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Foreword

The direction of science is often driven by methodological progress, and the topic
of this book is no exception. | remember sitting with a visitor on the terrace of a
hotel overlooking Lake Constance in the early 1970s. We were discussing the gravi-
metric method of measuring total lipidsin zooplankton. A few years later, asavisi-
tor in Clyde E. Goulden's lab, | was greatly impressed by the ability of an
instrument called an latroscan to discriminate and quantify specific lipid classes
(e.g., triacylglyceroals, polar lipids, wax esters). At that time, food web analysiswas
mainly concerned with bulk quantitative aspects. For example, lipids, because of
their high energy content, were considered mainly as an important food source and
storage product.

Nearly a decade ago, when Michael Arts and Bruce Wainman edited the first
volume entitled “Lipids in Freshwater Ecosystems’ (Springer), the focus had
already changed. Fatty acid analysis had become more mainstream, because
new, less expensive, instruments had become available for ecological |aborato-
ries and because ecology, in general, was diversifying and integrating with other
disciplines. Hence, there was increased emphasis on studies which dealt with the
qualitative aspects of lipid composition. The concept of lipidsin ecosystems was
no longer restricted to just providing fuel; lipid composition had, by then,
already been recognized as a factor controlling the flow of matter and the struc-
ture of food webs. In his foreword to the first book, Robert G. Wetzel defined a
rapidly evolving field that he called “biochemical limnology” and identified
lipid research as one of its facets. Judging from the ever increasing numbers of
published papers and congress contributions the field is presently evolving even
more rapidly.

However, progress was not restricted to limnology. In fact, methods of lipid and
fatty acid analysis were probably more advanced in marine ecology, and essential
fatty acids were an important factor in marine aquaculture. Lipid research in aquatic
organisms profited also from the growing connections to human nutrition science
interested in the importance of highly unsaturated fatty acids (HUFA; fatty acids
with >20 carbons and >3 double bonds) originating from fish and shellfish.
This became very evident at the 2002 summer meeting of the American Society of
Limnology and Oceanography in Victoria, British Columbia, when Michael
A. Crawford delivered an unusual, but fascinating plenary lecture entitled
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“The evolution of the human brain.” Consequently, this new volume has broadened
its scope from freshwater to “ aquatic ecosystems.” It is, thus, a contribution to find-
ing common principlesin marine and freshwater systems.

My personal interest in fatty acids has been stimulated again in recent years by
the controversy over food quality factors controlling the growth of zooplankton,
which used to be more a topic in limnology than in marine ecology. Two schools
developed at about the same time, one proposing that zooplankton growth was
limited by the availability of essentia fatty acids, the other one developing the
concept of zooplankton growth controlled by inorganic nutrient stoichiometry. In
principle, both groups of resources can be limiting as they must be taken up with
the same food package and cannot be completely synthesized by the consumer
itself. Unfortunately, the empirical data were contradictory, and there was support
for both concepts. As usual, this resulted in a heated debate; however, we are now
on the way to a concept incorporating both groups of resources as limiting factors.
The controversy had a striking effect on aquatic lipid research; it stimulated discus-
sion, created new ideas, and fostered methodological progress. Lipids and fatty
acids are now regular topics of special sessions at aquatic science conferences.

Robert Wetzel’s statements in the earlier foreword are still valid and up-to-date,
but the field has broadened considerably in the past decade. The “classical” studies
on lipids as storage products and carriers of lipophilic contaminants are continuing.
Research on lipids as nutritional factors now concentrates on the role of essential
components, e.g., polyunsaturated fatty acids (PUFA) and sterols, in modifying the
growth and reproduction of animals. This includes studies on biosynthesis and
metabolic pathwaysin food organisms and the characterization of fatty acid profiles
in organisms at the base of food webs and in allochthonous material. Spatial and
temporal variationsin lipid composition need to be investigated to reach the goal of
a mechanistic prediction of food web structures under changing environmental
conditions. Finally, specific fatty acids and ratios of fatty acids are being devel oped
as biomarkers to aid in the identification of key food web connections.

Evolutionary ecology is beginning to explore adaptations of organisms to the
changing availability of essential fatty acids in their food, e.g., the evolution of life
histories, provision of offspring with PUFA, and the timing of diapause. However,
lipid production may also be considered as an adaptation by algae and bacteria
against their consumers. Evidence is accumulating indicating that not all fatty acids
are beneficial to consumers. Some are toxic or are precursors of toxic products, and
the question therefore now arises as to why organisms produce such costly
products.

Finally, lipid and fatty acid research has gained considerable applied importance
as humans are often “top predators’ and also depend on essential dietary nutrients.
Public awareness of healthy nutrition is increasing, and this relates to both acquir-
ing necessary food compounds and avoiding toxic contaminants. Lipids play a key
role in these processes.

The past 10 years have seen arapid increase in our knowledge about the eco-
logical importance of lipids. Aswith all progressive scientific initiatives this new
knowledge has also generated new questions. It is thus time for a new synthesis.
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This book addresses most of the topics mentioned above; hence it is a timely
book. | am sure it will not only summarize the status quo; it will also stimulate
new research within the important and exciting field of biochemical aquatic ecol-

ogy as well as foster new and fruitful connections with the field of human
nutrition.

PIon, Germany Winfried Lampert
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Lipidsin Aquatic Ecosystems

Michad T. Arts, Michael T. Brett, and Martin J. Kainz

I ntroduction

Life began as a process of self-organization within a lifeless environment. For sin-
gle and, subsequently, multicellular organisms to differentiate themselves from the
outside world, they needed an effective, adaptable barrier (i.e., the cell/cytoplasmic
membrane). The modern cell membrane is mainly composed of phospholipids,
proteins, and sterols, which in unison regulate what goes into and out of the cell.
Some have hypothesized that spontaneously formed phospholipid bilayers played a
key role in the origin of life. The precise structure and composition of these bio-
chemical groups have an enormous influence on the integrity and physiological
competency of the cell. It should not be surprising that this organizational and
functional specificity at the cellular level readily trandates into profound systemic
effects at the macroscopic level. Thus, cellular lipid composition and organization
orchestrate both subtle and obvious effects on the health and function of organisms
— populations — communities — ecosystems.

Ecology is, by its very nature, an integrative field of inquiry that actively pro-
motes the examination of processes that span both cellular and macroscopic levels
of organization. Modern ecologists are challenged and motivated to put their
research into a broader perspective; ecology thrives at the intersections of disci-
plines! Lipids provide an effective platform for this mandate because they are a
global energy currency and because of their far-reaching physiological roles in
aquatic and terrestrial biota. Two previous, comprehensive efforts to examine the
role of lipids in aguatic environments exist. The first (Gulati and DeMott 1997)
arose as the proceedings of an international workshop held at Nieuwerdluis, the
Netherlands in 1996. The objective of this workshop was “to take stock of the state
of the art in food quality research, to address factors that determine food quality”
and “to integrate the available information into a coherent and consistent view of

M.T. Arts (<), M.T. Brett, and M.J. Kainz

Aquatic Ecosystems Management Research Division, National Water Research Institute —
Environment Canada, P.O. Box 5050, 867 Lakeshore Road, Burlington, ON, Canada L7R 4A6
e-mail: Michael Arts@ec.gc.ca
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Xvi Introduction

food quality for the zooplankton.” A second, more extensive publication followed
2 years later (Arts and Wainman 1999). That publication set about to “establish a
general reference and review book for those interested in aquatic lipids’ and to
“demystify lipid research.” Its focus was mainly on freshwater ecosystems. Since
these two publications in the late 1990s, the field has advanced considerably, most
notably in such areas as.

 Refining the understanding of the essentiality of specific lipids

« Biochemical pathways and controls on PUFA synthesis and degradation

e Fatty acid as trophic markers

« Importance/essentiaity of sterols

 Integrating contaminant and lipid pathways

« Trophic upgrading by protists, heterotrophic flagellates, and zooplankton

« Role of fatty acids and other lipids in the maintenance of membrane fluidity

« Roleof fatty acidsin cell signaling

» Effect of essentia fatty acids (EFAS) on human health and behavior (e.g., n-3
deficiency)

« EFAs as seen from a conservation perspective

Advances such as these convinced us that, nearly a decade after the first edition, a
second book project should be undertaken. We envisioned that this book should (a)
have a much broader mandate than the original; for example, it should encompass
both freshwater and marine ecosystems, (b) touch on several of the recent advances
highlighted above, and (c) break new ground by interconnecting the fields of lipid
research with other highly topical areas such as climate change, conservation, and
human health.

A survey of the literature clearly shows that interest in lipids within environmen-
tal sciences is increasing aimost exponentialy. As more detailed and informative
experiments and observations are made, it is becoming clear that some lipids (e.g.,
the long chain, polyunsaturated, omega-3 fatty acid “docosahexaenocic acid” or
“DHA" for short, 22:6n-3) have a critical role to play in maintaining the health and
functional integrity of both agquatic and terrestrial organisms. Thus, the more genera
interest in lipids as structural components and as purveyors of energy isincreasingly
being coupled with this deeper understanding resulting in a parallel increase in pub-
lications dealing specifically with individual lipid molecules such as DHA.

The chaptersin thisbook are broadly organized so asto elaborate and synthesize
concepts related to the role of lipids from lower to higher trophic levels up to and
including humans — an objective that has seldom been attempted from an ecological
perspective. A précis of the book’s 14 chapters follows:

In Chap. 1, “Algal Lipidsand Effect of the Environment on Their Biochemistry,”
Irina Guschina and John Harwood explore the origins and synthesis of awide vari-
ety of algal lipids (glycolipids, phospholipids, betaine lipids, and nonpolar glycer-
olipids) and provide important clues as to how environmental signals (temperature,
light, salinity, and pH) may influence the production of specific lipids and lipid
classes. Their chapter concludes with a concise summary of how nutrients and
nutrient regimes affect the production of lipidsin algae.
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The second chapter, “Formation and Transfer of Fatty Acids in Aquatic
Microbial Food Webs: Role of Heterotrophic Protists,” by Christian Desvilettes
and Alexandre Bec provides details on the biosynthesis pathways for polyunsatu-
rated fatty acids in heterotrophic protists and, in so doing, demonstrates that pro-
tists may perform an ecologically important service by “trophically upgrading”
some fatty acid molecules to more physiologically active forms for zooplankton
and eventually fish consumers. They also showcase the variability in lipid profiles
among protists.

In “Ecological Significance of Sterols in Aquatic Food Webs’ (Chap. 3),
Dominik Martin-Creuzberg and Eric von Elert demonstrate that sterols play key
rolesin the physiological processes of all eukaryotic organisms. Their chapter pro-
vides details on the occurrence and biosynthesis of sterols followed by an informa-
tive summary of the physiological properties and nutritional requirements for
sterols. These authors use an ecological perspective to demonstrate how sterols
affect herbivorous zooplankton, trophic interactions, and food web processes.

In Chap. 4, “Fatty Acids and Oxylipins as Semiochemicals,” Susan Watson,
Gary Cadwell and Georg Pohnert showcase the subtlety of chemical communica-
tion in aquatic ecosystems. In so doing, they expose a “darker” side of lipids and
demonstrate that, under some conditions, certain lipids (e.g., aldehydes derived
from polyunsaturated fatty acids) can induce a range of negative effects in aquatic
organisms. They also reveal that aquatic organisms are capable of avoidance behav-
iors, detoxification, and other adaptive strategies to either avoid or deal with expo-
sure to toxic lipids.

“Integrating Lipids and Contaminants in Aquatic Ecology and Ecotoxicology”
(Chap. 5) isarelatively new area being pioneered by Martin Kainz and Aaron Fisk.
They show that the uptake of contaminants, both lipophilic and hydrophilic, and
EFAs can be coupled in aguatic organisms but that, sometimes with the appropriate
ecological foreknowledge, actions and procedures can be instituted to minimize
risk and maximize benefit. They stress the ecotoxicological need to understand how
potential contaminants are linked with lipids and their specific structural and/or
storage compounds at the cell, tissue, and, eventually, at the food web level.

The subject of biomarkers has received a great deal of attention in the last dec-
ade. Zooplankters, such as members of the herbivorous genus Daphnia, provide
excellent opportunities to test the veracity of the biomarker concept. Thus, in Chap. 6,
“Crustacean Zooplankton Fatty Acid Composition,” Michael Brett, Dorthe Mller-
Navarra, and Jonas Persson provide a state-of-the-art summary of what is known
about how taxonomic affiliation and diet influence the fatty acid composition of
freshwater and marine zooplankton. This chapter also explores the literature on
reproductive investments in essential lipids, as well as temperature and starvation
impacts on zooplankton fatty acid profiles.

Clearly essential or growth regulating fatty acids must be supplied in appropriate
proportions. This is especially true of the highly physiologically active fatty acids
such as arachidonic, eicosapentaenoic, and docosahexaenoic acids. Gunnel
Ahlgren, Tobias Vrede, and Willem Goedkoop have, in their chapter (Chap. 7)
“Fatty Acid Ratios in Freshwater Fish, Zooplankton and Zoobenthos — Are There
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Specific Optima?,” integrated alarge body of information which suggests that spe-
cific optima between specific omega-3 and omega-6 fatty acids do indeed exist for
aquatic biota.

Establishing amore formal link between aguatic and terrestrial ecosystems, with
respect to the fate and distribution of EFAS, requires that “ Preliminary Estimates of
the Export of Omega-3 Highly Unsaturated Fatty Acids (EPA + DHA) from
Aquatic to Terrestrial Ecosystems’ be conducted. Michail Gladyshev, Michael
Arts, and Nadezhda Sushchik (Chap. 8) demonstrate the strengths and inherent
weaknesses of this approach, and call for more studies to fill in the current gapsin
our knowledge. They also highlight the new concept that aquatic ecosystems, in
addition to their previously established roles, should now also be seen as key pur-
veyors of essential PUFA to terrestrial ecosystems.

A clear understanding of the pathways of synthesis is a prerequisite to under-
standing the potential limitations faced by aguatic organisms in nature. In Chap. 9,
“Biosynthesis of Polyunsaturated Fatty Acids in Aquatic Ecosystems. General
Pathways and New Directions,” Michael Bell and Douglas Tocher provide a suc-
cinct summary of what we know about the biosynthesis of fatty acidsin fish. They
also provide a stimulating section on potentia future directions of research on the
biosynthesis of fatty acids by aquatic organisms.

In Chap. 10, “Hedth and Condition in Fish: The Influence of Lipids on
Membrane Competency and Immune Response,” Michael Arts and Christopher
Kohler comment on the role that specific fatty acids play in maintaining the health
and condition of teleost cell membranes especially in terms of temperature adapta-
tion and on the close association between EFAs and healthy immune system
function.

Global warming is currently a center stageissuein science. In Chap. 11, “Lipids
in Marine Copepods. Latitudinal Characteristics and Perspective to Global
Warming,” Gerhard Kattner and Wilhelm Hagen showcase the enormous diversity
in marine copepod lipid profiles and demonstrate that these profiles have evolved
in response to the specific habitats and temperature regimes occupied by the various
copepod species. They sugggest that the effects of climate change on species shifts
and consequently lipid profiles may not be straightforward and predictable.

Researchers interested in using fatty acid trophic markers to explore food web
dynamics have begun to realize that the “honeymoon phase” is over. Thereis areal
need for more quantitative methods to determine the impact of particular diet
organisms on the lipid profiles of consumers. Sara Iverson (Chap. 12), “Tracing
Aquatic Food Webs Using Fatty Acids: From Qualitative Indicators to Quantitative
Determination,” introduces us to the underlying assumptions, concepts, and devel-
opment of the quantitative fatty acid signature analysis (QFASA) approach and
elaborates both the strengths and weaknesses of this tool.

The concept of essentiality of fatty acids is discussed in detail by Christopher
Parrish in Chap. 13 — “Essential Fatty Acids in Aquatic Food Webs.” The chapter
starts with a definition of what constitutes an EFA and then highlights some of the
key effects of EFAs on aquatic organisms. He concludes by making the case that
particular n-6 fatty acids (e.g., 22:5n-6) should also be included in the list of EFAS.
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Humans occupy a singularly unique position in the global food chain. We are at
once free from the “rules’ that govern the population dynamics of other speciesand
yet we are also constrained by many of the same biochemical requirements. So
then, why are algae and human brains linked by the fact that docosahexaenoic acid
isthe most prevalent fatty acid in brain tissue (which is ~60% lipid by dry weight),
but DHA is produced de novo primarily by algae and some fungi? And what is the
connection between this knowledge and the fact that fish have had, and continue to
have, a deeply embedded cultural significance in our psyche (Reis and Hibbeln
2006)? In an effort to address these questions William (Bill) Lands' thought-
provoking Chap. 14, “Human Life: Caught in the Food Web,” examines the position
of humans in the globa food web and highlights our requirements for essential
omega-3 fatty acids, thereby underscoring the urgency of protecting and enhancing
the aguatic food web — human nutrition connection.

This book should appeal to a broad audience from divergent fields. Our readers
are expected to include academics/graduate students, government researchers, and
resource managers interested in understanding how these essential compounds
affect the function and dynamics of aguatic ecosystemsin their sphere of influence.
Specific audiences likely to have an interest in this book include:

« Plankton ecol ogists and physiologists—interested in (a) the relationship between
lipid production in algae and various environmental variables including nutrient
concentrations, nutrient ratios, underwater light climate, and temperature and (b)
the dynamics of transfer and retention and synthesis of EFAs in zooplankton
because such an understanding is a prerequisite to a better understanding of fish
production, cold tolerance, and fitness in both marine and freshwater
ecosystems.

e Nutritionists — It is now well recognized that EFAs play a critica role in the
health and well-being of all vertebrates including humans. What is less clear,
given global declines in fish stocks, is how we can maintain sustainable EFA
production at the base of the food chain for ultimate incorporation into the
human diet stream and also what alternatives exist to ensure our continued
access to these essential compounds.

e Aquaculturists— It is now well established, from both laboratory and field stud-
ies, that EFAs contribute to the somatic growth and productivity of invertebrates
and fish. Thus, the burgeoning field of aquaculture has a strong interest in under-
standing the role of lipids and, in particular, the role of EFAs in optimizing/
maximizing the EFA content of commercially raised and harvested species,
while, simultaneously, minimizing the bioaccumulation of potential
contaminants.

« Toxicologists — It is now clear that a more thorough knowledge of the distribu-
tion, type, concentrations, and pathways of lipids within and amongst organisms
in aquatic systemsis crucial for understanding how heavy metals (e.g., the neu-
rotoxin methyl mercury) and lipophilic contaminants (e.g., PCBs) are accumu-
lated in aguatic organisms and eventually in humans. Thus, environmental
managers, working in consultation with health professionals, have a strong
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interest in providing environmental management solutions that minimize
contaminant loads while simultaneously maximizing EFA availability in fish.

e Environmental chemists — Environmental chemists will gain a deeper under-
standing of the more holistic, ecological effects that lipids have on living organ-
isms and, by extension, on the relationships between lipids and higher scale
processes (biochemical and ecological) at the population and ecosystem level.

e Environmental managers — It is anticipated that policy makers, charged with
overseeing either degraded and/or pristine ecosystems, will profit from a deeper
understanding of the role that EFASs play in maintaining the health and ecologi-
cal integrity of aquatic ecosystems. Superimposed over this, and of imminent
concern to policy makers, isthe specter of climate change with its, asyet largely
unappreciated, potential to alter EFA production at the base of the food web.

The global ecosystem faces many threats (e.g., climate change, cultural eutrophica-
tion, contaminants, invasive species, declining fish stocks, UV radiation, and over-
population). The study of lipid dynamics is germane to understanding the
consequences of many of these threats because lipids are sensitive, and both specific
and broad, indicators of stress and change. The study of lipidsin aquatic ecosystems
also provides an effective vehicle for bringing different disciplines together. Thisis
important because, in order to better define the consequences of global threats to
ecosystem sustai nability, we need integrative interdisciplinary science that allows us
to scale up from the very specific biochemical and physiological roles that lipids
have to their broader effects on energy flow in food webs, fisheries production, con-
taminant accumulation and, ultimately, human health at a global scale.

The editors and contributors of thisbook are greatly indebted to the many people
who made this book possible. In particular, we extend our heartfelt appreciation to
our external anonymous reviewers.
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Chapter 1
Algal Lipids and Effect of the Environment
on their Biochemistry

Irina A. Guschina and John L. Harwood

1.1 Introduction

Lipids play a number of roles in living organisms and can be divided into two main
groups: the nonpolar lipids (acylglycerols, sterols, free (nonesterified) fatty acids,
wax, and steryl esters) and polar lipids (phosphoglycerides, glycosylglycerides).
Polar lipids and sterols are important structural components of cell membranes
which act as a selective permeable barrier for cells and organelles. These lipids
maintain specific membrane functions providing the matrix for a very wide variety
of metabolic processes and participate directly in membrane fusion events. In addition
to a structural function, some polar lipids may act as key intermediates (or precur-
sors of intermediates) in cell signalling pathways (e.g. inositol lipids, sphingolipids,
oxidative products) and play a role in responding to changes in the environment. Of
the nonpolar lipids, the triacylglycerols are abundant storage products, which can
be easily catabolised to provide metabolic energy (Gurr et al. 2002). Waxes are
common extracellular surface-covering compounds but may act (in form of wax
esters) as energy stores especially in organisms from cold water habitats (Guschina
and Harwood 2007). Sterols of algae have been studied extensively and a number
of comprehensive reviews are already available on these nonpolar lipids (e.g.,
Patterson 1991; Volkman 2003; see also Chap. 3).

Algae are important constituents of aquatic ecosystems, accounting for more than
half the total primary production at the base of the food chain worldwide. Algal
lipids are major dietary components for primary consumers where they are a source
of energy and essential nutrients. The role of algal polyunsaturated fatty acids
(including the human essential fatty acids linoleic (LIN; 18:2n-6) and a-linolenic
(ALA,; 18:3n-3) as well as eicosapentaenoic acid (EPA; 20:5n-3) and docosahexae-
noic acid (DHA,; 22:6n-3) in aquatic food webs is well documented (e.g., see Chaps.
6 and 13). They provide a substantial contribution to the food quality for inverte-
brates and are vital for maintaining somatic and population growth, survival, and
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reproductive success. Not only are they important membrane components, but poly-
unsaturated fatty acids (PUFA) are involved in the regulation of physiological proc-
esses by serving as precursors in the biosynthesis of bioactive molecules such as
prostaglandins, thromboxanes, leukotrienes, and resolvins, which may affect egg-
production, egg-laying, spawning and hatching, mediating immunological responses
to infections, and have a wide range of other functions (Brett and Muller-Navarra
1997). The fatty acids are constituents of most algal lipids and rarely occur in the
free form. They are mainly esterified to glycerolipids whose main classes in algae
are the phosphoglycerides, glycosylglycerides and triacylglycerols. In the present
chapter, we will give an overview of lipid composition in algae with a special emphasis
on how environmental factors may affect algal glycerolipid biochemistry.

1.2 Lipid Composition of Algae

1.2.1 Polar Glycerolipids

In general, algae have a glycerolipid composition similar to that of higher plants,
although some species also contain unusual lipids. The basic structure of glyceroli-
pids is a glycerol backbone metabolically derived from glycerol 3-phosphate to
which the hydrophobic acyl groups are esterified at the sn-1 and sn-2 positions, and
there are three main types. Glycosylglycerides are characterized by a 1,2-diacyl-sn-
glycerol moiety with a mono- or oligosaccharide attached at the sn-3 position of the
glycerol backbone. Phospholipids have phosphate esterified to the sn-3 position
with a further link to a hydrophilic head group. Betaine lipids contain a betaine
moiety as a polar group, which is linked to the sn-3 position of glycerol by an ether
bond. There are no phosphorus or carbohydrate groups in betaine lipids.

1.2.1.2 Glycolipids

In algae (as in higher plants and cyanobacteria), glycolipids (glycosylglycerides)
are located predominantly in photosynthetic membranes. The major plastid lipids,
galactosylglycerides, are uncharged. They contain one or two galactose molecules
linked to the sn-3 position of the glycerol corresponding to 1,2-diacyl-3-O-(B3-p-
galactopyranosyl)-sn-glycerol (or monogalactosyldiacylglycerol, MGDG) and
1,2-diacyl-3-O-(a-p-galactopyranosyl-(1,6)-O-B-p-galactopyranosyl-sn-glycerol
(or digalactosyldiacylglycerol, DGDG) (Fig. 1.1). MGDG and DGDG represent

LFor comprehensive descriptions of the biosynthesis of algal and plant lipids see Harwood and
Jones (1989), Guschina and Harwood (2006a) and Murphy (2005) and references therein.
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Fig. 1.1 The main glycosylglycerides of algae. R1 and R2 are the two fatty acyl chains. MGDG
monogalactosyldiacylglycerol; DGDG digalactosyldiacylglycerol; SQDG sulfoquinovosyldia-
cylglycerol

40-55 and 15-35% of thylakoid lipids, respectively. Another class of glycosylglyc-
eride, which is present in appreciable amounts (e.g., up to 29% of total lipids in the
red tide alga Chattonella antique and 22% in the bladder wrack seaweed Fucus
vesiculosus (Harwood and Jones 1989)) in both photosynthetic and in non-
photosynthetic algal tissues, is the plant sulfolipid, sulfoquinovosyldiacylglycerol,
or 1,2-diacyl-3-O-(6-deoxy-6-sulfo-a.-p-glucopyranosyl)-sn-glycerol (SQDG) (Fig. 1.1).
This lipid is unusual because of its sulfonic acid linkage. It consists of monoglyco-
syldiacylglycerol with a sulfonic acid in position 6 of monosaccharide moiety. The
sulfonoglucosidic moiety (6-deoxy-6-sulfono-glucoside) is described as sulfoqui-
novosyl. The sulfonic residue carries a full negative charge at physiological pH
giving the sulfolipid distinct properties.

A unique feature of plastid galactolipids is their very high content of PUFA.
Similar to higher plants, MGDG of fresh water algae contains ALA as the major
fatty acid, and ALA and palmitic acid (16:0) are dominant in DGDG and SQDG.
The glycolipids from some algal species, e.g. green algae Trebouxia spp.,
Coccomyxa spp., Chlamydomonas spp., may also be esterified with unsaturated
C16 acids, such as hexadecatrienoic (16:3n-3) and hexadecatetraenoic (16:4n-3)
acids (Guschina et al. 2003; Arisz et al. 2000). The plastidial glycosylglycerolipids
of marine algae contain, in addition to 18:3n-3 and 16:0, some very-long-chain
PUFA, e.g. arachidonic (ARA; 20:4n-6), EPA, DHA as well as octadecatetraenoic
acid (18:4n-3). In contrast, a complex mixture of SQDG has been identified in an
extract of the marine chloromonad Heterosigma carterae (Raphidophyceae) with
the main fatty acyl residues consisting of 16:0, 16:1n-7, 16:1n-5, 16:1n-3, and EPA
(Keusgen et al. 1997). MGDG from the marine diatom Skeletonema costatum con-
tained another unusual fatty acid (18:3n-1) in significant amounts (~25%)
(D’Ippolito et al. 2004). Table 1.1 shows some examples of the fatty acid distribution
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1 Algal Lipids and Effect of the Environment on their Biochemistry 5

in algal glycolipids from various taxonomical groups. More examples may be
found in Harwood (1998a).

