energy. However, when the water is mixed or solar radiation is fluctuat-
ing, the inhibition of photosynthetic carbon fixation by UV is significantly lower
(Li et al. 2013). During a long evolution process, phytoplankton has acquired
mechanisms to resist UV radiation, for example, the synthesis of the UV-shielding
pigments such as mycosporine-like amino acids (MAAs), the removal mechanism
of active oxygen free radicals, and the repair mechanisms of proteins and DNA
(Héder et al. 2014; Rastogi et al. 2014). However, in the surface layer, phytoplank-
ton cells are inevitably affected by UV, resulting in a decrease of carbon fixation
(Helbling et al. 2003; Hader and Gao 2015). But in some cases, such as on cloudy
days or in a relatively deeper layer, where the solar radiation is reduced to moderate
or low levels, UV radiation may even stimulate carbon fixation (Fig. 12.3). It has
been demonstrated that phytoplankton assemblages in coastal waters can utilize
UV-A to drive their photosynthetic carbon fixation (Gao et al. 2007a, b). Further
investigations showed that, after filtering out the visible light, a diatom-dominated
phytoplankton community can still carry out photosynthetic carbon fixation, and the
fixation rate steadily rises with increased UV-A intensity. However, the presence of
UV-B decreases carbon fixation (Fig. 12.3a). The positive effect of UV-A is related
to the intensity of solar radiation received by the phytoplankton and the size of the
cells (Li et al. 2011a; Li and Gao 2013). Usually, phytoplankton species with larger
cell sizes show higher capacity to utilize UV-A to fix carbon.

12.4 The Combined Effects of OA and UV Radiation

The oceanic upper mixed layer is facing the pressure of OA, rising temperatures and
enhanced UV radiation, etc. Due to the lack of data related to effects of multiple
global change drivers (Riebesell and Gattuso 2015), it is difficult to predict the trend
of biological carbon fixation and the efficiency of the biological carbon pump.
Although there is a large body of papers on the effects of OA or UV on the physiol-
ogy of marine primary producers, little knowledge has been gained in understand-
ing the compounding/coupling effects of OA and UV (Beardall et al. 2014).

The photosystems of plants show rapid responses to UV radiation. For example,
the high radiation at noon lowers the PSII photochemical efficiency within a few min-
utes. Combined effects of OA and UVR (280—400 nm) significantly lower the PSII
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Fig. 12.3 The carbon fixation rate (a) of coastal phytoplankton of the South China Sea under
different intensities of UVR (without visible light) and the ratio (b) of photosynthetic carbon fixa-
tion rates under unfiltered solar radiation or PAR + UV-A to that rate under visible light under
different weather conditions (Gao et al. 2007a, b)

photochemical efficiency of Cylindrotheca closterium f. minutissima that is grown
under at 1000 patm CO, and solar radiation on the initial day of exposure; even when
the organisms had been acclimated for 9 days, the coupling effect of OA and UV still
significantly lowered its electron transport rate, though there was no significant differ-
ence in growth (Wu et al. 2012). For Phaeocystis globosa grown at 1000 puatm CO,
(with constant pH) and solar radiation, its photochemical efficiency varied with the
intensity of solar radiation (a negative correlation with light intensity), indicating
the lowest values at noon, and there was a coupling effect of UV and OA on its
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photochemical efficiency (Chen and Gao 2011). As for the coupling of UV-A and OA,
this alga appeared to raise its photochemical efficiency (Y’) and lower non-photo-
chemical quenching (NPQ) under moderate levels of solar radiation (cloudy days). On
sunny days, there was no significant effect on Y’ while it significantly raised the NPQ
(Chen and Gao 2011). Regardless of sunny or cloudy days, the combined effects of
OA and UV-B lowered the algal Y’ and increased its NPQ only on sunny days (Chen
and Gao 2011). Under fluctuating irradiances, OA was shown to counteract the
enhancement of photosynthetic carbon fixation by UV-A, while decreasing the photo-
chemical inhibition associated with UV-B (Jin et al. 2013).

Studies show that OA and UV have a synergistic effect on calcified algae. OA
lowers the calcification in coccolithophorids and coralline algae. It thins the calcified
layer, enhancing the transmission of UV so as to intensify the damage of UV to
impair cellular functions (Gao et al. 2009; Gao and Zheng 2010; Xu and Gao 2014).
Under OA conditions, coralline algae calcify less, their photosynthetic pigments are
highly reduced, but UV-screening compounds (mainly mycosprine-like amino acids)
significantly increased in the presence of UVR, while the algae were grown in flow-
through seawater in quartz tubes. It is obvious that reduced calcification of these
organisms leads to higher UVR exposure and more damage to the cells, which in turn
further lowers the calcification rate and decreases the amount of photosynthetic
carbon fixation (Fig. 12.4).

12.5 Conclusion

OA is a growing environmental issue in both pelagic and coastal waters, which
appears to be more serious in Chinese waters, where eutrophication is intense with
large-scaled sea farming. Since different regions would be affected by climate
change to different extents, different organisms and marine ecosystems are exposed
to multifactorial stresses associated with ocean climate changes. Therefore, it is
necessary to study the effects of OA on marine photosynthetic carbon fixation under



12 Effects of Ocean Acidification and UV Radiation on Marine Photosynthetic... 247

different scenarios. Though it would be ideal to investigate OA effects under natural
conditions with fluctuating or changing abiotic factors, experimental logistics usu-
ally limit the combinations of several environmental drivers. Therefore, in investi-
gations of photosynthetic responses to OA, phytoplankton, and/or macroalgae
should be exposed to solar UV radiation. Mechanisms involved in the combined or
compounded effects of OA and UV should be explored to establish a reliable theory
toward understanding regional responses of marine primary producers to the chang-
ing ocean environment. Due to research activity logistics, under multiple environ-
mental stressors, our knowledge is limited in our understanding of how the effect of
OA or UV or UV plus OA changes. In some waters where the chemical environment
is fluctuant, some regional problems such as the effect of OA on biological activities
require further studies; the effect of OA on the process of UV photodegradation of
organics will influence the amount of marine carbon fixation or carbon storage
directly or indirectly.

References

Bais AF, McKenzie RL, Bernhard G, Aucamp PJ, Ilyas M, Madronich S, Tourpali K (2015) Ozone
depletion and climate change: impacts on UV radiation. Photochem Photobiol Sci 14:19-52

Beardall J, Stojkovic S, Gao KS (2014) Interactive effects of nutrient supply and other environ-
mental factors on the sensitivity of marine primary producers to ultraviolet radiation: implica-
tions for the impacts of global change. Aquat Biol 22:5-23

Berthelot H, Moutin T, L’Helguen S, Leblanc K, Hélias S, Grosso O, Leblond N, Charriére B,
Bonnet S (2015) Dinitrogen fixation and dissolved organic nitrogen fueled primary production
and particulate export during the VAHINE mesocosm experiment (New Caledonia lagoon).
Biogeosciences 12:4099—4112

Bottjer D, Karl MD, Letelier MR et al (2014) Experimental assessment of diazotroph reponses
to elevated seawater pCO, in the North Pacific Subtropical Gyre. Global Biogeochem Cycle
28(6):601-616

Boyd PW (2011) Beyond ocean acidification. Nat Geosci 4:273-274

Brennan G, Collins S (2015) Growth responses of a green alga to multiple environmental drivers.
Nat Clim Chang 5:892-897

Caldeira K, Wickett ME (2003) Oceanography: anthropogenic carbon and ocean pH. Nature
425:365

Chen SW, Gao KS (2011) Solar ultraviolet radiation and CO,-induced ocean acidification inter-
acts to influence the photosynthetic performance of the red tide alga Phaeocystis globosa
(Prymnesiophyceae). Hydrobiologia 675(1):105-117

Czerny J, Barcelos e Ramos J, Riebesell U (2009) Influence of elevated CO, concentrations on cell
division and nitrogen fixation rates in the bloom-forming cyanobacterium Nodularia spumi-
gena. Biogeosciences 6:1865-1875

Eichner M, Rost B, Kranz SA (2014) Diversity of ocean acidification effects on marine N, fixers.
J Exp Mar Biol Ecol 457:199-207

Field CB, Behrenfeld MJ, Randerson JT et al (1998) Primary production of the biosphere: integrat-
ing terrestrial and oceanic components. Science 281:237-240

Gao KS, Campbell DA (2014) Photophysiological responses of marine diatoms to elevated CO,
and decreased pH: a review. Funct Plant Biol 41:449-459

Gao KS, Zheng YQ (2010) Combined effects of ocean acidification and solar UV radiation on
photosynthesis, growth, pigmentation and calcification of the coralline alga Corallina sessilis
(Rhodophyta). Glob Change Biol 16:2388-2398



248 K. Gao and D.-P. Hiader

Gao KS, Wu Y, Li G, Wu H, Villafane VE, Helbling EW (2007a) Solar UV radiation drives CO,
fixation in marine phytoplankton: a double-edged sword. Plant Physiol 144:54-59

Gao KS, Li G, Helbling EW, Villafane VE (2007b) Variability of UVR effects on photosynthesis
of summer phytoplankton assemblages from a tropical coastal area of the South China Sea.
Photochem Photobiol 83:802-809

Gao KS, Li P, Watanabe T, Helbling EW (2008) Combined effects of ultraviolet radiation and
temperature on morphology, photosynthesis and DNA of Arthrospira (Spirulina) platensis
(Cyanophyta). J Phycol 44:777-786

Gao KS, Ruan ZX, Villafane VE, Gattuso JP, Helbling EW (2009) Ocean acidification exacerbates
the effect of UV radiation on the calcifying phytoplankter Emiliania huxleyi. Limnol Oceanogr
54:1855-1862

Gao KS, Xu JT, Gao G et al (2012a) Rising CO, and increased light exposure synergistically
reduce marine primary productivity. Nat Clim Chang 2(7):519-523

Gao KS, Helbling EW, Héader DP, Hutchins DA (2012b) Responses of marine primary producers
to interactions between ocean acidification, solar radiation, and warming. Mar Ecol Prog Ser
470:167-189

Gattuso JP, Magnan A, Bille R (2015) Contrasting futures for ocean and society from different
anthropogenic CO, emissions scenarios. Science 349(6243):aac4722

Gradoville MR, White AE, Béttjer D, Church MJ, Letelier RM (2014) Diversity trumps acidifica-
tion: lack of evidence for carbon dioxide enhancement of Trichodesmium community nitrogen
or carbon fixation at Station ALOHA. Limnol Oceanogr 59:645-659

Hider DP, Gao KS (2015) Interactions of anthropogenic stress factors on marine phytoplankton.
Front Environ Sci 3:1-14

Hider DP, Helbling EW, Smith RC et al (2011) Effects of UV radiation on aquatic ecosystems and
interactions with climate change. Photochem Photobiol Sci 10:242-260

Hider DP, Williamson CE, Wingberg SA, Rautio M, Rose KC, Gao KS, Helbling EW, Sinha RP,
Worrest R (2014) Effects of UV radiation on aquatic ecosystems and interactions with other
environmental factors. Photochem Photobiol Sci 14:108-126

Hargreaves BR (2003) Water column optics and penetration of UVR. In: Helbling EW, Zagarese
HE (eds) UV effects in aquatic organisms and ecosystems. The Royal Society of Chemistry,
Cambridge, pp 59-105

Hattenrath-Lehmann TK, Smith JL, Wallace RB et al (2015) The effects of elevated CO, on the
growth and toxicity of field populations and cultures of the saxitoxin-producing dinoflagellate,
Alexandrium fundyense. Limnol Oceanogr 60(1):198-214

Helbling EW, Gao KS, Goncalves R et al (2003) Utilization of solar UV radiation by costal
phytoplankton assemblages off SE China when exposed to fast mixing. Mar Ecol Prog Ser
259:59-66

Helbling EW, Banaszak AT, Villafafie VE (2015) Global change feed-back inhibits cyanobacterial
photosynthesis. Sci Rep 5:14514

Honisch B, Rdigwell A, Schmidt DN et al (2012) The geological record of ocean acidification.
Science 335(6072):1058-1063

Hutchins DA, Fu FX, Webb EA, Walworth N, Tagliabue A (2013) Taxon-specific response of
marine nitrogen fixers to elevated carbon dioxide concentrations. Nat Geosci 6:790-795

Jin P, Gao KS, Villafaiie EV, Campbell AD, Helbling EW (2013) Ocean acidification alters the
photosynthetic response of a coccolithophorid to fluctuating ultraviolet and visible radiation.
Plant Physiol 162:2084-2094

Jin P, Wang TF, Liu NN, Dupont S, Beardall J, Boyd PW, Riebesell U, Gao KS (2015) Ocean
acidification increases the accumulation of toxic phenolic compounds across trophic levels.
Nat Commun 6:8714

Kim JM, Lee K, Shin K et al (2006) The effect of seawater CO, concentration on growth of
a natural phytoplankton assemblage in a controled mesocosm experiment. Limnol Oceanogr
51:1629-1636

Kleypas JA, Buddemeier RW, Archer D et al (1999) Geochemical consequences of increased
atmospheric carbon dioxide on coral reefs. Science 284(5411):118-120



12 Effects of Ocean Acidification and UV Radiation on Marine Photosynthetic... 249

Kleypas JA, Feely RA, Fabry VJ, et al (2006) Impacts of ocean acidification on coral reefs and
other marine calcifiers: A guide for Future Research. Report of a workshop held 18-20 April
2005, St. Petersburg, FL, sponsored by NSF, NOAA, and the U.S. Geological Survey

Laube JC, Newland MJ, Hogan C et al (2014) Newly detected ozone-depleting substances in the
atmosphere. Nat Geosci 7:266-269

Li G, Wu YP, Gao KS (2009) Effects of Typhoon Kaemi on coastal phytoplankton assemblages
in the South China Sea, with special reference to the effects of solar UV radiation. J Geophys
Res Biogeo 114:G04029

Li G, Gao KS, Gao G (2011a) Differential impacts of solar UV radiation on photosynthetic car-
bon fixation from the coastal to offshore surface waters in the South China Sea. Photochem
Photobiol 87(2):329-334

Li G, Gao KS, Yuan DX et al (2011b) Relationship of photosynthetic carbon fixation with environ-
mental changes in the Jiulong River estuary of the South China Sea, with special reference to
the effects of solar UV radiation. Mar Pollut Bull 62(8):1852-1858

Li G, Che ZW, Gao KS (2013a) Photosynthetic carbon fixation by tropical coral reef phytoplankton
assemblages: a UVR perspective. Algae 28:281-288

Li G, Gao KS (2013b) Cell size-dependent effects of solar UV radiation on primary production in
coastal waters of the South China Sea. Estuar Coasts 36:728-736

Li W, Gao KS (2012) A marine secondary producer respires and feeds more in a high CO, ocean.
Mar Pollut Bull 64:699-703

Mackey KRM, Morris JJ, Morel FMM et al (2015) Response of photosynthesis to ocean acidification.
Oceanography 28(2):74-91

Manney GL, Santee ML, Rex M et al (2011) Unprecedented Arctic ozone loss in 2011. Nature
478:469-475

Michaels AF, Karl DM, Capone DG (2001) Element stoichiometry, new production and nitrogen
fixation. Oceanography 14(4):68-77

Millero FJ (2007) The marine inorganic carbon cycle. Chem Rev 107:308-341

Orr JC, Fabry VI, Aumont O et al (2005) Anthropogenic ocean acidification over the twenty-first
century and its impact on calcifying organisms. Nature 437:681-686

Piazena H, Hiader DP (1997) Penetration of solar UV and PAR into different waters of the Baltic
Sea and remote sensing of phytoplankton. In: Hider DP (ed) The effects of ozone depletion on
aquatic ecosystems. Academic Press, Austin, pp 45-96

Piazena H, Perez-Rodriguesb E, Hader DP et al (2002) Penetration of solar radiation into the water
column of the central subtropical Atlantic Ocean-optical properties and possible biological
consequences. Deep-Sea Res 49:3513-3528

Rastogi R, Singh S, Incharoensakdi A, Hiader DP, Sinha R (2014) Ultraviolet radiation-induced
generation of reactive oxygen species, DNA damage and induction of UV-absorbing com-
pounds in the cyanobacterium Rivularia sp. HKAR-4. S Afr J Bot 90:163-169

Reibesell U, Tortell PD (2011) Effects of ocean acidification on pelagic organisms and ecosystems.
In: Gattuso JP, Hansson L (eds) Ocean acidification. Oxford University Press, New York,
pp 291-311

Riebesell U, Gattuso JP (2015) Lessons learned from ocean acidification research. Nat Clim
Chang 5:12-14

Sabine CL, Feely RA, Gruber N et al (2004) The oceanic sink for anthropogenic CO,. Science
305(5682):367-371