In addition to these common glycolipids, a few unusual lipids have been reported
in some algal species. Trigalactosylglycerol has been identified in Chlorella (cited
by Harwood and Jones 1989). In some red algae, glycolipids may contain sugars
other than galactose (e.g. mannose and rhamnose) (Harwood and Jones 1989).
From the marine red alga, Gracilaria verrucosa, a new glycolipid, sulfoquinovo-
sylmonogalactosylglycerol (SQMG) has been isolated (Son 1990).

A carboxylated glycoglycerolipid, diacylglyceryl glucuronide (DGGA) has been
described in Ochromonas danica (Chrysophyceae) and in Paviova lutheri
(Haptophyceae) (Eichenberger and Gribi 1994, 1997). In O. danica, this glycolipid
accounted for ~3% of the glycerolipids of the alga with the predominant molecular
species being a 20:4/22:5(sn-1/sn-2)-combination. In P. lutheri, this lipid was
enriched in 22:5n-6 and DHA (44.4 and 18.9%, respectively) (Fig. 1.2).

A new glycoglycerolipid bearing the extremely rare 6-deoxy-6-aminoglucose moiety
(avrainvilloside) has been isolated from marine green alga Avrainvillea nigricans and
its structure was established on the basis of spectroscopic data and methanolysis/
GC-MS analysis (Andersen and Taglialatela-Scafati 2005). As has been shown
recently, six minor new glycolipids were present in crude methanolic extracts of the
red alga, Chondria armata (Al-Fadhli et al. 2006). These included 1,2-di-O-acyl-3-O-
(acyl-6"-galactosyl)-glycerol (GL,,) and the sulfonoglycolipids 2-O-palmitoyl-3-O-
(6"-sulfoquinovopyranosyl)-glycerol and its ethyl ether derivative. GL,, was the first
example of the natural occurrence of an acyl glycolipid acylated at the sn-1, sn-2 of
glycerol and 6’ positions of galactose (Al-Fadhli et al. 2006).

1.2.1.3 Phosphalipids

The major phospholipids (phosphoglycerides) in most algae species are phosphati-
dylcholine (PC), phosphatidylethanolamine (PE), and phosphatidylglycerol (PG)
(Fig. 1.3). In addition, phosphatidylserine (PS), phosphatidylinositol (PI), and
diphosphatidylglycerol (DPG) (or cardiolipin) may be also found in substantial amounts.

COOH
o CIHz—O—R1
OH CIIH—O—Rz
OH —{ O—CH,
OH
DGGA

Fig. 1.2 Structure of diacylglyceryl glucuronide (DGGA). R1 and R2 are C,, C, and C,,
polyunsaturated fatty acids in P. lutheri (Eichenberger and Gribi 1997)
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Fig. 1.3 Major phosphoglycerides of algae. PC phosphatidylcholine; PE phosphatidyleth-
anolamine; PG phosphatidylglycerol; Pl phosphatidylinositol

Phosphatidic acid is noted as a minor compound. Their structure is characterized
by a 1,2-diacyl-3-phospho-sn-glycerol, or phosphatidyl moiety, and a variable
headgroup linked to the phosphate.

The phospholipids are located in the extra-chloroplast membranes with the
exception of PG, which is the only phospholipid present in significant quantities in
the thylakoid membranes. PG represents between 10 and 20% of the total polar
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glycerolipids ineukaryatic green algae. An unusual fatty acid, A3-trans-hexadecenoic
acid (16:1(3trans)), usually esterified to the sn-2 position of PG, is found in all
eukaryotic photosynthetic organisms (Tremolieres and Siegenthaler 1998). It is
interesting to note that both the trans-configuration and the A2 position of the dou-
ble bond are very unusual for naturally occurring fatty acids. A sulfonium analog
of phosphatidylcholine has been described in diatoms (Anderson et al. 1978a, b;
Bisseret et al. 1984). This lipid contains a sulphur atom replacing the nitrogen atom
of choline: — S*(CH,), instead of — N*(CH,),. In a non-photosynthetic diatom,
Nitzschia alba, this phosphatidylsulfocholine (PSC) completely replaces PC,
whereas in four other diatom species both lipids were present and their total relative
amount varied from 6 to 24% of the total lipids. Trace amounts of PSC (less than
2%) were also found in diatoms Cyclotella nana and Navicula incerta as well as in
a Euglena sp. (Bisseret et al. 1984).

From brown algae, a novel lipid constituent was isolated and identified as
phosphatidyl-O-[N-(2-hydroxyethyl)glycine] (PHEG) (Eichenberger et al. 1995).
This lipid contains glycine as a headgroup (-CH,-CH,-NH-CH_-COOQH) and was
present at between 8 and 25 mol% of total phospholipids in the 30 algal species
analysed. It has been shown that this common lipid component of brown algae was
accumulated in the plasma membrane of gametes of Ectocarpus species. With its
fatty acid composition rich in ARA (80%) and EPA (10%), PHEG is considered a
potential acyl donor for pheromone production and hence, possibly involved in the
fertilization process of these algae (Eichenberger et al. 1995).

1.2.1.4 BetaineLipids

Three types of betaine lipids have been identified, 1,2-diacylglyceryl-3-O-4'-(N,N,N-
trimethyl)-homoserine (DGTS),1,2-diacylglyceryl-3-O-2’'-(hydroxymethyl)-
(N,N,N-trimethyl)-B-alanine (DGTA),and 1,2-diacylglyceryl-3-O-carboxy-
(hydroxymethyl)-choline (DGCC) (Dembitsky 1996) (Fig. 1.4). Table 1.2 shows some
examples of the distribution of DGTS and DGTA in algae. These betaine lipids are all
zwitterionic at neutral pH since they have a positively-charged trimethylammonium
group and a negatively-charged carboxyl group (Fig. 1.4).

Betaine lipids are not found in higher plants, either gymnosperms or angiosperms,
but are quite widely distributed in algae (as well as in ferns, bryophytes, lichens, some
fungi and protozoans). The distribution of betaine lipids in various taxonomic groups
of algae has been thoroughly reviewed by Dembitsky (1996) and Kato et al. (1996).
On the basis of an obvious structural similarity between betaine lipids and phosphati-
dylcholine and on their taxonomical distribution (namely, their reciprocal relationship
in many species), it has been suggested that betaine lipids, especially DGTS, are more
evolutionarily primitive lipids which, in the lower plants, play the same functions in
membranes that PC does in higher plants and animals (Dembitsky 1996).

In many algal species analyzed, the fatty acid composition of DGTS has been
shown to vary significantly between freshwater and marine species. In freshwater
algae, mainly saturated fatty acids (14:0 and 16:0) are found at the sn-1 position of
the glycerol backbone and 18C (18 carbon atoms) unsaturated fatty acids
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CH,—OCOR
RCOO—CH
CH2— 0 — CH,CH, — CH—N(CH3);
éoo‘
1,2-diacylglyceryl-3-0-4’-(V, N, N-trimethyl)-homoserine (DGTS)
CH,— OCOR
RCOO—CH
CH,— 0 — CH,— CH— CH,— N(CHa)s
coo0"
1,2-diacylglyceryl-3-0-2’-(hydroxymethyl)-(V, N, N-trimethyl)--alanine (DGTA)
CH,— OCOR
RCOO—CH
CH;— 0 — CH—0 — CH:CH;—N(CH3);
éoo‘
1,2-diacylglyceryl-3-O-carboxy-(hydroxymethyl)-choline (DGCC)

Fig. 1.4 The main betaine lipids of algae

Table 1.2 Glycerolipid composition of selected species of algae

Composition of lipid classes (% of total)
MGDG DGDG SQDG PG PC PE PI DGTS DGTA MAG DAG TAG

Chlorophyta Chlamydomonas moewusii (Arisz et al. 2000)

35 15 10 9 - 8 6 16 -
Chlorophyta Parietochloris incisa (Bigogno et al. 2002a)

22 14 4 2 6 3 1 4 - - - 43
Haptophyta Paviova lutheri? (Elchenberger and Gribi 1997)

19 12 9 - - - 6 - - 42
Haptophyta Chrysochromulina polylepis (John etal. 2002)

7 32 - 40 43 4 1 - - - - 14
Haptophyta Isochrysis galbana (Alonso et al. 1998)

18 13 6 1 9 2 4 - - 6 12 25
Bacillariophyta Phaedactylum tricornutum (Alonso et al. 1998)

21 12 2 2 6 4 1 - - 4 7 40
Rhodophyta Porphyridium cruentum (Alonso et al. 1998)

14 24 5 - 5 - 2 - - 3 19 25

aContained DGGA and DGCC (2 and 5% of total lipids, respectively)
®The sum of PE and PG given. For lipid abbreviations see text and MAG is monoacylglycerol
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(predominantly 18:2 and 18:3) at the sn-2 position. DGTS in marine algae can be
esterified with long chain PUFA at both the sn-1 and sn-2 positions. As an interesting
example, the marine alga Chlorella minutissima has been shown to produce DGTS
at unusually high levels, varying from a low of ~10% to a high of ~44% of total
lipids (Haigh et al. 1996). DGTS from C. minutissima was highly unsaturated at
both positions of glycerol, and was exceptionally rich in EPA (>90% of its total
fatty acids) (Haigh et al. 1996).

1.2.2 Nonpolar Glycerolipids

In many algal species, nonpolar triacylglycerols (TAG) (Fig. 1.5) are accumulated
as storage products. The level of TAG accumulation is very variable (e.g., from
~2% of total lipids in Fucus serratus (Harwood and Jones 1989) to 77% in stationary
phase Parietochloris incisa (Bigogno et al. 2002a)) (Table 1.2) and may be stimu-
lated by a number of environmental factors (see below). In general, TAG is mostly
synthesized in the light, stored in cytosolic lipid bodies, and then reutilized for
polar lipid synthesis in the dark (Thompson 1996). Nitrogen deprivation has a
major impact on TAG synthesis, and many algae show a two to threefold increase
in lipid content, predominantly TAG, under nitrogen limitation (Thompson 1996).
Algal TAG are generally characterized by saturated and monounsaturated fatty
acids. However, some oleaginous species have demonstrated a capacity to accumu-
late high levels of long chain PUFA in TAG (Table 1.3). A detailed study on both
accumulation of ARA in TAG of the green alga Parietochlorisincisa and mobiliza-
tion of arachidonyl moieties from storage TAG into chloroplastic lipids (following
recovery from nitrogen starvation) led the authors to suggest that TAG may play an
additional role beyond being an energy storage product in this alga (Bigogno et al.
2002a; Khozin-Goldberg et al. 2000, 2005). Thus, the PUFA-rich TAG were

Fig. 1.5 Structure of a triacyl-sn-glycerol. R1, R2 and R3 are fatty acyl residues
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metabolically active and were suggested to act as a reservoir for specific fatty acids.
During acclimation to sudden changes in environmental conditions, when the de novo
synthesis of PUFA may be slower, PUFA-rich TAG may donate specific acyl groups
to MGDG and other polar lipids to enable rapid adaptive membrane reorganization
(Khozin-Goldberg et al. 2005; Makewicz et al. 1997).

Alternative forms of storage lipid, which are not glycerolipids, have been identified
in some algal species. For example, when Euglena gracilisis grown in the dark and in
aging cultures of the marine cryptomonad Chroomonas salina, wax esters were accu-
mulated (Thompson 1996). A number of polyunsaturated long-chain (C,,—C.,) alkenes,
alkenones, and alkenoates are synthesized by Isochrysis galbana and Emiliania
huxleyi, as well as some other haptophyte algae (Eltgroth et al. 2005). A physio-
logical role for these compounds as an energy store has been suggested based on the
cellular localization of these polyunsaturated compounds and their metabolic behavior
(Eltgroth et al. 2005).

1.3 Effectsof the Environment on Algal Lipid Biochemistry

1.3.1 General Growth Conditions

Light intensity and temperature are probably the most important and best-studied
environmental factors affecting the lipid and fatty acid composition of photosynthetic
tissues or organisms (Harwood 1998b; Guschina and Harwood 2006a, b; Morgan-
Kiss et al. 2006). It is generally accepted that many of the lipid changes alter the
physical properties of the membrane bilayer so that normal functions (e.g., ion perme-
ability, photosynthetic and respiratory processes) can continue unimpaired. The most
commonly observed change in membrane lipids following a temperature shift is an
alteration in fatty acid unsaturation (Harwood 1998b).

1.3.2 Temperature Effects

The green alga, Dunaliella salina has been extensively analyzed for low temperature
modification of lipid composition (Thompson 1996). A temperature shift from
30°C to 12°C increased the level of lipid unsaturation in this alga significantly
(Thompson 1996). This cooling regime also led to a number of ultrastructural
changes. The chloroplast membrane lipid content increased by 20% while that of
microsomes (mainly endoplasmic reticulum) rose by 280% (Thompson 1996). In the
latter fraction, retailoring the molecular species of preexisting PE and PG has been
noted as the most immediate response to temperature shift. Especially noteworthy
was the increase in molecular species with two unsaturated fatty acids over the first
12 h at 12°C (Thompson 1996). The transformation in chloroplast phospholipids
was shown to occur only after 36 h, and then the changes were similar to those



12 I.A. Guschina and J.L. Harwood

seen in microsomes. In addition, a rise in ALA/16:1(3trans)-PG from 48 to 57%
and a concomitant decrease in 18:2-16:1(3trans)/-PG from 34 to 26% of total
chloroplast PG between 36 and 60 h was correlated with a significant alteration in
the threshold temperature of thermal denaturation of the photosynthetic apparatus
(Thompson 1996). In the microalgae, Chlorella vulgarisand Botryococcus braunii,
increased temperature resulted in a decrease in the relative content of the more
unsaturated intracellular fatty acids, especially the trienoic fatty acids, while the
composition of fatty acids secreted into the medium was unchanged (Sushchik et al.
2003). A decrease in culture temperature from 25 to 10°C led to an elevation in
the relative proportion of oleate but a decrease in linoleate and stearidonic acid
(18:4n-3) in the green alga Selenastrum capricornutum (McLarnon-Riches et al.
1998). In cultures of I. galbana grown at 15 and 30°C, lipids and fatty acids were
analyzed and compared (Zhu et al. 1997). At 30°C, total lipids accumulated at a
higher rate with a slight decrease in the proportion of nonpolar lipids, an increase
in the proportion of glycosylglycerides but no change in the proportion of phos-
pholipids. Higher levels of ALA and DHA with a corresponding decrease in saturated,
monounsaturated, and linoleic fatty acids were found in the cells grown at 15°C.

Four tropical Australian microalgal species (a diatom Chaetoceros sp., two cryp-
tomonads, Rhodomonas sp. and Cryptomonas sp. and an unidentified haptophyte)
cultured at five different temperatures showed similar trends in their fatty acid
composition (Renaud et al. 2002). EPA was identified in all species with its highest
concentration in the haptophyte. In this species, the level of EPA was lower at
higher temperatures. Similarly, percentages of DHA were lower in all species cultured
at higher temperatures. In contrast, moderate amounts of ARA were found in
Chaetoceros sp. and the haptophyte and accumulated at cultivation temperatures
within the range 27-30°C. Moreover, the EPA and PUFA content of the marine
diatom Phaeodactylum tricornutum has been shown to be higher at lower tempera-
tures within the range of 10-25°C (Jiang and Gao 2004). The highest yields of
PUFA and EPA per unit dry mass were 4.9 and 2.6%, respectively, when temperature
was shifted from 25 to 10°C for 12 h, with both being raised by 120% compared
with the control (Jiang and Gao 2004).

In some plants, the resistance to low temperature (reduced chilling susceptibility)
has been shown to be closely associated with a high proportion of the 16:0/16:0 and
16:0/16:1(3trans) molecular species of PG (Murata 1983). These two molecular
species were considered to trigger the formation of gel phases in the membrane
bilayer because of their high T_values® : they undergo a liquid crystalline to gel
phase transition even at room temperature. A similar relationship between the chilling
sensitivity and the content of 16:0 and 16:1(3trans) has been demonstrated for
Chlorella elipsoidea (Joh et al. 1993). For PG, the content of 16:0 was 52% in the
chilling-sensitive strain and 36% in the chilling-resistant strain. The content of
16:1(3trans) at the sn-2 position of PG was 8% in the chilling-sensitive and 16% in

2T, is the transition temperature, at which the acyl chains change from the gel to the liquid phase.
Above the T_the membrane is normally in a functional form with the lipids being “liquid” or, more
correctly, showing low order.
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the chilling-resistant strain. Moreover, the chilling-resistant strain also contained
more ALA and, therefore, more unsaturation in its PG (Joh et al. 1993).

There was no effect of temperature shift on the content of the acidic thylakoid
lipids, SQDG and PG, in C. reinhardtii (Sato et al. 2000). However, in the marine
haptophyte Pavlova lutheri, significant changes in acidic lipid and fatty acid
composition have been reported for cultures grown at 15°C compared with 25°C
(Tatsuzawa and Takizawa 1995). Lower temperatures resulted in an increased relative
amount of EPA and DHA. The relative percentage of betaine lipids, PG and SQDG
increased when algae were cultivated at 15°C with a concomitant decrease in the
levels of TAG and MGDG. The relative percentage of 16:1 in MGDG increased,
but was almost unchanged in other membrane lipids. A similar response to lowered
temperature is characteristic for cyanobacteria where the rapid A9-desaturation of
palmitate to palmitoleate in MGDG has been shown to be an important thermo-
adaptation mechanism (Tatsuzawa and Takizawa 1995). In the red microalga
Porphyridium cruentum, a reduction in the growth temperature led to an increase in
the proportion of the eukaryotic molecular species of MGDG, especially EPA/EPA
MGDG (Adlerstein et al. 1997). These molecular species (like “eukaryotic species”
of lipids in general) have been suggested to play a special role in adaptation of PUFA-
rich algae to low temperatures (Adlerstein et al. 1997). In those types of oleaginous
algae which accumulate high levels of ARA in TAG (e.g. Parietochlorisincisaand P.
cruentum), ARA can be transferred to membrane lipids as a quick response mecha-
nism to cold-induced stress (see above) (Khozin-Goldberg et al. 2000; Bigogno et al.
2002b). Thus, more subtle alterations are often seen in many algae rather than a simple
correlation of increased unsaturation with lower temperatures.

To summarise, exposure to lower environmental temperatures generally causes
algae to increase their relative amount of fatty acid unsaturation. However, the details
of these changes vary from organism to organism and will, naturally, be influenced
by the variety and activity of those fatty acid desaturases present.

1.3.3 Light Effects

Light has been reported to produce many effects on algal lipid metabolism and therefore
lipid composition (Harwood 1998b). In general, high light usually leads to oxidative
damage of PUFA. Nevertheless, high light is required for the synthesis of 16:1(3trans)
and alters the level of this fatty acid in algae. Moreover, qualitative changes in lipids as
a result of various light conditions are associated with alterations in chloroplast develop-
ment (Harwood 1998b). In Nannochloropsis sp., the degree of unsaturation of fatty
acids decreased with increasing irradiance, especially the percentage of total n-3 fatty
acids (from 29 to 8% of total fatty acids) mainly due to a decrease of EPA (Fabregas
et al. 2004). In other EPA-producing algae (Phaeodactylum tricornutum and Monodus
subterraneus), a similar tendency was noticed when increasing light intensity caused a
reduction in EPA accumulation (cited by Adlerstein et al. 1997). High light exposure
(300 umol photons m2 s71) decreased the total phospholipid content and increased the
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level of nonpolar lipid (namely TAG) in the filamentous green alga Cladophora spp.
(Napolitano 1994). In low light conditions (6 umol photons m2s2), the concentrations
of two acetone-soluble fractions (most likely, MGDG and DGDG) were significantly
enhanced. Low light also decreased the relative percentage of 16:0 and increased the
percentage of 16:1n-7 and ALA (Napolitano 1994).

Variations in lipid composition have been studied in the marine red alga
Tichocarpus crinitus exposed to different solar irradiance levels (Khotimchenko and
Yakovleva 2005). Light intensity caused significant alterations in both storage and
structural lipids. Exposure to low light intensity (shade at 8-10% of the incident
photosynthetically active radiation (PAR)) resulted in increased levels of some cell
membrane lipids, especially SQDG, PG, and PC, whereas higher light intensities
(70-80% of PAR) increased the level of TAG. Although the total fatty acid content in
T. crinitus did not alter, there were changes in the fatty acid composition of individual
lipids. Low light exposure increased the content of EPA in MGDG and PG, while
high light exposure increased the content of 16:1(3trans) in PG in T. crinitus
(Khotimchenko and Yakovleva 2005).

In the green alga Ulva fenestrate, growing under different solar irradiances in field
experiments, MGDG, SQDG and PG increased 2-3.5 times when grown at 24% of
PAR compared with algae cultured at 80% of PAR (Khotimchenko and Yakovleva
2004). The contents of DGDG and betaine lipid, as well as the relative proportions of
fatty acids in TAG, MGDG, and SQDG, were not affected by light intensity. Changes
in the amounts of different lipid classes together with variations in the fatty acid
compositions in DGDG and PG determined the differences in the total fatty acid
composition under various light conditions. Palmitate and 16:4(n-3) exhibited the
biggest changes (Khotimchenko and Yakovleva 2004).

Light/dark cycles also have a significant effect on algal lipid composition. A
detailed study on various light regimes on lipids of the diatom Thalassiosira pseu-
donana provides a good example (Brown et al. 1996). The light regimes used were
100, 50, and 100 pmol photons m2s™ona 12:12, 24:0, and 24:0 h light/dark (L:D)
cycle, respectively. A high accumulation of TAG and a reduced percentage of total
polar lipids were found for cells grown under 100 pmol photons m= s~ continuous
light. The fatty acid composition (weight %) of algae in the logarithmic growth
stage under the two continuous light regimes showed no significant differences,
whereas cells grown under 100 umol photons m=2 s 12:12 h L/D conditions con-
tained a higher proportion of PUFA and a lower proportion of saturated and
monounsaturated fatty acids (Brown et al. 1996). With the onset of stationary
phase, algae grown in continuous light showed increased proportions of saturated
and monounsaturated fatty acids and decreased amounts of PUFA at 100 pumol
photons m2 s light intensity in comparison to 50 umol photons m=2 s light inten-
sity. As to fatty acid concentrations expressed as % of dry weight, those of myr-
istate, palmitate, palmitoleate, EPA, and DHA were found to increase during
stationary phase in all cultures (Brown et al. 1996).

The role of lipids in low light acclimation or acclimation to darkness has been
studied also in some algae species. The lipid and fatty acid compositions of three
species of sea ice diatoms grown in chemostats have been analysed and compared
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when cultivated at 2 and 15 pmol photons m= s (Mock and Kroon 2002). Growing
cultures at 2 umol photons m=2 s resulted in 50% more MGDG containing EPA
than those grown at 15 umol photons m= s, EPA was suggested to ensure the
fluidity of the thylakoid membrane (although other polyunsaturated fatty acids are
just as effective) and, therefore, the velocity of electron flow, which was indicated
by increasing rate constants for the electron transport between Q, (first stable elec-
tron acceptor) and Q, (second stable electron acceptor of photosystem I1), making
photosynthesis at low light levels more efficient. 2 umol photons m=2 s resulted in
higher amounts of nonlipid bilayer forming MGDG in relation to bilayer forming
lipids, especially DGDG (the ratio of MGDG:DGDG increased from 3.4 to 5.7)
than in cultures grown at 15 umol photons m=2 s™* (Mock and Kroon 2002).

Dark treatment caused a decrease in the relative proportion of oleate and an
increase in that of linoleate in the green alga Selenastrum capricornutum (McLarnon-
Riches et al. 1998). In the dinoflagellate Prorocentrum minimum, dark exposure led
to the reduced content of TAG and galactosylglycerides, while the total content of
phospholipids changed little with decreased PC, PE, and PG, and increased PS, PA,
and Pl levels. The decrease of TAG and galactosylglycerides was in parallel to an
increase in the activity of B-oxidation and isocitrate lyase indicating that TAG and
galactosylglycerides were utilized as alternative carbon sources by the cells under
nonphotosynthetic growth conditions (McLarnon-Riches et al. 1998).

In three seaweeds, Ulva pertusa (Chlorophyta), Gratel oupia sparsa (Rhodophyta),
and Sargassum piluliferum (Phaeophyta), the effect of different levels of light has
been studied in combination with salinity (Floreto and Teshima 1998). In U. pertusa,
exposure to a combination of high light and low salinity led to a significant decline
in the total (mg g™ dry weight) fatty acid content. Incubation under high light
resulted in an increased content of most saturated fatty acids found in this alga (myr-
istate, pentadecanoate, palmitate, and iso-heptadecanoate). In G. sparsa, low light
and high salinity increased the content of all classes of fatty acids compared with
normal salinity levels. The levels of myristate, oleate, vaccinate, EPA, and total n-3
fatty acids were elevated under high light conditions. In S, piluliferum, high light
intensity decreased the content of almost all fatty acids while higher salinity
increased the levels of 18:4n-3, ARA and EPA as well as total n-3 fatty acids
(Floreto and Teshima 1998).

In conclusion, light will normally stimulate fatty acid synthesis, growth, and the
formation of (particularly chloroplast) membranes. Therefore, the overall lipid
content of algae will reflect such morphological changes.

1.3.4 Salinity Effects

Some algae are exceptional in the plant kingdom for their ability to tolerate high
salt concentrations, the genus Dunaliella being an excellent example. The ability of
Dunaliella species to proliferate over practically the entire range of salinities makes
them useful models to study mechanisms that determine this capacity (Azachi et al.
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2002). It has been shown that, in the cells of D. salina transferred from 0.5 to 3.5
M NacCl, the expression of B-ketoacyl-coenzyme A (CoA) synthase (KCS) (which
catalyzes the first and rate-limiting step in fatty acid elongation) was induced
(Azachi et al. 2002). This was commensurate with a considerably higher ratio of
18C (mostly unsaturated) to 16C (mostly saturated) fatty acids in the cells grown
in 3.5 M NaCl compared with those grown at 0.5 M NaCl. The authors suggested
that salt-induced KCS, together with fatty acid desaturases, may play a role accli-
mating the intracellular membrane compartment to function in the high internal
glycerol concentrations used to balance the external osmotic pressure created by
high salt (Azachi et al. 2002). (However, it should be noted that such a proposal
assumes that the KCS is responsible for 18C fatty acid production rather than fatty
acid synthase). An increase of the initial salt concentration from 0.5 M NaCl to 1.0
M followed by further addition of 1.0 M NaCl during cultivation of Dunaliella
tertiolecta resulted in an increase in intracellular lipid content and a higher percentage
of TAG (Takagi et al. 2006).

1.35 pH Effects

Lipids also react to extreme pH. Thus, alkaline pH stress led to TAG accumulation
and a proportional decrease in membrane lipids (and, most likely, membranes)
(Guckert and Cooksey 1990). The effects of pH on the lipid and fatty acid composi-
tion of a Chlamydomonas sp., isolated from a volcanic acidic lake, and C. rein-
hardtii, obtained from an algal collection (Institute of Applied Microbiology,
Tokyo), have been studied and compared (Tatsuzawa et al. 1996). In the unidentified
Chlamydomonas sp., fatty acids in the polar lipids were more saturated than those in
C. reinhardtii. The relative proportion of TAG (as % of total lipids) was higher in
Chlamydomonas sp. grown at pH 1 than that in the cells cultivated at higher pH. The
increase in saturation of fatty acids in membrane lipids of Chlamydomonas has been
suggested to represent an adaptive reaction at low pH to decrease membrane lipid
fluidity (Tatsuzawa et al. 1996).