Sun J, Hutchins DA, Feng Y et al (2011) Effects of changing pCO2 and phosphate availability on
domoic acid production and physiology of the marine harmful bloom diatom Pseudo-Nitzchia
Multiseries. Limnol Oceanogr 56:829-840

The Royal Society (2005) Ocean acidification due to increasing atmospheric carbon dioxide. ISBN
0854036172

Tortell PD, Rau GH, Morel FMM (2000) Inorganic carbon acquisition in coastal Pacific phyto-
plankton communities. Limnol Oceanogr 45:1485-1500

Tzortziou M, Osburn CL, Neale PJ (2007) Photobleaching of dissolved organic material from a
tidal marsh-estuarine system of the Chesapeake Bay. Photochem Photobiol 83:782-792



250 K. Gao and D.-P. Hiader

Verspagen JM, Van de Waal DB, Finke JF, Visser PM, Huisman J (2014) Contrasting effects of
rising CO, on primary production and ecological stoichiometry at different nutrient levels. Ecol
Lett 17:951-960

Wannicke N, Engel SEA, Grossart HP et al (2012) Response of Nodularia spumigena to PCO,.
Biogeosciences 9:2973-2988

Wu H, Gao KS, Ma ZL, Watanabe T (2005) Effects of solar ultraviolet radiation on biomass pro-
duction and pigment contents of Spirulina platensis in commercial operations under sunny and
cloudy weather conditions. Fish Sci 71:454-456

Wu XJ, Gao G, Giordano M et al (2012) Growth and photosynthesis of a diatom grown under
elevated CO, in the presence of solar UV radiation. Fundam Appl Limnol 180(4):279-290

Wu Y, Gao KS, Riebesell U (2010) CO,-induced seawater acidification affects physiological per-
formance of the marine diatom Phaeodactylum tricornutum. Biogeosciences 7:2915-2923

Xu K, Gao KS (2014) Solar UV irradiances modulate effects of ocean acidification on the
coccolithophorid Emiliania huxleyi. Photochem Photobiol 91:92-101

Zeebe RE, Wolf-Gladrow D (2001) CO, in seawater: equilibrium, kinetics, isotopes. Elsevier,
Amsterdam, 346 pp

Zepp RG, Erickson DJ III, Paul ND et al (2007) Interactive effects of solar UV radiation and
climate change on biogeochemical cycling. Photochem Photobiol Sci 6:286-300

Zhang Y, Liu M, Qin B et al (2009) Photochemical degradation of chromophoric dissolved organic
matter exposed to simulated UV-B and natural solar radiation. Hydrobiologia 627:159-168



Chapter 13
Oxidative Stress-Induced Bioprospecting
of Microalgae

Kaumeel Chokshi, Imran Pancha, Arup Ghosh, and Sandhya Mishra

Abstract Microalgae are sunlight-driven cell factories found in diverse marine and
freshwater environments. With simple growth requirements (light, CO,, N, P and
K), microalgae produce various valuable products like carotenoids, antioxidants,
fatty acids, enzymes, polymers, peptides, toxins and sterols. Their photosynthetic
mechanism is similar to plants, but due to their simple cellular structure and sub-
mergence in an aqueous environment, in most cases, they have an efficient access to
water, CO, and other nutrients. In addition, their growth is faster and photosynthetic
efficiency is higher compared to terrestrial crop plants. Their shorter generation
time allows production of lipids and carbohydrates in large amounts over short peri-
ods of time, which can be easily converted into biofuels. Due to these reasons,
microalgae are considered as an alternative renewable feedstock for biofuel produc-
tion. In any organism, fluctuating environmental conditions trigger a series of physi-
ological processes and generation of reactive oxygen species (ROS) which are
highly reactive and damage proteins, lipids, carbohydrates and DNA, ultimately
resulting into cellular toxicity. Stress-induced ROS accumulation is counteracted by
cellular enzymatic and non-enzymatic antioxidants. Excessive ROS damage the
ability of the cells to readily detoxify the reactive intermediates or to repair the
resulting damage, ultimately leading to oxidative stress conditions. Recent studies
suggest that oxidative stress is a mediator for increased accumulation of lipid and
various bioactive metabolites in microalgae. This chapter provides comprehensive
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information on bioprospecting of microalgae under oxidative stress conditions,
mainly for their carotenoid accumulation and biofuel potential. An overview of
omics platform including genomics, transcriptomics, proteomics and metabolomics
is also provided in the context of better understanding the stress response of micro-
algae at cellular level and using these advanced approaches for the development of
microalgal biofactory.

Keywords Microalgae * Bioprospecting * Oxidative stress ¢ Reactive oxygen spe-
cies * Biofuel  Carotenoids ® Omics
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13.1 Microalgae and an Overview of Microalgal Applications

Microalgae are unicellular, microscopic (2-200 pm), polyphyletic, CO, evolving
and sunlight-driven cell factories found in diverse environmental conditions and
habitats such as lacustrine, brackish, freshwater, hyper-saline, wastewater ponds,
dams, rivers, marine and coastal areas. In any habitat, microalgae have been shown
to have successional tendencies due to variable nutrient availability, inclement
weather and seasonal variations (Bernal et al. 2008). They are autotrophic organ-
isms which grow by photosynthesis and are considered as eukaryotes, although the
prokaryotic cyanobacteria are also included in this category (Greenwell et al. 2009).
The enormous biodiversity of microalgae represent almost untapped resource. It has
been estimated that about 20,000-800,000 microalgal species exist, of which only
about 50,000 species are reported (Suganya et al. 2016).

The use of microalgae by humans started when the Chinese used Nostoc and few
other cyanobacteria as a food source around 2000 years ago. After World War 11, the
USA, Germany and Japan started mass culture of microalgae to meet the increasing
food demand (Ratha and Prasanna 2012). Since then microalgae have been explored
for the control of water pollution, regeneration of atmosphere in biospheres, mitiga-
tion of greenhouse gases, etc. With simple growth requirements (light, CO,, N, P
and K), microalgae produce a wide range of potential metabolic products such as
pigments, fatty acids, vitamins, carotenoids, antioxidants, enzymes, toxins, food
supplements, pharmacological substances, polymers, etc. (Pancha et al. 2015a, b;
Araujo et al. 2011). Microalgae are a great source of natural compounds which
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could be used as ingredients to enhance nutritional food content. Due to their high
protein content, various microalgal species are considered as unconventional
sources of protein. They also represent a valuable source of nearly all amino acids
and essential vitamins. Microalgae are rich in pigments like chlorophyll (0.5-1% of
dry weight), carotenoids (0.1-0.2% of dry weight) and phycobiliproteins (up to 8%
of dry weight). Due to their high digestibility, microalgal carbohydrates (glucose,
starch and polysaccharides) can be used in foods or feeds (Ratha and Prasanna
2012). Applications of various microalgal products are enlisted in Table 13.1.

Table 13.1 Applications of various products extracted from microalgae

Products ‘ Microalgae ‘ Applications
Pigments
Phycocyanin Spirulina platensis Health food
Cosmetics
Pharmaceuticals
Phycoerythrin Porphyridium cruentum Fluorescent agent
Biomedical research
Diagnostic tool
Lutein Haematococcus pluvialis Pigments
Astaxanthin Botryococcus braunii Anti-inflammatory agents
Chlorella zofingiensis Cosmetics
Chlorococcum sp. Provitamins
p-Carotene Dunaliella salina Pigments
Vischeria stellata Food colourant
Antioxidants
Feed additives
Polyunsaturated fatty acids
Eicosapentaenoic acid Chlorella minutissima Nutraceuticals

Nannochloropsis sp.

Food additives

Docosahexaenoic acid

Crypthecodinium sp.
Schizochytrium sp.

Linolenic acid

Spirulina sp.

Vitamins

Ascorbic acid (vitamin C)
Biotin, a-tocopherol (vitamin E)

Chlorella sp.
Euglena gracilis

Nutrition

Polysaccharides

Porphyridium cruentum

Antiviral agents

Lubricants
Flocculants
Lipids Botryococcus braunii Biodiesel
Chlorella sp.
Chlamydomonas reinhardtii
Nannochloropsis sp.
Scenedesmus sp.
Carbohydrates Arthrospira platensis Bioethanol
Botryococcus braunii Foods
Chlorella sp. Feeds

Dunaliella salina
Haematococcus pluvialis

Compiled from Chu (2012), Ratha and Prasanna (2012), Markou and Nerantzis (2013), Trivedi

et al. (2015), Minhas et al. (2016)
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More recently, microalgae have been considered as promising feedstocks for the
generation of biofuels including biodiesel from oil, alcohols from carbohydrates
and liquid or gaseous hydrocarbons from whole biomass (Bohutskyi et al. 2015).

The photosynthetic mechanism of microalgae is similar to plants, but due to their
simple cellular structure and submergence in an aqueous environment, in most
cases, they have an efficient access to water, CO, and other nutrients. They exhibit
faster growth and higher photosynthetic efficiency compared to terrestrial crop
plants (Chisti 2007). Their shorter generation time allows production of lipids and
carbohydrates in large amounts over short periods of time, which can be easily con-
verted into biodiesel and bioethanol, respectively. Moreover, microalgae can be cul-
tivated in nonarable lands using seawater, brackish water or wastewater, due to
which they do not compete with agricultural farmlands (Pancha et al. 2014). Under
environmental stress conditions, they can accumulate substantial amounts of lipids
and carbohydrates (50-70% of dry weight). Due to these reasons, microalgal bio-
mass is now recognized as an alternative renewable feedstock for biofuel produc-
tion. Further utilization of de-oiled (lipid extracted) biomass for various applications
like bioethanol, biogas, animal feed, fertilizer, biosorption of dyes (Maurya et al.
2016), nanoparticle synthesis (Chokshi et al. 2016a, b), etc. reduces the overall cost
of microalgal biofuel production, making it economically sustainable.

Bioprospecting comprises of searching and collecting of unique microbial strains
for their potential applications. As microalgae are a potential source of bioactive
compounds with pharmaceutical, biomedical and nutraceutical prospects, they
could play an important role in producing biofuels and bio-based chemicals based
on both, their natural components and refined products (Hu et al. 2013). Therefore,
bioprospecting of microalgal strains is important to select the best strains that can
produce higher amounts of desired metabolic products.

13.2 Oxidative Stress and Reactive Oxygen Species

In any organism, adverse environmental conditions trigger a series of physiological
processes and generation of reactive oxygen species (ROS). These highly reactive
ROS cause severe damage to proteins, lipids, carbohydrates and nucleic acids, often
leading to alterations in cell structure, organelle dysfunction, mutagenesis (Halliwell
and Gutteridge 1999) and oxidative cell injuries, ultimately resulting in cell death
(Gill and Tuteja 2010). The production of ROS is an unavoidable consequence of
aerobic life. It comprises both free radical (superoxide radicals, O} ; hydroxyl radi-
cals, OH"; perhydroxy radicals, HO,"; and alkoxy radicals, RO") and non-radical
(molecular) forms (hydrogen peroxide, H,O, and singlet oxygen 'O,). These are the
partially reduced forms of atmospheric oxygen (O,) resulted from the excitation of
O, to form '0,. The single electron reduction of O, results in the generation of O}
, which inactivates several important enzymes having iron-sulphur clusters which
are required for energy production and amino acid metabolism. This inactivation is
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caused by the oxidation of cluster leading to release of iron, which through Fenton
chemistry produces highly reactive OH' radicals (Kumar et al. 201 1a, b). Protonation
of O] produces HO; . At low pH, dismutation of O} is unavoidable, with one
O, giving up its added electron to another O, forming O . Protonation of 03"
results in the generation of H,0,. In the presence of transition metals like copper
and iron, further reactions through Haber-Weiss cycle or Fenton reaction forms
OH’, which is the most reactive chemical species in the biological world (Mittler
2002; Gill and Tuteja 2010).

Stress-induced ROS accumulation is counteracted by an integral defence mecha-
nism of the cell, which, under normal conditions, scavenges the excess oxidants and
avoids the deleterious effects of ROS. This includes an array of enzymatic scavengers
such as superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX),
glutathione reductase (GR), etc. and non-enzymatic antioxidant molecules such as
pigments, proline, polysaccharides, polyphenols, carotenoids, flavonoids, etc. (Mittler
et al. 2004; Cirulis et al. 2013). Generation and scavenging of ROS and their effects on
cellular metabolites of microalgae are shown in Fig. 13.1. SOD is an important intra-
cellular enzymatic antioxidant ubiquitous in all subcellular compartments of aerobic
organisms prone to ROS-mediated oxidative stress (Gill and Tuteja 2010). It provides
the first line of defence against toxic effects of ROS by catalysing dismutation of O}

Cellular sources like

Lipid
Membrane e
Damage Peroxidation

oIo
0

Astaxanthin
Zeaxanthin

Fig. 13.1 Generation and scavenging of ROS and their effects on cellular metabolites of
microalgae
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(two O] are neutralized by the addition of two hydrogen ions) to H,O, and O,,
thereby decreasing the risk of OH® formation via Haber-Weiss-type reaction (Gill and
Tuteja 2010). CAT is indispensable for ROS detoxification during stressed conditions
(Garg and Manchanda 2009). It contains porphyrin haem active sites that directly
dismutate H,0, into H,O and O,. In 1 min, one molecule of CAT can convert approxi-
mately six million molecules of H,0, into H,O and O, (Gill and Tuteja 2010) APX is
one of the peroxidases (POX) involved in the scavenging of H,O, utilizing ascorbate
as the electron donor. APX has higher affinity to H,O, (uM range) than that of CAT
(mM range) (Gill and Tuteja 2010). Besides these, several other enzymatic scavengers,
viz. GR, glutathione S-transferases (GST), guaiacol peroxidase, glutathione peroxi-
dase, dehydro- and monodehydroascorbate reductase, etc. also play an essential role in
the cellular defence against ROS.

Various non-enzymatic antioxidants also play an important role in the mitiga-
tion of oxidative stress-induced cellular injuries. Carotenoids, the lipid soluble
pigments, alleviate oxidative toxicity by direct quenching of 'O, or by dissipat-
ing the excess excitation energy from chlorophyll by direct transfer or via xan-
thophyll cycle and suppressing lipid peroxidation (Telfer 2005; Kumar et al.
2011a). Tocopherols, another lipid-soluble 'O, quencher, prevent the chain prop-
agation step in lipid autoxidation (Ahmad et al. 2010). Proline, an osmoprotec-
tant, is now considered an inhibitor of lipid peroxidation and the scavenger of
OHe and 'O, (Ashraf and Foolad 2007; Trovato et al. 2008). Polyphenol is a
powerful non-enzymatic ROS scavenger, which acts as substrate for the H,0,-
scavenging enzyme POX and prevents the diffusion of ROS by altering the per-
oxidation kinetics and reducing the fluidity of the cell membrane (Parida and Jha
2013). Ascorbic acid, the most abundant water-soluble antioxidant, protects the
membranes by directly scavenging O and OH' radicals and regenerating
a-tocopherol from tocopheroxyl radicals (Gill and Tuteja 2010). Glutathione is
the potential scavenger of H,0, and 'O, and the most dangerous OHe radicals. It
also regenerates another water-soluble antioxidant ascorbate via ascorbate-gluta-
thione cycle (Foyer and Halliwell 1976). Phytochelatins are low molecular
weight compounds synthesized from glutathione by phytochelatin synthase.
Their high sulphur content chelates heavy metals and provides short-term defence
against toxic metals (Cirulis et al. 2013).

Whether ROS will act as damaging, protective or signalling factor depends on
the delicate equilibrium between their production and scavenging at proper site and
time (Gratdo et al. 2005). It has been suggested that ROS exhibit dual role
(Vanderauwera et al. 2009; Luis 2015) (Fig. 13.2), and the concept of ‘oxidative
stress’, which strictly suggests a state to be avoided, was re-evaluated and the term
‘oxidative signalling” or ‘redox signalling’ was created (Foyer and Noctor 2005).
The connection between accumulation of various ROS and microalgal cellular
metabolites might improve our understanding about microalgal cell physiology and
cellular responses to various environmental stress conditions.
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Fig. 13.2 Dual role of ROS [Reproduced from Vanderauwera et al. (2009)]

13.3 Role of Oxidative Stress in Carotenoid Accumulation
in Microalgae

Carotenoids are among the most common, naturally occurring terpenoid pigments
with a C40 methyl-branched hydrocarbon backbone which provides distinctive
molecular structures and associated chemical properties including light-absorption
features that are essential for photosynthesis (del Campo et al. 2007). There are over
600 carotenoids occurring in nature (Paliwal et al. 2016). Their colour varies from
yellow to orange or red, depending on the number of conjugated double bonds of
the polyene chain and corresponds to their ability to absorb photons in the blue and
near-UV regions. Carotenoids are divided into carotenes (hydrocarbons containing
no oxygen) such as a-carotene, f-carotene and lycopene and xanthophylls (hydro-
carbons containing oxygen element) including lutein, zeaxanthin and violaxanthin
(Zhang et al. 2014). Carotenoids can also be classified as primary carotenoids,
which are functional and structural components of the photosynthetic apparatus and
are essential for cell survival, and secondary carotenoids, which are accumulated as
oil droplets in the plastids or cytoplasm, when exposed to specific environmental
stimuli (via carotenogenesis) (Guedes et al. 2011) such as nutrient starvation, high
salinity, high light, etc. Lutein is a major carotenoid as it acts as a primary carot-
enoid maintaining the integrity of cell membranes and protecting the cells from
many forms of stress. Astaxanthin is considered a secondary carotenoid, present in
lipid bodies outside the chloroplast, and has potential applications in human health
(Minhas et al. 2016).

Carotenoids are synthesized de novo by all photosynthetic organisms, some bac-
teria and fungi. Vertebrates have to take up these essential molecules from their diet.
Due to their physicochemical properties and high-added values, carotenoids are
widely used by industries as natural food colourants to colour the flesh of fish or to
enhance the colour of egg yolks in poultry industries; as feed additives in aquaculture,
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poultry, livestock and fish (Cazzonelli 2011); in cosmetics; and as active ingredients
in medicinal pharmaceuticals. The global market for carotenoids is expected to
increase from US $1.2 billion in 2010 to $1.4 billion by 2018 (D’Alessandro and
Antoniosi Filho 2016). The nutraceutical industries synthetically manufacture five
major carotenoids (lycopene, -carotene, canthaxanthin, zeaxanthin and astaxanthin)
on an industrial scale. Nowadays, natural sources of carotenoids are generally pre-
ferred over chemical synthesis as these are devoid of stereoisomers. Their mono- or
diesters form may improve their stability by providing greater shelf life. Moreover,
there is an increasing demand of natural products from consumers. This has promoted
major efforts to improve carotenoid production from biological sources instead of
chemical synthesis (del Campo et al. 2007).

Among various microalgae, Haematococcus pluvialis, Dunaliella salina and
Chlorella zofingiensis are the extensively studied taxa as they are widely used in the
commercial production of B-carotene and astaxanthin in medium- and large-scale
cultures (Lemoine and Schoefs 2010). Carotenoid accumulation in H. pluvialis was
first reported by Flotow (1844), which is well reviewed by Lemoine and Schoefs
(2010). Under favourable environmental conditions, H. pluvialis grow as large flag-
ellated green macrozoids. When conditions become unfavourable (e.g. light stress,
deficiency of nitrogen, etc.), the cells become spherical, induce cyst formation and
change colour from green to red. This resting stage corresponds to large red cells
with a thick and heavy resistant cell wall. Tischer (1936) identified the pigment in
resting cells and named ‘haematochrom’ as astaxanthin. Under oxidative stress,
biosynthesis of astaxanthin enhances in these cyst cells (Kobayashi et al. 1993;
1997a, b) which is considered as a survival strategy developed by this organism
(Boussiba 2000). Under stress conditions, H. pluvialis accumulates astaxanthin up
to 2-3% (w/w) on a dry weight basis or 43 pg/g on a fresh weight basis (Boussiba
et al. 1999; Lemoine and Schoefs 2010).

Tolerance to excessive ROS has been shown to be higher in astaxanthin-rich
cysts than in vegetative cells (Kobayashi et al. 1997a, b; Li et al. 2010). In cysts,
astaxanthin molecules are present as fatty acid esters and thus have both hydrophilic
groups and hydrophobic esters at both B-ionone rings. Compared to nonesterified
molecules, the esterified astaxanthin molecules have better capacity to detoxify 'O,.
This suggests their ability to function as stabilizers to maintain high antioxidant
ability between hydrophilic and hydrophobic conditions (Hagen et al. 1993;
Kobayashi et al. 1997a; Kobayashi and Sakamoto 1999). The proteomic analysis
identified 70 proteins whose expression pattern changed in H. pluvialis following
stress induction (Wang et al. 2004a, b). Proteins from the families SOD, CAT and
POX were quickly upregulated within the first 12-48 h and then downregulated
when astaxanthin molecules accumulated. This suggests primary enzymatic defence
response of the cells that plays a critical role upon onset of stress and during the
transition of green vegetative cells to cyst formation (Wang et al. 2004a, b).
Kobayashi (2000) also observed decrease in the ROS formation in H. pluvialis with
the increase in intracellular astaxanthin content. Compared to cyst cells, vegetative
cells with no astaxanthin had higher ROS formation. Thus, vegetative cells might be
more sensitive to ROS than cyst cells, suggesting the importance of morphological
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Table 13.2 Summary of selected studies on oxidative stress-induced carotenoid production from

microalgae
Stress
Products Microalgae Stress condition parameters References
Astaxanthin, Spirulina platensis Addition of CAT, APX, El-Baky
-carotene, 2-8 mM H,0, SOD, ascorbic | et al. (2009)
lutein, acid,
zeaxanthin, glutathione,
cryptoxanthin tocopherols
Carotenoids Dunaliella salina Nitrogen depletion | Isoforms of Saha et al.
coupled with high | SOD (2013)
light (240 pmol
m2s7")
Astaxanthin, Haematococcus High light - Hu et al.
lutein, MT 2877 (250 pmol m=2s7") (2008)
-carotene induction
Lutein Chlorella Addition of - Wei et al.
protothecoides 0.1 mM H,0, and (2008)
0.01 mM NaClO
plus 0.5 mM Fe?*
p-Carotene Dunaliella salina 1-3 M NaCl Ascorbate, Einali and
coupled with H,0,, SOD, Valizadeh
addition of 1 mM CAT, APX, (2015)
n-propyl gallate MDA
p-Carotene Dunaliella bardawil | High light (500 W/ | SOD, CAT Shaish et al.
m?); addition of (1993)
ROS-generating
chemicals
Astaxanthin Chlorococcum sp. Addition of - Ma and Chen
0.1 mM H,0, (2001a, b)
Astaxanthin Chlorella Addition of - Ip and Chen
zofingiensis 0.001-10 mM (2005)
H,0, and NaCIO
Astaxanthin Haematococcus Addition of o Hong et al.
pluvialis 450 uM iron H,0, 0,102 | 2015)
coupled with high OH
temperature
(30-36°C)

change from vegetative to cyst cells for their survival under adverse environmental
conditions. When stress disappears, astaxanthin molecules and the precursors are

used as carbon sources for restoring the cell growth (Qin et al. 2008).

Various stress conditions alter the accumulation of carotenoids in microalgae.
Table 13.2 summarizes selected studies on oxidative stress-induced carotenoid produc-
tion from microalgae. Hong et al. (2015) observed enhanced autotrophic astaxanthin
production in H. pluvialis under high temperature via heat stress-driven Haber-Weiss
reaction. High temperature of 30-36°C inhibited the accumulation of astaxanthin
under photoautotrophic conditions, which was mainly due to depression of caroteno-
genesis attributed to excess levels of less ROS (O, and H,0,) generated under high



260 K. Chokshi et al.

temperature. Iron (450 pM) was added in the culture medium to convert these less ROS
to more ROS ('O, and OH"), thereby facilitating lipid peroxidation, which prompt the
cells to synthesize fatty acids and astaxanthin to protect their lipid vesicles. After
18 days of photoautotrophic induction, the astaxanthin content of the cells dramatically
increased by 75% at 30°C and 133% at 36°C, compared to that of cells exposed to heat
stress alone. Saha et al. (2013) evaluated carotenoid production and differential
response of various isoforms of SOD in D. salina under different stress conditions. The
combination of nitrogen depletion coupled with high-light illumination (240 pmol
m~2 s7!) resulted into maximum carotenoid production during which the activity of
Fe-SOD induced while that of Mn-SOD retained. The micronutrient Mn is one of the
important minerals in algal photosynthesis which helps in enhancing inorganic mineral
accumulation. This observation suggests essential requirement of Mn during growth of
D. salina in stress conditions. Differential response of SODs is also reported as a short-
term strategy of H. pluvialis to survive under oxidative stress conditions, and the organ-
ism adopt chronic molecular defence strategies by increasing carotenoid biosynthesis
as long-term survival strategy (Wang et al. 2011). Einali and Valizadeh (2015) studied
accumulation of P-carotene and response of cellular antioxidant scavengers in D.
salina grown under salt stress. About 10% increase in -carotene content was observed
when cells were grown in 1 and 3 M NaCl. The H,O, content decreased in cells grown
at 1 M NaCl, whereas cells grown at 2 and 3 M NaCl had higher accumulation of H,O,.
The activity of SOD increased with the increase in the salt concentration; APX activity
was highest in cells grown in 2 M NaCl, while CAT activity decreased in all treatments.
The total ascorbate and malondialdehyde (MDA, a natural biomarker of lipid peroxi-
dation) contents also increased concomitantly with salt concentration.

Addition of various ROS agents to the culture media has been considered as a
possible measure for improving carotenoid synthesis by microalgae. Ip and Chen
(2005) used H,0, and sodium hypochlorite (NaClO) to generate OH" and 'O, and
studied carotenogenesis and astaxanthin production in heterotrophic culture of C.
zofingiensis cultivated in the dark. Addition of 0.1 mM H,O, enhanced secondary
carotenoid biosynthesis, including astaxanthin, which was probably due to the for-
mation of OH" radicals through the iron-catalysed Fenton reaction (Kobayashi et al.
1993). On the other hand, 'O, sharply reduced the secondary carotenoid content. Ma
and Chen (2001a, b) observed increase in the astaxanthin formation from 5.8 to
6.5 mg/g in the mixotrophic culture of Chlorococcum sp. exposed to 0.1 mM H,O,
for 3 days. 'O, generated using methylene blue reduced the biomass and astaxanthin
content. Even under heterotrophic conditions (Ma and Chen 2001a), addition of
0.1 mM H,0, enhanced astaxanthin formation suggesting that light is not an obliga-
tory enhancer for carotenogenesis. This suggests that suitable types of non-
photochemical ROS generators could substitute light to stimulate the biosynthesis
of secondary carotenoids in dark. It is known that ROS regulate astaxanthin accu-
mulation by direct activation of biosynthetic latent enzymes GST (Aniya and Anders
1992) and GR (Miller and Claiborne 1991) or by activating the expression of genes
coding for carotenogenesis enzymes (Bouvier et al. 1998).
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El-Baky et al. (2009) studied the effect of H,O, stress on carotenoid content
and cellular antioxidants response of Spirulina platensis. The contents of hydro-
philic antioxidants ascorbic acid and glutathione and lipophilic antioxidant
tocopherol increased with the increase in the concentration of H,0O,. The activities
of enzymatic antioxidants CAT, POX and SOD also increased consistently.
Carotenoid profiling showed increase in the accumulation of B-carotene, astaxan-
thin, lutein, zeaxanthin and cryptoxanthin with the increase in the concentration of
H,0,. This suggests the role of different carotenoids and their derivatives as pro-
tectors in the dissipation of chloroplastic ROS (Bennoun 1998). Wei et al. (2008)
studied the effects of oxidative stress on lutein production in heterotrophic
Chlorella protothecoides. The addition of 0.1 mM H,0, and 0.01 mM NaClO plus
0.5 mM Fe?* into the culture led to the generation of OH" radicals and enhanced
the lutein content from 1.75 to 1.90 and 1.95 mg/g, respectively. The higher lutein
content of 1.98 mg/g was observed when 0.01 mM H,0, and 0.5 mM NaClO were
used to generate 'O,.

Oxidative stress caused by intense light illumination is also effective for induc-
ing carotenoid accumulation in microalgae. The underlying mechanism is that
excess photo-oxidation under high-light irradiance generates various ROS like
O ., OH’ and '0,. In the presence of ROS, the antioxidative carotenoids are pro-
duced, which could forestall damage of excessive irradiance by directly quench-
ing triplet chlorophyll (*Chl) or 'O, produced from photodynamic reactions
(Krinsky 1979) and thus protect the cells against oxidative damage (Ip and Chen
2005). Hu et al. (2008) observed enhanced protection against photo-oxidative
stress in an astaxanthin-overproduction mutant of Haematococcus MT 2877.
After 3 days of high-light induction from 20 to 250 pmol m=2 s~! the astaxanthin
content of mutant cells increased by twofolds compared to wild-type cells,
whereas the lutein and p-carotene content remained almost constant. Regulation
of astaxanthin biosynthesis might be most likely attributed to the ‘secondary mes-
sengers’’ role of ROS to transduce signalling pathways and altered expression of
certain genes and antioxidant enzymes involved in carotenogenesis (Kullik and
Storz 1994; Bouvier et al. 1998). Another mechanism of carotenoid photoprotec-
tion was described by Ben-Amotz et al. (1989) who concluded that large amount
of B-carotene accumulate in the inter-thylakoid space of the green algae Dunaliella
bardawil. This carotenoid could protect the cells from high irradiance injury by
acting as a screen preventing excessive irradiance of blue light from reaching the
antenna chlorophylls. This ‘filter effect’ of p-carotene is attributed to the large
overlap between the absorption spectra of B-carotene and chlorophyll in the blue
light regime (Boussiba 2000). Shaish et al. (1993) observed that addition of pro-
moters of oxygen radicals greatly enhanced p-carotene synthesis, photodegrada-
tion of chlorophyll and inhibition of photosynthesis in D. bardawil under high
irradiance and suggested that D. bardawil adapts to the oxidative stress caused by
high irradiance by accumulation of f-carotene along with increasing the activities
of CAT and SOD.
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13.4 Link Between Oxidative Stress and Biofuel Potential
of Microalgae

Biodiesel and bioethanol are the most important renewable fuels which can replace
fossil-based fuels. Microalgal biomass has emerged as a potential alternative of
plant-based biofuel feedstock due to its higher lipid and carbohydrate content
(Chisti 2007; John et al. 2011). The productivities of microalgal biomass, lipid and
carbohydrate are key parameters for the economic feasibility of microalgae-based
biofuel. Microalgal lipid and carbohydrate can be enhanced by chemical stimuli like
nutrient (nitrogen and phosphorous) starvation and salinity stress and physical stim-
uli like changes in culture pH, temperature, light intensity, photoperiods, etc.
(Pancha et al. 2014; Chokshi et al. 2016a). Microalgal lipid is composed of neutral
and glyco- and phospholipids. Neutral lipids are mainly composed of triacylglycer-
ols (TAGs), which are important for the production of biodiesel; while glycolipids
and phospholipids are the components of cell membranes (Olmstead et al. 2013).
While studies on the oxidative stress-enhanced carotenoid accumulation in microal-
gae are widely reported, understanding of the connection between ROS and other
cellular metabolites is still very poor. Therefore, increasing attempts are being made
(Table 13.3) to understand the link between accumulation of ROS and synthesis of
lipid and carbohydrate by microalgae.

Xin et al. (2011) firstly correlated cellular ROS level and lipid accumulation in
Scenedesmus sp. grown at different temperature (10-30°C) and suggested that low
cultivation temperature induces ROS accumulation in the cells and increases their
lipid content. Chokshi et al. (2015) studied the effects of cultivation temperature on
growth, biochemical composition and response of stress biomarkers in Acutodesmus
dimorphus. Increase in the cultivation temperature from 35 to 38°C resulted in 28%
higher neutral lipid accumulation after 15 days of growth. The H,O, content of the
cells increased by fourfolds, while the MDA level increased by twofolds. The activi-
ties of APX and CAT were also increased by 1.7- and 2.6-folds, respectively.