1.4 Nutrientsand Nutrient Regimes

1.4.1 General Nutrient Effects

Nutrient availability has a significant impact and broad effects on the lipid and fatty
acid composition of algae. Nutrient limitation almost invariably causes a steadily
declining cell division rate. Surprisingly, active biosynthesis of fatty acids is main-
tained in some species of algae under such conditions (Thompson 1996). When algal
growth slows down and there is no requirement for the synthesis of new membrane
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compounds, the cells instead divert and deposit fatty acids into triacylglycerols
before conditions improve. For example, certain nutrient limited green algae more
than double their lipid content (Thompson 1996).

Pronounced effects of nutrient-limitation on lipid composition have been shown
for the freshwater diatom Stephanodiscus minutulus (Lynn et al. 2000). This alga
was grown under silicon, nitrogen, or phosphorus limitation. Similarly, an increase
in TAG accumulation and a decrease of polar lipids (as % of total lipids) was
noticed in all of the nutrient-limited cultures (Lynn et al. 2000). An increase in TAG
levels (from 69 to 75% from total lipids) together with phospholipids (from 6 to
8%) was reported for the microalga Phaeodactylum tricornutum as a result of
reduced nitrogen concentration (Alonso et al. 2000). Conversely, the level of galac-
tolipids decreased from 21 to 12% in these nitrogen-starved cells.

In Chlamydomonas spp., the concentration of PUFA decreased when the cultiva-
tion conditions changed from photoautotrophic via mixotrophic to heterotrophic
(Poerschmann et al. 2004). In Chlamydomonas moewusii, nutrient-limitation
resulted in alterations in the fatty acid composition of the chloroplast lipids, PG,
and MGDG (Arisz et al. 2000). The PUFA, 16:3, 16:4, and 18:3, which were
present in the plastidic galactolipids, and 16:1(3trans), specific for plastidic PG,
decreased under nutrient-limited conditions. The synthesis of storage lipids has
been suggested to be stimulated by depletion of nutrients, and this was consistent
with a rise in the overall levels of 16:1 and 18:1 which were prominent in storage
lipids (Arisz et al. 2000).

The photosynthetic flagellate Euglena gracilis has been cultivated under various
conditions of autotrophy and photoheterotrophy to estimate the contribution of lactate
(a carbon source) and ammonium phosphate (a nitrogen source) to its metabolism
(Regnault et al. 1995). Effects of increasing ammonium phosphate concentration on
lipid composition were noticed only when lactate was depleted. Such conditions
increased the content of galactolipids rich in polyunsaturated 16C and 18C fatty acids
as well as the ratio of MGDG/DGDG. Excess of nitrogen did not change the content
of medium chain (12-14C) acids but induced a reduction of 22C acids. When ammo-
nium phosphate was absent in the cultural medium, increasing the lactate concentra-
tion led to a decrease in all plastid lipids, whereas the accumulation of storage lipids
(enriched with 14:0 and 16:0) increased, while biosynthesis of 18C PUFA was
reduced as indicated by the accumulation of 18:1n-9 (Regnault et al. 1995).

The crude lipid content (as a percentage of dry weight) of the seaweed Ulva per-
tusa was increased when grown under nitrogen starvation and, surprisingly, also
under very high levels of nitrogen (15 mM) (Floreto et al. 1996). Increased nitrogen
concentrations led to a decrease in proportion of the major PUFA; 16:4n-3 and
18:4n-3, and a rise in the proportion of palmitate, 18:1n-7 and 18:2n-6. By contrast,
phosphorus starvation decreased the proportion of 16:0 and increased that of 16:4n-3
with no effect on the total lipid content of the seaweed (Floreto et al. 1996).

Overall, nutrient limitations which cause reduced cell division rates, and therefore
population growth, typically result in increased cellular production of storage lipid,
primarily TAG. Because the fatty acid composition of TAG often differs between
algae from different taxonomic groups, the resultant fatty acid compositions of the
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algae may also differ, leading to considerable variation between taxa. However, these
studies of many very different species have shown that because more fatty acyl
groups of TAG tend to be saturated and monounsaturated relative to those of the polar
glycerolipids, the increase in TAG with nutrient limitation typically resulted in
decreased proportions of polyunsaturated fatty acids in most algae.

1.4.2 Specific Phosphorus or Sulphur Effects

In the green alga C. reinhardtii those thylakoid lipids with a negative charge (PG and
SQDG) have been studied under sulphur and phosphorus-starved cultivation (Sato
et al. 2000). Sulphur-limited cells lost most of their SQDG when compared with
normal conditions. Concomitantly, PG content increased by twofold, representing a
compensatory mechanism for the reduced level of the other anionic lipid, SQDG.
When C. reinhardtii was grown in a media with limited phosphorus it showed a 40%
decrease in PG and a concomitant increase in the SQDG content. Thus, mechanisms
that keep the total sum of SQDG and PG concentrations constant under both phos-
phorus and sulphur-limiting conditions appear to occur. Moreover, it has been suggested
that SQDG may substitute for PG to maintain the functional activity of chloroplast
membranes (Sato et al. 2000).

In general, the replacement of membrane phospholipids by non-phosphorus
containing glycolipids and betaine lipids under phosphate limitation has been dem-
onstrated in many organisms, including higher plants, photosynthetic bacteria and
algae (e.g., Benning et al. 1995; Hartel et al. 2000; Andersson et al. 2003). This
replacement has been suggested to represent an effective phosphate-conserving
mechanism. However, only minor alterations in lipid metabolism were noticed
when four green algal-lichen photobionts were exposed to low-phosphate condi-
tions and examined by labeling with [1-**C]-acetate (Guschina et al. 2003).
Although growth and total lipid labeling were impaired in low phosphate media,
there were only minor changes in the relative rates of phosphoglyceride labeling
and hardly any decrease in the relative labelling of PG. X-ray probe electron micro-
scopy revealed significant stores of endogenous phosphorus in the algae, which
might be used to maintain normal synthesis of phosphoglycerides in these photobionts
(Guschina et al. 2003).

In a study of seven species of marine algae cultured in phosphorus-limiting
conditions, lipid contents increased in P. tricornutum, Chaetoceros sp., and P. lutheri,
but decreased in the chlorophyte flagellates, Nannochloris atomus and Tetraselmis
sp. (Reitan et al. 1994). Severely nutrient-limited cultures had a higher relative
content of 16:0 and 18:1n-9 and lower levels of 18:4n-3, EPA, and DHA (Reitan
et al. 1994). In contrast, for phosphorus-starved cells of the green alga Chlorella
kessleri, an elevated level of unsaturated fatty acids in all identified individual
lipids, namely PC, PG, DGDG, MGDG, and SQDG were found (EI-Sheek and
Rady 1995).
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Incubation of the fresh water eustigmatophyte Monodus subterraneus in media
with decreasing phosphate concentrations (175, 52.5, 17.5, and 0 uM) resulted in a
gradual decrease in EPA concentration with a concomitant increase in 18:0, 18:1n-9,
and 16:1n-7 fatty acids (as % of dry weight and as % of total fatty acids) whereas the
cellular total lipid content increased, mainly due to TAG accumulation (Khozin-
Goldberg and Cohen 2006). In phosphate-depleted cells, the proportion of phospholi-
pids declined from 8.3 to 1.4% of total lipids. Among other polar lipids, cellular
contents of DGDG (fg cell™?) and DGTS increased while that of MGDG was not
significantly changed. But the relative content (as % of total lipid) of these lipids was
reduced. The proportion of EPA in DGDG, where it was located exclusively at the
sn-1 position, increased from 11.3 to 21.5%. In contrast, the proportion of this fatty
acid in MGDG, SQDG, and PC did not change and decreased in all other polar lipids
(PE, PG, DGTS) and TAG. The reported accumulation of free 18:0 indicated that no
polar lipid can replace PC, which is apparently the only substrate for C18 desaturation
in this algal species. DGTS has been suggested to be a source of 20C acyl-containing
diacylglycerols under phosphate starvation (Khozin-Goldberg and Cohen 2006).

1.4.3 Carbon Availability

A general reduction in the degree of fatty acid unsaturation as a response to elevated
CO, concentration has been reported for several species of green algae (Thompson
1996). For example, C. kessleri grown under low CO, (0.04% compared with 2%
CO,) showed elevated contents of ALA, especially at both sn-1 and sn-2 positions
of MGDG and DGDG, and also at the sn-2 position of PC and PE (Sato et al. 2003).
The higher unsaturation levels in low-CO, cells has been proposed to be (at least
partly) due to repressed fatty acid synthesis, which allowed desaturation of preex-
isting fatty acids (Sato et al. 2003).

The effect of CO, concentration on fatty acid composition has been studied in
wild-type C. reinhardtii and its cia-3 mutant strain, which is deficient in a CO,-
concentrating mechanism (Pronina et al. 1998). In both strains, there was some
increase in PUFA biosynthesis as a result of the decrease in CO, concentration from
2 t0 0.03%. However, in the mutant, when compared with the wild type, an increase
in PUFA was less pronounced and some fatty acids (e.g., 16:4n-3) did not change,
which may indicate a correlation between the induction of the CO,-concentrating
mechanism and an acceleration of fatty acid desaturation (Pronina et al. 1998). The
CO, concentration has also been shown to change the content and composition of
fatty acids and chloroplast lipids in the unicellular halophilic green alga Dunaliella
salina (resistant to CO, stress) (Muradyan et al. 2004). The response was seen after
an increase in CO, concentration from 2 to 10% and resulted in an increase of 30%
in the total amount of fatty acids on a dry weight basis. Alterations in fatty acids
indicated increased fatty acid synthesis de novo but an inhibition of their elongation
and desaturation. The MGDG/DGDG ratio increased fourfold while the ratio of
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n-3/n-6 fatty acids, as well as the proportion of 16:1(3trans) in PG increased
significantly. These changes have been suggested to represent an adaptation of the
photosynthetic membranes to ensure effective photosynthesis in D. salina under the
experimental conditions (Muradyan et al. 2004).

In contrast to the results with Chlamydomonasspp., elevated CO, or added organic
carbon sources significantly enhanced EPA production in Nannochloropsis sp.
(Hu and Gao 2006).

1.5 Conclusions

Overall, the main trends from the studies presented show that any change in an
environmental factor that affects photosynthesis and/or the production of lipids
(e.g., supply of essential nutrients) will affect the amount of the lipid classes (and
the main characteristic fatty acid moieties for each lipid class) involved in that process,
thereby altering the lipid content and composition of the algae being studied.

In addition to the myriad of changes reported above, anthropogenic factors have
also been studied (Einicker-Lamas et al. 1996, 2002). Like the general environ-
mental stresses of light, temperature, and nutrients, such factors produce various
changes in different organisms. Even for the best-studied stress, temperature, the
detailed biochemical response of individual algal species varies and, apart from one
species of cyanobacterium (Gombos and Murata 1998), we have rather little idea of
the molecular mechanisms involved.

Perhaps the most obvious way to advance our understanding of how the environ-
ment can alter lipid metabolism in algae is to study one species under controlled
laboratory conditions. The whole battery of different experimental analytical meth-
ods (including lipidomics, genomics, proteomics, microscopy, and physiological
functions) should then be applied. Only that way will we begin to unravel in detail
the molecular mechanisms involved in adaptation.

From studying and thereby gaining an understanding of how one organism
reacts to a single stress, we can then examine further organisms, using a combination
of stresses and “natural” conditions. That way we will build up our knowledge of
acclimation in a sequential manner, which may, ultimately, be capable of extrapolation
to other species. Obviously, there is plenty of work to do!
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Chapter 2

Formation and Transfer of Fatty Acids
in Aquatic Microbial Food Webs:

Role of Heterotrophic Protists

Christian Desvilettes and Alexandre Bec

2.1 Introduction

2.1.1 Heterotrophic Protists

The term protist was first coined by Haeckel in 1866 for diverse microorganisms
including bacteria (Haeckel 1866). However, in 1925 in a paper on an amoeboid
parasite of Daphnia, Chatton (1925) highlighted for the first time the fundamental
difference between prokaryotic and eukaryotic organisms and the term protist to be
now used to describe unicellular eukaryotes, which do not differentiate into tissues
(see Adl et a. 2005).

In aguatic systems, the most widely known protists are the phytoplanktonic
microal gae and most students are familiar with Euglena, which survive and grow even
in the absence of light. Protists such as Euglena absorb soluble organic compounds
via osmotrophy whereas other protists have the ability to obtain energy and nutrients
via both osmotrophic and phagotrophic pathways (mixotrophy). Mixotrophy
(autotrophic and/or heterotrophic) has been recognized as giving a magjor competitive
advantage in changing environmental conditions especially in nutrient-limited systems
(Stoecker 1998). In fact the photoautotrophic protists are relatively rare whereas the
non-photosynthetic protists are numerous and highly diversified. The latter can be
free-living, symbiotic or parasitic, and are called protozoa or more technically hetero-
trophic protists (HP). In the older scientific literature HP are al so named as‘ col ourless
or ‘non-pigmented’ protists. The ‘colourless’ protists can appear pigmented from
undigested pigmented material, which is present in food vacuoles. Some protozoa
(such as the heterotrich ciliate Climacostomum virens) can sometimes, but not
always, contain a small chlorophyte alga as an endosymbiont. Other protists such as
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Mesodinium rubrum can sequester plastids from their algal prey and by karyoklepty
gain full access to photosynthetic products (Johnson et a. 2007).

As HP are ubiquitous and abundant in all types of habitats, they are important
components of food webs (Sherr and Sherr 2002) especialy in extreme habitats
such as seaice (Scott et al. 2001), solar salterns with high salinity (Park et al. 2007),
and anoxic environments (Brugerolle and Mller 2000). In aquatic environments,
the populations of HP often are diverse, not only in species richness but also in
feeding behaviour and ecological roles. Ciliates (Ciliophora) and heterotrophic
flagellates are the most important grazers of bacteria and picoplanktonic microor-
ganismsin many aquatic ecosystems (Sherr and Sherr 2002) (Fig. 2.1). HP can feed
on awide size range of particles ranging from viruses (Bettarel et al. 2005) to fish
(Burkholder and Glasgow 1997). The phagotrophic species can ingest particles
several times larger than themselves (Arndt et al. 2000) because of particular prop-
erties of their cytoskeleton and internal membranes. Other species of HP feed on
large prey by sucking out (myzocytosis) internal contents. In freshwater environ-
ments, the oligotrich ciliates Oligotrichia, Choreotrichia, and Stichotrichia dominate
in oligotrophic waters, whereas the scuticociliates (Scuticociliata), haptorids
(Litostomatea) and ubiquitous oligotrichs dominate in eutrophic waters. Marine species

Fig 2.1 A composite image of aquatic heterotrophic protists. (a) Colpodea perforans a biflag-
elled alveolate predator attacking the Cryptomonadale Chilomonas paramecium. (b) Diphylleia
rotans (syn. Aulacomonas submarina) a free-living algivorous flagellate (still remains as incertae
sedis). (€) Halteria sp. an agivorous ciliate (Oligotrichia)
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are frequently dominated by tintinnids (Tintinnida) and naked cells of oligotrichs
(Choreotrichia, Stichotrichia). The available taxonomic information on non-
pigmented flagellates in pelagic microbial communities shows that similar groups
of nano and microflagellates are present in quite different environments (Arndt
et a. 2000; Laybourn-Parry and Parry 2000). Marine, brackish and limnetic pelagic
communities are dominated by chrysomonads (Stramenopiles — Chrysophyceae),
bicosoecids (Stramenopiles — Bicosoecida), dinoflagellates (Alveolates — Dinofla-
gellata), and choanoflagellates (Opisthokonta— Choanomonada) (Arndt et al. 2000).
In these environments, the non-pigmented cryptomonads (Chromalveol ata— Crypto-
monadales) and euglenids often are present and while they can be dominant they
usually comprise only a minor fraction of the flagellate biomass. Benthic taxa are
primarily dominated by euglenids (Euglenozoa— Euglenida), bodonids (Euglenozoa
— Kinetoplastida), apusomonads (protista incertae sedis) and cercomonads
(Cercozoa — Cercomonanida) (Vers et al. 1995).

Because some heterotrophic flagellates can rapidly change to an amoeboid form
(Burkholder and Glasgow 1997) and heterotrophic flagellates display few distinc-
tive morphological features, it is difficult to determine the taxonomic composition
of natural assemblages from an examination of cell morphology. Thisis especially
true for the smallest heterotrophic flagellates, which are usually classified as uni-
dentified picoflagellates and usually represent the most abundant component of the
heterotrophic flagellate community (Carrias et al. 1998; Wieltschnig et al. 2001).
The application of molecular ecology methods such as fluorescence in situ hybridi-
zation (FISH), which targets whole cells with species-specific rRNA-targeted
probes, now enables smultaneous identification and quantification of specific species
or genera. This has shown that the picoflagellate fraction contains a wide range of
different species belonging to the Sramenopiles, Alveolates and Cercozoa, and
small flagellate reproductive cells of the Chytridiomycota (fungi) (Diez et al. 2001,
Lefévre et a. 2007). These picoflagellates are now considered to be fundamental
components of both marine and freshwater planktonic systems.

2.1.2 Heterotrophic Protists at Trophic I nterfaces

Although HP were often described in aquatic systems by early investigators (Fauré-
Fremiet 1924), their ecological importance was not appreciated until new methods
(epifluorescence microscopy and flow cytometry) were developed. Up to that time,
the notion of aclassical linear food chain consisting of phytoplankton, zooplankton
and fish predominated. This was replaced by the concept of trophic web in which
consumption of DOM (dissolved organic matter) and POM (especially picoplank-
tonic particles such as detritus, heterotrophic bacteria, autotrophic picoplankton) by
HP outlines a major carbon-flow pathway: i.e., the microbial food web (Pomeroy
1974; Azam et al. 1983; Sherr and Sherr 1988). It is now well accepted that pico-
plankton are responsible for the bulk of primary production in large parts of the
open ocean and in many lakes (Li et al. 1983; Stockner and Antia 1986; Weisse
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1993; Fogg 1995; Callieri and Stockner 2002). Picoplankton are largely unavailable
for direct consumption because the filter apparatus of many crustacean zooplankton
is too course to retain picoplanktonic-sized particles (the exception is afew species
of grazing cladocerans, which can dominate in lakes). However, HP are larger and
thus more efficiently grazed by crustacean zooplankton. Because they repackage
their picoplanktonic prey into particles accessible to crustacean grazers, the phago-
trophic protists are a crucia link between picoplankton production and higher
trophic levels (Sherr et a. 1986; Sherr and Sherr 1988; Gifford 1991). In regard to
carbon transformations in aquatic systems, the assimilation of picoplankton by HP
leads to substantial losses via respiration. This has led to a debate about the quan-
titative significance of the transfer of picoplanktonic materials to higher trophic
levels via protists (Sherr et a. 1987). In systems in which metazoan zooplankton,
such as Daphnia, feed directly on picoplankton, trophic repackaging may be
regarded as a sink for carbon (Stockner and Shortreed 1989). This ‘link or sink’
debate should, however, also be considered from a qualitative point of view because
both the quantity and quality of carbon determine trophic transfer efficiency (Brett
and Mller-Navarra 1997). McManus (1991) has emphasized that the nutritional
value of protozoa as food for metazoan zooplankton needs to be addressed, and
Sanders and Wickham (1993, and references therein) have shown that HP are an
important food source for metazooplankton especially when phytoplankton abun-
dances are low or when phytoplankton quality is reduced. Since the 1990s, consid-
erable research has focused on phytoplankton food quality (Ahlgren et a. 1990;
Hessen 1990), but there have been few studies on HP nutritional value (perhaps
because of the difficulty in providing metazooplankton with monospecific HP diets
in sufficient quantities to complete a growth experiment). In areview, Sanders and
Wickham (1993) emphasized that the nutritional value of HP as afood for metazoo-
plankton is highly variable. The C/N ratio of these protistsis often lower than that
of microalgae and consequently HP may be a source of nitrogen-rich compounds
(Stoecker and McDowell Capuzzo 1990), and the bacterivorous protozoa, which
obtain phosphorus from bacteria, could be an important source of phosphorus-
containing compounds for zooplankton (Caron et a. 1990). However, because the
mineral content of HP does not predict their nutritional value for Daphnia (Sanders
et al. 1996), it has been suggested that variability in the nutritional value of HP is
due to variability in their polyunsaturated fatty acid (PUFAS) content (Bec et al.
20033, b). This has been supported by more recent studies showing that the levels
of PUFAS, sterols and sterol-like compounds can determine the nutritional value of
HP for metazooplankton (Martin-Creuzburg et al. 2005, 2006; Boéchat et al. 2007).

The nutritional value of HP for metazooplankton is variable. Bacterivorous HP
have been reported to be a lower quality food for daphnids than algae such as
Cryptomonas or Scenedesmus (Sanders et al. 1996). However, other protozoa, espe-
cially those grazing on nanophytoplankton, can be of higher food quality than their
algal prey (Klein Breteler et al. 1999; Bec et a. 2003a). Using protozoal interac-
tions as a model, Klein Breteler et al. (1999) developed the ‘trophic-upgrading’
concept, which is now understood to be a key process structuring food chains.
Heterotrophic protists not only repackage their food, but they may also upgrade it
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in some cases. More recently, it has been demonstrated that trophic upgrading of
picoplankton food quality was largely explained by the lipid composition of HP
(Bec et al. 2006).

2.2 Biosynthesis Pathways of Polyunsaturated Fatty Acids
in Heterotrophic Protists

Reports on the fatty acid metabolism of HP have often been controversial, espe-
cially since many studies date back several decades (see Erwin 1973) and did not
focus on the most representative or numeroustaxain aguati c systems. Photosynthetic
organisms, the basis of aquatic food webs, have attracted the most attention. The
fatty acids of phytoplankton and microalgae have been extensively investigated,
and there is an abundant literature on their lipid composition and lipid metabolism
(Volkman et al. 1989; Dunstan et al. 1994; see also Chap. 1). Progress in cloning
genes encoding fatty acid desaturases and elongases has |ead to detailed insights on
fatty acid biosynthesisin higher plants (Hashimoto et al. 2006). Now, these molecu-
lar tools are being extended to studies on fatty acid biosynthesis and lipid metabo-
lismin protists. At present, fatty acid biosynthesis pathways are better documented
in photosynthetic species than in ciliates or non-pigmented (NP) flagellates.
Knowledge is increasing on fatty acid metabolism, genes and enzymes in diatoms
(Sramenopiles, Bacillariophyta), eustigmatophyceae (Sramenopiles, Eustigma-
tales), haptophyceae (Chromalveolata — Haptophyta), euglenids (Euglenida) and
several species of green microalgae (now classified as Chloroplastida) (Wallis and
Browse 1999; Domergue et al. 2003; Tonon et al. 2003; Kaikawa et al. 2006).
These studies as well as those on the parasitic flagellates Kinetoplastida and
Apicompexa and on the Amoebozoa and the ciliates such as Tetrahymena have
revealed that much of the fatty acid biosynthetic pathways found in protists can be
understood based on their phylogenetic histories (Nakashima et al. 1996; Tripodi
et al. 2005; Sayanova et a. 2006; Venegas-Calerdn et al. 2007). All protists have a
cellular structure, which was derived from several endosymbiotic events (Adl et al.
2005). Their genome was compartmentalized as the result of evolution and com-
plex intracellular rearrangements following incorporation of the symbiotic partners
into the progenitor host cell. In the case of the genes involved in fatty acid synthe-
sis, this includes the loss, gain and intracellular transfer of genetic material
(Domergue et al. 2003), which explains why the potentials for fatty acid and PUFA
synthesis are closely related to phylogenetic lineages, and why the pathways can be
deduced once phylogenies have been determined. Information on evolutionary his-
tory (taxonomic position) makes it possible to propose possible mechanisms of
fatty acid synthesisin some aquatic NP flagellates and ciliates. In the large majority
of protists, PUFAs are produced by a series of aerobic desaturations and elonga
tions of the 16:0 and 18:0 acids produced by fatty acid synthase (FAS). Another
pathway that does not require such desaturation/el ongation steps has been found in
the marine Thraustochytrid Schizochytrium (Ratledge 2004). This Stramenopile HP
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synthesizes PUFASs, including docosahexaenoic acid (DHA, 22:6n-3) using a
polyketide synthase (PKS) pathway, which until recently, was only known in deep
sea bacteria such as Shewanella and Moritella marina (formerly Vibrio marinus)
(Metz et a. 2001). Therefore, Schizochytrium, which is well distributed in the
marine environment, may be an important source of long chain PUFAs at the base
of marine food webs (Parrish et al. 2007). Figure 2.2 shows different routes followed
by several protist species for the synthesis of major fatty acids (Domergue et al.
2003; Tripodi et a. 2005; Kajikawa et al. 2006; Sayanova et al. 2006). The path-
ways illustrated are al related to the classical bioconversion of FAS products into
unsaturated fatty acids via the so-called ‘eukaryotic’ and ‘prokaryotic’ reactions,
which take place in the endoplasmic reticulum and the chloroplast, respectively
(Domergue et al. 2003). NP flagellates belonging to lineages dominated by
autotrophic species secondarily lost their photosynthetic ability (Sekiguchi et al.
2001). Thisincudes the genera Paraphysomonas and Soumella (Stramenopiles— Chryso-
phyceae), Chilomonas (Chromalveolata— Cryptomonadal es), Pteridomonas and Cilio-
phrys (Stramenopiles — Dictyochophyceae), Polytoma (Chloroplastida), and several
species of colourless euglenids (Euglenida) (Mignot 1977; Sekiguchi et al. 2001).
All these flagellates have retained the chloroplast in avestigia form with areduced
plastid DNA of half the size of a complete plastid DNA (Gockel and Hachtel 2000;
Sekiguchi et al. 2001). Therefore, it is not known whether the ‘ prokaryotic’ pathway
found inthefunctional chloroplast of photosynthetic protistsis present in the vestigial
chloroplast (leucoplast) of non-pigmented flagellates (Fig. 2.2). This pathway,
inherited from the first endosymbiosis, is according to Domergue et al. (2003),
Behrouzian et al. (2001), Riekhof et al. (2005) and Kajikawa et a. (2006), respon-
sible for the entire synthesis of 16:2n-4 and 16:3n-4 in diatoms (and probably in
other autotrophic Sramenopiles) and for the synthesis of 16:3n-3 in the
Chloroplastida and higher plants (Fig. 2.2). The occurrence of the ‘prokaryotic’
pathway in the heterotrophic dinoflagellates, which have no trace of leucoplast,
although they possess 18 of the plastid genes in their genome (Sanchez-Puerta et al.
2007), is not known.