Ruiz-Dominguez et al. (2015) evaluated lipid accumulation and antioxidant
activity in the acidophilic microalgae Coccomyxa onubensis under nutrient starva-
tion. The total lipid content of the cultures lacking nitrogen, phosphorous or sulphur
enhanced during the first 48 h of stress. Further increase in the stress duration
increased the lipid accumulation only in the nitrogen-starved cultures. The activities
of CAT, APX and GR increased with time suggesting induction of cellular antioxi-
dant responses under nutrient deprivation. In another study, Yilancioglu et al. (2014)
observed that low nitrogen condition increases lipid accumulation in the halophilic
strain D. salina. There was higher level of lipid peroxidation (MDA level) and
enhanced activation of SOD, CAT and APX enzymes. Further, the exogenous appli-
cation of H,0, induced oxidative stress and increased cellular lipid content up to
449% compared to control. This confirms that oxidative stress by itself can cause
lipid accumulation and suggests that lipid accumulation under nitrogen depletion is
mediated by oxidative stress.
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Table 13.3 Summary of selected studies on biofuel potential of microalgae under oxidative stress

conditions
Experimental Stress
Stress Microalgae condition parameters References
Temperature Acutodesmus 25, 35 and 38°C H,0,, MDA, Chokshi et al.
dimorphus APX, CAT (2015)
Scenedesmus sp. 10-30°C ROS level Xin et al.
(2011)
Nutrients Chlamydomonas Nitrogen, sulphur, Carotenoids, Cakmak et al.
reinhardtii phosphorus and H,0,, SOD, (2015)
magnesium CAT, APX,
deprivation; GR, Proline
nitrogen and zinc
supplementation
Coccomyxa Nitrogen, sulphur CAT, APX, Ruiz-
onubensis and phosphorus GR Dominguez
starvation et al. (2015)
Dunaliella salina 0.05,0.5and 5mM | MDA, SOD, Yilancioglu
NaNO; CAT, APX et al. (2014)
Chlorella Nitrogen starvation | ROS, MDA, Zhang et al.
sorokiniana SOD, POD, (2013)
CAT
Chlorella vulgaris Combination of . Menon et al.
nutrient excess and 0, . O (2013)
nitrogen starvation
Nitzschia closterium | 932,712,491,270 | ROS level Liu et al.
and 159 pM (2012)
nitrogen
Salt Chlorella 10-50 g/L NaCl ROS level, Wang et al.
protothecoides MDA, SOD, (20164, b)
CAT, POX
Scenedesmus sp. 0-400 mM NaCl H,0,, APX, Pancha et al.
MDA, Proline | (2015a)
Light Monoraphidium 40, 200 and SOD, POD, He et al.
dybowskii Chlorella | 400 pmol m=2 s~! CAT (2015)
sp.
Haematococcus 20 and 400 pmol GR, GPX, Gwak et al.
pluvialis m—2s7! APX (2014)
Addition of Monoraphidium sp. 5 mM glycine ROS level Zhao et al.
chemicals betaine (2016)
Dunaliella salina 0-150 mg/L phenol | MDA, SOD, Cho et al.
CAT (2016)
Wastewater Chlamydomonas Raw municipal ROS level, Osundeko
debaryana wastewater APX etal. (2013)
Hindakia secondary effluent; Osundeko
tetrachotoma addition of etal. (2014)
Desmodesmus 5-25 mol/m?® H,0,

subspicatus

Chlorella luteoviridis

Parachlorella hussii
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Nitrogen depletion has also been shown to correlate increased ROS accumula-
tion with higher cellular lipid content in Chlorella sorokiniana C3 (Zhang et al.
2013). Higher oxidative stress indicated by increased level of membrane peroxida-
tion was observed during oil droplet formation. The assays of SOD, POD and CAT
suggested impaired ROS scavenging ability of the cells under nitrogen starvation.
Menon et al. (2013) studied nutrient stress-induced lipid production and its relation-
ship with specific ROS levels in Chlorella vulgaris. They observed 43-folds increase
in the neutral lipid accumulation and 10—15-folds increase in the O, and OH’ radi-
cals after shifting the cells from nutrient replete to starvation medium. From the
experiments with different nutrient levels, a power-law correlation between specific
intracellular levels of neutral lipid and OH’ radicals was observed suggesting a cas-
cade effect of OH' radicals on neutral lipids, possibly in the control of lipid synthe-
sis. Changes in the intracellular level of ROS and neutral lipid accumulation in the
marine diatom Nitzschia closterium cultivated under the range of nitrogen concen-
tration (159-932 pM) was studied by Liu et al. (2012). The intracellular ROS con-
tent increased largely in all treatments during stationary phase (12 days) compared
to the exponential phase (4 days). The neutral lipid accumulation increased with the
decrease in nitrogen concentration in the medium after 8 and 12 days, which sug-
gests that cells might accumulate TAG as a protective mechanism to survive under
nitrogen-limited stress. It is known that ROS induced by nutrient starvation play a
significant role in the regulation of starvation-induced autophagy (Goodson et al.
2011; Scherz-Shouval et al. 2007), which releases carbon moieties that might con-
tribute to lipid synthesis (Goodson et al. 2011).

Cakmak et al. (2015) investigated the antioxidant response of Chlamydomonas
reinhardtii under element deprivation (nitrogen, sulphur, phosphorus and magne-
sium) and supplementation (nitrogen and zinc). The total carotenoid content of the
cells increased under all element regimes except magnesium deprivation. Element
deprivation and zinc supplementation significantly increased H,O, level and lipid
peroxidation in C. reinhardtii. Confocal imaging showed induction in neutral lipid
accumulation by cells under element stress. A dramatic decrease (70%) in the pro-
line content was determined in nitrogen-deprived cells. A similar trend, but to a
lesser extent, was also observed in sulphur-, phosphorus- and magnesium-deprived
cells. Except for magnesium deprivation, oxygen radical absorbance capacity of the
cells decreased under element deprivation, which confirms a state of oxidative dam-
age, while a significant increase under nitrogen and zinc supplementation suggests
sustained cellular homeostasis via increased production of antioxidants. Fluctuations
in the activities of SOD, CAT, APX and GR were also observed under different ele-
ment regimes, which refer to different metabolic sources of ROS production trig-
gered by the absence or overabundance of the specific element.

Addition of salt in the growth medium is also reported to affect lipid accumula-
tion and alter the cellular antioxidant system of microalgae. Wang et al. (2016a, b)
studied salt stress (addition of 0-50 g/L. NaCl)-induced lipid accumulation and oxi-
dative response in heterotrophic culture of C. protothecoides. The highest lipid con-
tent of 41.5% was obtained after addition of 30 g/L NaCl in the culture medium.
After 144 h of stress, compared to control, 4.4-folds higher ROS level was observed.
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The MDA content also exhibited a positive correlation with the ROS production. The
activities of SOD, CAT and POX increased by 1.66-, 3.6- and 2.98-folds, respec-
tively than those of control. In another study (Pancha et al. 2015a), increase in the
salinity of culture medium resulted into simultaneous increase in the lipid and carbo-
hydrate accumulation by Scenedesmus sp. Addition of 400 mM NaCl increased the
lipid and carbohydrate contents by 1.8- and 2-folds, respectively. There was over 9-
and 1.5-folds increase in the H,O, content and APX activity, respectively. The lipid
peroxidation increased by 2-folds, while the proline content increased by 4.5-folds.
When the microalgal cells are subjected to high light, the excess electrons in
photosynthetic electron transport chain generate numerous ROS. Lipids, especially
neutral lipids, and carbohydrates are the preferred storage products in microalgae
under various stress conditions as they have highly reduced states and could be used
during adverse conditions for the survival of cells (Li et al. 2011). Along with vari-
ous enzymatic and non-enzymatic antioxidants, synthesis of lipid could also serve
as a receptor to dissipate excess electrons to overcome the oxidative damage. He
et al. (2015) studied the effect of different light intensities (40, 200 and 400 pmol
m~2 s~!) on neutral lipid accumulation and changes in the activity of ROS scaveng-
ing enzymes in Chlorella sp. and Monoraphidium dybowskii. After 10 days of cul-
tivation in high light of 400 pmol m=2 s~!, there was about 3- and 5-folds increase in
SOD activity, 4- and 4.6-folds increase in POD activity and 2.53- and 2.43-folds
increase in CAT activity of Chlorella sp. and M. dybowskii, respectively. The pro-
tein and carbohydrate contents of the cells decreased and the chlorophyll degraded.
The accumulation of total lipid and neutral lipid increased with the increase in light
intensity. The transcriptomic differentiation of antioxidant defence of H. pluvialis
revealed that an increase in ROS scavenging activity, a decrease in ROS production
and the relaxation of over-reduction of photosynthetic electron transport chain work
together to protect the cells against photo-oxidative stress (Gwak et al. 2014). Under
high irradiance, accumulation of TAG was attributed to moderate upregulation of de
novo fatty acid biosynthesis at the gene level as well as moderate elevation of the
TAG assembly pathways. It is known that carbohydrate and lipid synthesis is a par-
allel phenomenon in microalgae, and reduced energy is first stored as carbohydrate
and excess is converted into lipids (Fan et al. 2012). Under stress conditions, the
ROS production might divert the provisions of carbon skeleton for amino acids and
protein synthesis to TAG biosynthesis to resist the cell damage (Msanne et al. 2012).
Osundeko et al. (2013) studied oxidative stress tolerance of five different micro-
algal strains in raw municipal wastewater secondary effluent for their biofuel appli-
cation. The ROS generation in all strains was about 130-170% higher relative to
non-stressed conditions. There was significant reduction in cell density of non-
adapted strains Chlamydomonas debaryana, Hindakia tetrachotoma and
Desmodesmus subspicatus at 15 and 20 mol/m?® H,0,, while Chlorella luteoviridis
and Parachlorella hussii could completely survive and grow very well due to their
substantial tolerance to oxidative stress generated by wastewater. These strains also
exhibited high APX activity. In another study (Osundeko et al. 2014), 8 weeks of
acclimation of various microalgae to wastewater resulted in significantly higher
growth rate and biomass productivity. The acclimation to wastewater tolerance was
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correlated with higher accumulation of carotenoid and increased APX activity.
These results suggest that acclimation of microalgae to wastewater environment
involves increased oxidative stress tolerance activity, and oxidative stress-tolerant
microalgae are highly efficient for biofuel feedstock production on wastewater.
Higher oxidative stress tolerance is an indicator of many extremophiles adapted to
toxic environments. Chlamydomonas sp. W80 and HSS5 can grow in highly saline
environment and tolerate oxidative damage induced by methyl viologen as shown
by high expression of APX (Tanaka et al. 2011).

Addition of 5 mM glycine betaine (GB), a plant growth elicitor, to the culture
medium increased the lipid content of Monoraphidium sp. QLY-1 by 29.06% (Zhao
et al. 2016). Compared to control, neutral lipid content of the cells increased by
12.83%, while ROS accumulation increased by 29.74%, which suggests that GB
may enhance the absorption of metal trace elements, including iron, to provoke
oxidative stress in microalgae via iron-catalysed Haber-Weiss reaction (Hong et al.
2015). The high level of lipid accumulation may also correlate carbon fixation and
lipid biosynthetic genes with GB induction (Wang et al. 2016a). Cho et al. (2016)
studied the effects of phenol-induced oxidative stress and biodiesel production by
marine microalgae D. salina. Increase in the phenol concentration (0—150 mg/L) in
the culture medium significantly increased the MDA content and SOD activity in
the cells after 10 days of exposure. The CAT activity also increased; however, it was
not significantly correlated with phenol concentration. The total lipid accumulation
in the cells was unaffected, but the overall lipid yield increased by approximately
26%, which might be due to increase in the biomass production by cells under dif-
ferent concentration of phenol.

13.5 Other Recent Applications of Microalgae Linked
with Oxidative Stress

Apart from carotenoids and biofuel, microalgae also have the potential for various
other applications. Biological hydrogen production is being evaluated as a promis-
ing substitute for carbonaceous fuels owing to its high conversion efficiency and
high specific energy content (Saenz et al. 2015). Microalgae are among the groups
of organisms able to produce clean, carbon-free energy as hydrogen through the
expression of hydrogenase enzymes. Saenz et al. (2015) reported evidences of oxi-
dative stress during hydrogen photoproduction in sulphur-deprived cultures of C.
reinhardtii. At the beginning of the phase during which hydrogen production starts,
i.e. at 48 h, the activity of CAT and APX was significantly lower than that at O h.
However, during the peak of hydrogen production, their activity increased by 45%
and 168%, respectively.

Heavy metal pollution is one of the serious environmental problems all around the
world. Bioremediation is an effective and low-cost approach for the removal of heavy
metals (Chehregani et al. 2009). Microalgae are capable of metal removal from the
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environment through bioadsorption, i.e. adhesion of metals to cellular surfaces, and
bioaccumulation, i.e. intracellular accumulation. Recently, Belghith et al. (2016)
reported metal removal capacity of D. salina under cadmium stress. As the metal
concentration in the medium increased, the total removed cadmium by the cells also
increased. Cadmium removal of 35.85% was observed at 75 mg/L concentration.
Exposure of cadmium reduced the carbohydrate and increased the total metallothio-
nein’s protein content of the cells. The accumulation of carotenoid increased with the
increase in the concentration of cadmium in the medium, while the amounts of poly-
phenols and flavonoids varied with cadmium concentration.

Rai et al. (2013) observed a concentration-dependent increase in the activity of
SOD, CAT and APX and accumulations of carotenoid and MDA in C. vulgaris
exposed to 0.01-100 pg/ml of chromium. Sabatini et al. (2009) studied oxidative
stress and antioxidant response of Scenedesmus vacuolatus exposed to different
concentrations of copper (6.2, 108, 210 and 414 uM) for 1 week. The increase in the
concentration of copper in culture medium resulted in the significant increase of the
total copper in S. vacuolatus along with their protein and MDA contents. Cells
exhibited a significant increase in the CAT and SOD activity along with higher glu-
tathione content in 414 uM copper.

13.6 Systems Biology and Omics Platform for Microalgal
Biofactory

Systems biology is a comprehensive quantitative analysis of the manner in which all
the components of a biological system interact functionally over time (Aderem
2005). The recent advances in systems biology utilizing the omics—genomics, tran-
scriptomics, proteomics and metabolomics—approaches are now unlocking novel
metabolic capabilities of microalgae and highlight them as a multiuse feedstock
(Guarnieri and Pienkos 2015). A combinatorial approach using multiple omics plat-
forms and the integration of their outcomes is now an effective strategy for clarify-
ing the molecular systems that are integral for microalgal biofactory. Omics data
sets can be used to construct in silico metabolic models of biochemical reaction
networks for the analysis and prediction of cellular behaviour under genetic and
environmental perturbations (Hong and Lee 2015), thus allowing the design of more
efficient microalgae with the enhanced level of targeted products.

Genomics is considered as the generation and analyses of nucleotide sequences
of the genome as well as cDNA collections. From sequences, individual genes
and repeat elements are identified, the organization and arrangement of genes are
analysed and comparisons are made among genomes (Jamers et al. 2009), which
assists in phylogenetic analysis and can lead to the discovery of conserved genes
(Hardison et al. 2003). Genomics plays a significant role in systems biology as
genome annotation provides a framework for metabolic reconstruction. The best
studied algal species is C. reinhardtii whose genome draft sequence was completed
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in 2003, and the whole genome sequence was published in 2007 (Merchant et al.
2007). The genomic information has been coupled with mRNA expression analysis
of genes and is being used in the proteomic and metabolomic studies. The func-
tional annotation of several genes in C. reinhardtii has led to elucidation of under-
standing of nitrate assimilation, photosynthesis, cell cycle regulation and various
other metabolic pathways (Jamers et al. 2009). At present, whole genome sequences
of various microalgae, viz. C. reinhardtii, C. vulgaris, Coccomyxa subellipsoidea,
Micromonas pusilla, Monoraphidium neglectum, Nannochloropsis gaditana,
Ostreococcus tauri, Ostreococcus luminarius, Phaeodactylum tricornutum,
Porphyridium purpureum, etc., are available (Hong and Lee 2015), which might
facilitate the scope of genetic improvement by transformation (Singh et al. 2016).
Early genomic investigation of C. reinhardtii carotenoid biosynthesis identified the
components of methylerythritol phosphate pathways and examined the light respon-
sive nature of transcription of the carotenogenic machinery (Lohr et al. 2005).
Transcriptomics is the study of the functional importance of all genes that are
expressed. It provides information on the presence and relative abundance of RNA
transcripts and thus provides a better view of the active components in the cell than
a genomic approach (Jamers et al. 2009). Transcriptomics can be used either as an
actual identification tool or as a way to expand our fundamental knowledge and
understanding of certain metabolic pathways. Among the first algalomic studies, to
employ next-generation sequencing was a global transcriptomic examination of C.
reinhardtii during nitrogen starvation (Miller et al. 2010), which altered carbon flux
directly into fatty acid biosynthesis and downregulated genes involved in protein
biosynthesis and photosynthesis. Similar transcriptional analysis by Msanne et al.
(2012) reported immediate increase in the synthesis of starch, followed by TAG, in
C. reinhardtii and Coccomyxa sp. C-169 under nutrient depletion. Transcriptomic
analyses have identified 41 differentially regulated transcription factors in nitrogen-
starved C. reinhardtii (Lv et al. 2013). With comparative transcriptome analysis in
a Neodesmus sp., a recent study (Chang et al. 2016) suggested involvement of triose
phosphate isomerase as a key enzyme regulating photosynthate partitioning between
fatty acid and starch biosynthesis in green microalgae. Using transcriptomics data
of C. reinhardtii, a microarray, i.e. a set of DNA sequences representing the entire
set of genes of an organism, arranged in a grid pattern for use in genetic testing, has
been developed, containing 10,000 oligonucleotide sequences, each presenting a
unique gene and covering nearly the full genome of the algae (htttp://www.chlamy.
org). Microarray analysis of C. reinhardtii exposed to copper revealed upregulation
of glutathione peroxidase and a probable glutathione S-transferase, which are
involved in oxidative stress defence mechanism (Jamers et al. 2006). Similarly,
microarray analysis of H. pluvialis under astaxanthin-inducing culture conditions
revealed decreased abundance of photosynthesis-related genes concurrent with
higher abundance of stress-related and signal transduction genes (Eom et al. 2006).
Modern next-generation sequencing technology has allowed the use of transcrip-
tomic data to construct metabolic networks of Dunaliella tertiolecta (Rismani-
Yazdi et al. 2011) and Botryococcus braunii (Molndr et al. 2012). Transcriptomics
have also been used to elucidate the transcriptional dynamics governing hydrogen
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production in microalgae. Transcriptomic regulation of hydrogen production by C.
reinhardtii under sulphur deprivation revealed cellular reorganization of the photo-
synthetic apparatus and the differential abundance of transcripts coding for genes
essential for energy-dependent quenching. These studies were complemented with
functional gene knockouts, resulting in mutants with enhanced hydrogen produc-
tion (Nguyen et al. 2008; Ghirardi et al. 2007; Mus et al. 2007). Sulphur-starved C.
reinhardtii also exhibited increases in transcripts coding for genes involved in stress
response and detoxification along with metabolic remodelling to generate increased
reducing equivalents (Toepel et al. 2013).