According to the theory of secondary endosymbiosis, all members of the
Chromista have a common ancestor, which engulfed a rhodophyte (Bodyl 2005).
This common origin of Cryptomonadales and Sramenopiles (diatoms, Chryso-
phyceae, Eustigmatale) explains why the pathways of PUFA synthesis are quite
similar in these protists (Sargent et al. 1995; Khozin-Goldberg et al. 2002;
Domergue et al. 2003). Eicosapentaenoic acid (EPA, 20:5n-3) ismostly synthesized
viathe ‘eukaryotic’ pathway located in the endoplasmic reticulum (ER) (see Fig. 2.2).
As noted by Domergue et al. (2003), in diatoms A9, A12, n-3 (A15) desaturases, A6
and A5 desaturases operate together with elongases to convert 18:0 to 20:5n-3.
Curiously, Monodus subterraneus (Eustigmatale) exhibits significant variation in
the synthesis of EPA by converting (n-6) 20-carbon PUFA into (n-3) 20-carbon
PUFA. Subsequently, 18:2n-6 is desaturated by A6 desaturase to 18:3n-6 and latter
elongated to 20:3n-6. Thisfatty acid is further desaturated by the A5 desaturase and
the n-3 desaturase to EPA (Khozin-Goldberg et a. 2002). Chrysophyceae and
Cryptomonadal es compl ete the full range of PUFA biosynthetic reactions by forming
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DHA (22:6n-3) via elongation of EPA to 22:5n-3 and further desaturation by
the A4 desaturase. The so-called “ Sprecher pathway” in which DHA is formed by
B-oxidation of 24-carbon PUFA seems not to be functiona in protists. This may be
due to the occurrence of the A4 desaturase identified in different species of
autotrophic and heterotrophic protists (Tripodi et a. 2005). The fatty acid composi-
tion of Paraphysomonas sp., Soumella sp., Chilomonas sp. (Erwin 1973; Zhukova
and Kharlamenko 1999; Boéchat 2005; Bec et a. 2006) clearly shows that the
microsomal elongases and desaturases involved in PUFA production are conserved
among those non-pigmented forms. These flagellates have also been found to have
a similar fatty acid composition to that in closely-related photosynthetic species.
The abundance of DHA in photosynthetic alveolates is particularly marked in the
dinoflagéllates, which are amajor component of aquatic phytoplankton. The synthesis
of very largeamountsof DHA by the non-pigmented dinoflagel late Crypthecodinium
cohnii (Mansour et al. 1999) is an important finding. The DHA-formation pathway
in Crypthecodiniumis similar to that in the endoplasmic reticulum (ER) of chryso-
phyceae and sometimes the desaturation and elongation steps can be extended past
DHA to result in very long chain PUFAs such as 28:8n-3 (Van Pelt et al. 1999).
Unlike the Chromiste protists, the marine and freshwater chlorophyceae
(Chloroplastida) are relatively deficient in EPA and DHA. Thisis a consequence of
A5 desaturation and possibly A6 desaturation being rate limiting after the conversion
of oleate to the essential 18-carbon fatty acid (Fig. 2.2) (Kajikawa et al. 2006).
Interestingly, Polytoma species, although non-pigmented, possess the same capabi-
lities for producing 18-carbon PUFAS (18:2n-6, 18:3n-3 and 18:4n-3) as Chlamy-
domonas reinhardtii (Erwin 1973; Vera et a. 2001). The heterotrophic euglenids
(Euglenida) and bodonids (Kinetopl astida) arerel ated groupswithinthe Euglenozoa.
Their fatty acid metabolism has been studied in considerable detail (Wallis and
Browse 1999; Tripodi et a. 2005). Classic experiments using radio-labelled substrates
have shown that Euglena gracilis has no A6 desaturase activity (Nichols and
Appleby 1969), and this has been confirmed by recent studies involving cloning of
the desaturase genes (Wallis and Browse 1999; Meyer et al. 2003). The characteri-
zation of functional A4 and A8 desaturases by these workers suggests a specific
pathway (see Fig. 2.2) is present in the Euglenida in which 18-carbon PUFAs are
elongated to 20-carbon PUFA, which then istransformed by A8 desaturase to produce
EPA and by A5 desaturase to produce ARA (20:4n-6) (Wallis and Browse 1999).
An important feature of Euglenida fatty acid metabolism is that, under hetero-
trophic conditions, these flagellates can produce copious amounts of EPA and DHA
(Wallis and Browse 1999; Meyer et a. 2003). In protozoa belonging to the
Kinetoplastida, PUFA biosynthesis has been studied in two parasitic genera
(Trypanosoma and Leishmania). Tripodi et al. (2005) found that in Leishmania but
not in Trypanosoma the functional route to 20-carbon and 22-carbon PUFAS
involved A6, A5 and A4 desaturases. In Trypanosoma only the A4 desaturase was
present. It isdifficult to generalize these findings to the aquatic Bodonids especially
asdataon their fatty acid composition are contradictory (Zhukovaand Kharlamenko
1999; Veraet a. 2001).



2 Formation and Transfer of Fatty Acids 33

Cloning of fatty acid desaturases in other heterotrophic protists has been limited to
Amoehozoa and ciliates (Tetrahymena). A bifunctional A12/A15 desaturase has been
detected in Acanthamoeba castellanii (Sayanova et al. 2006) and because this enzyme
utilizes both 16 and 18-carbon substrates, it is able to produce not only 18:2n-6 and
16:2n-4 but also 18:3n-3 and 16:3n-1 PUFAs. The A12/A15 desaturase could have
been acquired by horizontal gene transfer from phototrophic microorganisms ingested
by the ancestral phagocytic amoeba (Sayanova et a. 2006). The A9 desaturase genein
ciliates was cloned by Nakashima et a. (1996) and the expression of this gene was
found to increase during adaptation of Tetrahymena cells to cold. In ciliates, the
presence of a A12 desaturase is imperative for starting PUFA synthesis. Kaneshiro
(1980) detected al the intermediate transformation products in the 20:4n-6 synthesis
pathway in Paramecium and suggested that although there is functional PUFA forma-
tion in ciliates, it is directed mainly toward the n-6 fatty acids. Care is needed in
generalizing this hypothesis to, for instance, al aquatic ciliates because of the very
diverserange of taxainvolved. From astudy of algivorousciliates, Boéchat and Adrian
(2005) have suggested that species-specific differences in fatty acid composition may
be amgjor determinant of the biochemical composition of the ciliates. Future research
on lipid metabolism in HP should be directed toward elucidating PUFA biosynthetic
pathways and intermediatesin the most important aquatic species. Mgor advances can
be expected from an increased application of molecular methods. For instance, the
cloning and expression of desaturase genes would help identify stepsinvolved in fatty
acidformationin planktonic ciliatesand non-pigmented flagel lates such asBi cosoecida,
Choanomonada; groups whose fatty acid compositions are unknown despite their
ecological importance in marine and freshwater microbia food webs.

2.3 Variability of Heterotrophic Protist Lipid Composition

A common lament from studies on the aquatic food web is that there is little data
available on lipids of freshwater or marine HP. This is surprising, considering that
anumber of HP are model organismsin cell membrane biology because their lipids
have been of commercial interest for some time. For instance, the blocking of lipid
metabolism in parasitic protists is considered a promising therapeutic target, and
lipids of the Thraustochytrid are one of the most promising sources of DHA. This
leads us to the conclusion that a large amount of research dealing with HP lipids
has aready been done. Nevertheless, in aguatic food webs the lipid composition of
HP is thought to be highly variable and the lipid composition of HP appears to be
less predictable than that of autotrophic protists. Diatoms (Bacillariophyta) are
considered as to be an important source of EPA, Cryptophytes (Cryptomonadales)
and Dinoflagellates are characterized by high levels of n-3 highly unsaturated fatty
acids (HUFA), including EPA and DHA, whereas chlorophyceae (Chloroplastida)
are known to contain high amounts of 16C and 18C PUFAs (Bourdier and Amblard
1987; Ahlgren et al. 1990; Sargent et al. 1995; Brett and Miller-Navarra 1997).
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The variability in lipid composition in aquatic HP will arise from severa sources.
This includes intra-species factors which affect the lipid composition in individual
species, interspecies factors which affect the relative population densities of differing
protists in a very diverse population, and temporal changes to both of these in
response to changes in food supply and other environmental constraints. Protozoa
as eukaryotic cells contain not only different organelles (and sometimes recent
endosymbionts) but also several specific typica membranous structures such as
cilia, food vacuoles and oral apparatus. The membranes of these different organelles
have their own lipid composition. One could argue that food web studies first
require data on the whole organism rather than data dealing with intracdllular varia-
bility of protozoan lipid composition. However, it should be noted that recent studies
(Poerschmann et al. 2004; Boéchat 2005; Boéchat et a. 2007) have demonstrated
that the PUFA concentration in protists increases when their trophic pathway shifts
from heterotrophic to autotrophic. Boéchat (2005) suggested that this increase in
PUFA concentration could be associated with a gain of chloroplast lipids (see also
Adolf et a. 2007a).

Previous food web studies have emphasized two main factors affecting the
PUFA composition of HP: their habitats (marine vs. freshwater) and their diet
(bacterivorous vs. algivorous). In areview, Desvilettes et al. (1997) showed that the
PUFA composition of freshwater ciliates is dominated largely by n-6 compounds.
Freshwater ciliates contain mainly C ; PUFAS, but some genera can contain signifi-
cant amounts of ARA (Kaneshiro 1980; Desvilettes et al. 1997). In contrast, the
marine ciliate Porauronema acutum has been reported to contain high levels of n-3
HUFASs (Sul and Erwin 1997), aproperty it shares with other marine organisms, but
which is not found in freshwater ciliates. Sul and Erwin (1997) suggested that the
prevalence of n-3 HUFAs in marine organisms was not due to a fortuitous event in
evolution but rather from adaptation to factors such as salinity, low temperature,
and high hydrostatic pressure in the marine environment. A similar pattern exists
for freshwater and marine heterotrophic flagellates. Zhukova and Kharlamenko
(1999) showed that marine bacterivorous flagel lates efficiently produce n-3 PUFAS,
whereas freshwater bacterivorous HP are characterized by alow n-3/n-6 ratio (Vera
et al. 2001; Bec et al. 2003a). The n-3/n-6 ratios are higher for marine algivorous
HP (Broglio et al. 2003) than for freshwater HP (Boéchat and Adrian 2005).
Dietary influence on HP lipids has been recognized for a long time (Nosawa and
Thompson 1979) with recent studies clearly showing that both marine and freshwa-
ter algivorous HP exhibit higher levels of n-3 PUFAs than bacterivorous ones
(Broglio et al. 2003; Bec et al. 2003b; Boéchat 2005, Fig. 2.3).

The high n-3 contents of algivorous HP have been associated with accumulation
of dietary PUFAs. Such accumulation tends to be species specific as different HP
speciesfed the same diet exhibited differencesin their PUFA composition (Boéchat
and Adrian 2005). When HP fed two different diets were analysed, it was con-
cluded that the accumulation of dietary PUFA by HP is compound specific (Bec
et al. 2003b; Broglio et al. 2003). Bioconversion and differential accumulation of
dietary PUFASs have been hypothesized as the main factors explaining the fatty acid
composition differences between HP and their diet. In some cases, an inability to
extract certain PUFAs from the diet has been suggested (Broglio et al. 2003) and in
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Fig. 2.3 n-3/n-6 ratio of freshwater (grey), marine (white), agivorous (striped), bacterivorous
(non-striped) heterotrophic protists. Data from Desvilettes et a. (1997), Sul and Erwin (1997),
Zhukova and Kharlamenko (1999), Vera et a. (2001), Bec et a. (20033, b, 2006), Broglio et al.
(2003), Boéchat (2005), Boéchat and Adrian (2005), Veloza et al. (2006)

others it has been suggested that some dietary PUFAS serve as precursors for fatty
acid bioconversion processes (Bec et al. 2003b). Broglio et al. (2003) relativized the
importance of diet as adeterminant of PUFA composition of HP and concluded that
‘individual HP species may tend to maintain a certain stochiometry in the fatty acid
composition regardless of diet’. This hypothesis is consistent with recent results
showing that the freshwater non-pigmented flagellate Paraphysomonsas sp. main-
tained the same fatty acid composition pattern when fed different picophytoplank-
tonic diets (Bec et a. 2006). Tests with diets lacking PUFA have shown that this
flagellate can produce its specific PUFA profile (i.e., significant amounts of 18-carbon
PUFA and of long chain HUFA such as ARA, EPA and DHA) using only de novo
synthesis (Bec et al. 2006).

The fatty acid composition of HP can be atered by factors other than dietary
inputs. For example, temperature, O,, salinity, and trophic pathways are known to
profoundly alter lipid composition of protists (Avery et al. 1994, 1996; Poerschmann
et a. 2004). HP rapidly adjust their membrane PUFA compositions in response to
environmental temperature changes (Nosawa and Thompson 1979). Increased
PUFA concentrations are necessary to maintain membrane fluidity (Poerschmann
et al. 2004). Because the degree of unsaturation in PUFAs is linked to membrane
function and phagotrophic activity in HP, it has been suggested that adjustment in
membrane lipid composition enables HP to maintain somatic growth and feeding
when environmental conditions change (Avery et al. 1995).

As noted earlier, HP can ater membrane components by ingesting lipid compo-
nents and/or utilizing specific biosynthetic transformations. These fatty acid biocon-
version abilities are ill not fully understood, but screening desaturase genes in
genome databases offers one way to increase knowledge on the potential capacities
of desaturases. Studies are also needed to determine the relationship between
environmenta factors and desaturase gene expression, and to determine effects of HP
metabolism on dietary lipids.
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Dietary organic compounds affect the growth and survival of cultivated protists
(Veraet a. 2001). The manner which dietary factors facilitate HP to produce effici-
ently their optimal lipid composition pattern with regard to specific environmental
constraints would probably affect drastically HP population dynamics in nature.
Because membranes within HP cells have different functions, we hypothesize that
their inherent ability to exploit membrane plasticity via changesin lipid composi-
tion alowsthem to exploit emerging or rapidly changing ecological niches eventually
leading to changes in trophic function.

Finaly, it should be noted that in microbia food webs, the lipid content of protists
may be afactor in predator—prey interactions. For example, Karlodinium venificum
(atoxic dinoflagellate found in coastal ecosystems) can produce anti-grazing com-
pounds putatively named karlotoxins (Adolf et al. 2007b). The proposed mode of
action of karlotoxin involves pore formation in cell membranes, and depends upon
the sterol composition of target cells. It has been suggested that a predominance of
4-o. methylsterols renders an organism immune to karlotoxin, whereas a predomi-
nance of des-methyl sterols such as cholesterol renders an organism susceptible to
karlotoxin (Adolf et al. 2007b and references therein).

2.4 Conclusion

Heterotrophic protistsareacrucia link in aquatic food chains because they repackage
food particlestoo small (or too large) to be grazed by metazoa. Data on the efficiency
of carbon incorporation by HP are scarce (Laybourn-Parry and Parry 2000). From
large scale studies Landry and Calbet (2004) estimated that the gross growth effi-
ciency (GGE) of mixed protistan communities was around 30—40% (al so see Straile
1997; Rivkin and Legendre 2001), but some species of HP have a GGE of up to
70% (Caron et al. 1990).

Because the trophic transfer of HUFAs from aguatic to terrestrial food webs is
important for humans beings (Arts et al. 2001), food webs studies often focus on
efficient metazoan food chains. In this context, Daphnia is often considered as an
example of trophic efficient organism. In contrast, protozoa are well less consid-
ered, as they may often repackage organic matter only for themselves. This means
that organic matter can be transferred through different trophic levels of hetero-
trophic protists (including parasitized ones) and thus be ailmost entirely remineral-
ized within these microbial food webs. However, as another fate of organic matter
isto sink, rapid nutrient recycling in aquatic microbial food webs may maintain the
phytoplanktonic production of essential lipid components in the photic zone (espe-
cidly in a dtratified oligotrophic system). Organisms such as metazoa with a long
generation time then benefit indirectly from nutrients released by grazing protists
(Dolan 1997). Because protozoa grow and divide as rapidly as phytoplankton, their
grazing pressure is better coupled to production than is the grazing of the slower
growing metazoa (Calbet and Landry 2004). Because heterotrophic protists are
the first ‘hungry grazers', they often are the first to find food. In marine pelagic
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ecosystems, the microzooplankton typically utilize 60-75% of phytoplankton
production (Landry and Calbet 2004) and it appears that the highly diverse, non-
pigmented protists often occupy the position of dominant primary consumers in
aquatic systems. Multiple trophic transfers within microbial food webs lead to sub-
stantial carbon losses, and the efficiency of trophic transfer of primary production
to metazooplankton via protists is highly dependent on the number of predatory
interactions among microconsumers (Landry and Calbet 2004). In long food
chains, the efficiency of trophic transfer also depends on whether the quality of
food for consumption at the next trophic level is enhanced (i.e., trophic upgrading).
In food chains, energy dissipates rapidly through trophic transfer processes so
trophic upgrading cannot ultimately counteract carbon losses. In systems where
producers are dominated by prokaryotic picoplankton, which can not substain
metazoan production, the heterotrophic protists constitute a necessary biosynthetic
step and provide essential lipid compounds for crustacean zooplankton growth (Bec
et a. 2006). As eukaryotic cells, protists such as the metazoa contain eukaryote-
specific compounds, which often make them more nutritious than organic matter
from other sources (detritus, bacteria). This could explain why HP appear to be less
efficient at upgrading eukaryotes (such as phytoplanktonic algae) in comparison
with prokaryotes (Klein Breteler et al. 2004; Bec et a. 2006). With regard to lipids,
trophic upgrading requires HP to efficiently accumulate certain specific dietary
compounds and to produce others so that the dietary needs of higher trophic levels
can be better satisfied. As a number of microalgae species, e.g., cryptophytes, are
considered high quality food, trophic transfer via HP can be considered as not only
aloss of carbon, but also aloss of essential lipid compounds. We thus regret the
lack of available data on the trophic transfer efficiencies of essential lipid compo-
nents in aguatic systems, especially since a recent review (Sherr and Sherr 2007)
has drawn attention to the fact that in the oceans the heterotrophic dinoflagellates
are the major grazers of EPA producing diatoms. It is known that the heterotrophic
dinoflagellates fed diatoms contain significant amounts of EPA and that they also
produce DHA (Broglio et al. 2003).

Further investigations are needed to determine the dynamics of lipids in these
microbial food webs and to highlight interactions, which would better couple
microbial HUFA production to metazoan grazing.
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Chapter 3
Ecological Significance of Sterols
in Aquatic Food Webs

Dominik Martin-Creuzburg and Eric von Elert

3.1 Introduction

Sterols are indispensable for amultitude of physiological processesin al eukaryotic
organisms. In most eukaryotes, sterols are synthesized de novo from low molecular
weight precursors. Some invertebrates (e.g., all arthropods examined to date),
however, are incapable of synthesizing sterols de novo, and therefore have to acquire
sterols from their diet. Here, we aim to demonstrate that such nutritional require-
ments not only affect the performance of an individual in its environment but may
also have major consequences for the function of aguatic ecosystems. Starting from
general patterns of occurrence and biosynthesis of sterols, we next explore the
physiological properties and nutritional requirements of sterols. These aspects are
then integrated into a more ecological perspective. We emphasize their effects on
aquatic food webs in general and on herbivorous zooplankton in particular with the
major aim to outline how the interplay of physiological capabilities of individual
herbivores and trophic interactions in the food web will determine the effect of low
dietary provision of sterols on structure and function of aquatic ecosystems.

3.2 Occurrence of Sterols

The ability to synthesize sterols de novo is a characteristic feature of eukaryotic
cells. In prokaryotes, sterols are usualy absent or they are found in such small
amounts that contamination from other sources cannot be excluded. However, there
isevidence that at least some eubacteria are capable of synthesizing sterols de novo
(e.g., Methylococcus capsulatus, Volkman 2003, 2005). Small amounts of sterols

D. Martin-Creuzburg (5<)
Limnological Institute, University of Constance, Mainaustrasse 252, 78464, Konstanz, Germany
dominik.martin-creuzburg@uni-konstanz.de

E. von Elert
Zoologisches Institut, Universitét zu Koeln, Weyertal 119, 50923, Koeln, Germany
evelert@uni-koeln.de

M.T. Arts et al. (eds.), Lipids in Aquatic Ecosystems, 43
DOI: 10.1007/978-0-387-89366-2_3, © Springer Science+Business Media, LLC 2009



44 D. Martin-Creuzburg and E. von Elert

have also been detected in some cyanobacterial strains, but the occurrence of sterols
in cyanobacteria is controversial (Summons et a. 2006). The presence of a sterol
biosynthetic pathway in cyanobacteria could not be confirmed by molecular data,
which implies that sterols are usually absent in these prokaryotes (for critical
reviews see: Volkman 2003, 2005; Summons et al. 2006).

Eukaryotes may be divided into three groups that differ in their sterol profiles:
(a) the plant kingdom, which is characterized by alarge set of different phytosterols,
(b) the animal kingdom, where cholesterol tends to be the principle sterol, and (c) the
fungal kingdom, which is generally characterized by the presence of ergosterol
(Fig. 3.1). For reasons of convenience, not reflecting taxonomy, heterotrophic protists
will be treated separately. Typical sterols of higher plants are sitosterol (stigmast-
5-en-3B-ol), stigmasterol (24E-stigmasta-5,22-dien-33-0l), and the two C-24 epimers
campesterol (campest-5-en-33-ol) and 22-dihydrobrassicasterol (ergost-5-en-3(3-0l)
(Fig. 3.2). Sterol profiles of algae are highly diverse so that a general pattern is hard
to define and beyond the scope of this chapter (for reviews see: Nes and McKean
1977; Patterson 1991; Volkman et al. 1998; Volkman 2003). The sterol profile of
animals is comparatively simple with characteristic high levels of cholesterol
(cholest-5-en-3p-ol, Fig. 3.2; often >90% of total sterols) and only small amounts
of other sterols. These minor sterols are either biosynthetic precursors or of dietary
origin, in particular in herbivorous species, or are provided by symbiotic algae or
other associated organisms such as fungi in the gut (Goad 1981). Ergosterol
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(MVA Pathway) / (MEP Pathway) B
HO . A
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Fig. 3.1 Biosynthesis of sterols and other triterpenoid alcohols—a simplified scheme. | sopentenyl
diphosphate is synthesized either via the classical mevalonate pathway (MVA) or via the more
recently reported methylerythritol-phosphate pathway (MEP). Molecular oxygen is required for the
cyclization of squalene via squalene epoxid. In animals, fungi, and some protozoa (e.g., dinoflagel-
lates), the cyclization leads to lanosterol and in higher plants, algae, and most protozoa to cycloar-
tenol, which are subsequently converted to functional products such as cholesterol, ergosterol, or
sitosterol. Hopanoids (e.g., diplopterol) and the triterpencid alcohol tetrahymanol are presumably
formed nonoxidatively by direct cyclization of squalene itself (Ourisson et al. 1987)
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Fig. 3.2 Cholesteral (cholest-5-en-33-0l; &) and other AS-sterols common in aqueatic food webs (the
tetracyclic sterol nucleus similar to cholesterol): 22-dehydrocholesterol ((22E)-cholesta-5,22-dien-
3B-ol; b), desmosterol (cholesta-5,24-dien-33-al; c), campesterol (campest-5-en-3p-ol; d), 22-dihy-
drobrassicasterol (ergost-5-en-3B-ol; €), epibrassicasterol ((22E-campesta-5,22-dien-33-ol; f),
brassicasterol ((22E-ergosta-5,22-dien-33-0l; g), 24-methylenecholesterol (ergosta-5,24(24)-dien-
3B-ol; h), sitosteral (stigmast-5-en-33-0l; i), stigmasterol ((24E)-stigmasta-5,22-dien-33-0l; j), por-
iferasterol (24E-poriferasta-5,22-dien-33-ol; k), fucosterol ((24E)-stigmasta-5,24(24)-dien-3p-al; 1),
isofucosterol ((24Z)-stigmasta-5,24(24)-dien-33-ol; m). The carbon atoms are numbered according
to the IUPAC recommendations; capitals indicate the four rings (A, B, C, D) of the steral nucleus
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(22E-ergosta-5,7,22-trien-3p-0l) is the predominant sterol in fungi, it is often used
as a biomarker to detect and to quantify fungi in biological samples (Gessner and
Chauvet 1993). However, care has to be taken in aquatic samples since other
sources of ergosterol may exist (e.g., some green algae, Thompson 1996; and some
diatoms, Véron et al. 1998).

Another group of organismsthat may contain sterols are the heterotrophic protists;
however, data on the occurrence of sterolsin heterotrophic protists are scarce. Most
research has been done on ciliates, which are presumably incapable of synthesizing
sterols de novo, but incorporate dietary sterols (see below). In contrast, sterol
biosynthesis has been documented in heterotrophic flagellates and dinoflagellates
(Williams et al. 1966; Leblond and Chapman 2002; Giner et al. 2003; Bec et al.
2006), and in amoebae (Raederstorff and Rohmer 1987).

3.3 Biosynthesis of Sterols

Sterols are synthesized from low molecular weight precursors via isopentenyl
diphosphate (IDP or IPP) and squalene (Fig. 3.1). The universa C, building block
IPP is synthesized by two different pathways: the classical Bloch-Lynen pathway,
where IPP is formed from three molecules of acetyl-CoA via mevalonate (MVA
pathway), and the more recently reported MEP pathway (Rohmer et al. 1993),
where IPP is formed from pyruvate and glyceraldehyde via methylerythritol-phos-
phate (MEP). Squalene, which is synthesized from 6 |PP molecules, is oxidatively
converted to oxidosgualene. Cyclization of oxidosgualene leads to either lanosterol
(5a-lanosta-8,24-dien-3B-ol; animals, fungi, some protozoa) or cycloartenol
(5a-cycloart-24-en-3p3-ol; higher plants, algae, most protozoa), which are subse-
quently modified to products such as cholesterol or phytosterols (Fig. 3.1). Sterol
biosynthesis is an energetically expensive process and requires molecular oxygen.
For further details on the biosynthesis of sterols and the occurrence of the two differ-
ent pathways (MVA and MEP) the reader is referred to Volkman (2003, 2005) and
Summons et a. (2006).

3.4 Physiological Properties of Sterols

Sterols are characterized by atetracyclic fused ring skeleton, a polar head group at
position 3 (3-OH), and an akyl side chain at position 17 (Fig. 3.2). The large
number of naturally occurring sterols is defined by the number and/or position of
double bonds or by additional substituentsin the sterol nucleus or in the side chain.
Because of the trans-configuration of the ring skeleton, the sterol moleculeis planar
and rigid, except for the rather flexible side chain. Sterols are indispensable struc-
tural components of eukaryotic membranes. Their amphipathic nature enables the
incorporation into phospholipid bilayers: the polar 33-OH group oriented to the
aqueous phase and the nonpolar sterol nucleus and the alkyl side chain located in



3 Ecological Significance of Sterolsin Aquatic Food Webs 47

a OH b

HO

20-Hydroxyecdysone

HO

Fig. 3.3 Ecdysteroids — molting hormones of arthropods

the hydrophobic core of the phospholipid bilayer, interacting with the acyl chains
of fatty acids. The sterol content isamajor means by which eukaryotic cells modul ate
and refine membrane fluidity, permeability, and the function of various membrane
proteins (Haines 2001; Ohvo-Rekila et al. 2002; and see Chap. 10). It has been
shown that the ordering capacity provided by cholesterol is of significantly greater
magnitude than that of any of cholesterol’s metabolic precursors (Dahl et al. 1980).
Likewise, the ordering effect provided by phytosterols differs from that of choles-
terol, which may limit direct substitution of cholesterol by phytosterols in animal
membranes (Haines 2001).

Furthermore, sterols serve as precursors for vitamin D and for the multitude of
naturally occurring steroid hormones, such as the brassinosteroids that promote
growth in plants (Schaller 2003), the molt inducing ecdysteroids (Fig. 3.3) in
arthropods (Grieneisen 1994), and the various steroids that are involved in the regu-
lation of developmental processes in higher animal. Cholesterol has been found to
covalently modify proteins of the “hedgehog” family, which are secreted signaling
proteins that are required for developmental patterning of embryonic structures in
insects, vertebrates, and other multicellular organisms (Porter et al. 1996). These
examplesillustrate the unique biochemical properties of sterols and their wide array
of effects on biological processes.

3.5 Nutritional Requirements

3.5.1 Heterotrophic Protists

Nutritional requirements for sterols in heterotrophic protozoa are poorly investi-
gated. The sterol composition of the freshwater heterotrophic nanoflagellate
Paraphysomonas sp. was shown not to be affected by the sterol composition of its
food source, i.e. Paraphysomonas sp. grown on a sterol-free food source exhibited
the same sterol pattern as Paraphysomonas sp. grown on a sterol-containing food
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source, which indicates that Paraphysomonas sp. is capable of synthesizing sterols
de novo (Bec et a. 2006). De novo biosynthesis of sterols has also been reported in
some other heterotrophic flagellates and dinoflagellates (e.g. Williams et al. 1966;
Klein Breteler et al. 1999; Leblond and Chapman 2002; Giner et al. 2003).

In contrast, ciliates presumably lack the ahility to synthesize sterols de novo
(Conner et a. 1968; Harvey and McManus 1991; Harvey et al. 1997; Klein Breteler
et a. 2004; Martin-Creuzburg et al. 2005b). However, exogenously supplied sterols
can be incorporated into the ciliates' cell membranes and further metabolized into
various sterols (Conner et al. 1968; Harvey and McManus 1991; Harvey et al. 1997;
Martin-Creuzburg et a. 2006; Boéchat et al. 2007). In the absence of exogenous
sterols, many ciliates produce the pentacyclic triterpenoid alcohol tetrahymanol
(gammaceran-3p-ol, Fig. 3.1) and/or hopanoids (e.g. diplopterol; hopan-22-ol,
Fig. 3.1), which, in ciliates, are functionally equivalent to sterols as structural com-
ponents of cell membranes (Raederstorff and Rohmer 1988; Martin-Creuzburg
et a. 2006). Hence, the capability to produce tetrahymanol and/or hopanoids
renders ciliates independent of a dietary sterol supply. However, the synthesis of
pentacyclic triterpenoids seems to be associated with physiologica costs, as suggested
by the observation that the synthesis is down-regulated in the presence of dietary
sterols. A few ciliates, however, require a dietary source of sterols, and this sterol
requirement can be very specific; e.g. the sterol requirements of Paramecium are
best fulfilled by adding the phytosterol stigmasterol to the growth medium but not
by adding cholesterol (VanWagtendonk 1974). Other taxa may satisfy their sterol
requirements by hosting symbiotic algae, which further complicates the investigation
of the sterol metabolism of ciliates.

3.5.2 Invertebrates

The inability to synthesize sterols from low molecular weight precursors such as
acetate or mevalonate is widespread among invertebrates. Nematodes, for instance,
are incapable of synthesizing sterols de novo and require a dietary source of sterols
for normal growth and development (Lozano et a. 1987; Shim et al. 2002; Merriset al.
2004). A group where biosynthesis has been demonstrated is the sponges (marine:
Silva et a. 1991; freshwater: Dembitsky et al. 2003). In molluscs, reports on sterol
requirements are controversial. Many gastropods have been shown to biosynthesize
cholesterol, and therefore a dietary source of sterols is presumably not required
(Kanazawa 2001). In contrast, experiments with marine bivalves used for aquaculture
(e.g. oysters) suggest that the ability to synthesize sterols de novo is generally low
or absent among bivalve species, which implies that a dietary supply of sterolsis
necessary for somatic growth (Voogt 1975; Trider and Castell 1980; Soudant et al.
1998). Data on sterol requirements of freshwater bivalves are scarce. Feeding experi-
ments with radioactive-labeled acetate suggest that at |east some freshwater bivalves
are capable of synthesizing sterols de novo, even though the rate of incorporation of
labeled acetate into sterols was found to be very low (Popov et al. 1981).
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It is generally accepted that all arthropods are incapable of synthesizing sterols
de novo (Goad 1981). Cholesteral is the predominant sterol found in arthropods, as
in most other animals (Goad 1981). Carnivorous species are readily supplied with
cholesterol, while herbivorous species cannot rely on a dietary source of cholesterol
since this sterol is often hardly represented in plant material (appreciable amounts
are found only in some alga classes, e.g. in eustigmatophytes and some diatoms;
Véron et a. 1998). Instead, plants and algae contain severa types of phytosterols
that differ from cholesterol by additiona substituents (e.g., methyl or ethyl groups
at C-24) or by the position and/or number of double bondsin the side chain or in the
sterol nucleus (Piironen et al. 2000; Moreau et al. 2002). Herbivorous arthropods can
either use the sterols present in their diet directly, or they have to metabolize them
to cholesterol to meet the requirements for growth and development (Svoboda and
Thompson 1985). Other than a few exceptions, herbivorous insects and also the
crustaceans examined to date use dietary sterolsto synthesize cholesterol. Therefore,
most species studied are capable of dealkylating and reducing common C-24-alkyl
phytosterols, such as sitosterol or stigmasterol, to cholesterol (Grieneisen 1994;
Behmer and Nes 2003). However, more than 200 different types of phytosterols have
been reported in plant material (Moreau et al. 2002), and it is not surprising that not
all of them are suitable as cholesterol precursors. Numerous studies have focused on
dietary needs for sterolsin insects and revealed that the pattern of sterol metabolism
is by no means ubiquitous (Behmer and Nes 2003). In general, A5 and AS” sterols
(numbers indicate the position of the double bonds; see Fig. 3.2) meet the nutritional
requirements of insects, while A” and A% sterols are unsuitable, in at least some
insect species. The ability to dealkylate C-24 methyl or ethyl sterols is widespread
among insects, even though dealkylation capacities have been lost in some insect
groups (Behmer and Nes 2003). It has been demonstrated that the ratio of suitable to
unsuitable dietary sterols may constrain insect survival (Behmer and Elias 2000).

In crustaceans, comparable studies are scarce and mostly restricted to marine
decapod crustaceans, which have received attention due to their relevance for
aquaculture. Asin insects, A®> and A5’ sterols are readily used by decapod crusta-
ceans, and methyl or ethyl groups are effectively removed from the C-24 position
of the side chain to form cholesterol (e.g. Teshima 1971, 1991; Grieneisen 1994).
Only recently has been attention drawn to the nutritional sterol requirements of
crustacean zooplankton; mostly to cladocerans of the genus Daphnia and to
marine copepods.

In Daphnia, the absence of dietary sterols (accomplished by feeding a cyanobac-
terial diet) had serious consequences for a variety of life history traits (Martin-
Creuzburg et al. 2005a). Somatic and popul ation growth rates, the number of viable
offspring, and the probability of survival were significantly reduced with the dimin-
ishing availability of sterols. Moreover, an insufficient sterol supply adversely
affected the performance of the offspring, which points to strong maternal effects
under sterol limitation.

In addition to low dietary sterol levels, the quality of dietary sterols may affect
the assimilation of dietary carbon and thus growth and/or reproduction. In a first
attempt, we have investigated to what extent structural features of sterols affect the
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growth and reproduction of Daphnia galeata by supplementing a sterol-free diet
with different sterols (Martin-Creuzburg and Von Elert 2004). The results indicated
that sterols containing a double bond at position A® (e.g., sitosterol, stigmasterol,
ergosterol) meet the nutritional requirements of the daphnids, regardliess of addi-
tional double bonds in the nucleus or in the side chain. In contrast, the A7 sterol
lathosterol (5a.-cholest-7-en-3B-ol, Fig. 3.4) supported growth and reproduction to
asignificantly lower extent than cholesterol. No effect on growth of D. galeata was
observed by supplementation with dihydrochol esterol (5a.-cholestan-33-ol), acom-
pletely saturated molecule (A°) (Martin-Creuzburg and Von Elert 2004). Likewise,
lanosterol, a A¥924?) gterol with additional C-4-dimethyl and C-14-methyl sub-
stituents, did not affect the growth of D. galeata. Growth was adversely affected by
the A* sterol alocholesterol (cholest-4-en-33-0l). These data aso indicated the
presence of an efficient C-24 dealkylating system in D. galeata.

Like daphnids, copepods lack the capacity for de novo synthesis of cholesteral,
and thus require a dietary source of sterols for somatic growth and reproduction.
Supplementation of a diatom diet (Thalassiosira weissflogii) with cholesterol has
been shown to positively affect egg production rates of the marine copepods
Acartia hudsonica, Acartia tonsa, and Calanus finmarchicus (Hassett 2004).
In contrast, egg production of the copepod Centropages hamatus feeding on T. wei ssfl ogii
was unaffected by cholesterol supplementation, which suggests species-specific
differences in the sterol requirements or sterol storage capacities among copepod
species (Hassett 2004). Interestingly, egg production rates of A. hudsonica were
unaffected by sterol supplementation when Thalassiosira rotula was used as food.
The sterol composition of the two Thalassiosira species (T. weissflogii and T. rotula)

Fig. 3.4 Examples of structures of A’-gterols: lathosterol (5a-cholest-7-en-3B-0l; a), fungisterol
(50.-ergost-7-en-3B-0l; b), 5-dihydroergosterol ((22E)-5a.-ergosta-7,22-dien-33-0l; c), chondrillasterol
((24E)-50.-poriferasta- 7,22-dien-3p-ol; d)
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isvery similar (Barrett et al. 1995), which makesit unlikely that the sterol composi-
tion accounted for the observed enhancement in copepod egg production. Instead,
Hassett (2004) suggested that copepod egg production might have been constrained
by alow concentration of dietary sterols, as the total sterol content varies consider-
ably among and even within algal species.

Nevertheless, as described in various terrestrial insect species (Behmer and Nes
2003) and in the cladoceran D. galeata (Martin-Creuzburg and Von Elert 2004),
structural features of dietary sterols may also affect thelife history of copepods. Prahl
et al. (1984) reported that in Calanus helgolandicus C,, and C,, sterols containing aA®
or A" double bond in the sterol nucleus are selectively removed from the diet
(Dunaniella primolecta) relative to A” components, which were released unchanged
asfecal lipids. The authors speculated that dietary A7 sterols can be used as precursors
of ecdysteroids and that the poor assimilation of these sterols provides a mechanism
to avoid a haphazard production of molting hormones. Alternatively, Prahl et al.
(1984) suggested that Calanus lacks the ability to convert A7 sterals to cholesterol,
and that the A” components are therefore poorly assimilated. In agreement, Klein
Breteler et al. (1999) found that the ontogenetic development of the marine copepods
Temora longicornis and Pseudocalanus elongatus from larvae to the adult stage was
impaired by the unsuitable sterol composition of the green alga Dunalidlla sp., which
contained only traces of A7 sterols and no A® or A>” components.

Like A" gerals, ring-saturated sterolswere found to pass through the gut of copepods
quantitatively, i.e., the amounts of ring-saturated sterols found in the diet and in the
fecal pellets did not differ, indicating their nutritional inadequacy (Harvey et al.
1987, 1989). The ring-saturated dihydrocholesterol also did not improve the growth
of D. galeata, when supplemented to a sterol-free diet (Martin-Creuzburg and Von
Elert 2004).

Harvey et al. (1987, 1989) reported that 4-methyl and 4-desmethyl sterols
(i.e., sterols with and without a methyl substituent at C-4) having a A9 and A"
unsaturation were readily, and, to similar degrees, removed from the diet by Calanus
helgolandicus feeding on the dinoflagellate Scrippsiella trochoidea, which may
indicate that a methyl group at C-4 does not prevent sterols from being assimilated
and converted into cholesterol. In contrast, the presence or absence of alkyl sub-
stituents at the sterol side chain may interfere with copepod sterol nutrition. Giner
et a. (2003) suggested that sterols containing an alkyl group at C-23 are refractory
to the C-24-deakylation process, with which dietary phytosterols are converted to
cholesterol. Likewise, they suggested that sterols without the C-27-methyl group
(27-norsterols) cannot be converted to cholesteral.

Data on sterol requirements of other zooplankton taxa, such as ratifers, are still
scarce. The sterol content of the rotifer Brachionus plicatilisis positively correlated
with the sterol content of itsdiet (Frolov et al. 1991). In arecent study, Boéchat and
Adrian (2006) found that egg production, but not population growth, of the rotifer
Keratella quadrata was correlated with the dietary sterol content. These findings
may suggest that a dietary source of sterols is required for rotifer reproduction.
To date, however, it is not known whether rotifers have a limited capacity, or even
lack the ahility, to synthesize sterols de novo.
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3.5.3 \Vertebrates

In aguatic vertebrates, sterol requirements are met by de novo synthesis and by
dietary uptake in ratios depending on the amounts of sterols provided in the diet.
Therefore, adietary source of sterolsis presumably not essential. In contrast, dietary
phytosterols may act as endocrine and metabolic disrupters when present in high
concentrations. The phytosterol sitosterol, for instance, has been shown to reduce
sex steroid level s and the reproductive fitness of certain fish speciesin a concentration-
dependent manner (e.g., MacLatchy and Van der Kraak 1995). To our knowledge,
positive effects of dietary phytosterols on the performance of fish have as yet not
been reported.

3.6 Ecological Implications: Competition
and Succession in Zooplankton

From controlled experiments, it has been concluded that sterol limitation of somatic
growth in Daphnia magna and D. galeata occurs at a sterol content of <5.4 ng/mg
dietary carbon (Martin-Creuzburg et al. 2005a). Currently, the interpretation of
these values in terms of the ecological relevance appears to be difficult due to the
lack of data on the sterol content of eukaryotic phytoplankton. However, values as
low as 5 pg/mg of carbon have been published for laboratory grown algae (Bec
et a. 2006). Inthefield, the sterol content of algae might be even lower, asit varies
significantly with environmental conditions (e.g., light and nutrient supply). It is
worth emphasizing that the weight-specific sterol content of algae in general covers
a wide range even within taxa (Tsitsa-Tzardis et al. 1993; Patterson et al. 1994).
Thus, alimitation of Daphnia by alow availability of dietary sterols seems possible.
Moreover, the size range of food particles ingested by the rather unselective filter
feeder Daphnia includes bacteria, cyanobacteria, and ciliates, which all contain lit-
tle or no sterols. These prey items may at least seasonally constitute a significant
share of ingested carbon for Daphnia and thereby reduce the carbon-specific sterol
content of the diet. Consequently, the dietary sterol content may strongly affect
population dynamics of the herbivorous grazer Daphnia in nature.

In laboratory growth experiments with D. magna and D. galeata, Martin-
Creuzburg et al. (2005a) showed that growth of offspring on a sterol-free diet was
significantly affected by the sterol content of the mother’s diet; i.e., somatic growth
rates of offspring decreased with decreasing amounts of sterols in the maternal
food. These findings strongly suggest that mothers allocate sterols, presumably
cholesterol, to the eggs, and that this sterol content enables the offspring to buffer
insufficient dietary sterol supply to some degree. The same study provides strong
evidence that daphnids do not allocate a constant amount of sterol to an egg, but
that less sterol is allocated under maternal sterol limitation. As a consequence, the
offspring will become more sensitive to a nonsaturating sterol supply with increasing
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maternal sterol limitation. Thus, the negative effects of limiting dietary sterol content
on population growth of Daphnia will increase with the persistence of a dietary
sterol deficiency. Therefore, the detrimental effects of low-sterol supply on Daphnia
inthe F1 generation may be underestimated in laboratory growth assaysif the maternal
diet isrich in sterols. In copepods, it has been found that the dietary cholesterol
content does not only affect egg production rates, but also egg viability (Crockett
and Hassett 2005), which suggests that negative effects of alow sterol availability
may become most pronounced at the population level.

The finding that daphnids depend on dietary sterols means that sterols are a
nonsubstitutabl e biochemical resource. Assuming that sterols constitute a seasonally
limiting resource for daphnids rai ses the question of therole of sterolsin zooplankton
competition and succession. Martin-Creuzburg et al. (2005a) looked for interspe-
cific differences of sterol limitation and compared reaction norms of D. magna and
D. galeata on arange of food with decreasing sterol content. When the individual
dry mass over time was taken as a proxy for fitness (Lampert and Trubetskova
1996) both species clearly ran into increasing degrees of sterol limitation when the
resource concentration (sterol) was reduced. However, the reaction norms of the two
species did not cross, neither when the two species were grown on nonlimiting sterol
levels (the green alga Scenedesmus obliquus) and in the absence of sterols (the cyano-
bacterium Synechococcus el ongatus) (Fig. 3.5a) nor when growth on the cyanobac-
terium with and without supplementation of cholesterol was compared (Fig. 3.5b):
The reaction norms obtained for D. magna were steeper than those for D. galeata;
hence a lower incremental increase in dietary sterol concentration is required for
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Fig. 3.5 Juvenile somatic growth rates of Daphnia magna and D. galeata fed with or without
dietary sterols. Animals were grown either on (a) Scenedesmus obliquus or Synechococcus elon-
gatus or (b) on S elongatus with or without cholesterol supplementation. Lines represent reaction
norms; circles are mean values +SD. Data from Martin-Creuzburg et al. (20053, b)
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the same increase in growth in D. magna, which suggests alower sterol requirement
of thelatter. Under al levels of sterol concentrations D. magna showed equal or higher
juvenile growth rates than D. galeata, which corresponded to higher population growth
rates (Martin-Creuzburg et al. 2005a) so that no effect of sterol limitation on competi-
tion could be demonstrated. Hence, as long as the extent of sterol limitation of
herbivorous zooplankton in general and of different Daphnia species in particular
in nature remains to be demonstrated, it cannot be estimated if the nonsubstitutable
resource sterol affects zooplankton composition and seasonal succession.

3.7 Sterolsand Carbon Transfer in Aquatic Food Webs

In aquatic food webs, the carbon transfer efficiency across the autotroph—herbivore
interfaceis highly variable, which hasfar-reaching consequencesfor various ecosystem
processes. One clear example is the low assimilation of cyanobacterial carbon by
herbivorous zooplankton, which leads to a decoupling of primary and secondary
production and therewith to the accumulation of cyanobacterial biomass (cyano-
bacterial blooms) especialy in eutrophic systems. The food quality of cyanobacteria
for herbivorous grazers such as Daphnia is determined by numerous factors (e.g.,
morphologica and chemical properties, toxicity). However, the absence of sterols
and essential fatty acidsin cyanobacteriahas been identified asamajor food quality
constraint for Daphnia (MUller-Navarra et a. 2000; Von Elert et a. 2003). In growth
experiments with the sterol-free cyanobacterium Synechococcus elongatus and the
sterol-containing green alga Scenedesmus obliquus, it was estimated that daphnids
require 20-50% of the green alga in their diet to compensate for the low sterol
content of a cyanobacterial food (Von Elert et al. 2003; Martin-Creuzburg et al.
2005a). Assuming that the eukaryotic phytosterols are fully available for the syn-
thesis of cholesterol in Daphnia, this suggests that the food quality of natural seston
is constrained by sterols if 50-80% of the biomass is prokaryotic, as is often the
case with bloom-forming cyanobacteria (Oliver and Ganf 2000). It should be noted
that thisestimation isonly valid if the phytosterol concentration of eukaryotic algae
present in natural seston is similar to that of S. obliquus.

Like prokaryotes, ciliates presumably lack the ability to synthesize sterols de
novo (see above). Recently, it was hypothesized that the comparatively poor food
quality of ciliates for crustacean grazers is caused by the lack of sterolsin ciliates
(Martin-Creuzburg et al. 2006). This hypothesis is complicated by the finding that
ciliates are able to incorporate dietary sterols into cell membranes and to metabo-
lize them to various sterols (Conner et al. 1968; Harvey and McManus 1991;
Harvey et al. 1997). In the absence of dietary sterols, ciliates produce the pentacyclic
triterpenoid alcohol tetrahymanol and/or hopanoids, which are functionally equivalent
to sterols as structural components of cell membranes (Conner et al. 1968; Harvey
and McManus 1991; Martin-Creuzburg et al. 2005b, 2006). Hence, the occurrence
of steralsin ciliates, and thereby the food quality of ciliates for higher trophic levels,
might depend on the food source preyed upon by the ciliates; i.e., ciliates feeding
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on a sterol-free prokaryotic food are expected to be nutritionally inadequate for
crustacean grazers due to the lack of sterols, whereas ciliates feeding on a sterol-
containing eukaryotic food are expected to be upgraded in food quality due to the
incorporation of dietary sterols. Thiswas corroborated experimentally by using the
ciliate Colpidium campylum (grown on bacteria) as a food for D. magna (Martin-
Creuzburg et al. 2006). As expected, the food quality of the ciliate for D. magna
was significantly improved by feeding the ciliate with sterol-supplemented albumin
beads, which clearly indicates that the deficiency in sterolsin the bacteria-fed ciliates
has limited the somatic growth of the crustacean grazer. Ciliates are abundant protists
in freshwater and marine ecosystems, and their significance in transferring mass
and energy from the picoplankton via the microbial loop to higher trophic levels has
often been recognized (Stoecker and Capuzzo 1990; Martin-Creuzburg et al. 2005b,
and references therein). However, the efficiency of carbon transfer viathe microbial
loop might be constrained by a deficiency in sterols as long as ciliates are the
predominant heterotrophic protozoa.

The carbon transfer efficiency in aquatic food webs might not only be restricted
by the absence of dietary sterols, but also by the predominance of sterols which cannot
be used as cholesterol precursors by the herbivorous zooplankton. For instance, the
marine “red tide” dinoflagellate Karenia brevis is characterized by an unusual sterol
profile (A®-gterols methylated at C-4 or C-23, or demethylated at C-27), which is
unlikely to satisfy the sterol nutritional requirements of marine invertebrates (Giner
et al. 2003). The same authors proposed that the predominance of these unsuitable
sterolsin Karenia brevis may reduce predation losses, and thereby enhance the ability
of the dinoflagellate to form massive blooms. Conceivably, such sterol-mediated
metabolic constraints may temporarily also exist in freshwater habitats.

It should also be noted that the assimilation efficiencies of dietary phytosterols
may differ significantly depending on structural features of phytosterols (see above)
but also depending on food levels. Harvey et al. (1987) reported that the copepod
Calanus helgolandicus has low assimilation efficiencies for sterols (compared with
fatty acids) of the dinoflagellate Scrippsiella trochoidea, and that the assimilation
efficiencies increase with decreasing food levels.

Detrimental effects of unsuitable dietary sterols on the performance of the
consumer might not only be mediated by the inability of these sterols to serve as
cholesterol precursors or by low assimilation efficiencies, but these sterols may also
have adverse effects on other physiological processes. In grasshoppers, for example,
the accumulation of unsuitable sterols in the body leads to high mortality rates,
even if suitable sterols are present in ample concentrations (Behmer and Elias 1999).
It has been suggested that the incorporation of unsuitable sterols (e.g., akylated
phytosterols) into phospholipid bilayers may result in leaky membranes because
alkyl groups prevent phospholipids from packing tightly around the sterol molecules
(Behmer et al. 1999b; Haines 2001). In addition, some sterols may inhibit or destroy
enzymesinvolved in sterol dealkylation or may interfere with ecdysteroid synthesis
(Giner et a. 2003). Hence, the accumulation of unsuitable dietary sterols may have
severe effects on the performance of herbivores, an aspect that should be considered
when analyzing carbon transfer efficienciesin aguatic food webs. Another intriguing
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area that has not been considered in aquatic systems is the topic of food selection.
In grasshoppers, it has been demonstrated that dietary phytosterols can affect the
feeding duration on a particular diet, and that unsuitable dietary phytosterols can
mediate a learned aversion to the food (Champagne and Bernays 1991; Behmer
et al. 1999a).

3.8 Sterol Mediated Trophic Upgrading

In the field, a sterol-depleted food source might be biochemically “upgraded” by
heterotrophic protists because of their ability to produce sterols from these substrates
(and other essential nutrients, see Chap. 2) thereby making them available for
assimilation by higher trophic levels. For instance, Klein Breteler et al. (1999) sug-
gested that the poor food quality of the green alga Dunaliella sp. for marine copepods
isdue to a sterol deficiency in the green alga, which contained only small amounts
of A’-sterolsthat are unsuitable to support the ontogenetic development of copepods.
The authors demonstrated that the Chlorophycean food was biochemically upgraded
by the heterotrophic dinoflagellate Oxyrrhis marina to high-quality copepod food
and attributed this trophic upgrading by an intermediary protozoan to the production
of AS sterols in the dinoflagellate. Likewise, sterol-mediated trophic upgrading
has been documented in freshwater organisms (Bec et a. 2006). In a simplified
food chain consisting of the sterol-free picocyanobacterium Synechococcus spp.,
the heterotrophic nanoflagellate Paraphysomonas sp., and the crustacean grazer
D. magna, the poor food quality of the picocyanobacterial carbon was improved by
the addition of sterols (and fatty acids; see Chap. 2) produced by the intermediary
flagellate (Bec et a. 2006). Thus, the production of sterols by intermediary protozoans
might improve carbon transfer efficiency viathe microbia loop from nutritionally
inadequate primary producers to metazoan grazers.

3.9 Sterolsfrom Aquatic Sources and Their Potential
Rolein Human Nutrition

Humans are capable of de novo synthesis of cholesterol, which is negatively regul ated
by dietary cholesterol. Elevated serum cholesteral levels have been shown to increase
the risk of coronary heart disease in humans, which is a leading cause of mortality
in many western countries. Thus, the main target in the prevention of coronary heart
disease is lowering serum cholesterol levels, either by dietary restrictions or food
additives, which limit cholesterol intake (Piironen et al. 2000; Moreau et a. 2002).
Phytosterols and phytostanols (and their fatty acid esters) have been shown to reduce
plasma cholesterol levels by interfering with transport-mediated processes of choles-
terol uptake; i.e., in presence of dietary phytosterolsintestinal cholesterol absorption
is reduced and more cholesteral is excreted in the feces (Trautwein et al. 2003;
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Normén et al. 2004). With the growing interest in functional food, phytosterols are
increasingly used as food additives, e.g., in margarine-like spreads (Moreau et a.
2002). The exploitation of sterols from aquatic microorganisms for biotechnol ogical
or nutritional purposesis largely in itsinfancy (Volkman 2003). However, the large
variety of sterolsin microalgae and the ability to mass culture these organisms may
offer new biotechnological applications, e.g., for the production of steroids,
nutraceuticals or food additives for human health benefits (Volkman 2003).

3.10 Perspectives

The sterol composition of numerous phytoplankton species has been investigated,
mostly to assess the use of sterols as biomarkers for certain phytoplankton taxa.
However, due to the large variety of naturally occurring phytosterols in eukaryotic
algae, the use of sterols as biomarkers appearsdifficult. The sterol profile of eukaryotic
algee is often dominated by A5 sterols alkylated at C-24 with no methyl groups at
C-4 (4-desmethyl-sterals); the distributions range from the predominance of asingle
sterol to a mixture of ten or more sterols (Volkman 2003). Diatoms, for instance,
show a great variety of sterol compositions and, athough 24-methylcholesta-5,22E-
dien-3p-ol (diatomsterol), and 24-methylcholesta-5,24(28)-dien-3p-0l are widely
distributed, no sterol appears to be either unique or representative (Volkman et al.
1998). The sterol composition of dinoflagellates is often, but not always, dominated
by 4a-methyl sterols, such as dinosterol (4a,23,24-trimethyl-50.-chol est-22E-en-
3p-al), and by sterols with a fully saturated ring system (stanols). Green algae from
the Chlorophyta are often characterized by a high content of A7 sterols, which are
not common in other eukaryotic algae (Volkman 2003). Although some general pat-
terns have been identified, our knowledge of the sterol and composition of common
phytoplankton taxais far from being complete, in particular in freshwater habitats.
Another topic that deserves further investigation is the use of sterols as trophic
biomarkers in agquatic food webs. Suitable sterols, however, might be difficult to
identify, as dietary sterols are often considerably metabolized at each trophic level
(e.g., to cholesterol in the crustacean zooplankton).