Proteomic data provide information about peptide sequences, which can support
incomplete genome annotation and network gap analysis. A recent study employed
proteomic analyses to determine the effect of a dark stress on lipid biosynthesis in P.
tricornutum (Bai et al. 2016) and reported induced expression of proteins in the
biochemical pathways of glycolysis and the synthesis of fatty acids, potentially
using excess carbon and nitrogen produced from protein breakdown, which resulted
into 2.3-folds increase in total lipid content. Nguyen et al. (2011) reported proteomic
profiling of oil bodies from C. reinhardtii, with focus on proteins involved in lipid
metabolism, which can be used for further studies related to genetic engineering of
the oil synthetic pathways of the strain. A sub-proteome analysis of Chlamydomonas
(Terashima et al. 2010) has revealed the presence of proteins in the chloroplast
exhibiting similarity to proteins found in the organisms that don’t perform photosyn-
thesis, thus suggesting the role of chloroplast enzymes in the capability of the cell to
survive under heterotrophic conditions. Approximately 42 chloroplast proteins with
unknown function were identified and showed that they do not have any similarity
with other proteins from land plants and may be specific in microalgae species
(Terashima et al. 2010). Proteomic approaches have also been used to evaluate the
changes in protein abundance during photoautotrophic and mixotrophic growth of
Chlamydomonas. The data supported the presence of carbonic anhydrases (Cah) in
the microalgae being Cahl, Cah2, Cah3, Cah4 and Cah9 all detected during autotro-
phic growth, while only Cahl, Cah3 and Cah4 were detected during mixotrophic
growth (Wienkoop et al. 2010). Proteomic approach was also used to study response
of H. pluvialis to oxidative stress (Wang et al. 2004a) and to study the molecular
basis of salinity tolerance in D. salina (Liska et al. 2004).

Metabolites are the end products of cellular regulatory processes, and their levels
can be used as the ultimate response of cell to environmental changes (Jamers et al.
2009). Metabolomics is defined as the comprehensive and quantitative analysis of
all (or a subset) metabolites in a biological system at a specific time point, reflecting
a snapshot of all the regulatory events responding to the external environmental
conditions (Kumar et al. 2016). Metabolomics produce a large compound set which
can provide information about missing metabolic pathways in the organism. It shares
distinct advantages with proteomics in terms of elucidating gene function, i.e. the
total complement of proteins or metabolites changes according to the physiological,
developmental or pathological state of a cell; unlike transcript analysis, proteins and
metabolites are functional entities within the cell (Raamsdonk et al. 2001). Further,
there are fewer metabolites than genes or gene products to be studied. Most of the
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metabolic analyses in microalgae have been focused on identification and quantifi-
cation of economically valuable secondary metabolites like fatty acids, steroids,
carotenoids, polysaccharides, lectins, toxins, etc. (Jamers et al. 2009). Integrated
proteomic and metabolomic analysis in C. reinhardtii (Lee et al. 2012) reported
changes in general stress responses and carbon assimilation process with increases
in fatty acid and TAG biosynthetic machinery under nitrogen-limited conditions.
Wase et al. (2014) examined and correlated the metabolic and proteomic response of
C. reinhardtii under nitrogen stress. During nitrogen deprivation, there was a reduced
abundance of proteins and metabolites involved in photosynthesis, carbon assimila-
tion and chlorophyll biosynthesis and an increase in abundance of proteins of oxida-
tive phosphorylation, nitrogen metabolism and biosynthesis of lipid and starch.

13.7 Conclusion and Future Perspectives

Microalgae have the potential to be used as a feedstock for biofuel production, a
source for bioactive compounds, biomedical components and high value pigments.
This has increased their demand in cosmetic and pharmaceutical industries.
Microalgae constantly manage oxidative stress resulting from cellular metabolic
reactions and environmental stress conditions. To manage oxidative stress, microal-
gae have mechanisms similar to plants that include cellular antioxidant scavengers.
Generation of ROS and their subsequent signalling are key regulators in cell physi-
ology and their responses to stress conditions. At high concentration, ROS impair
cellular damage while at sublethal level they act as a ‘signalling molecule’ initiating
defence genes and adaptive responses of the cell. However, there is much to learn
about the initiation of ROS signalling, the sensing and response mechanisms and
how the delicate balance between production and scavenging is controlled. It is also
very important to know about the interactions between pathways mediated by ROS,
cellular redox changes, hormonal changes, and other messenger molecules in
microalgae. Although the role of oxidative stress in carotenogenesis is well studied,
its link with the accumulation lipid and carbohydrate in microalgae is not well
established yet. Further research is required to know how different ROS affect the
synthesis of these metabolites under different stress conditions.

Algalomic analyses provide a wealth of information about the dynamics of genes,
proteins and metabolites directly involved in various metabolic processes.
Information gathered from omics studies can be used to direct genome editing of
other microalgal species more amenable to genetic manipulation or possessing more
desirable traits. As new algal species are identified and their genomes are sequenced,
strategies must be developed to quickly annotate and characterize genes and proteins
involved in lipid and starch metabolism. Principally omics projects should aim at
different microalgae features such as evolution, adaptation and divergence com-
pared with other species, gene, protein and metabolite information and their interac-
tion. This would facilitate an understanding of the biology of microalgae in detail
and the application of these concepts in the production of valuable products.
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Chapter 14
Bioactive Small Molecules Mediate
Microalgal-Bacterial Interactions

Leen Labeeuw, Anna R. Bramucci, and Rebecca J. Case

Abstract Microalgae are a diverse group of photosynthetic microorganisms found
throughout the eukaryote tree. Although unicellular, they have complex relation-
ships with the bacteria that surround them. These interactions can range from obli-
gate symbiosis, where the bacterium is required for host survival, to pathogenic,
where the bacterial pathogen can kill the host alga. The nature of these algal-
bacterial interactions appear to be tightly regulated by both algal and bacterial bio-
active molecules, creating a complex system of chemical interactions through which
these different species can chemically communicate with each other and directly
alter the other physiology. In this way the bacterium is able to exploit (and manipu-
late) its host to become a more conducive habitat (e.g. algal phycosphere, aquatic
biofilms, etc.) for bacterial survival. However, the identity of many of these small
molecules and the mechanisms by which they control these exchanges are often
overlooked or misunderstood. The ability to eavesdrop on the chemical cross talk
occurring between algae and bacteria may open up a vast potential for new knowl-
edge, relating to understanding bacterial-algal relationships, evolution and possibly
hijacking this communication to better control microbes in commercial systems.
This chapter outlines some of the known bioactive chemicals that mediate these
microalgal-bacterial interactions, highlighting what is currently known about these
systems and areas that need further investigation.
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14.1 Introduction

Phytoplankton are a diverse group of photosynthetic microorganisms, or primary
producers, including both eukaryotic algae and cyanobacteria, which live planktoni-
cally in the water column (Litchman et al. 2015). Phytoplankton are important play-
ers in global biogeochemical cycles, accounting for approximately 40-50% of the
world’s carbon fixation and driving the marine carbon pump (Falkowski 1994). In
other words, phytoplankton contribute almost half of the global net primary produc-
tivity, despite accounting for less than 1% of the global photosynthetic biomass
(Field et al. 1998; Falkowski 2012). In addition, phytoplankton make up the base of
the marine food web, are major players in driving ecosystem functioning and diver-
sification and act as a habitat-forming species in the open ocean, where they form
massive blooms (Falkowski 2012; Stevenson 2014).

Phytoplankton also represent most of the diversity in algae, a term applied to a
large and diverse group of photosynthetic eukaryotic organisms only distantly related
across the phylogenetic tree of life (Fig. 14.1) (Archibald 2009; Keeling 2010). A bil-
lion years ago, the establishment of a cyanobacterium as an endosymbiont in a non-
photosynthetic eukaryote created the chloroplast (Gray 1999; Yoon et al. 2004),
leading to the evolution of the ancestor of all extant archaeplastids (primary endosym-
biosis). However, the subsequent understanding of plastid evolution becomes murky
due to successive transfers to other lineages through secondary and tertiary endosym-
biotic events, as well as multiple loss events (Keeling 2010). This has led to algae
being present in nearly every one of the major eukaryotic supergroups, namely,
Archaeplastida, Excavata, the SAR (Stramenopiles-Alveolates-Rhizaria) group and
the currently unaffiliated haptophytes and cryptophytes (Fig. 14.1). Although these
groups are clearly distinct phylogenetically, there is a continuing debate on their rela-
tionship to each other (Keeling 2013; Burki 2014; Derelle et al. 2015).

In their natural environment, microalgae are surrounded by bacteria. Their inter-
actions can be shaped by the complex exchange of small bioactive molecules. These
bacterial and algal bioactive molecules may be involved in communication, behav-
ioural modification, or as weaponry between bacteria and eukaryotes, with possible
biotechnology applications. For example, algae are a rich source of natural products
(such as antibiotics, lipids, fatty acids, toxins, nutraceuticals and pharmaceuticals)
(Bhatnagar and Kim 2010), with phytoplankton accounting for approximately 15%
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Fig. 14.1 Eukaryotic tree with estimated time ranges of divergence. The tree is a consensus of
current phylogenetic analyses of the eukaryotic domain (Kenrick and Crane 1997; Archibald 2009;
Keeling 2013; Labeeuw et al. 2015). Coloured lines for eukaryotes indicate that the lineage has at
least one photosynthetic organism. The approximate time range for the divergence is given in mil-
lions of years ago (mya) before the relevant node. References are given by numbers in square
brackets, where [1] (Parfrey et al. 2011), [2] (Yoon et al. 2004), [3] (Kenrick and Crane 1997), [4]
(Douzery et al. 2004), [5] (Brown and Sorhannus 2010), [6] (Bowe et al. 2000), [7] (Schneider
et al. 2004) and [8] (Kooistra and Medlin 1996)

of the discovered marine natural products (Hu et al. 2011). All too often however,
novel natural products are sought for their therapeutic and antibiotic uses, while
their role in mediating chemical communication between microbes is considered
secondary (Yim et al. 2007; Bhatnagar and Kim 2010).

In terrestrial environments, plant-microbe interactions occurring within the plant
rhizosphere—the area immediately surrounding plant roots and surrounding bacte-
ria—have been extensively explored (Jones 1998; van Loon et al. 1998; Doornbos
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et al. 2012; Philippot et al. 2013). While the existence of associations between mac-
roalgae and their bacterial assemblages has also been recognized for a long time
(Provasoli 1958), research has primarily focused on macroalgae rather than micro-
algae (De Nys et al. 1995; Matsuo et al. 2005; Rao et al. 2007; Fernandes et al.
2011; Egan et al. 2013). Microalgae have been largely overlooked due to their small
size (pm scale) and low concentrations (<10? cells/mL) in normal conditions
(Li 2002), making them an unlikely habitat-forming species. However, the expan-
siveness of the oceans and their ability to form dense communities during bloom
conditions (>10° cells/mL) (Tyrrell and Merico 2004) allow them to host a diverse
bacterial consortium throughout the illuminated ocean. Bacteria inhabit the imme-
diate phytoplankton surface, and its ‘phycosphere’—the space immediately sur-
rounding the microalgal cell (Bell and Mitchell 1972)—is a favourable habitat due
to the nutrients leaked from the algal cell, leading to a high diversity of bacteria
(Ramanan et al. 2016).

Researchers are beginning to eavesdrop on the chemical cross talk occurring
between algae and bacteria, which may have a vast potential for new knowledge,
relating to understanding bacterial-algal relationships, evolution and possibly
hijacking this communication to better control microbes in commercial systems
(Demuez et al. 2015). For instance, bacteria have been shown to affect microal-
gal aggregation and sinking, which has important implications for better under-
standing of algal bloom dynamics in both natural and industrial systems (Grossart
et al. 2006).

These algal-bacterial interactions can be classified into several categories
(Fig. 14.2), including mutualistic, where both parties benefit; commensal, where
one party benefits; parasitic, where the bacteria negatively affect the health and
fecundity of algae; or pathogenic, which causes disease and/or death of the host
(Joint et al. 2002; Mayali and Azam 2004; Grossart et al. 2005; Azam and Malfatti
2007; Seyedsayamdost et al. 2011b; Amin et al. 2012). Bioactive molecules are
important mediators in these interactions; but in many cases, they are not well
understood or have yet to be identified. This review will look at the small molecules
involved in both the beneficial and negative interactions between microalgae and
their consortia of bacteria.

14.2 Beneficial Interactions

14.2.1 Mutualism

There are many potential advantages for bacteria in living near or attaching to an
algal host. Many bacteria can rapidly sense and respond to chemical gradients using
chemotaxis, allowing them to navigate towards the algal host (Miller et al. 2004;
Stocker and Seymour 2012). Attachment to the host gives the bacteria a ready sup-
ply of organic compounds and an environment to interact closely with other bacteria
(Geng and Belas 2010). Bacteria have been shown to chemotax to small diffusible
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Fig. 14.2 Model of interactions between bacteria and microalgae mediated by bioactive mole-
cules. Host algal cell with cell wall (black outline), chloroplasts (chl) and nucleus (nu). The phy-
cosphere is depicted in green around the algal cell, representing the algal exudates. These exudates
include bioactive molecules capable of diffusing, while hydrophobic molecules will concentrate at
the cell surface, where microalgal-bacterial interactions occur. Bacteria (pink) are depicted around
the algal cell, both attached and free-living. Lines indicate the source and direct of the molecule
towards its target with positive (pointed arrow) and negative (flat-ended arrow) interactions occur-
ring. Bioactives produced by bacteria (circles) and algae (squares). Bacterial symbionts release
antibiotics, such as tropodithietic acid (TDA), which inhibit other bacteria (a). Bacterial symbionts
can also produce bioactives that increase algal health or fecundity, such as growth-promoting hor-
mones or essential vitamins (b). Algal hosts release metabolites (dissolved organic matter (DOM)
and trace nutrients), which can act as nutrients or sensory cues (c¢), such as the chemotactic cue and
metabolite dimethylsulfoniopropionate (DSMP). Some algal metabolites released during senes-
cence, such as p-coumaric acid, act as signals to bacteria (d). Such signals can cue the production
of antibiotics (e) that target the aging host, such as roseobacticides

molecules released by phytoplankton such as sugars, amino acids and algal metabo-
lites which are beneficial to their growth (Miller et al. 2004; Seymour et al. 2010;
Mandal et al. 2011). There are many cases whereby both the algae and the bacteria
benefit from an exchange of nutrients to which they might otherwise have limited
access (Goecke et al. 2010). For example, some bacteria forming close associations
with algae can modify the type and abundance of siderophores—organic molecules
that bind to iron and increase its solubility—they produce, such that their algal part-
ner can easily use them to scavenge iron (Amin et al. 2009a). One specific form of
siderophore, vibrioferrin, was isolated from several species of Marinobacter, a
common symbiont of dinoflagellates such as Gymnodinium catenatum. While vib-
rioferrin is a relatively weak scavenger of iron, it is particularly sensitive to light and
undergoes an irreversible photolytic reaction producing iron (Fe(IIl)) that is more
readily taken up by both the bacteria and the surrounding dinoflagellates. The bac-
teria therefore produce a weaker siderophore to promote sharing scavenged iron
with their algal symbionts (Amin et al. 2009b).
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Bacteria and algae can also mutually benefit from a close interaction by gaining
trace nutrients and vitamins that they do not produce themselves. Over half of sur-
veyed algae are auxotrophic—unable to synthesize—at least one essential vitamin
(e.g. By, By, etc.) (Croft et al. 2006). However, this dependence can work both
ways; for example, the dinoflagellate Prorocentrum minimum provides organic car-
bon and vitamins (i.e. B;) to the roseobacter Dinoroseobacter shibae, in return for
vitamins it cannot produce itself (B; and B,) (Wagner-Dobler et al. 2010). The
genes coding for the production of several important vitamins, such as vitamin By,
(necessary for methionine synthase), are also absent from the haptophyte Emiliania
huxleyi genome (Read et al. 2013), with bacteria ready to supply this vitamin,
thereby benefiting the algae (Croft et al. 2005; Helliwell et al. 2011). Such nutrient-
based symbiosis can progress to the point where it is necessary for the survival of
one or both members. An algal species closely related with the haptophyte
Braarudosphaera bigelowii has been shown to receive fixed nitrogen from its sym-
biont, the cyanobacterium UCYN-A, in exchange for organic carbon. What is
remarkable about this system is that the cyanobacterium has lost photosystem II and
the tricarboxylic acid (TCA) cycle in its genome, while the alga was shown to virtu-
ally always carry the bacterium, which is suggestive of this being an obligate sym-
biosis (Thompson et al. 2012; Cabello et al. 2015).