The sterol profile of eukaryotic algae varies considerably among strains, but also
within a single strain depending on the growth conditions (Ballantine et al. 1979;
Wright et al. 1980). Klein Breteler et al. (2005) reported that the lipid composition
(PUFA and sterols) of the diatom Thalassiosira weissflogii was strongly affected by
nitrogen and phosphorus limitation, which, in turn, explained the observed differ-
ences in copepod growth. This example illustrates that algal growth conditions
(nutrient availability, light intensity, temperature, etc.) are crucia for the interpreta-
tion of food quality experiments, and it suggests that food quality constraints caused
by a stoichiometric or biochemical imbalance might be difficult to separate.

Dietary sterol requirements may vary throughout the life cycle, e.g., the impact
of steral limitation might be most severe on juvenile crustaceans, as they have
higher specific growth rates than older animals, and therefore might require larger
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amounts of sterolsto: (a) build-up and maintain cell membranes and (b) to synthesize
ecdysteroids required for molting. With age, sterol requirements may gradually be
reduced, as the animals increase their relative investment into reproduction (Lynch
et al. 1986). Most crustaceans, however, continue to grow throughout their lifetime
and hence a requirement for dietary sterols persists. It is aso likely that sterols are
allocated into the eggs to provide the developing embryo with sufficient amounts
of sterols, which suggests that sterols are also needed for egg production (Wacker
and Martin-Creuzburg 2007). Thus, sterol availability in the diet, inherent sterol
biosynthetic capacity, and sterol requirements of the various zooplankton life stages
have all to be determined to more fully assess the ecological role of sterolsin struc-
turing zooplankton communities.

Excessfree sterolsare harmful for the proper function of membranes (L eppi méki
et al. 2000), therefore the dietary intake of sterols must be tightly regulated to prevent
toxic effects due to over-accumulation and abnormal deposition within the body.
In copepods, the cholesterol content of membranes, which contain the majority of
total body cholesteral, is constant despite varying levels of dietary sterols (Crockett
and Hassett 2005), suggesting sterol homeostasis. In contrast, the cholesterol content
of whole-body extracts of D. galeata was found to decrease rapidly when they were fed
asterol-deficient diet and to increase with sterol supplementation (Martin-Creuzburg
and Von Elert 2004). Sterols can be, to some extent, stored by esterifying them to
long chain fatty acids (sterylesters). Therefore, this decrease in whole-body cholesterol
might be attributed to the exhaustion of stored cholesterol and not to a decrease in
membrane cholesterol levels. Alternatively, the observed decreasein body cholesterol
levels under poor food conditions might be due to the catabolism of membranes,
and it remainsto betested if low food quality or low food quantity (energy limitation)
have similar effects on body cholesterol levels. In addition, more studies are needed
to elucidate the ability of zooplankton to cope with varying levels of dietary sterols,
i.e.,, toidentify incipient limiting sterol levels at which somatic growth islimited by the
low availahility of sterolsto better predict the fate of natural zooplankton populations.

The need to maintain amore or less constant level of sterolsin the body implies
that the absorption of sterols in the gut is strictly regulated. In vertebrates, sterol
absorption is presumably a protein-mediated process, i.e. specific receptors and
transporters are involved (Trautwein et al. 2003). In general, the absorption of phy-
tosterols in the gut of vertebrates is much lower than that of cholesterol, which
suggests discrimination between cholesterol and phytosterols by highly specific
mechanisms (Trautwein et al. 2003). In invertebrates, sterol absorption has not been
investigated in such detail. However, a selective absorption or excretion of certain
sterols has also been reported (Prahl et al. 1984; Harvey et al. 1987). Further studies
will have to reveal assimilation efficiencies of dietary sterols to understand sterol
mediated food quality constraints on zooplankton performance.

It has already been demonstrated that structural features of dietary sterols can
have pronounced effects on somatic growth and development of herbivorous grazers,
in particular with regard to their suitability to serve as cholesterol precursors.
However, such sterol-mediated metabolic constraints might be highly specific
(asininsects, Behmer and Nes 2003) and should not be representative of the situation
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in invertebrate grazersin general. In addition to “free” sterols, significant amounts
of sterol conjugates (steryl esters, steryl glycosides) might be present in algal food
sources (Véron et al. 1998). Whether these compounds are suitable to satisfy the
sterol requirements of the herbivorous grazers has not yet been investigated.
Zooplankton islikely to ingest both suitable and unsuitabl e sterols when feeding on
a mixture of eukaryotic algae. This implies that the relative proportion of suitable
to unsuitable sterols may constrain proper growth and survival of the herbivorous
zooplankton, as has been shown for a terrestrial insect (Behmer and Elias 2000).
Thus, further studies are needed to improve our knowledge of possible metabolic
constraints mediated by the multitude of free and conjugated sterols that occur in
aquatic food webs.

The dietary sterol content itself or the predominance of unsuitable dietary
sterols might al so affect the synthesis of ecdysteroidsin arthropods. In general, the
prohormone ecdysone is synthesized from dietary sterols (i.e., specifically from
cholesterol) and subsequently hydroxylated by target tissues to 20-hydroxyecdysone,
the most active ecdysteroid in arthropods (Grieneisen 1994; Gilbert et al. 2002;
Martin-Creuzburg et al. 2007; Fig. 3.3). In crustaceans, ecdysteroids are produced
mainly in steroidogenic glands, the so-called Y-organs. Our knowledge of ecdys-
teroid biosynthesis in crustaceans others than decapods is scarce and needs to be
extended to the major zooplankton taxa to assess possible effects of dietary sterols
on developmental processes.

Sterols are often considered as important structural components of eukaryotic
cell membranes. In ciliates, however, the triterpenoid alcohol tetrahymanol and the
related hopanoids have been shown to serve as sterol surrogates, aslong as adietary
source of sterolsis not available; i.e. when ciliates prey on prokaryotic food sources
(bacteria, picocyanobacteria; cp. Martin-Creuzburg et al. 2005b, 2006). The finding
that ciliates, asintermediary grazers, improve the poor food quality of a picocyano-
bacterial (sterol-free) diet for subsequent use by D. magna implies that tetrahymanol
and related compounds can be used as sterol surrogates also in crustacean tissues
(Martin-Creuzburg et al. 2005b). Ederington et al. (1995) reported the assimilation
of tetrahymanol in copepod tissues (mainly eggs) when ciliates were offered as
food, and suggested that tetrahymanol is functionally equivalent to cholesteral in
the crustacean, thereby maintaining minimal egg production. In addition to their
role as structural components of cell membranes, sterols serve as precursors for
many bioactive molecules. Thus, it remains to be tested whether tetrahymanol and
related compounds actually improve the performance of crustaceans, possibly by
supplementation of these compounds to a sterol-free diet.

3.11 Conclusions

Aquatic herbivores face a complex pattern of nutritional challengesin natural envi-
ronments. Beside sterals, biochemical food quality depends on a multitude of other
factors such as long chain polyunsaturated fatty acids (e.g., Von Elert 2002),
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amino acids (Guisande et a. 2000), and possibly vitamins (Conklin and Provasoli
1977). However, sterol limitation might be one important factor with the potential to
affect the structure of aquatic food webs, at least seasonally and in certain habitats.
In general, severa “compensatory” mechanisms within the prey community and
within the herbivorous zooplankton may lead to a less pronounced sterol limitation
than would be predicted from determination of the sterol content of edible phyto-
plankton alone. Within the prey community, trophic upgrading within the microbial
loop and synthesis of functionally equivalent compounds like tetrahymanol may
reduce the impact of sterol-deficient photoautotrophs on metazoan grazers. Within
the metazoan grazer community, the capability to store excess sterols and to change
food selectivity may provide a means to temporarily buffer low sterol provision.
However, herbivorous zooplankton differs with regard to prey size and selectivity
and, though coexisting, may be limited by different resources. The relevance of the
different “compensatory” mechanisms may differ substantially for different taxa,
e.g., achange in food selectivity may protect calanoid copepods against sterol limi-
tation while nonselective grazers become sterol limited. This suggested example is
meant to illustrate that, counterintuitive, compensatory mechanisms may lead to
even more pronounced differences of low sterol provision on different zooplankton
taxa, since a particular “ compensatory” mechanism may not be available to all taxa.
As aresult, though sterols are essential to al crustacean taxa, alow sterol provision
may greatly differ in its effects on coexisting zooplankton taxa and thus affect com-
petition among herbivorous zooplankton. Predatory zooplankton will be protected
from sterol limitation due to the presence of cholesterol in its prey and will only
indirectly be affected by the sterol concentration in natural seston when it runsinto
quantitative food limitation if the abundance of herbivorous zooplankton declines as
a consequence of sterol limitation. In conclusion, results from controlled laboratory
experiments strongly suggest that sterol limitation isalikely scenario for freshwater
communities; one that has probably led to a variety of compensatory responses
within communities and thereby affected the structure of aquatic food webs.
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Chapter 4
Fatty Acids and Oxylipins as Semiochemicals

Susan B. Watson, Gary Caldwell, and Georg Pohnert

4.1 Introduction

It is well established that algae and cyanobacteria are a rich source of saturated,
mono and polyunsaturated fatty acids (SAFA, MUFA, PUFA), which are essential
to the integrity and productivity of cells and food webs (e.g., Kainz et al. 2004; see
also Chaps. 6 and 8). However, for the past 20 years, mounting evidence, from two
contrasting lines of marine and freshwater studies, have shown that fatty acids (FA),
FA derivatives (FADV), and FA-derived metabolites such as oxylipins may also act
as semiochemicals! in aquatic systems. This has led to a somewhat dichotomous
view of the roles of algal FA, particularly PUFA. Specific classes of PUFA are
regarded as essential nutritional resources for secondary producers, particularly n-3
and n-6 PUFA, since the capability for FA desaturation at the n-3 and n-6 position
is restricted to algae and plants (Cook 1996). Yet some of these same FA also have
the potential to act as toxins, or to serve as precursors of toxins, repellents, attractants
and possibly pheromones (Wendel and Jittner 1996; Miralto et al. 1999; Jittner
2005; Fink et al. 2006).

The field of chemical ecology is developing rapidly with inevitable debate around definitions of
semiochemicals. Some authors distinguish infochemicals from toxins (e.g. Dicke and Sabelis 1988),
but here we adhere to the original inclusive classification by Wood (1983): “A compound that acts
as a chemical messenger in intra- or interspecific communication (includes pheromones, autotoxins,
allomones, kairomones, repellents and toxins” because of the multifunctional activity of many of
these chemicals; which thus can no longer be partitioned under narrowly defined roles. Some
metabolites have very specific activity (e.g. pheromones), while others may act along a continuum
of roles or in blends (e.g. as toxins, deterrents or kairomones), depending, for example, on the organ-
isms involved.
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On the one hand, in marine systems, a long history of research established the
roles of PUFA derivatives as pheromones and in grazer defense (Sects. 4.3 and 4.4).
For a long time, this work was directed largely toward littoral interactions involving
seaweeds (notably phaeophytes and rhodophytes). On the other hand, in freshwater
systems, the nutritive value of algal PUFA in food webs has been recognized for
some time, but their potential role(s) in chemical defense has been only acknowl-
edged recently; and was similarly first convincingly elucidated in littoral communities
(Juttner 2001). Planktonic and littoral algal PUFA derivatives have also long been
notorious as potent taste-odor agents in freshwater supplies, and even more exten-
sively characterized in the food and flavor/perfume industries as sources of rancid,
oily, fishy, cucumber, fruity, and floral flavors in both essential oils and spoiled
lipid-rich food products (Watson et al. 2000, 2001; Watson 2003).

In this chapter, we review some of the major FA and FA-related compounds that
have captured scientific interest as semiochemicals. These compounds function in
a spectrum of roles that modify intra and extracellular aquatic processes. Research
is identifying an increasing number of relevant structures (Chap. 13); hence our
synopsis represents only a small fraction of the multidimensional processes that
involve FA and FA-related chemical mediation. To date the majority of studies have
focused on chemical interactions, which have important socioeconomic impacts,
aquaculture applications (seaweed pheromones and grazer defense, shellfish
poisoning, and tainting), harmful algal blooms (HAB) and their toxic effects on
humans or commercially important species (e.g., fish and livestock) and environ-
mental impacts (e.g., atmospheric marine sulfide production). Thus, it is likely that
many other interactions and species involving these chemicals have been, and con-
tinue to be, overlooked.

To evaluate FA and oxylipins as semiochemicals, it is important to consider that
their functional roles depend on their chemistry, timing, and persistence within the
environment, mode(s) of delivery and the identity, proximity/susceptibility of target
organism(s) (Dicke and Sabelis 1988). Energetically speaking, the best strategy is to
use minimal resources to produce highly potent signals under conditions that maxi-
mize successful transfer, and where possible, to assign several roles to these signals,
determined, for example, by their concentration and/or the spatial and temporal
dynamics of release (cf. Boland 1995; Jittner 2001).

The chemistry of pheromonal attraction is well characterized, particularly in
terrestrial systems. On the one hand, pheromones address nonspecific individuals,
and may be short-lived to minimize confounding signals from old pheromone
traces. On the other hand, attractants, deterrents, allelopathic metabolites, and toxins
may be produced by, and target, more than one species; they may be more persistent
and/or continually synthesized, or triggered on demand. Importantly, depending on
the timing, location, and level of release the same FA-derived signal might act as a
toxin, deterrent, pheromone, or growth resource (e.g., Boland et al. 1983; Jittner
2005). This wide activity spectrum highlights the difficulties of research in this
field compared with, for example, the comparatively more straightforward dynamics
of pheromone systems.



4 Fatty Acids and Oxylipins as Semiochemicals 67

The widespread importance of FA and FADV from algal sources in food web
energy transfer and internal/external cell signaling in littoral and planktonic commu-
nities has gained increasing scientific recognition and interest, notably following
several publications describing significant deleterious effects of marine diatom
PUFA-derived compounds against copepods (Miralto et al. 1999, and Sect. 4.2.5).
These studies fuelled considerable debate (e.g., lanora et al. 1999; Irigoien et al.
2002; Paffenhdfer et al. 2005; Koski et al. 2008; Jones and Flynn 2005) but, as a result
of work in this area, the general concepts are now widely accepted, although much
remains to be understood about these interactions.

4.2 FA and FA Estersas Toxins, Allelopathic M etabaolites,
and Food Web Effectors

Extensive research has characterized a diversity of specific algal toxins, which
include hepatotoxins and neurotoxins (e.g., microcystins, saxitoxins, domoic acid,
ciguatoxin, etc.; Cembella 2003). But a few FA such as hemolysins have also been
linked to aquatic poisoning (e.g., Fu et al. 2004), and with increasing research in
this area, the number of algal taxa implicated in these and other FA-related semio-
chemical interactions grows (Table 4.1). It is important to note, however, that most
FA are not present in free form in the aquatic environment, but as covalently bound
components in lipids of living tissue. Although some free SAFA and MUFA are
present in intracellular pools, the more cytotoxic PUFA typically are present not in
free-form in intact cells but as lipid-bound fractions (see e.g., Pohnert 2002). This
thus limits their mode(s) of transfer and activity. Furthermore, once released, free
polyunsaturated fatty acids may be degraded rapidly (Kieber et al. 1997). However,
it is important to note that published literature often does not discriminate between
toxic free FA and total FA content, which includes also lipid-bound FA that have
no adverse effects. This may explain the apparent lack of evidence of direct toxicity
by PUFA-rich algal taxa on freshwater cladocerans; the predominant planktonic
herbivores in most freshwaters (cf. Walton and Sandgren 1995).

FA and their derivatives have been demonstrated to function as allelopathic
agents in a number of algal systems. Early studies reported density-dependent inhi-
bition of Chlorella vulgaris by an autoinhibitor “chlorellin”; subsequent studies
implicated peroxides of MUFA and PUFA (e.g., 18:1n-9, 18:2n-6; Scutt 1964).
PUFA released by senescing cells of the cyanobacterium Phormidium tenue have
also been described as autotoxins (Yamada et al. 1994). Other studies have reported
FA inhibition of chlorophyte growth, which generally increased with molecular
unsaturation (McGrattan et al. 1976). These studies suggest that FA modify chloro-
plast membrane characteristics, inhibiting photosynthesis (Okamoto and Katoh
1977; Okamoto et al. 1977), which may, in fact, represent a more generalized effect
on membrane structure. For example, Wu et al. (2006) interpreted significant K*
release by two chlorophytes exposed to toxic FA doses as a disruption of plasma
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membrane permeability and integrity, with inhibitory or toxic effects. This mecha-
nism may also account for reports of allelopathic activity manifested as “blistering”
of cell plasma membranes where the allelogen has not been characterized (cf.
Rengefors and Legrande 2001).

PUFA liberation during algal cell damage has been identified as an effective
grazer defense mechanism by Jittner (2001). He suggested that PUFA are highly
suited to serve as a wound activated grazer defense. As integral cellular components
(e.g., in membranes and galactolipids), they only require additional lipases for libe-
ration. Since lipids and lipases are ingested in particulate form, efficient transfer
and maximum herbivore exposure are guaranteed. Jittner (2001) identified EPA
and other PUFA (18:3n-3, 18:3n-6) as key toxic agents in interactions between
freshwater periphytic diatoms and the grazer Thamnocephalus platyurus, with an
LC,, for EPA of 34 uM. Such free PUFA concentrations clearly far exceed those
occurring in natural seston.

Numerous studies have implicated algal FA in semiochemical food web interac-
tions, largely in a toxigenic capacity. In marine systems, algal taxa releasing free FA
have been implicated in mass mortality events, although in many cases the toxin(s)
have not been identified. Findlay and Patil (1984) identified the phytylester of eicos-
apentaenoic acid (EPA), phytyl eicosa-5,8,11,14,17-pentaenoate as the main antimi-
crobial compound produced by Navicula delognel f. elliptica, along with
hexadeca-6,9,12,15-tetranoic acid, octadeca-6,9,12,15-tetraenoic acid, and hexa-
deca-6,9,12-trienoic acid. Murakami et al. (1989) reported that hexadeca-4,7,10,13-
tetraenoic acid from Pediastrum was highly embryotoxic against echinoderms, but
showed no antimicrobial activity. Octadecapentenoic acid from Gymnodinium cf.
mikimotoi was observed to inhibit embryonic cleavage and elicit abnormal larval
development in sea urchins (Sellem et al. 2000). Lipid-rich flagellates such as
Gyrodinium aureolum, Gymnodinium mikimotoi, Chrysochromulina polylepis,
Heterosigma akashiwo, Prymnesium parvum, and the colonial chlorophyte
Pediastrumsp. produce hemolysins composed of FA and galactolipids, which damage
gill epithelial tissue in fish and shellfish (Shilo 1981; Taylor 1985; Murakami et al.
1989; Yasumoto et al. 1990; Sellem et al. 2000). The fact that reproduction requires
high levels of EPA, docosahexenoic acid (DHA), and arachidonic acid (ARA)
(Harrison 1990; Jeckel et al. 1989), but that, on the other hand, several studies report
adverse effects of FA on reproductive systems (Rukmini 1990; Bell et al. 1996)
needs additional experimental verification with a parallel monitoring of lipase activi-
ties on lipids and free FA.

In freshwaters, FA-related toxic events are less well known, but studies have
implicated flagellates, cyanobacteria, and chlorophytes (cf. Hansen et al. 1994;
Ikawa et al. 1996; Watson 2003; Chiang et al. 2004). Several identified and uni-
dentified PUFA (notably (y-linolenic) produced by planktonic cyanobacteria
(Anabaena sp., Microcystis aeruginosa, Oscillatoria agardhii), haptophytes
(Chrysochromulina parva), and chrysophytes (Poterioochromonas malhamensis,
Uroglena cf. volvox)) have been reported as toxic to grazers, insect larvae, and fish
(Kamiya et al. 1979; Hansen et al. 1994; Leeper and Porter 1995; Bury et al. 1998;
Reinikainen et al. 2001).
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4.3 Oxylipinsin Aquatic Chemical Ecology

As products of PUFA oxidative metabolism, oxylipins represent a suite of important
bioactive molecules in terrestrial and aquatic systems with a wide range of semio-
chemical functions (Gerwick 1994; Stanley-Samuelson 1994; Feussner and
Wasternack 2002; Pohnert and Boland 2002). Eicosanoids, for example, are metabo-
lites derived from polyunsaturated C,; FA, and comprise three major groups: (1)
prostaglandins and thromboxanes, (2) epoxyeicosatri- and tetraenoic acids, and, (3)
lipoxygenase (LOX) products including hydroperoxy-, and hydroxy acids, lipoxins,
and leukotrienes. EPA is widespread among aquatic organisms (Chuecas and Riley
1969; Clare and Walker 1986; Yongmanitchai and Ward 1991) and thus provides an
ample precursor supply for eicosanoid synthesis. The functioning of eicosanoids in
aquatic chemical ecology is wide-ranging, with particular relevance to the reproduc-
tive biology and ecology of many organisms. Selected examples involving LOX
products include reinitiation of meiosis in prophase arrested starfish ooyctes (Meijer
et al. 1986), regulation of spawning behavior of scallops (Matsutani and Nomura
1987), prevention of polyspermy during fertilization of sea urchins (Schuel et al.
1985), and the regulation of body pattern and regeneration in Hydra vulgaris (Di
Marzo et al. 1993). In the following sections, we will focus on two groups of LOX-
derived oxylipins with common biosynthetic and regulatory pathways, which play
important roles in aquatic food web signaling; polyunsaturated aldehydes (PUA), and
volatile unsaturated hydrocarbons.

4.3.1 Polyunsaturated Aldehydes

PUA (e.g., 2,4,7-decatrienal, 2,4-decadienal, 2,4-nonadienal, 2,6-nonadienal,
2,4-octadienal, 2,4-heptadienal; Fig. 4.1) account for much of the semiochemical
activity attributed to oxylipins in both terrestrial and aquatic food webs. PUA are

— e
AR S N N ) =0 =0
heptadienal octenal octatrienal octadienal

Wmo /\/\FPPMO

decatrienal decadienal
HOOC A~ —~ o= 0 HOOC._~_w= 0
12-oxo-dodecatrienoic acid 9-oxo-nonadienoic acid

Fig. 41 Major C~C,  unsaturated and polyunsaturated aldehydes (PUA) produced by LOX-
mediated transformation of polyunsaturated fatty acids (PUFA); also shown are the C, and C,-oxo
acids produced during this process
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produced by a range of lipid-rich aquatic taxa. Their bioactivity and mode(s) of
signaling are highly dependent on their induction, biosynthesis, and interspecific
transfer. Recently, there has been increased focus on PUA among aquatic ecologists
(cf. Paffenhdofer et al. 2005 and references therein), because of their importance in
aquatic signaling, particularly in relation to a proposed mechanism for bottom-up
regulation of planktonic food webs (Miralto et al. 1999; lanora et al. 2004). PUA
are not produced by intact cells, but production is rapidly activated by cell damage,
an observation that motivated much research activity to elucidate PUA biosynthesis.
This process initially yields (E,Z) PUA, which, once released into the environment,
spontaneously isomerizes to the more stable (E,E) forms, which differ in molecular
properties (e.g., volatility, odor characteristics, and strength). Since it has not been
well established if the isomers also differ significantly in food-web bioactivity, this
process has relevance both to the drinking water and food industries as well as
bioassays using direct immersion assays (vs. internal exposure routes), which base
their protocols, analytical, and sensory standards on the commercially available
(E,E) form (Adolph et al. 2003; Watson 2003).

4.3.2 PUA and Volatile Hydrocarbon Biosynthesis

In diatoms, the formation of PUA is dependent upon the availability of free precur-
sor FA. Intact diatom cells contain mostly free SAFA, with free PUFA concentra-
tions only increasing following cell damage. EPA was shown to be the precursor
for the production of 2,4,7-decatrienal and 2,4-heptadienal (Fig. 4.1) by the diatom
Thalassiosira rotula (Pohnert 2000; d’Ippolito et al. 2004). However, this FA can
be ruled out as the precursor of octadienal and octatrienal, since their unusual double
bond position cannot be explained with a transformation of any n-3-fatty acid, and
instead, 16:3 n-4 and 16:4 n-1, respectively, have been identified as the precursors
(d’Ippolito et al. 2003; Pohnert et al. 2004). Wound-activated PUA formation is
under the control of strong lipolytic activity, which acts directly after algal tissue
disruption. Initially, phospholipids were identified as the primary sources for EPA,
and enzyme inhibitor studies with T. rotula suggested that phospholipase A2 activity
triggered this release (Pohnert 2002). However, further studies demonstrated that
two of the precursor PUFA (16:3 n-4 and 16:4 n-1) are not found in phospholipids
but are instead liberated from galactolipids — which are also a major source of
EPA, indicating that lipolytic activity acts on both polar lipid pools to release the
immediate precursors for PUA-biosynthesis (d’Ippolito et al. 2004; Cutignano
et al. 2006). The current model suggests that upon tissue decompartmentalization,
chloroplastic monogalactosyldiacylglycerols and phospholipids are exposed to
lipolytic activity, thereby releasing elevated amounts of PUFA (Fig. 4.2).

Early investigations of the freshwater diatom Melosira sp. by Wendel and
Juttner (1996) showed that 2,4,7-decatrienal production requires molecular oxygen
(0,). This indicated that PUFA transformation to PUA in diatoms could involve
LOX activity, as observed for the production of short chain aldehydes by higher
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Fig. 4.2 Decompartmentalization of chloroplast-derived monogalactosyldiacylglycerol and phos-
pholipids by lipolytic activity, releasing PUFA, the immediate precursors for PUA-biosynthesis to
feed the downstream activities of lipoxygenases

plants (Feussner and Wasternack 2002). This hypothesis was supported by the
observation that known LOX inhibitors suppressed PUA production in Melosira sp.
(Wendel and Jttner 1996). LOX catalyze the introduction of O, into a skipped 1,5-
diene PUFA segment and generate a reactive hydroperoxide. Later work was unable
to detect reactive hydroperoxides even using the most sensitive analyses, indicating
a rapid downstream transformation. Hombeck et al. (1999) provided the first direct
evidence of the role of LOX in PUA production, using suspensions of the freshwater
periphytic diatom Gomphonema parvulum, wounded (via sonication to simulate
cell damage) in the presence of excess glutathione and glutathione peroxidase. The
glutathione/glutathione peroxidase system quickly reduced the intermediate
hydroperoxides produced by the diatom and allowed isolation and characterization
of the trapped 9-hydroxyeicosapentaenoic acid. This showed that G. parvulum uses
a 9SLOX to activate PUFA for downstream metabolism (Fig. 4.3). The involvement
of LOX in the transformation of PUFA is further supported by the observation that
the marine diatom Sephanopyxis turrisaccepts externally added hydroperoxyeico-
satetraenoic acid as a substrate for the production of a 12-oxo acid (Wichard and
Pohnert 2006).

Work by d’Ippolito and coworkers has shown that extracts of the wounded diatom
T. rotula contain a series of additional metabolites known to be derived from LOX
metabolism. In accordance with a LOX-mediated transformation of C and C,-
PUFA by this diatom, a number of oxygenated long-chain FA could be detected (Fig.
4.4). In particular, the occurrence of 11R-hydroxyeicosapentaenoic and 9S-hydroxy-
hexadecatetraenoic acids point toward 9-LOX and 11-LOX that could also be
involved in the biosynthesis of C.-PUA and C, -PUA (d’Ippolito et al. 2005, 2006).

The further transformation of the intermediate hydroperoxy fatty acids might
result either in the formation of PUA or in the release of unsaturated hydrocarbons.
These latter compounds have been detected as early as 1979 in investigations of
freshwater plankton and biofilms. Seasonal peaks of several intensely “seawater-
smelling” C,- and C,,—~compounds, which are structurally identical to known brown
algal metabolites (fucoserratene, dictyopterenes, and hormosirene; Jittner and
Muller 1979; Jittner 1984; Juttner et al. 1986; Wendel and Juttner 1996; Jittner and
Dirst 1997), are well characterized as pheromones in marine phaeophytes such as
Fucus serratus and Hormosira banksii (Pohnert and Boland 2002). Discrete sea-
sonal peaks of ectocarpene and dictyopterenes have been observed to coincide with
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Fig. 4.3 Biosynthetic pathways deduced via trapping experiments, using cell suspensions of the
freshwater diatom Gomphonema parvulum wounded in the presence of excess glutathione and
glutathione reductase
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Fig. 4.4 Lipoxygenase-mediated transformation of C,, and C,-fatty acids by the marine diatom
Thalassiosira rotula

successional events among major epilithic diatoms (Juttner 1992, 2001; Jittner and
Durst 1997). However, as yet, there have been no direct demonstrations of their
biological activity among freshwater taxa.

In general, it can be stated that three different enzymatic mechanisms of fatty
acid hydroperoxide cleavage are observed:

1. Smultaneous production of hydrocarbons and PUA: in the freshwater diatoms
G. parvulum and A. formosa hydroperoxide lyases act by abstracting a proton
concomitant with the cleavage of the C—C bond besides the hydroperoxide (Fig. 4.5)
(Pohnert and Boland 1996; Hombeck and Boland 1998; Hombeck et al. 1999). As
a second fragment of the cleavage of EPA in A. formosa, a C,-oxo acid is detected
along with the C,-hydrocarbon fucoserratene (Fig. 4.5). In close analogy, hormosi-
rene production in G. parvulumoccurs concomitant with the release of a C;-oxo acid
— identified as a selective grazer deterrent in pheophytes (Schnitzler et al. 2001).



4 Fatty Acids and Oxylipins as Semiochemicals 75

\A/:\/:\/:\/:\/\/COOH

9-lipoxygenase

Enz.-H
D 12-lipoxygenase
HO-O
— L X_ U — COOH
7D ~ *
Hs Hg
(~EnzA HOO
— — N — COOH
hydroperoxide
Iyai?\_/—A l
hormosirene fucoserratene
+ +
(0]
OW/:\/\/COOH XN COOH
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Fig. 4.6 Simultaneous production of alcohols and PUA in the marine diatom Thalassiosira rotula
where the fatty acid hydroperoxide cleavage is assisted by the nucleophilic addition of water

2. Smultaneous production of alcohols and PUA: the biosynthesis of octadienal,
octatrienal, and decatrienal in the diatom T. rotula does not occur in a similar fashion
to that described in (1) above, since the corresponding hydrocarbons as second
fragments are not detected. Instead, FA hydroperoxide cleavage seems to be assisted
by the nucleophilic addition of water (Fig. 4.6) (Barofsky and Pohnert 2007).
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Fig. 4.7 Proposed pathway for the production of halogenated hydrocarbons and PUA in the
diatom Stephanopyxis turris mediated by the enzyme haloyase, which uses a different mechanism
to that used in the formation of alcohols shown in Fig. 4.6

3. Smultaneous production of hal ogenated hydrocarbons and PUA: a unique enzyme
termed haloyase is responsible for PUA formation in the diatom Stephanopyxis
turris (Fig. 4.7) (Wichard and Pohnert 2006). This mechanism might be seen as a
variation of that required for the formation of alcohols (Fig. 4.6). Instead of the
enzyme-assisted nucleophilic attack of water, a halogenide-like chloride or bromide
is presumably used by the enzyme to compensate for the electronic requirements
during the carbon—carbon bond cleavage (Wichard and Pohnert 2006). All three
pathways of hydroperoxy FA-transformations in diatoms have attracted much
attention, since they follow pathways that are not observed in the related oxylipin
production of higher plants and mosses (Wichard et al. 2005a; Matsui 2006).

4.3.3 Semiochemistry of Oxylipins

Bioactivity of oxylipins in aquatic systems has been reported in allelopathic and
grazer defense contexts, thereby potentially affecting aquatic food webs at a number
of trophic levels over a range of spatial and temporal scales. The grazer defense
hypothesis is not without its critics due to inconsistencies between laboratory and
field studies, and, in particular, between marine and freshwater studies. PUA have
also been linked to allelopathic relationships in planktonic systems. Casotti et al.
(2005) and Ribalet et al. (2007b) describe growth inhibition and cellular damage in a
range of marine phytoplankton induced by PUA. In an elegant study, Vardi et al.
(2006) showed that diatoms could detect the presence of PUA and initiate cell death
via a nitric oxide pathway. This may represent chemical control of diatom bloom
dynamics.

As with many other metabolic processes, PUA production is strongly modified
by growth and environment, resulting in variable production even by individual
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species (and possibly also explaining discrepant reports of toxicity). For example,
mesocosm populations of Uroglena americana showed a marked change in PUA
chemistry over the growth cycle, with a predominance of 2,4,7-decatrienal produc-
tion during initial growth changing to the less toxic 2,4-heptadienal toward the
stationary stage (Watson et al. 2000). Similarly, Wee et al. (1994) reported variance
of in vitro production of 2,6-nonadienal within and among different Synura species.
Only strains of S. petersenii were reported to produce this PUA, and this occurred
largely toward the stationary phase. Observations of variable oxylipin production
were also made in field surveys of marine plankton. While a spring bloom of
T. rotula in the English Channel produced predominantly C,; PUA, the same
species released C, PUA during autumn (Wichard et al. 2008). Resource limitation
also appears to modify algal PUA production. Watson and Satchwill (2003)
reported significant differences in per capita yield and relative production of C. and
C,, PUA by chrysophytes (U. americana, D. cylindricum, M. papillosa) under
different light, P and Fe regimes, suggesting changes in either PUFA composition
or enzyme activity. Similar age and resource-dependant results have been obtained
for the marine diatom Skeletonema marinoi (Ribalet et al. 2007a).

The use of aldehydes as defensive compounds in terrestrial systems and by
macroalgae is well known (Cavill and Hinterberger 1960; Kubo et al. 1976;
Camazine et al. 1983; Morimoto et al. 2002; Schnitzler et al. 2001). PUA are often
semiochemically active in several different ways, for example antimicrobial, ferti-
lization inhibiting, embryotoxic, sperm motility inhibiting, larval toxic, grazer
toxic, and feeding deterrent (Caldwell et al. 2002, 20044, 2005; Poulet et al. 2003,
2007; Tosti et al. 2003; Adolph et al. 2004; Lewis et al. 2004). Bioactivity is
directed at cellular and molecular targets such as microtubule and microfilament
stability, DNA replication, and the activity of the G2-M promoting complex cyclin
B-Cdk1, which are all crucial during embryonic development (Romano et al.
2003; Hansen et al. 2004a). PUA toxic to developmental stages of a number of
aquatic invertebrate species, including copepods, sea urchins, polychaetes, and
ascidians. Reported symptoms of PUA exposure include gamete infertility and
dysfunction, fertilization failure, and abnormal morphological development, indi-
cating that the timing and/or level of exposure may result in subtle, yet deleterious
departures from normal reproductive patterns (e.g., Miralto et al. 1999; lanora et
al. 2004; Adolph et al. 2004; Poulet et al. 2007). Given the importance of oxylipins
in reproduction and development, exposure of invertebrates to altered environmental
titers at particular ontogenetic stages may therefore disrupt highly sensitive endo-
crine processes.

It is important to note that PUA production is not ubiquitous, even among
closely related taxa. In a comprehensive survey of 51 planktonic diatom species (71
strains, mostly marine), Wichard et al. (2005b) found that only ~36% produced
PUA (two of which were freshwater strains; Fragilaria sp. and Skeletonema sub-
salum), while per capita production varied over four orders of magnitude among
species and strains. Thus, diatom blooms per se cannot be assumed toxic, which
may account for some of the reported differences in their detectable effects on grazers
(cf. Irigoien et al. 2002; Koski et al. 2008). Other factors such as the nutritional
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status of the prey, and access to mixed or alternative prey resources can also miti-
gate the negative effects of these blooms on grazer populations (Jones and Flynn
2005; Barreiro et al. 2007). Two recent studies demonstrate that even under standard
experimental conditions certain copepods are not affected by PUA. Dutz et al.
(2008) observed that egg hatching rates of the copepod Temora longicornis
decreased after 4 days in four treatments with different diatoms, irrespective of the
diatom PUA production. In assays with the same copepod, Wichard et al. (2007)
showed that external additions of EPA to diatom-rich diets resulted in increased egg
hatching success, despite the fact that this FA treatment also caused significantly
higher PUA production. These authors attributed the observed higher performance
of the copepods to an increased availability of the essential FA that is otherwise
depleted by PUA production. But recent field and laboratory studies with Calanus
helgolandicus collected in the English Channel also show no impact of diatom PUA
(Wichard et al. 2008). Fontana et al. (2007) demonstrated that PUA production is
not mandatory to induce reproductive failure in grazers. Indeed, other LOX derived
products of diatoms may also be responsible for grazer defense, even in non-PUA
producing strains. The authors observed the production of reactive oxygenated
metabolites in the marine diatoms Skeletonema marinoi, Chaetoceros socialis, and
C. affinis. The short-lived compounds were found to be significantly more toxic
than PUA, and therefore may represent an unanticipated additional level of LOX-
mediated grazer defense. The extent to which additional compounds that are struc-
turally related to PUA, selective feeding behavior, or active detoxification by
copepods lead to such strong variability has yet to be determined.

PUA toxicity toward marine planktonic grazers (copepods) is, in general, mani-
fested as reduced fecundity and hatching success, not as reduced adult survivorship
(e.g., Miralto et al. 1999). Similar bioassays with freshwater crustaceans have also
failed to detect consistent effects either on adult survivorship and growth
(Carotenuto et al. 2005; Watson unpublished data). Nevertheless, with exposure
to high concentrations of C~C, PUA, clonal adult Daphnia pulex and field popula-
tions of Hesperodiaptomus arcticus gave LD, values similar to those reported for
marine copepods, decreasing with carbon number and saturation (further influ-
enced by double bond placement; Fig. 4.8). Carotenuto et al. (2005) report reduced
embryonic development of late clutches in Daphnia pulicaria with a diet of PUA
producers or direct immersion in a C,; PUA (decadienal)-containing medium, but
question whether this has any ecological significance given that population
parameters (i.e., life-time fecundity and instantaneous rate of population growth)
were not affected by PUA. Nevertheless, the reproductive lifespan of some daph-
nids may overlap successive biomass peaks of several PUA-producing species (e.g.,
chrysophytes diatoms; Sandgren 1988) and the potential effects of this exposure on
grazer communities need elucidation with carefully controlled laboratory and field-
based studies. For example, our preliminary trials with D. pulex showed increased
ephippial production with direct immersion to C, and C,; PUA (Watson and
Caldwell unpublished data), a known adaptive response to environmental stress
(Alekseev and Lampert 2001).
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Fig. 4.8 Adult survival (T = 24 h) of Daphnia pulex (clonal individuals, raised on standard food)
with exposure to PUA of increasing carbon number and varying double bond (DB) placement and
number (C.: heptadienal, C,: octadienal, C,: nonadienal, C,: decadienal, C,: decatrienal)

There are several likely explanations for these apparent contradictions. Daphnids
normally filter-feed on a mix of particles and seston that do not approach the PUFA
levels represented in diatom-dominated biofilms. Fecundity in aquatic grazers often
has a seasonal pattern that may be affected by factors such as food availability and
quality, regulating somatic growth and reproductive fitness (Bottrell et al. 1976; Ban
1994; LaMontagne and McCauley 2001). The development of newly spawned
copepod eggs is affected by the maternal diet (Guisande et al. 1999; Laabir et al.
1999), yet algal diets that are regarded as beneficial for growth may not support
fecundity or egg viability (Chen and Folt 1993; Poulet et al. 1994; lanora et al. 1999).
Early studies of the effects of diatoms and dinoflagellates on recruitment in copepods
suggested that reproductive anomalies could be explained by the differing nutritional
quality of the algal taxa, with some diatoms considered nutritionally insufficient
(Stattrup and Jensen 1990; Kleppel 1993; Jénasdottir and Kigrboe 1996).

It is difficult to predict the true role of these reactive compounds in nature. Most
bioassays inevitably impose conditions that may not be representative of natural
environments. With current analytical techniques, it is often not possible to deter-
mine local semiochemical concentrations or tissue exposure levels. The complex
mode of release and delivery of most PUFA-related compounds and their instability
once released do not allow standard quantification (cf. Caldwell et al. 2004b).
Nevertheless, in situ trapping with derivatization agents and subsequent quantifica-
tion is feasible for certain structures, such as unsaturated aldehydes and ketones
(Wichard et al. 2005c). A major criticism often leveled at the inhibitory diatom
hypothesis is that in vitro studies of this mechanism have applied concentrations of
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cells, cell extracts, or PUA in excess of natural levels. However, this is not the case
with every study — using copepods or other invertebrates; several have applied algal
cell densities in the order of 105-107 cells L*; well within concentrations seen during
blooms (e.g., see Chaudron et al. 1996; Carotenuto et al. 2005; Casotti et al. 2005;
Caldwell et al. 2005). Furthermore, Poulet et al. (1994) hypothesized that inhibitory
compounds are accumulated in oocytes following diatom feeding, thus exceeding
the ambient threshold level required for inhibition. A cumulative toxin loading
would therefore permit intoxication even at naturally occurring diatom densities.
Can inhibitory FA-derived compounds similarly be stored and transferred from
the female digestive system to vitellogenic oocytes, and is this a realistic explanation
for observed patterns of hatching failure? Circumstantial evidence comes from the
time lag between initiation of a diatom diet and the production of nonviable eggs.
There is a lag phase of 24-72 h during which time viable eggs are spawned, followed
by progressive reduction in oocyte viability. Additionally, Laabir et al. (1995) demon-
strated that by reducing diatom cell densities from 10° to 10* cells mL™, the time
required to reach total egg inhibition was increased from 7 to 12 days. The copepod
gut epithelium is in close contact with the ovary, so a diffusion mechanism may
explain the transfer of inhibitory compounds from food to eggs. In order for this
accumulative mechanism to take place, the active metabolites must, by necessity,
traverse lipid membranes. The degree of passive incorporation will be governed by
the characteristic partition coefficient between water and the lipid membranes.
Evidence of trans-lipid PUA movement was reported for bacterial cells by
Trombetta et al. (2002) using model phosphatidylcholine liposomes. Therefore,
gonadal accumulation is feasible in theory, despite the reactivity of PUA resulting
in significant losses before reaching the target organs. PUA will likely form DNA
adducts within animal tissues (Loureiro et al. 2000), the significance of this within
aquatic grazers is unknown but may be related to observed patterns of apoptosis in
gonadal, embryonic, and larval tissue (Romano et al. 2003; Poulet et al. 2003,
2007). At the present time, this remains purely theoretical, since it is extremely
difficult to demonstrate, and a number of protocol issues need to be addressed
before this mechanism can be systematically examined (cf. Caldwell et al. 2004b).
Controversial discussions, partially contradicting evidence and complex indirect
actions of oxylipins make clear that there is no universal activity of these metabolites
(e.g., Dutz et al. 2008, Wichard et al. 2008; Jones and Flynn 2005). Water is not a
homogenous medium, but varies in time and space in its physical and chemical
structure and characteristics at both micro and macroscale levels around cells,
from the boundary layer out. Future progress requires the development of bioassay
designs, which can measure changes in processes and compounds along these different
spatial and temporal scales around cells and surrounding environs to resolve the true
role of PUA in plankton interactions. Despite these caveats, the above-mentioned
studies, and other increasing evidence, suggests that under certain environmental
conditions, algal diets that produce PUA can be detrimental and influence plankton
interactions, potentially with a multitude of mechanisms and consequences.
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4.4 Grazer Counter-Defense: Behavioral Avoidance, Adaptive
Strategies, and Detoxification

Copepods have developed chemically-mediated behavioral responses in relation to
food acquisition and/or avoidance (Poulet and Marsot 1978), for example, prey
rejection and feeding cessation can be initiated by the presence of particular toxic
dinoflagellate species (Huntley 1982; Huntley et al. 1986). There is also evidence
from freshwater systems that PUA may act as grazer deterrents by modifying swim-
ming behavior. Jittner (2005) observed that mixed zooplankton assemblages in “U”
tubes (species of Cyclops, Bosmina, Daphnia, and Eudiaptomus) exhibited signifi-
cant movement away from both a PUA mix liberated from diatoms, and controlled
applications of 2,4,7-decatrienal (P < 0.001, relative to controls). Similarly, Watson
et al. (2007) observed significant avoidance behavior to 2,4,7-decatrienal by
Daphnia magna (P < 0.0001) using an inline behavioral monitoring system. Such
a mechanism may result in avoidance of PUA-liberating blooms; for example
during senescence or initial grazer attack. Carotenuto and Lampert (2004) observed
no indication of selective grazing by D. pulicaria on different algal food sources
when feeding on oxylipin producers and nonproducers, indicating that such avoidance
behavior does not include altered filtering rates.

Recent work by Fink et al. (2006) demonstrated that grazers can develop selective
foraging behavior in response to specific mixes of FA-derivatives in algal prey
(termed “foraging kairomones”). These authors found that the freshwater herbivorous
gastropod Radix ovata is attracted to a particular mix of C_ and C, oxylipins released
by damaged cells of the filamentous chlorophyte Ulothrix fimbriata (1-penten-3-one,
1-penten-3-ol, (2)-2-pentenal, (E)-2-pentenal and 2,4-heptadienal), demonstrating the
potential for synergistic effects among FA-related semiochemicals; a complex and
difficult phenomenon to characterize.

Miralto et al. (1999) raise the question why copepods have not evolved mecha-
nisms to protect their embryos from PUA and characterized the inhibitory effect of
diatoms on copepod reproduction as “insidious.” The question is intriguing, since
there is a remarkable degree of variation in the susceptibility of grazers both
between and within species to phycotoxins. A good example is the response of the
bivalve mollusc Mya arenaria to exposure to the toxigenic dinoflagellate
Alexandrium tamarensis. M. arenaria not previously exposed to A. tamarensis
show higher mortality, impaired burrowing capacity, lower respiration, reduced
food clearance rates, and tenfold lower toxin accumulation compared with indi-
viduals from sites historically exposed to the toxins. Resistance is due to a single
nucleotide mutation in the outer pore loop of Domain Il of the Na* channel pore,
replacing glutamic acid with aspartic acid (Bricelj et al. 2005). In experiments with
Daphnia, it has been shown that genotypes exposed to cyanobacterial toxins can
increase their toxin tolerance in <10 years (Hairston et al. 2001). If copepods are
unable to mitigate PUA toxicity, this suggests that either the evolution of PUA in
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aquatic ecosystems is relatively recent, or that other factors such as fitness benefits
from the PUFA-rich diets can alleviate negative impacts; however, as of yet no
convincing evidence has been produced. Chaudron et al. (1996) surmised that at
low diatom densities, marine copepods may possess a limited capacity to break
down diatom inhibitors by digestive enzymes in the gut. Poulet et al. (1994) suggested
that grazers may synchronize egg production cycles to coincide with periods of low
diatom production. However, field data from freshwater prairie systems shows the
highest abundance of copepod nauplii in May-June, suggesting that eggs were
produced in spring during the typical spring diatom peak (M.T. Arts, personal
communication).

It can be argued, however, that if an allele coding for a detoxification mechanism
has evolved based on the Malthusian parameter, and the model described by
Charnov (1997), such an allele should improve reproductive fitness and thus spread
rapidly through the population until it became the norm. Factors that would promote
this include improved fecundity, growth, and survival (Olive 1992). Yet it would
appear that for copepods in particular, if a PUA detoxification pathway exists, it is
not highly conserved. This disparity with Charnov’s model adds further ambiguity
of the “paradox of diatom—copepod interactions” (cf. Ban et al. 1997).

45 Algal Producers

A variety of freshwater and marine algal species have already been identified as
important sources of oxylipins (Table 4.1A). However, since the large majority of
taxa are as yet uncharacterized, this likely represents a small fraction of the actual
producers. In marine systems, the bioactivity of oxylipins was not recognized until
the late 1990s, when attention was then focused on planktonic diatoms as major
sources (Miralto et al. 1999; Wichard et al. 2005b), although recent work now
shows that other marine taxa, such as the prymnesiophyte Phaeocystis, also produce
these metabolites (Hansen et al. 2004b). In comparison, PUA and many of their
major algal producers were known as early as 1981 in freshwaters, largely because
of their impacts on drinking water taste-odor (Jttner 1981; Watson et al. 2000;
Watson 2003). In these waterbodies, flagellates are the more common planktonic
sources of these compounds, notably synurophytes and mixotrophic chrysophytes
(e.g., Dinobryon cylindricum, D. divergens, Uroglena americana, U. volvox,
Mallomonas papillosa, Synura petersenii, S. uvella, Chrysosphaerella longispina).
These taxa are common in oligo-mesotrophic lentic systems (lakes, small ponds), and
frequently bloom in systems that have been restored from eutrophication. Population
outbreaks of these species can produce significant levels of fishy-smelling C, C,,
and C,; PUA in lakes with high natural or anthropogenic organic loading, sufficient
to impair drinking water supplies (Watson et al. 2000, 2001). Other freshwater
planktonic producers include diatoms, dinoflagellates, cryptophytes, and chlorophytes
(Fragilaria crotonensis, Aulacoseira islandica, Peridinium willei, Cryptomonas
rostratiformis, Ulothrix fimbriata) (e.g., Jittner 1995; Watson 2003). As noted
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earlier, many freshwater littoral algal communities are also a rich source of PUA,
notably diatom biofilms and the fetid-smelling thallic chrysophyte Hydrurus foetidus,
which forms dense beds in oligotrophic high mountain streams (Watson et al. 2000,
unpublished data; Juttner 2001).

In freshwaters, diatoms have been identified as the primary sources of the C,-
and C,,-hydrocarbons discussed above. These are primarily periphytic species (e.g.,
Amphora venetia, Gomphonema parvulum) and the single planktonic taxon
Asterionella formosa. A few marine planktonic diatom producers have also been
reported (e.g., Skeletonema costatum, Lithodesmium undulatum; Derenbach and
Pesando 1986).

46 Othe FA-Related Semiochemicals

It is highly probable that the above interactions represent a small fraction of the
FA-mediated semiochemical interactions occurring in aquatic systems. Many FA
and their derivatives have either not been examined in this light, or are yet to be
identified. Nevertheless, the list of newly discovered compounds continues to grow
(cf Chap. 13). For example, many algal taxa produce FA derivatives, which demon-
strate nonspecific bioactivity. Early studies reported that n-hexane and unsaturated
hydrocarbons act as nonspecific attractants for “+” gametes of Chlamydomonas
(Tsubo 1961). Similarly, butyl alcohol, methyl butenyl ether, diethyl ether, methyl
amyl ketone, n-propyl acetate, isobutyl acetate, methyl and ethyl propionates, and
methyl n-butyrate were reported as male gamete chemo-attractants in marine phaeo-
phytes (Ectocarpus, Fucus and Ascophyllum; e.g., Cook and Elvidge 1951). Given
their nonspecific action, however, it is unlikely that these compounds are released
as pheromones. Chlorophytes and other algal taxa produce other lipid derivatives,
some known for their grassy odors (e.g., (E)-2-butenal, (2)-3-hexanol, (2)-, and (E)-
2-hexenal, hexanal, 2-heptanone, 2-octanone, 2-nonanone). Their semiochemical
activity in aquatic systems is, to our knowledge, yet untested, but they are known to
be highly bioactive among terrestrial organisms as chemo-attractants, stimulants,
and deterrents (Bradow and Connick 1990; Dittberner et al. 1995).

Among freshwater chrysophytes and synurophytes, sexual reproduction is
reported as density-dependent, and triggered by unidentified compounds (Sandgren
1988). PUFA derivatives are released at cell lysis and both their chemistry and
yields vary with environment (see Sect. 4.3.1) but no clear connection to reproduc-
tive regulation of these metabolites is yet available. As noted, the freshwater diatom
Asterionella formosa produces 1,3,5-octatriene (fucoserratene), which is known to
be a pheromone among marine Fucaceae. However, sexual reproduction is rarely,
if ever, observed in this and many other planktonic diatoms (Mann 1999), and
aquatic levels of 1,3,5-octatriene show a correspondence with Asterionella popula-
tion growth and decline (Jittner et al. 1986). Today we know that the production of
this compound is initiated upon wounding of the cells, but again, no clear evidence
for a function in cell-cell communication is available (Pohnert 2000). As discussed



84 S.B. Watson et al.

above 1,3,5-octatriene may simply represent a side product formed during the
synthesis of a bioactive moiety, 12-oxododeca-5,8,10-trienoic acid (Fig. 4.5).

4.7 Summary and Conclusions

The significance of FA and oxylipins in semiochemical interactions influencing food
web structure and function has been demonstrated in several cases. There is compel-
lingly evidence that the chemical ecology of FA and their metabolites has a major
influence on intra and intercellular processes at all levels of the food web. There has
been rapid development in this field over the past decade, with the identification of
key functions of free FA (notably PUFA), the elucidation of biochemical pathways
and bioactive oxylipins, and the characterization of the transfer modes and effects of
these metabolites on target organisms. Nevertheless, our knowledge is, as yet, very
limited, and there is a considerable need for future careful and critical research.
For example, relatively few species have been investigated as producers and target
organisms; numerous lipid-rich taxa and grazers remain uncharacterized. Little is
known about the genetic regulation of these FA-mediated interactions. We have yet
to explain the reasons for induced or innate differences among taxa or strains in
production and/or susceptibility, and why/how these are affected by environment
and cell energetics/growth cycles. Counter defense and avoidance mechanisms are
poorly understood, and likely far more widespread that we suspect. Importantly,
since PUFA are essential food components for many herbivores, interactive/counter-
active effects of semiochemical and nutritional qualities of algal diets may play
significant roles in grazer reproductive strategies and success. Indeed, initial results
indicate that even PUA resistant copepods can suffer from FA depletion from the
rapid transformation of PUFA to PUA in diatom diets (Wichard et al. 2007).