The exchange of nutrients is not the only benefit of symbiosis. Symbiotic inter-
actions can also be critical in the development and behaviour of organisms. Such
behavioural and developmental interactions have yet to be identified in phytoplank-
ton. However, certain types of macro green and red algae depend on bacteria to
control (or at least help determine) their growth and morphology throughout their
life cycle (Goecke et al. 2010), and they can be reduced to a unicellular form in the
absence of symbionts (Matsuo et al. 2005). In Monostroma oxyspermum, a bacteri-
ally produced secondary metabolite, thallusin, alters the multicellularity and dif-
ferentiation of this macro green alga from loose aggregates of single cells to the
final differentiated, leafy morphology (Matsuo et al. 2005). The unicellular motile
zoospore stage of the macro green alga Ulva is attracted to acylated homoserine
lactones (AHLs) produced by the bacterium Vibrio anguillarum, impacting the
selection of surface sites for permanent attachment by the alga (Joint et al. 2002;
Tait et al. 2005). Ulva development was also found to be tightly regulated to induce
the characteristic morphology by a dual interaction of two bacterial species:
Cytophaga MS6 and one of the three identified Proteobacteria (either Roseobacter
MS2, Sulfitobacter MS3 and Halomonas MS1) (Spoerner et al. 2012). Together,
these bacteria release molecules that resemble (but cannot be functionally replaced
by) plant hormones, cytokinins and auxins that allow for normal growth of the
macro green alga Ulva mutabilis compared to undifferentiated growth in axenic
cultures (Spoerner et al. 2012; Wichard 2015). Some of the bacteria were found to
have chemotaxis towards algal cell wall components, as well as a high affinity for
the algal metabolites (Spoerner et al. 2012). However, it remains to be seen if bac-
teria can play a role in cell differentiation within the life cycle of microalgae.

Small molecules produced in the context of bacterial-algal interactions can also
affect marine biogeochemical cycles. The unicellular haptophyte E. huxleyi is a key
driver of its local ecosystem and has been found to have numerous chemically medi-
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ated antagonistic interactions with microbes, such as grazers, viruses and bacteria
(Wolfe et al. 1997; Seyedsayamdost et al. 2011b; Vardi et al. 2012; Bidle 2015).
However, it produces one key metabolite that promotes beneficial relationships:
dimethylsulphoniopropionate (DMSP). This sulphurous compound is used as an
antioxidant, osmoregulator and cryoprotector (Stefels 2000; Burkill et al. 2002;
Sunda et al. 2002). Roseobacters, which are numerically dominant in E. huxleyi
blooms (Green et al. 2015), play a critical role in converting DMSP into dimethyl
sulphide (DMS), an important source of carbon and sulphur for the bacteria
(Gonzalez et al. 2000; Kiene et al. 2000; Moran et al. 2003; Malmstrom et al. 2004,
Miller and Belas 2004; Geng and Belas 2010; Seymour et al. 2010). DMS forms the
basis of cloud condensation nuclei, thereby affecting weather and having global
relevance in affecting Earth’s climate (Howard et al. 2006; Dickschat et al. 2010).

DMSP may be supplemented with polyhydroxyalkanoate (PHA) as a carbon
source, as shown for the bacterium Dinoroseobacter shibae when in coculture with
the dinoflagellate Prorocentrum minimum, with differential usage during light and
dark periods observed (Wang et al. 2014b). One roseobacter, Ruegeria pomeroyi
DSS-3, was shown to have upregulated catabolism of another sulphur compound
produced by its algal host Thalassiosira pseudonana, 2,3-dihydroxypropane-1-
sulphonate (DHPS). The algal host did not upregulate the production of DHPS in
the presence of the bacterium, so the molecule is not released in response to the
coculture, but rather the bacteria seems to take advantage of the presence of this
molecule (Durham et al. 2015). In both examples, the bacteria provided the vitamin
B, to the auxotrophic algae (Wang et al. 2014b; Durham et al. 2015).

Some bacteria can also control the community composition of other bacteria in
the phycosphere through their production of antibiotics. In the most extreme case,
this can give the bacteria exclusive access to the alga’s secreted nutrients while pro-
viding the alga with a defence mechanism against fouling agents (other bacteria)
that might otherwise be harmful (Rao et al. 2007). Bacteria in the roseobacter clade
are thought to produce several antibiotics of interest (Cude et al. 2012; Bentzon-
Tilia and Gram 2017). One such antibiotic that is controlled by quorum sensing
(QS) is tropodithietic acid (TDA), a potent antibiotic produced by several roseobac-
ters such as Phaeobacter and Ruegeria (Brinkhoff et al. 2004; Bruhn et al. 2005). In
Phaeobacter gallaeciensis, TDA production is controlled by AHLs, and the TDA
can itself act as an autoinducer for TDA production (Berger et al. 2011). However,
QS is only one of the regulatory systems involved in TDA synthesis, as P. gal-
laeciensis QS mutants show delayed TDA production, not complete lack of TDA
synthesis (Prol Garcia et al. 2013).

Some algae have evolved mechanisms to turn this bacterial antimicrobial biosyn-
thesis to their advantage by manipulating their bacterial symbionts. For example,
some algae secrete compounds that mimic QS signalling molecules naturally pro-
duced by bacteria. QS molecules are autoinducers released by bacteria as a function
of their population, and when they reach the minimum concentration (quorum),
expression of specific genes is induced (Waters and Bassler 2005). Algae are known
to manipulate this process by producing analogues to block QS-regulated virulence
in algal pathogens (Rao et al. 2007; Case et al. 2011; Harder et al. 2012), and they
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can also produce mimics. Riboflavin (vitamin B,) and its derived version lumi-
chrome are secreted by a chlorophyte, Chlamydomonas. These compounds can
mimic the QS N-acyl-homoserine lactone (AHL) molecules, thereby prematurely
inducing the bacteria (e.g. Pseudomonas or Vibrio spp.) to initiate production of
antibacterials to protect the algal host, Chlamydomonas, against possible pathogens,
even when the bacteria are at low concentrations (Teplitski et al. 2004; Rajamani
et al. 2008).

Plant hormones (phytohormones) are well characterized and are known to play a
role in plant-microbe interactions. Algae have been suggested to produce a range of
plant hormones (Tarakhovskaya et al. 2007; Lu and Xu 2015), although their
presence in algae is debated (Lau et al. 2009; Ross and Reid 2010). Plant hormones
may play a role in an alga’s stress response, as suggested for the chlorophyte
Klebsormidium crenluatum (Holzinger and Becker 2015). Auxins are an important
class of plant hormones, and the most abundant form, indole-3-acetic acid (IAA),
was shown to be produced by an axenic brown macroalgae, Ectocarpus siliculosus,
with an effect on the growth of the alga (Le Bail et al. 2010). However, subsequent
research indicated that an un-culturable microbe associated with the alga might be
responsible for the IAA production (Dittami et al. 2014). As genes for the initial
steps in IAA biosynthesis have been identified in the alga’s genome and genes
involved in the final steps found in its bacterial partner’s genome, it has been hypoth-
esized that they cooperate to produce this compound (Dittami et al. 2014). Some
bacteria, including roseobacters (Ashen et al. 1999; Fernandes et al. 2011; Amin
et al. 2015; Labeeuw et al. 2016) and other marine groups (Maruyama et al. 1989;
Gutierrez et al. 2009), are also capable of producing IAA on their own (Kudoyarova
et al. 2015). This suggests that IAA is an important bioactive in the cross talk
between algae and marine bacteria, similar to their function between plants and
their bacteria (Patten and Glick 2002; Spaepen et al. 2007). Bacterially produced
auxin has been implicated in gall formation on the (macro) rhodophyte Prionitis
lanceolata (Ashen et al. 1999) and bud induction in another (macro) rhodophyte,
Gracilaria dura (Singh et al. 2011). The question of whether IAA, which impacts
cell differentiation and growth, would affect microalgae has been investigated.
While it is unlikely to play a role in cellular differentiation, as it does in multicel-
lular phototrophs, it has been shown to play a role in regulating growth and cell
division (Amin et al. 2015; Borowitzka 2016). Exogenous application of IAA has
been shown to impact microalgal chlorophyte growth (Jin et al. 2008; Stirk et al.
2013; Salama et al. 2014). It has also been shown to stimulate growth in the chloro-
phyte Chlorella vulgaris when cocultured with an IAA-producing bacterium
(De-Bashan et al. 2008). This was further demonstrated in the diatom Pseudo-
nitzschia multiseries, which provided its associated roseobacter Sulfitobacter sp.
SAI11 with tryptophan, which the bacteria converted into IAA, which in turn
impacted the growth of the diatom (Amin et al. 2015). A similar model was pro-
posed between the haptophyte E. huxleyi and the roseobacter Phaeobacter inhibens
(Segev et al. 2016). Recently, production of IAA in response to stimulation with
tryptophan was demonstrated in the axenic coccolith-bearing strain of E. huxleyi,
while it was not produced in the bald diploid strain. Although the addition of IAA
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did not cause a morphological change in the coccolith-bearing strain, it did cause
increased size and membrane permeability in the bald strain, indicating a signalling
role between cell types of the alga (Labeeuw et al. 2016).

14.2.2 Commensalism

The ability of bacteria to switch from a mutualistic to pathogenic interaction is
attributed to environmental factors (Valiente-Banuet and Verdd 2008; Ramanan
et al. 2016). One theory is that there is a continuum of interactions and bacteria
pass through a stage of commensalism on the way to pathogenicity (Zapalski
2011). Another theory put forth is that the end stage of many mutualists and para-
sites is naturally as commensals (Sachs and Simms 2006). The study of commen-
sals is complicated, as they are difficult to distinguish from mutualists. There are
often ‘satellite’ or epiphytic bacterial communities described on algal hosts, but
these studies have not investigated how the algae might be benefiting from the
relationship (Schifer and Abbas 2002; Tujula et al. 2010). Experiments have
shown that adding in natural bacterial communities to axenic algal strains can
have a distinct effect on the host growth and survival (Grossart et al. 2005; Bolch
et al. 2011). There are many examples of stable communities of bacteria living
with algae, with the bacteria benefiting from the leaked nutrients from the algae;
however, it is difficult to prove the absence of some algal benefit, thereby proving
them to be true commensals rather than mutualists (Cole 1982; Bratbak and
Thingstad 1985).

14.3 Negative Interactions

14.3.1 Parasitism

Parasitism, whereby one species benefits at the expense of the overall health and
fecundity of its host, is found between algae and bacteria, or between algal species,
as algae can often act parasitically to other algae. For example, approximately 10%
of red algae are parasites of other, free-living, red algae (Hancock et al. 2010).
Fungi, amoebae, alveolates as well as other protists and other algae species (often
of the same phylum) are known to be parasites of microalgae as well (Park et al.
2004; Carney and Lane 2014). Parasitism can lead to the premature demise of the
algal bloom population (Grami et al. 2011). Parasites are important for the resil-
ience of a system against perturbation and ecosystem functioning (Gachon et al.
2010). However, the effects of bacterial parasitism and the chemical signals and
metabolites underpinning these interactions are largely unresolved and an area for
future studies.
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14.3.2 Pathogenicity

Bacteria have a suite of chemical defences and mechanisms for defence and antago-
nism against other bacteria. However, the chemical signals between algal and bacte-
rial pathogenic interactions are less well known (Wietz et al. 2013). One advantage
to bacteria in killing their algal host is that it leads to access of metabolites and
nutrients within their host. As such, proximity to the dying host should allow for
more direct benefit. This is the case for some bacteria, in which close association is
a necessity for pathogenicity, with some bacterial pathogens even residing directly
in the algal cell wall (Wang et al. 2010). However, it has been suggested that only a
minority of bacterial pathogens require direct cell-to-cell contact to negatively
affect their host (Mayali and Azam 2004; Demuez et al. 2015). Chemotaxis has
been shown to be an important feature in bacteria obtaining the dissolved organic
matter (DOM) released from lytic algal cells (Stocker et al. 2008; Smriga et al.
2016). Some bacteria may capitalize on this and induce lysis of their algal hosts
(Wang et al. 2010).

A few bacteria have been proposed to have the ability to switch from a mutualis-
tic to pathogenic phase, induced by either molecule made due to aging of the algal
host, the presence of a high nutrient media, accumulation of bacterial QS molecules
or other unknown signals (Seyedsayamdost et al. 2011b; Wang et al. 2014b).
Chemotaxis towards algal products such as DMSP is important for mutualists, as it
can lead to the area around the algae containing higher concentrations. However,
chemotaxis towards DMSP is also important in achieving the quorum of bacteria
needed to achieve the QS signal concentration required to switch to a pathogenic
lifestyle (Lovejoy et al. 1998; Nakashima et al. 2006; Wang and Yuan 2014).
Environmental conditions and nutrient levels are an important factor in generating
an algicidal response in bacteria, as a threshold concentration of bacteria and nutri-
ents is required to stimulate lytic responses (Mayali and Doucette 2002; Amaro
et al. 2005). One example is the bacteria Kordia algicida which has targeted algi-
cidal effects against selected diatom species, as it only releases the algicidal prote-
ases once a quorum has been reached (Paul and Pohnert 2011).

Effects of algicidal bacteria can include decreased chlorophyll and photosynthe-
sis, induction of caspase-like activity and loss of cell wall integrity (Fu et al. 2012;
Mayers et al. 2016). Pathogenicity seems to be a targeted affair, as algicidal bacteria
are often found to kill one strain or species but not another (Mayali and Azam 2004;
Demuez et al. 2015). However, unlike viral killing of algae (Bidle and Vardi 2011),
the main mechanisms and compounds used by the bacteria remain mostly unchar-
acterized (Mayali and Azam 2004; Seyedsayamdost et al. 2011b). The algicidal bac-
teria Alteromonas sp. and Thalassobius aestuarii sp. release enzymes that
specifically target the cell wall of the Alexandrium tamarense, including chitinase or
B-glucosidase (Wang et al. 2010). Proteases induced in the stationary phase of
Pseudoalteromonas sp. were implicated in the death of Skeletonema costatum (Lee
et al. 2000; Mitsutani et al. 2001).

Specific algicidal molecules have been harder to identify, although recently the
QS messenger 2-heptyl-4-quinolone (HHQ) (Diggle et al. 2007) produced by
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Pseudoalteromonas piscicida was found to be a potent algicidal molecule causing
the death of E. huxleyi (Harvey et al. 2016). The bacterium Alteromonas sp. was
isolated from a harmful algal bloom, and four compounds (2-undecen-1'-yl-4-
quinolone, 2-undecyl-4-quinolone, 3-hexyl-6-pentyl-4-hydroxyl-2H-pyran-2-one
and 6-heptyl-3-hexyl-4-hydroxyl-2H-pyran-2-one) were isolated which had spe-
cific activity against harmful dinoflagellates but had a lower activity against other
microalgae (Cho 2012). Two algicidal compounds, prolyl-methionine and hypoxan-
thine, were identified from a bacterium Bacillus sp. which was isolated from a
bloom of the haptophyte Phaeocystis globosa; they were found to target antioxidant
systems within the alga (Yang et al. 2015). Lactones produced by Ruegeria pome-
royi were found to target and harm only the algae (Chlorella fusca) when tested
against other bacteria, fungi and the alga (Riclea et al. 2012). In addition to algicidal
molecules, bacteria can also produce molecules that negatively affect the behaviour
of algae. Anatoxin-a and microcystin-LR are two toxins produced by cyanobacteria
that can inhibit motility in the chlorophyte Chlamydomonas reinhardtii and cause
increased settling and sinking of the alga (Kearns and Hunter 2001).

Algae have developed a suite of small molecules that can act as chemical
defences, which they can deploy to inhibit colonization, organisms competing for
available resources or predators (Hay 1996; Wolfe et al. 1997; Potin et al. 2002;
Steinberg and de Nys 2002). For example, (macro) brown algae produce phlorotan-
nins which are potent antimicrobial metabolites against a range of bacteria, fungi
and other algae (Eom et al. 2012). Likewise, microalgae have been shown to pro-
duce antibiotic compounds. Various diatoms produce polyunsaturated aldehydes
(PUA) which can inhibit various bacteria (conversely, it was also found to stimulate
a few specific species of bacteria as well) (Ribalet et al. 2008).

One of the most studied chemical defence systems has been in the (macro) red
algae Delisea pulchra, which is subject to bleaching due to various bacterial patho-
gens (Case et al. 2011; Kumar et al. 2016). The macroalga can release furanones,
similar in structure to the QS AHL molecules, thereby inhibiting the bacterial QS
response and preventing them from expressing phenotypes controlled by this system
such as biofilm formation or virulence (Case et al. 2011; Harder et al. 2012; Gardiner
et al. 2015). Signals for activation of these defences can be components of the alga
themselves. When the degradation products of one of the main components of the
algal cell wall, agar, is detected, the macro red algae Gracilaria conferta responds
with oxidative bursts and halogenating activity against any potentially pathogenic
bacteria (Weinberger et al. 1999). Interestingly, one of the causative agents of bleach-
ing disease in Delisea, Ruegeria sp. R11, requires glutathione peroxidase to be viru-
lent: presumably this enzyme negates the algal defence mechanism of oxidative
bursts (Gardiner et al. 2015). This pathogen was isolated from D. pulchra; however,
it has a wider host range as it is able to kill two of the three unicellular cell types of
E. huxleyi through the same mechanism of bleaching at elevated temperatures
(Mayers et al. 2016). Microalgae such as the chlorophyte Chlorella saccharophila
have also been found to disrupt QS gene expression in bacteria as well (Natrah et al.
2011), indicating that a similar role may be present in microalgae.

Previous research has proposed that the roseobacter Phaeobacter gallaeciensis
displays a fascinating switch from mutualism to pathogenicity in response to algal
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senescence molecules. The bacterium is thought to detect aging in its algal host
through production of cell wall breakdown products, which trigger production of
compounds called roseobacticides that can act as potent algicides (Seyedsayamdost
et al. 2011b). Another roseobacter, Silicibacter sp. strain TM 1040, is also thought to
produce an algicidal molecule known as roseobacter motility inducer (RMI), which
causes death in the chlorophyte Tetraselmis (Sule and Belas 2013). The production
of these compounds is stimulated by the proposed senescence molecule p-coumaric
acid (p-CA) (Seyedsayamdost et al. 2011a, b, 2014; Sule and Belas 2013), an inter-
mediary of lignin biosynthesis (Schaefer et al. 2008; Weng and Chapple 2010).
Roseobacticides are assembled from the bacterially produced phenylacetic acid
(PAA), algal pCA and cysteine derived from algal DMSP (Sule and Belas 2013;
Seyedsayamdost et al. 2014), linked to TDA biosynthesis and regulated by QS AHL
signals (Wang et al. 2016). These roseobacticides are of interest as they demonstrate
a highly specific activity. When tested against selected haptophytes, a green alga, a
diatom and a cryptomonad, only the E. huxleyi culture was completely killed by
roseobacticides, and a third of the cryptomonad Rhodomonas salina cells was
killed. The diatom Chaetoceros muelleri demonstrated morphological changes in
response to the roseobacticide (Seyedsayamdost et al. 2011b). This targeted activity,
such as cell lysis resulting in the release of internal compounds, can be useful for
commercial processing.

The fact that P. gallaeciensis responds to algal p-CA, a lignin intermediary, is an
evolutionary puzzle; lignin is a complex and highly recalcitrant form of carbon
often thought to be one of the key evolutionary advancements allowing the move-
ment of plants from marine habitats to terrestrial ecosystems, essential for structural
support and water retention (Boerjan et al. 2003; Weng and Chapple 2010). The
discovery of lignin and its intermediates in algae presents the intriguing possibility
that these intermediates may have an alternate role as signalling molecules (Schaefer
et al. 2008; Martone et al. 2009; Seyedsayamdost et al. 2011b; Goiris et al. 2014;
Labeeuw et al. 2015). This is consistent with the theory that lignin and its intermedi-
ates may form an ancient microbial defence system of plants and algae against
bacteria (Boudet 2000; Tronchet et al. 2010; Labeeuw et al. 2015).

Segev et al. (2016) propose that IAA is another metabolite involved in both the
symbiotic and pathogenic phase of the P. inhibens DSM 17395 and E. huxleyi inter-
action. However, it should be noted that the concentration at which IAA becomes
algicidal (1000 pM) is much higher than any marine bacteria which is currently
known to be produced (e.g. 10 nM) (Maruyama et al. 1989; Xie et al. 1996;
Fernandes et al. 2011). Concentrations of 100 pM have been shown to be detrimen-
tal to the health of algae (Bajguz and Piotrowska-Niczyporuk 2013; Labeeuw et al.
2016), while even in plants, concentrations of IAA above 200 pM are lethal (Baker
and Ray 1965). It remains to be demonstrated that IAA is algicidal at biologically
relevant concentrations. The IAA precursor tryptophan was also shown to be
algicidal at that high concentration (1000 pM) (Labeeuw et al. 2016). Interestingly,
TAA production was lower in the coculture of the pathogenic Ruegeria sp. R11 on
the coccolith-bearing strain of E. huxleyi (which was shown to produce IAA in
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axenic cultures) in the presence of tryptophan, which may indicate a faster uptake
of IAA in the coculture, hence its lower detection rate in the supernatant, or that the
tryptophan is being diverted into other pathways in the coculture (Labeeuw et al.
2016). However, tryptophan did increase the virulence of the bacteria on the algae,
indicating a role for tryptophan in the virulence of the bacteria (Labeeuw et al.
2016; Segev et al. 2016).

14.4 Possible Applications

Algae are grown commercially for a number of reasons, such as food supple-
ments, for animal feedstocks, or biofuels (Spolaore et al. 2006; Chisti 2007,
Borowitzka 2013). Processing of the algae is an important step when the aim is
to collect valuable algal metabolites that can be used and/or sold for additional
profit, with harvesting and extraction being identified as one of the key bottle-
necks currently (Greenwell et al. 2010). The current harvesting methods can be
problematic to scale up. One area that can be further investigated for improve-
ment is flocculation, which often precedes other harvesting steps. The use of
bioflocculants—flocculent-producing bacteria—to coagulate the algae is an
attractive alternative to possibly toxic chemical flocculants (Oh et al. 2001;
Gutzeit et al. 2005; Wang et al. 2012; Gonzalez-Fernandez and Ballesteros
2013). Removing bacteria from algal species has been shown to drastically
reduce their flocculating ability, and further research in bacterial species
involved in algal flocculation would likely help improve harvesting (Lee et al.
2013; Ramanan et al. 2016).

This also demonstrates the importance of understanding the natural communities
present in algal systems and the possibilities in artificially creating a community
(‘synthetic ecology’) to increase the robustness and productivity of a commercial
algal system (Kazamia et al. 2012; Cho et al. 2015). Using more complex communi-
ties to produce biofuels could prevent crashes in the algal population from occur-
ring, which causes delays in production and increases in cost. Understanding the
underlying interactions occurring in this community, as well as the bioactive mole-
cules involved, will allow for control over the systems, including increased lipid
production (Keshtacher-Liebso et al. 1995; Lenneman et al. 2014; Cho et al. 2015).
Alternatively, addition of bacteria, or bioactive molecules that cause a change in the
symbiosis of the bacteria towards the algae, could allow for timed death within the
system. The impact and possibilities of bacteria in commercial systems have been
greatly underestimated, and only recently is the potential of bacteria starting to be
recognized (Wang et al. 2014a), although the role of the metabolites involved is still
greatly overlooked (Franz et al. 2013; Natrah et al. 2014; Demuez et al. 2015). The
addition of a single chemical compound instead of bacteria to induce a specific
desired change raises unique challenges and possibilities in biotechnological
advancement of algae.
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14.5 Conclusion

Bacteria and algae have a diverse range of possible interactions, some of which have
been well studied and reviewed for macroalgae (Egan et al. 2013, 2014; Singh and
Reddy 2014) and microalgae (Mayali and Azam 2004; Azam and Malfatti 2007;
Geng and Belas 2010; Natrah et al. 2014; Ramanan et al. 2016). However, the iden-
tity of the causative bioactive compound specific to each interaction has often not
been elucidated. Some research has been done on understanding the chemical sig-
nalling between algal species and within populations (Legrand et al. 2003;
Borowitzka 2016), interactions with algae and their predators (Tillmann 2004;
Pohnert et al. 2007), but less is known about the chemical underpinnings of the
algal-bacterial interactions (Demuez et al. 2015; Hom et al. 2015). Understanding
the cross talk between the algal host and their bacterial symbionts allows us to better
understand and manipulate the environment.

More research is needed on how the various organisms communicate with each
other in a complex community rather than the regulated (and often one-on-one) cocul-
tures regularly studied in the lab. More complex communities will have beneficial and
harmful interactions occurring between various organisms within the community,
which will not be encompassed by a single model system. Further complicating the
system, some bacteria may break down products produced by other members of the
community, which will have novel impacts on the system being studied. As a final
level of complexity, the environmental conditions may affect the interactions (Grossart
1999). Small-scale systems can be used to successfully monitor long-term interac-
tions between microalgae and bacteria (Bramucci et al. 2015). However, translating
the micro-scale experiments into larger scales is also an important field that needs
further work, as the larger scales can affect the algal characteristics, as the turbulence,
light penetration, nutrient availability and the bacterial assemblage present become
less homogenous, and this heterogeneity can make extrapolations difficult from
smaller scale (Grossart 1999; Sing et al. 2013; Lohrer et al. 2015). While recent
advances in omics reveal a new level of detail in our understanding in microbial ecol-
ogy (Jansson et al. 2012; Cooper and Smith 2015), they can be used in conjunction
with lab systems or to better inform new hypothesizes for new experiments (Amin
et al. 2015; Hom et al. 2015). As researchers continue to probe into the underlying
novel functions of bioactive molecules, it is likely that even more new insights about
their complex roles in shaping and controlling microbial communities will arise.
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Chapter 15

Exploring the Complexity of Macroalgal-
Bacterial Interactions Through Interkingdom
Signalling System

Ravindra Pal Singh, Ramesh Kothari, and Suhelen Egan

Abstract Macroalgae belong to a diverse group of photosynthetic organisms that
play an essential role in marine ecosystems. These ecosystem engineers contribute
significantly to global primary production and are the major habitat formers on
rocky shores in temperate waters, providing food and shelter for marine life.
Macroalgae harbour a rich diversity of associated microorganisms with varied func-
tions related to host performance and defence. In particular, epiphytic bacterial
communities have been reported as essential for normal morphological develop-
ment of the algal host. Moreover, bacteria with antifouling properties are thought to
protect chemically undefended macroalgae from detrimental, secondary coloniza-
tion by other microscopic and macroscopic epibiota. This tight relationship sug-
gests that macroalgae and epiphytic bacteria interact as an integrated functional
entity or “holobiont”. Many of these interactions are controlled via chemical signal-
ling systems in a type of interkingdom communication. Indeed recent studies have
demonstrated that chemical signalling molecules from bacteria regulate important
functions in green algae such as reproduction and host defence.

Keywords Macroalgae * Quorum sensing ® Morphology * Macroalgal-microbial
interaction ¢ Next-generation sequencing
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15.1 Introduction

Macroalgae secrete a variety of organic nutrients in surrounding environment that
are utilized as a nutrient source and surface settlement cues by diverse microorgan-
isms (Bengtsson and Ovreas 2010; Goecke et al. 2010; Bengtsson et al. 2012;
Godinho et al. 2013). Microbial communities living on the macroalgal surface are
highly dynamic and include bacteria, fungi, diatoms, protozoa, spores and larvae of
marine invertebrates (Holmstrom et al. 2002; Tujula et al. 2010; Burke et al. 2011a).
Macroalgae encompass intra- or extracellular bacteria and eukaryotes that consti-
tute the endo- and ectophycosphere, respectively (Hollants et al. 2011, 2013; Singh
et al. 2015). These associated bacteria can exhibit a beneficial interaction with their
host by assisting with morphogenesis, growth and reproduction (Matsuo et al. 2005;
Marshall et al. 2006; Singh et al. 201 1a, b; Spoerner et al. 2012). The first evidence
for a role of bacteria in algal development was reported in the middle of the twenti-
eth century when researchers observed that axenic cultures of the green alga, Ulva,
species displayed an abnormal morphology (Provasoli and Pintner 1953, 1980;
Provasoli 1958). These observations have since been repeated in other algal species.
For example, in the case of the green macroalga Monostroma oxyspermum, a spe-
cific marine bacterial strain, YM2-23, has been shown to be essential for the normal
morphological development of the host (Matsuo et al. 2005). Likewise, the morpho-
genesis and growth of Gracilaria dura are impaired unless Gram-positive bacteria
(e.g. Bacillus sp.) are present (Singh et al. 2011a).

Associated microbial communities can also provide vitamins and essential nutri-
ents to the algal host, thereby benefiting their growth. For example, nitrogen fixation
activity of some associated bacterial strains significantly influences growth of the
green and red seaweeds (Chisholm et al. 1996; Singh et al. 2011a). Bacterial biofilm
and their extracellular polymeric substance and chemical compounds are found to
be important for settling zoospores in Ulvaceae (Tait et al. 2005; Singh et al. 2013)
and releasing spores in Gracilariaceae (Weinberger et al. 2007; Singh et al. 2015).
Moreover, bacteria are thought to protect macroalgal surfaces from biofouling pres-
sure via the production of both general and specific biological active chemical
metabolites (i.e. bioactives) (Wahl et al. 2012). Among other chemical compounds,
bacterial signalling or quorum sensing (QS) systems have gained attention for their
involvement in the bidirectional communication between bacteria and hosts (Venturi
and Fuqua 2013).

QS systems of bacteria modulate the coordinated expression of genes involved in
a diverse set of bacterial phenotypes including biofilm formation, motility, antibi-
otic production, virulence gene expression and exchange of genetic material
(Williams 2007). Gram-negative bacteria use a variety of different QS signalling
molecules; among them, N-acyl homoserine lactone (AHL) is arguably the most
widely studied molecule that controls several physiological responses of bacteria
(Fuqua et al. 2001; Venturi and Fuqua 2013). Investigation of AHL-mediated QS
began with the study of bioluminescence in the Hawaiian bobtail squid Euprymna
scolopes. One bacterium, Aliivibrio fischeri (formally Vibrio fischeri), is present in
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the light organ of E. scolopes where, at high concentrations, it expresses the lucifer-
ase enzyme resulting in a visible bioluminescent phenotype (Visick et al. 2000).
Luciferase expression in the bacterium is controlled by the paradigm of QS, LuxI/
LuxR or the autoinducer 1 (AIl) system, in which the LuxI is responsible for the
production of the AHL signalling molecule (in this case a 3-oxo-C6-HSL) and
LuxR acts as the response regulator protein (Engebrecht and Silverman 1984). The
LuxI-LuxR type QS system is not restricted to A. fischeri, and this now classical QS
system has been described to control a variety of phenotypes in a range of Gram-
negative bacteria (Whitehead et al. 2001; Galloway et al. 2011; Rutherford and
Bassler 2012).

In addition to controlling a range of bacterial phenotypes via cell-to-cell com-
munication, QS signalling has been proposed to facilitate communication between
microorganisms and their hosts such as human, plant and algae (Hughes and
Sperandio 2008). Over the last decade, some unique types of LuxR receptor pro-
teins have been reported that respond to bacterial AHLs produced by the same or
other bacterial cells as well as low molecular weight compounds produced by hosts,
as shown in Fig. 15.1 (Fuqua 2006; Subramoni and Venturi 2009a; Patel et al. 2013).

a Bacterial with classical )
AHL system Macroalgal derived

QS analogues

luxl  JuxR |
= - .-
‘ ‘ Regulated genes

T \
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X

Low molecular weight
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Fig. 15.1 Complex interkingdom quorum sensing (QS) signalling system between bacteria and
macroalgae. (a) Classical AHL system of bacteria. (b) Solo-LuxR (lacking adjacent /uxI) respond-
ing to low molecular weight compounds derived from host macroalga. AHLs are known to modu-
late zoospore settlement in Ulva species. Macroalgae also produce AHL mimic compounds (QS
analogues) that attenuate QS system of bacteria
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Subramoni et al. (2015) performed a bioinformatic survey of LuxR solo regulators
and identified such receptors in diverse host-associated bacteria and found that
some played an important function during host-bacterial interaction and are causing
diseases. The aim of the chapter is to unravel the complexity of macroalgal micro-
biome with a particular focus on the role of chemical interactions via QS systems.
We will further discuss the opportunities afforded by implementing next-generation
sequencing (NGS) technologies in future studies aimed at understanding these com-
plex microbial-host symbioses.

15.2 Quorum Sensing and Cross Kingdom Communication
with Macroalgae

Many plant-associated bacteria undergo chemical signalling with the plant host via
yet unidentified low molecular weight compounds (Subramoni and Venturi 2009a).
There is now growing evidence that plant- and algal-derived compounds interact
with bacterial regulatory proteins that either inhibit or activate bacterial QS
(Manefield et al. 1999; Bodini et al. 2009; Patankar and Gonzalez 2009a, b; Lee
et al. 2011; Gopu et al. 2015), with the term bidirectional interkingdom signalling
now being used to describe such chemical interactions (Venturi and Fuqua 2013).
As described above, the most well-studied QS system in Gram-negative bacteria is
the LuxI-R or AIl system consisting of a LuxI AHL synthase protein and the LuxR
transcription factor protein (Fig. 15.1) (Fuqua et al. 1994; Bassler 1999). To date, a
number of AHLs are known which are different with acyl chain lengths (from 4 to
18 carbons) and variation in the oxidation state of the C3 position of the chain.
Further studies on AHLs have found that plant-associated bacteria (PAB) have pro-
teins closely related to LuxR that specifically responds to plant signals rather than
endogenously produced AHLs. Furthermore, such LuxR proteins synthesized inde-
pendently from the /uxR and are unpaired from cognate LuxI synthase (Fig. 15.1),
thus, have been termed orphan (Fuqua 2006) or solo (Subramoni and Venturi 2009a)
receptor.

LuxR solos have both AHL- and DNA-binding domains similar to QS LuxR;
however, in some cases they no longer bind AHL due to mutation or amino acid
substitution in the AHL-binding domain of the protein (Subramoni et al. 2015). For
instance, in solo LuxR of Sinorhizobium meliloti (NesR) (Patankar and Gonzalez
2009a), Xanthomonas campestris (XccR) (Zhang et al. 2007), Xanthomonas oryzae
(OryR) (Ferluga et al. 2007) and Pseudomonas fluorescens (PsoR) (Subramoni and
Venturi 2009b), amino acid W57 and Y61 (positions with respect to TraR) are sub-
stituted by methionine (M) and tryptophan (W), respectively, in the AHL-binding
domain. Interestingly, these specific amino acid substitutions indicated that the solo
LuxR proteins were binding to low molecular weight compounds produced by plant
rather than AHLs (Patankar and Gonzalez 2009a). Further study on the function of
solo LuxR in Xanthomonas oryzae pv. oryzae found that these LuxR regulate viru-
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lence of the plant pathogen (Ferluga and Venturi 2009). Interestingly VarR, a type of
solo LuxR, is also identified from macroalgae-associated bacterial pathogen
Nautella italica R11 (Fernandes et al. 2011). The strain has been identified to induce
the bleaching disease in vivo and in vitro in Delisea pulchra (Campbell et al. 2011;
Fernandes et al. 2011). Via a combination of allelic exchange mutagenesis, physio-
logical characterization and high-throughput proteomics, Gardiner et al. (2015)
found evidence for varR to act as a regulator of colonization and virulence in this
organism. Particularly, the study observed that 3.4% of the predicted proteome of N.
italica R11 was differentially expressed between planktonic and biofilm conditions
of varR mutant as compared to wild type. Thus, a subset of biofilm-associated pro-
tein of N. italica R11 is controlled by solo varR indicating their importance in
attachment, biofilm maturation and infection in D. pulchra.

Cross kingdom communication through QS exists between bacteria and mac-
roalgae. AHL molecules increase zoospore settlement in green macroalgae (Joint
et al. 2002) and promote carpospore liberation in some red macroalgae (Weinberger
et al. 2007; Singh et al. 2015). Joint et al. (2002) demonstrated that zoospores of
Enteromorpha species respond to biofilm of the Vibrio anguillarum. V. anguillarum
is a Gram-negative bacterium and can be able to produce C6-HSL, 3-hydroxy-C6-
HSL and 3-oxo0-C10-HSL (Milton et al. 1997). Tait et al. (2005) determined the
rational effect of these AHLs on zoospore settlement and observed that longer
N-acyl side-chains tended to result in increasing zoospore settlement. Furthermore,
availability of 3-hydroxy and 3-oxo at C3 of acyl chain makes them more active
AHLs than C6-HSL and C10-HSL towards zoospore settlement. When a lactonase-
coding gene (that degrades AHLs) aiiA was expressed into V. anguillarum, the
recombinant strain lost the activity of enhancing zoospore settlement, providing
strong support for the involvement of AHLs (Joint et al. 2002). Wheeler et al. (2006)
used wild and vanM mutant types of V. anguillarum and defined that the orientation
of zoospores does not change during settlement and their swimming speed decreases
more rapidly on the wild-type V. anguillarum biofilms as compared to vanM mutant.
Thus, it is presumed that chemokinesis mechanism operates instead of chemotactic
in which zoospore swimming speed rapidly decreases in the presence of AHLs.
Further, experiments on this system suggested that AHLs influence Ca?* influx in
the zoospores which preferentially induced the settlement of them on bacterial bio-
films producing AHLs (Wheeler et al. 2006; Joint et al. 2007).

Intriguingly, whilst AHLs promote zoospore settlement in the Ulva, they have a
negative impact on germination and early growth stages of settled zoospores (Twigg
et al. 2014). Using both native AHL producers (i.e. Sulfitobacter spp. 376 and
Shewanella spp. 79) and synthetic AHLs, Twigg et al. (2014) could show that germ-
ling length was significantly reduced in the presence of AHLs or AHL-producing
biofilms compared to the controls. The authors hypothesised that this apparent para-
dox (i.e. AHL induction of settlement yet retardation of germination and early
growth) could be explained by the fact that slower growing algae can outcompete
fast growers in nutrient-limited environments (Twigg et al. 2014). Thus, these results
provide further evidence of the complexity of bacterial-macroalgal interactions and
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the ability of AHLs to modulate multiple aspects of green algal reproduction and
early growth.

The effect of AHL is not only restricted to green algae but has also been observed
in red algal species such as Gracilaria and Acrochaetium species. In these macroal-
gae, C,- and C¢-HSLs have been shown to control carpospore liberation (Weinberger
etal.2007; Singhetal. 2015). Furthermore, sodium dodecyl sulphate-polyacrylamide
gel electrophoresis analysis of total protein of C,- and Cs-HSL-treated cystocarps of
G. dura revealed the induction of specific polypeptide bands of approximate molec-
ular weights 50 and 60 kDa (Singh et al. 2015). The finding suggested that these
unidentified proteins may have a role in carpospores releasing from cystocarp.
Nevertheless, identifying interconnection of these proteins and their expression
under AHL treatment would enhance knowledge about carpospore liberation from
G. dura.

15.3 Host-Associated Bacterial Diversity and Next-
Generation Sequencing

There are a growing number of studies that have assessed the diversity of the epi-
phytic bacterial communities associated with macroalgal hosts (Staufenberger et al.
2008; Goecke et al. 2010; Burke et al. 2011a; Hollants et al. 2013). These studies
highlight that bacterial communities associated with macroalgal whilst distinct
from the bacteria found in the surrounding seawater vary across different seasons
(Tujula et al. 2010; Burke et al. 2011b), geographical locations (Tait et al. 2009;
Lachnitet al. 2011; Bondoso et al. 2014), different parts of the thallus (Staufenberger
et al. 2008) and different pools based on host trait (Campbell et al. 2015).

Several studies have suggested that bacteria within the phyla Proteobacteria and
Firmicutes are among the most abundant taxa associated with the surface of mac-
roalgal hosts as summarized previously (Goecke et al. 2010; Singh and Reddy
2014). Therefore one might predict that these bacterial groups have particular char-
acteristics that have enabled their adaptation to marine hosts, including but not lim-
ited to (1) the ability to cope with multiple stress parameters such as ionic, osmotic,
chaotropic, hydrophobic and other activities of solutes, (2) providing direct benefit
to the host (see below) and (3) having high-efficiency energy-generation systems
(Burke et al. 2011b; Wahl et al. 2012; Cray et al. 2013). With respect to host bene-
fits, many of these bacterial communities are reported to possess various biological
activities such as antibacterial, antisettlement, antilarval and antifungal activities
(Egan et al. 2008; Penesyan et al. 2009) that also secure their abundance over the
host surface.

Early studies of bacterial communities associated with macroalgae employed
culture-dependent or microscopy methods with fewer studies employing culture-
independent molecular methods such as restriction fragment length polymorphism
and terminal restriction fragment length polymorphism of DNA for identifying bac-
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terial communities of the macroalgal hosts (Burr and West 1971; Meusnier et al.
2001, 2002; Longford et al. 2007; Lachnit et al. 2011; Bengtsson et al. 2012). Later
molecular approaches removed some of the bias associated with culturing tech-
niques, although they had limitations with respect to their ability to explore func-
tional relationship of associated bacterial communities and their hosts.

Broad access to -omics technology (i.e. genomics, transcriptomics and pro-
teomics) in sequencing is fostering a great deal of interest across many areas of
biology (Turnbaugh et al. 2007; Yang and Li 2012; Kostic et al. 2013; Ursell and
Knight 2013). In particular, these technologies are now making it possible to study
microbial communities in unprecedented detail in order to understand how the
microbiome impacts physiology and propensity to disease in diverse hosts
(Adesemoye et al. 2009; Bakker et al. 2012; Knief et al. 2012). These advancements
are beginning to unravel the complex interactions between the environment, host
genetics and microbiome in diverse systems of the ocean, soil, invertebrate animals
(corals, sponges, insects, etc.), algae, plants and humans (Turnbaugh et al. 2007,
Berg and Smalla 2009; Turner et al. 2013; Krishnan et al. 2014; Yang and Jobin
2014; Ainsworth et al. 2015; Ding et al. 2015). These studies have highlighted the
close association of microorganisms with their host and environment where they
play essential role in host life cycle. In the case of human, a large focus has been the
use of -omics technologies to study the gut microbiome (Cenit et al. 2014; Sun and
Chang 2014; Nakayama et al. 2015; Wang et al. 2015). Several studies have been
performed on the healthy and diseased intestines revealing the variation in commu-
nity composition and their functional capacity correlating with host state (Turnbaugh
et al. 2006; Atarashi et al. 2011; Ridlon et al. 2014). Some of the gut microbial com-
munities degrade dietary fibres and convert them into small chain fatty acid which
are warrant to the well-being of human (Byrne et al. 2015). Those beneficial micro-
bial communities have used to modulate diseased gut and subsequently promoted
health of the gut (Neyrinck et al. 2012). Furthermore, modulation of gut microbi-
omes may be carried out by using probiotic bacteria, diet supplement, antimicrobial
compound and faecal microbiota transplant (Walsh et al. 2014). Such studies are
providing mechanistic insights into the host-microbiome interaction and are leading
to the development not only of new diagnostic methods but also treatment of a vari-
ety of human diseases based on the detection of gut microbiomes (Li et al. 2008;
Rajpal and Brown 2013). These understanding could be useful for promoting growth
of the macroalgal host through modulating some of the beneficial microbial com-
munities as below.

Highly studied -omic approaches have also been used to assess microbial diver-
sity and in a number of marine hosts. For example, there are now several research
articles that describe omic analysis of microbial communities associated with
marine sponges (Gurgui and Piel 2010; Hentschel et al. 2012; Trindade-Silva et al.
2012; O’Connor-Sanchez et al. 2014). These data not only demonstrate that the
microbiome of different sponge species varies in their degree of host specificity at
the phylogenetic level but also these studies have begun to identify some of the
functional genes that are characteristic of sponge communities. For example, meta-
transcriptomics study of the marine sponge Geodia barretti revealed that bacterial
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communities belonging to Chloroflexi, Poribacteria and Acidobacteria were most
abundant and some of the functional characteristics of genes were identified that
were related to membrane transport, nitrification and related biological process
(Radax et al. 2012). Another study of Yang and Li (2012) demonstrated that nitro-
gen cycling genes (ammonia oxidizing) only present in the endosome tissue rather
than cortex region of the sponge (Astrosclera willeyanay).

Microbiomes of macroalgae have not been as extensively investigated as com-
pared to other hosts (sponges and human gut). However, few studies have used
metagenomic approach to identify composition and function of associated micro-
bial communities (Burke et al. 2011a; de Oliveira et al. 2012; Dittami et al. 2014;
Martin et al. 2014; Campbell et al. 2015; Marzinelli et al. 2015). Martin et al. (2014)
studied functional metagenomics of bacterial communities associated with the
brown alga Ascophyllum nodosum and identified 13 novel putative esterase loci and
2 glycoside hydrolase loci. Marzinelli et al. (2015) studied bacterial and archaeal
communities associated with 260 samples of the kelp Ecklonia radiata from differ-
ent biogeographical regions across the Australian continent and found extremely
stable microbial communities that were influenced by host state more than location.
Metagenomic studies of microbial communities of the Ulva australis indicate that
microbial communities on seaweeds are established based on a conservation of
functional traits rather than microbial species composition (Burke et al. 2011a).
Core groups of functional gene predicted to be important for algal association have
been repeatedly identified in microbial communities of U. australis including those
related to nitrate reduction, motility, QS systems, osmoregulation, cell differentia-
tion, virulence and defence. Of particular relevance to microbial communities asso-
ciated with macroalgae included stress responses relevant to protection against
oxidative stress, desiccation as well as degradation of host-secreted metabolites. de
Oliveira et al. (2012) have used transcriptomics analysis on the red macroalga
(Laurencia dendroidea) and their associated microbiome. Dominant bacterial
groups belonging to nitrogen-fixing Cyanobacteria and aerobic heterotrophic
Proteobacteria were identified. Comparative analysis of transcripts revealed an
abundance of transcripts related to glycolysis, polysaccharide and lipid breakdown.
Other features of the metatranscriptomics included the expression of genes related
to recognition of macroalgal surface, biofilm formation and mechanism for host
defence resistance and stress (biosynthesis of terpenoid backbone) (de Oliveira
et al. 2012). Transcripts related to bacterial QS signalling were also detected in the
meta-transcriptome analysis of L. dendroidea microbiome, including a high abun-
dance for genes coding for the enzyme S-adenosylmethionine synthetases, an
important precursor for the synthesis of bacterial AHLs (Hanzelka and Greenberg
1996) among other biological reactions (Takusagawa et al. 1996). Whilst many
functional activities of the microbiome of L. dendroidea are congruent with those
associated with that of the U. australis (Burke et al. 2011a), the studies to date rep-
resent a snapshot of these complex communities. There is a need not only to further
validate these studies but to assess the stability of the microbial community and the
microbiome response to different environmental conditions commonly exposed to
the host. With the increased accessibility to next-generation sequencing (NGS)
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technologies including methods for community profiling via the sequencing of phy-
logenetic marker genes (e.g. 16S rRNA gene amplicon sequencing); whole
community genome (metagenomics) or meta-mRNA sequencing (metatranscrip-
tomics) for analysis of gene expression via Roche 454, Illumina or more recently
PacBio (Caporaso et al. 2012; Merriman and Rothberg 2012; Knief 2014); and
metaproteomics, it is now possible to address these and more questions related to
macroalgal-microbial interactions. The results obtained from larger-scale NGS
projects will allow for understating complexity of biological function of macroalgal
microbiomes. Understanding complexity of this interaction will help to increase the
gross productivity of economical important macroalgae and mitigating several dis-
eases via microbiome modulation as similarly to what approaches have been applied
on the higher plant.

15.4 Conclusion

Bacterial communities associated with the diverse macroalgae are essential for nor-
mal life cycle of the host, in which they determine the morphogenesis, growth and
reproduction in different ways. There are growing evidences for interkingdom
chemical communication between macroalgae and their associated bacteria where
they modulate several phenomena of each other. Advances in NGS technologies
will improve our understanding of their composition and functions. So far, metage-
nomic and metatranscriptomics techniques have successfully employed to analyse
the microbiomes of human, plants, insects, animals and marine life (sponges and
macroalgae) revealing details of their biology and evolution of not known prior to
these technological developments. The application of these sensitive NGS tech-
niques to the macroalgal holobiont will invariably provide much needed informa-
tion regarding the role of microbial associations for macroalgal health and function.
Once identified, specific core members or functional microbial groups that benefit
host health may then be used, for example, as probiotics in order to enhance mac-
roalgal production in aquaculture or for developing an early warning system for
macroalgal diseases.
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