FA-mediated chemical interactions represent an exciting field, which offers
considerable challenges. We have presented clear evidence that these interactions
are widespread across freshwater and marine systems, where they likely play signi-
ficant but as yet unmeasured roles in food web interactions. A greater insight into
these (and other) chemical interactions may account for some of the unexplained
variability in aquatic communities and food webs, and also provide important
chemical (and in some cases, olfactory) clues to their context sensitive function.
This is particularly important as global and/or local anthropogenic activities can
have strong impacts on both pelagic and benthic aquatic communities. Significant
shifts in the structure and integrity of aquatic food webs are occurring along with
the widespread degradation of many surface waters, changes in physical and chemical
aquatic regimes, the introduction of exotic biota and the loss of keystone species.
Such changes will also likely have a significant affect on the scope and nature of
FA-mediated and other chemical signaling. Further advances in the field will
require systematic collaboration among physicists, chemists, biologists, ecologists,
and modelers, along with other related disciplines such as medicine and the food
and water industries where there is already a tremendous body of information.
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Chapter 5
|ntegrating Lipids and Contaminants
in Aquatic Ecology and Ecotoxicology

Martin J. Kainz and Aaron T. Fisk

5.1 Introduction

Heterotrophic organisms in marine and freshwater food webs ingest a wide range
of essential and xenobiotic compounds. Essential compounds are physiologically
required by consumers, yet cannot be synthesized de novo, or cannot be synthesized in
quantities sufficient to meet an organism’s need for somatic growth, reproduction, and
survival (see Goulden and Place 1990, for daphnids; Tocher 2003, for teleost
fishes). For example, some polyunsaturated fatty acids (PUFA) and trace elements
such as zinc (Zn), iron (Fe), calcium (Ca) are considered essential, and if inadequate
amounts are available in the diet, the health and fitness of an organism can be reduced.
Xenohiotic compounds have no physiological value for organisms, but can be accumu-
lated by consumers and can be toxic in cases were concentrations are sufficiently
high (Watson et al. — Chap. 4). Xenobiotic compounds include many of the classic
contaminants, such as PCBs, DDT, and mercury (Hg), and more recently recognized con-
taminants, such as estradiol, and can also be accumulated from non-dietary sources.
It should be noted that essential compounds can also be toxic if concentrations are high
enough or if they are converted to other molecules. For example, it has been suggested
that PUFA in diatoms can be converted to unsaturated aldehydes, which reduce egg
hatching rates in marine herbivorous copepods (Miralto et al. 1999).

Lipids are recognized to be amongst the most important nutritional factors that
affect the fitness of aquatic organisms, supplying energy and essential compounds
for general metabolic functioning, somatic growth and reproduction (Mller-Navarra
et al. 2000), and enhanced immunocompetency (Kiron et al. 1995). Among lipid
classes, storage lipids, such as triacylglycerols, serve as high-energy sources, whereas
structural lipids, such as phospholipids, are essential building blocks for cell membranes.
Essential lipids are of particular nutritional importance for aquatic consumers as
they support physiological development and health of organisms and, in a larger
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sense, strengthen the nutritional status of aquatic food webs. Although de novo
synthesis of omega-3 (n-3) PUFA in aquatic ecosystems is generally restricted to algae,
it has been reported that some heterotrophic nanoflagellates (Bec et al. 2006; and
see Devilettes and Bec — Chap. 2) and protozoans (Klein Breteler et al. 1999)
have the enzymatic ability to produce n-3 PUFA, as well as sterols, from their
respective precursors. Thus, such key organisms from lower trophic levels can be
involved in trophically upgrading their food for their own physiological benefit as
well as, inadvertently, for the benefit of consumers at higher trophic levels (Fig. 5.1).
In aquatic consumers, such conversion may occur when there is conditional dietary
need for long-chain polyunsaturates (Cunnane 2003). It is, however, important to
note that biosynthesis of fatty acids (FA) is greater in organisms at the base of the
aquatic food chain, whereas higher trophic organisms such as zooplankton and fish
are not likely to biosynthesize highly unsaturated fatty acids (HUFA) de novo to any
significant extent (Tocher 2003; Chap. 9). Thus, the trophic transfer of essential
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Fig. 5.1 Schematic of the relevant processes controlling the movement of lipids and contaminants
through aquatic food webs. The relative importance of various processes and mechanisms can
vary widely with the contaminant or lipid and organisms in question. Processes and pathways in
the primary consumer are similar in secondary and higher level consumers
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lipids from primary producers to upper trophic levels is critical for the health of
higher trophic level organisms. Trophic transfer is also commonly used when
discussing contaminants, and refers to the movement of a contaminant from resource
to consumer (Borga et al. 2004). The presence of organisms capable of trophically
upgrading FA within the food web is often crucial for supplying a diet rich in
nutritionally beneficial PUFA and sterols and changes to food web structure and
components may alter this important process.

Xenobiotic chemicals, which we will also refer to as contaminants, in the diet of
animals come from a variety of sources, with those of anthropogenic origin that
bioaccumulate in aquatic organisms of particular concern and the focus of this chapter.
Contaminants that are a concern for aquatic food webs include: metals and metalloids
(such as Al, Ar, Cd, Cr, Cu, Ni, Pb, Hg, Se); organic contaminants including polycyclic
aromatic hydrocarbons (PAH), polychlorinated biphenyls (PCB), polybrominated
biphenyls (PBB), chlorinated phenols, pesticides, polychlorinated dibenzodioxins
(PCDD) and dibenzofurans (PCDF), and other industrial chemicals (e.g., perflouri-
nated alkanes); and organometallic compounds such as the potentially powerful
neurotoxin methyl mercury (MeHg). Contaminants that bioaccumulate have the
potential to counteract the mostly favorable physiological effects of essential dietary
nutrients, particularly at higher trophic levels, and eventually in humans, because
their dietary pathways, or trophic transfer, may follow similar pathways as those of
lipids (Newman 1998; for essential fatty acids, see Kainz et al. 2006, 2008).

Most lipid ecologists have focused on increasing our understanding of lipid
synthesis and distribution (Hagen and Auel 2001; Graeve et al. 2005; Guschina and
Harwood 2006), the trophic relationships of lipids (Dalsgaard et al. 2003; Iverson et al.
2004; Kainz et al. 2004), and the physiological effects of different lipid classes and
their constituent FA on aquatic organisms (Miller-Navarra et al. 2000; Tocher 2003;
Martin-Creuzburg and von Elert 2004). Similarly, most aquatic ecotoxicologists
focus their research on how contaminants move through aquatic food webs (Campfens
and MacKay 1997; Russell et al. 1999; Borga et al. 2004) and how they affect the
physiological performance of organisms (Wang and Fisher 1999; Tanabe 2002; Scott
and Sloman 2004). Since most FA and contaminants are trophically transferred
through aquatic food webs, but potentially have very different effects and relevance,
there is a need to understand how the fate of these two chemical groups varies across
food webs and amongst different aquatic ecosystems. It is, therefore, important to
investigate sources, biological uptake, biotransformation, physiological implications,
accumulation and elimination of both lipids and contaminants within aquatic food
webs. For example, changes in food webs associated with increasing stress from
climate change, invasive species, and habitat destruction may result in significant
changes in contaminant and lipid dynamics within ecosystems (Kelly et al. 2006).
Furthermore, differences in FA and contaminant trophic transfer in food webs have
the potential to provide novel insights on ecological function and the influence and
effects of stress. Thus, the main objectives of this chapter are to evaluate and contrast
trophic transfer of dietary lipids and contaminants in aquatic food webs. In doing so
we will examine their dynamics in aquatic ecosystems and demonstrate their potential
for assessing and predicting aquatic food web health, structure, and function.
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5.2 Trophic Transfer of Contaminantsin Aquatic Food Webs

The bioaccumulation and trophic transfer of contaminants is well studied and has
been summarized in a number of recent reviews (e.g., Morel et al. 1998; Gobas and
Morrison 2000, Borgé et al. 2004). Here, we summarize some major factors that
influence contaminant bioaccumulation that are relevant to the goals of this review.

A key point regarding the accumulation of contaminants is that they can be
accumulated by aquatic organisms, (a) directly from the water, called bioconcentration
(the net process by which the chemical concentration in an aquatic organism
achieves a level that exceeds that in the water, as a result of chemical uptake
through chemical exposure in water) or (b) via food and water, defined as bio-
accumulation (the net process by which the chemical concentration in an aquatic
organism achieves a level that exceeds that in the water, as a result of chemical
uptake through all possible chemical exposure, i.e., water or food, and elimination
from all possible routes) (Gobas and Morrison 2000). This differs from dietary
lipids, which can only be acquired from the diet. While lipids can by synthesized
by aquatic organisms, contaminants cannot, although some can be modified via
biotransformation (e.g., Konwick et al. 2006). The relative importance of food or
water as a source of contaminant accumulation is highly dependent on the contaminant
and organism in question, and for metals/elements the characteristics of the water,
and is discussed below. The accumulation of organic contaminants and elements/
metals are very different and are dealt with separately.

5.2.1 Trophic Transfer of Organic Contaminants

Most organic contaminants (OCs), such as PCBs and pesticides, are hydrophobic, and
this drives their accumulation by aquatic organisms (Mackay 1982). Accumulation
of OCs is generally considered to be a passive process, driven by diffusion and
differences in fugacities of a chemical when in different matrices (e.g., water
and aquatic organisms; Mackay and Paterson 1981). The fugacity of a chemical can
be defined as a molecule’s urge to escape or flee a system and is based on the
differences in chemical potentials of a contaminant between matrices (Mackay and
Paterson 1981). Contaminants will flow from high to low fugacity, with fugacity
based on a combination of the properties of the contaminant and matrix. For example,
at equal concentrations in water and lipid, contaminants that are hydrophobic
(e.g., PCBs) will have a much higher fugacity in the water and thus will diffuse
from water to lipids until the fugacities in each matrix are equal. Concentrations of
PCBs can be as much as 7 orders of magnitude greater in the lipids than in the water
when fugacities are equal. Even when OCs are not in equilibrium between matrices,
which is the most common case, their concentrations are in general much higher in
aquatic organisms than water, which is consistent with their hydrophobic and
lipophilic characteristics.
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Passive diffusion of contaminants into organisms can also occur in the gastroin-
testinal (GI) tract of an organism, although it is somewhat different than accumula-
tion from water. As lipids are broken down in the Gl tract, they form micelles that
diffuse across the intestinal wall (Gobas et al. 1993; Kelly et al. 2004). Hydrophobic
contaminants in the stomach contents are often transported along with the micelles
or may diffuse into the cell walls directly (Burreau et al. 1997). Regardless of the
mechanism, the movement of contaminants from the GI contents to the organism
is, for the vast majority of contaminants of concern, a passive process.

The potential for bioaccumulation increases with increasing levels of hydropho-
bicity and slower elimination rates. Increasing hydrophobicity eventually results in
diet being a much more important exposure route for heterotrophic aquatic organisms
when compared with water (Thomann 1981). For phytoplankton, bioconcentration is
the only mechanism of contaminant accumulation. In bioaccumulation studies, the
hydrophobicity of OCs is most often evaluated using the log octanol-water partition
coefficient (log K ). This coefficient measures how hydrophilic (“water loving”) or
hydrophobic (“water fearing™) a chemical is using octanol as a surrogate for lipids
(Finizio et al. 1997). Differences in K, between OCs are generally due to changes in
water solubility; most OCs are highly octanol soluble, and hence highly lipid solu-
ble, but differ substantially in their water solubility (Mackay et al. 2000). However,
log K, and water solubility correlations are rarely 1:1 and can vary substantially
among groups of contaminants (Schwarzenbach et al. 2003). Log K  also provides a
fairly accurate quantitative prediction of bioconcentration; relationships between log
K,, and log bioconcentration factors (BCF; [organism]“pid/[water]) for recalcitrant
compounds are generally 1:1 (Mackay 1982; Fox et al. 1994; Finizio et al. 1997; Fig.
5.2a). Log K values have also been used to evaluate other parameters such as
biomagnifications factors (BMF = [predator]“pid/[prey]“pid) (Fisk et al. 1998, 2001)
(Fig. 5.2b). The log K , of most OCs range from 3 to 8 (Mackay et al. 2000), and OCs
with a value of >5 are accumulated almost completely via the diet (Thomann 1981).

Once an OC is assimilated by an organism, its fate, or bioaccumulation potential,
is determined largely by a combination of its hydrophobicity and susceptibility to
biotransformation. OCs can be eliminated either via diffusion, which is passive
and controlled by the physico-chemical properties of the chemical, or via biotrans-
formation by the organism, which is active and varies with the organism and
environmental conditions (particularly temperature; Buckman et al. 2007). The more
hydrophobic an OC is, the longer it is retained (i.e., longer half-life) and the greater
its bioaccumulation (Fisk et al. 1998), but if the chemical is biotransformed it will
be eliminated more quickly (i.e., short half life) and will have lower bioaccumulation
(Fisk et al. 2000). However, the metabolite of the contaminant may itself bioaccumulate;
sometimes to a greater extent than the parent compound (Konwick et al. 2006).
These concepts are demonstrated by examining the bioaccumulation of PAHs and
PCBs. Both of these contaminant groups have similarly high hydrophobicities (log
K,, range from 5 to 8) (Mackay et al. 2000). PCBs are highly bioaccumulated by
fish because most congeners cannot be biotransformed (Kwon et al. 2006; Wong et al.
2004); however, PAHs do not achieve high concentrations in fish because they are
readily biotransformed (D’Adamo et al. 1997). PAHSs are also readily bioaccumulated



98 M.J. Kainz and A.T. Fisk

7.5+

7.0

6.5

log BCF

6.0

5.5+

5.0 T T T T

3.0

2.5+

2.0+

1.54

BMF

1.0+

0.5+

0.0+

IOg KOW

Fig. 5.2 Relationships between log K and log BCF (a; log BCF = -14.5+5.9 * log K , — 0.4 log
K, r?=0.99, p < 0.0001) and BMF (b; BMF = -34.8 + 10.0 * log K - 0.8 log K 2 r?=0.91,
p < 0.001) from laboratory studies. BCF data is from Fox et al. (1994) for zebrafish (Brachydanio
rerio), BMF data from Fisk et al. (1998) for juvenile rainbow trout (Oncorhyncus mykiss) and
K,, from Hawker and Connel (1988)

by many classes of invertebrates, notably mussels, because they lack the enzymes
that biotransform PAHs (D’Adamo et al. 1997). Note, although not accumulated,
PAHSs and their metabolites can, nonetheless, influence the health of fish (see e.g.,
Incardona et al. 2006).
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Finally, if a chemical is sufficiently hydrophobic (log K, > ~4; Fisk et al. 2001)
and recalcitrant (i.e., cannot be biotransformed), it will have a tendency to biomagnify
through food webs. Biomagnification is the increase in chemical concentration with
each trophic level transformation in the food web (Gobas and Morrison 2000),
resulting in the highest concentrations in the upper trophic levels (Fisk et al. 2001).
It should be stressed that even if a contaminant does not biomagnify, dietary expo-
sure may still be the most important exposure route for aquatic organisms (Borga
et al. 2004).

5.2.2 Factorsthat Influence Organic
Contaminant Bioaccumulation

A number of biological factors influence bioaccumulation and trophic transfer of
OCs, and detailed reviews on this subject have been previously published (e.g., Borga
et al. 2004). These are briefly summarized here because many of these factors will
also influence the trophic transfer of individual lipid compounds, although in different
ways, and assessments of lipid and contaminant dynamics need to account for the fact
that differences between food webs or organisms within the food webs may result in
variation in contaminant and lipid behavior.

Most OCs of interest in aquatic food webs are highly lipid soluble, and water
insoluble, and significantly influenced by the organism’s lipid dynamics. In fact,
comparative studies on OC levels in aquatic biota often account for the influence of
lipids by either (a) lipid normalizing the concentration ([OC)/lipid content)
(Thomann 1989), (b) using total lipid content as a covariate in statistical models
(Hebert and Kennleyside 1995), or (c) using the residuals of the regression of OC
levels on lipids for further analysis (Hebert and Kennleyside 1995, Hop et al. 2002).
All of these approaches assume that the accumulation of OCs is linearly correlated
with the organism’s total lipid content, although in phytoplankton organic carbon
can be used (see e.g., Swackhamer and Skoglund 1993). However, the types of lipids
in the organism are rarely considered, even though this can influence contaminant
uptake dynamics. For example, marine zooplankton store energy as dense wax esters
in addition to triacylglycerols (Hagen and Auel 2001; Scott et al. 2002). In general,
linear relationships between total lipid content and OC concentrations can be found
within a population, although this can vary seasonally (Greenfield et al. 2005). Most
parameters that quantify lipophilic OC bioaccumulation (e.g., BMFs) or trophic
transfer (food web studies, see below) use lipid normalization to remove the influence
of variable lipid contents (e.g., Fisk et al. 2001). This is particularly important in
food web studies as total lipid concentrations can vary substantially between organisms
at different trophic levels (Kidd et al. 1998).

For OCs that bioaccumulate and biomagnify, concentrations generally increase
with body size and age in aquatic invertebrates and fish (Fisk et al. 2003; Mclintyre
and Beauchamp 2007). Age and size of fish are often highly correlated within a fish
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population (Johnston et al. 2002) but can often vary among populations, ecosystems,
or temporally, even for the same species. The relationship between age or size
and OC concentration will also vary with the contaminant. Very hydrophobic
OCs (log K , > 6) are generally found to increase throughout a fish’s life; that is, they
may never achieve equilibrium between the fish and its environment (Paterson et al.
2006). Whereas, more moderately hydrophobic OCs (log K, < 6) may reach an
equilibrium between fish and the environment and not increase in concentration once
a specific age or size is reached (Paterson et al. 2006). Hidden within the age or size
and OC relationships, but rarely acknowledged, is the influence of growth rate (but
see Trudel and Rasmussen 2006, Paterson et al. 2006). The high growth rates
commonly seen in the early spring and summer periods in temperate aquatic systems
will generally decrease the observed OC concentrations per unit biomass (Paterson
et al. 2006). During the late summer, autumn, and winter, when feeding decreases,
growth rates decline or even stop and OC concentrations will increase because body
mass decreases and slow OC elimination rates lag behind (Paterson et al. 2007).

Temperature and reproduction may also have an important influence on observed
OC concentrations in aquatic organisms. As temperatures decrease, elimination
rates of OCs in aquatic organisms decrease (Buckman et al. 2007). Decreasing
temperature will also reduce feeding and growth rates, as discussed above, resulting
in lower exposure to contaminants. Thus, contaminant dynamics can vary among
systems that have different climatic regimes, such as tropical (Kidd et al. 2001) or
arctic (Kidd et al. 1998). Reproduction by female aquatic organisms provides an
opportunity to eliminate OCs through lipid rich eggs (Fisk and Johnston 1998),
although the influence of this is much less important in fish (Johnston et al. 2002)
than in mammals, where lactation provides an efficient means of eliminating
lipophilic OCs (Fisk et al. 2001).

Another important factor that influences observed OC concentrations in aquatic
organisms is trophic position (Rasmussen et al. 1990; Mclntyre and Beauchamp
2007). Since many OCs biomagnify, higher trophic level organisms will have greater
OC concentrations. The influence of trophic position is often more important than
body size, age, or reproductive state (Borga et al. 2004), although trophic position and
body size are highly correlated in aquatic ecosystems.

5.2.3 Trophic Transfer of ElementsMetals

The bioaccumulation of elements/metals® by aquatic organisms is in several regards
more complicated than OCs and involves the interaction of chemically, physically,

1The term elements is considered more appropriate than the more commonly used terms metals
or heavy metals because modern analytical methods provide data for a wide suite of elements,
which include both metallic and non-metallic members (Duffus 2002).
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and biologically mediated processes. Elements enter aquatic environments through
both natural and anthropogenic sources, and human activity can result in high levels
of elements in aquatic environments. Elements differ from most OCs in that they
occur naturally in the environment and are classified as either essential (e.g., copper,
zinc, manganese), because they are necessary to an organism for life, or nonessential
(e.g., arsenic, cadmium, mercury), which may be present in an organism, but serve
no known positive biological role. Essential elements are regulated by organisms to
specific internal levels, although information on these ranges for most elements and
aquatic organisms is limited. It has, however, been suggested that levels in a species
should not vary widely among systems (McMeans et al. 2007). Nonessential
elements can sometimes behave like essential elements if regulated through the
same processes, but are generally assumed to be regulated less efficiently than
essential elements (Kraemer et al. 2005) and can thus reflect local levels and vary
spatially within the same species (McMeans et al. 2007).

Elements are accumulated by aquatic organisms from either the surrounding
water or from food with the relative importance of these exposure routes varying
amongst the different elements, and even the forms of the element. Elements can
occur as ions (cations or anions) or as complexes (with inorganic ligands, chelates
with organic ligands, or sorbed onto particle surfaces) with each different form
referred to as an element species. The species of an element that is observed in an
aquatic ecosystem will vary with the physio-chemical characteristics of that ecosystem
(Gundersen et al. 2001), in particular pH and redox state, and thus element hio-
accumulation can vary widely among ecosystems.

Most elements do not biomagnify (Newman 1998), and if differences in metal
concentrations among animal species are accounted for, generally do not show
patterns related to food web structure. For example, Cd and Ag concentrations in
marine copepods were 3% higher than in ingestible (>0.2 um), suspended particles,
whereas Co and Se concentrations were 4x lower in copepods than in suspended
particles (Fisher et al. 2000). In fact, many elements have been found to be bio-
diluted, i.e., decreased in concentration with increasing trophic level (Campbell et al.
2005a). This results in greater accumulation in lower trophic level organisms (e.g.,
some invertebrates) due to a combination of greater physiological need (essential
elements), greater accumulation from water (surface-to-volume ratio) and/or poorer
elimination capacity (Fig. 5.3). The exception is Hg, which has been widely shown
to biomagnify in aquatic food webs (Kainz et al. 2006; Campbell et al. 2005a;
Cabana and Rasmussen 1994) and can reach concentrations in some biota that war-
rant concern for both the wildlife and humans who consume them (Fisk et al. 2003)
(Fig. 5.3). The biomagnification of Hg is driven by the species MeHg, which bonds
with sulphur-containing amino acids. This differs from other OCs in that hydropho-
bicity and lipid content do not explain the behavior of MeHg in food webs. Cesium,
zinc, thalium, and rubidium have also been shown, in some but not in all studies, to
biomagnify (Campbell et al. 2005a,b; Dietz et al. 1996), although to a much lower
extent than mercury.
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5.3 Trophic Transfer of Lipids

In addition to containing dietary energy for organisms at higher trophic levels,
lipids provide structural (i.e., phospholipids and sterols) and storage (i.e., triacyl-
glycerols and wax esters) functions, both of which are important when evaluating the
ecological condition of food webs and ecotoxicological influence of contaminants
on them. Although lipids are ecotoxicologically important for determining
the extent to which lipophilic OCs are bioaccumulated in aquatic organisms
(see above), there is physiological evidence that lipids, including PUFA and
sterols (see Martin-Creuzberg and von Elert — Chap. 3), provide a nutritionally
stabilizing function for aquatic organisms. However, the retention of dietary lipids
is not driven directly, as the case with contaminants, by the biochemical properties
of the lipids, but rather by the organism’s specific lipid requirement and/or its
ability to directly gain physiological benefits. For example, the cyanobacterium
Spirulina platensis and the eukaryotic microalgae Chlorella vulgaris and
Botryococcus braunii increase their relative content of unsaturated FA with
decreasing temperature (“FA plasticity of algae”; e.g., Sushchik et al. 2003),
indicating that algal thermoadaptation can directly affect the quality of FA
transferred to consumers. When feeding on the eicosapentaenoic acid (20:5n-3;
EPA)-containing marine diatom Thalassiosira weissflogii the copepod Acartia
tonsahad 10x higher egg production rate than when feeding on the EPA-impoverished
ciliate Pleuronema spp. (Ederington et al. 1995). Moreover, concentrations the
n-6 PUFA arachidonic acid (20:4n-6; ARA) and the EPA increased 10.8x and
4.2x, respectively, from lacustrine seston to macrozooplankton (Kainz et al. 2004),
which lends support to the argument that these PUFA are physiologically important
for zooplankton.

However, not all “essential fatty acids” (see Parrish — Chap. 13) are retained
similarly in aquatic organisms. For example, while docosahexaenoic acid (22:6n-
3; DHA) is the most highly retained PUFA in most freshwater fish (Ahlgren et al.
1994), there is a significant difference in DHA concentration between copepods
and cladocerans (e.g., Persson and Vrede 2006). Bioaccumulation patterns of
essential fatty acid concentrations between macrozooplankton (>500 um) and
planktivorous rainbow trout (Oncorhynchus mykiss) showed that linoleic acid
(LIN; 18:2n-6), a-linolenic acid (ALA; 18:3n-3), ARA, and EPA were 31%,
60%, 29%, and 65% lower, respectively, in dorsal muscle tissues of rainbow trout
than in cladocera-dominated macrozooplankton prey (Kainz et al. 2006).
Furthermore, while concentrations of bacteria-derived FA, including odd-numbered
saturated and branched-chain FA (Kaneda 1991), increased 5.8x from seston to
macrozooplankton (Kainz and Mazumder 2005), the ecological significance of
such bacterial FA retention is still unclear. These divergent FA concentration
patterns suggest that the transfer of nutritionally important lipids is dependent
on the organism’s physiological requirements as well as the taxonomic structure
of aquatic food webs and displays conceptual differences to bioaccumulation
patterns of contaminants. Such conceptual differences are explained by the organism’s
ability to selectively retain specific nutrients, but its inability to exert control over
bioaccumulation of OC.
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5.4 Concurrent Flow of Lipids and Contaminants

As detailed earlier, lipids and contaminants are accumulated by aquatic organisms
and transfer through trophic levels. The major difference between contaminants, par-
ticularly OCs, and lipids, is that contaminants are passively bioaccumulated and
concentrations are not regulated, whereas physiologically required lipids are selec-
tively regulated. These differences have a direct bearing on the dynamics of lipophilic
OCs and are of particular importance when examining the concurrent flow of lipids
and weakly lipophilic contaminants. This is because the ecotoxicological fate of
weakly lipophilic contaminants, such as MeHg, is not related to selective lipid
metabolism in aquatic organisms, a feature that may result in higher bioaccumulation
of some contaminants than lipids (Kainz et al. 2006). To increase our understanding
of flow dynamics of lipids and contaminants and to subsequently evaluate the nutri-
tional value of aquatic food web components, it is necessary to investigate concurrent
pathways of dietary chemicals (nutrients and contaminants) in natural communities
under realistic exposure conditions.

5.4.1 Lipidsas Chemical Tracersin Ecotoxicology

When diet is the major conveyor of contaminants to aquatic consumers, ecotoxicolo-
gists often use tracers to indicate dietary sources of these contaminants. For example,
stable isotopes of naturally occurring elements (Broman et al. 1992) and specific
contaminants of concern (e.g., stable isotopes of Hg; Orihel et al. 2006) are applied
to quantify bioaccumulation of contaminants to specific trophic levels within the
aquatic food web. The application of stable isotopes, §**N as an indicator of consumer
trophic position (Campbell et al. 2005a; Cabana and Rasmussen 1994) and 6°C as
an indicator of the dietary source (Campbell et al. 2000), in ecotoxicology is wide-
spread (Borga et al. 2004). As some essential fatty acids bioaccumulate along
aquatic food webs, they have also been used as an index of MeHg bioaccumulation
with increasing trophic position of zooplankton (Kainz et al. 2006). These authors
found that MeHg concentrations were significantly correlated with ARA (R? = 0.80)
and EPA concentrations (R2 = 0.65). In a study on herring gull trophodynamics from
sites across the Laurentian Great Lakes, Hebert et al. (2006) showed that egg EPA
concentrations and n-3/n-6 FA ratios correlated significantly with egg 6°N values
(and contaminant levels; Hebert, pers. comm.) providing further information on how
food web structure influences lipid dynamics in aquatic ecosystems.

Fatty acids are useful as source-specific biomarkers because it is often possible
to quantify algal, bacteria, and allochthonous-derived FA compounds. Napolitano
(1999) described PUFA in plankton as markers to assess algal-derived FA and
odd-saturated and branched-chain FA as bacterial biomarkers. In zooplankton, it
is assumed that most FA are largely dietary in origin and can thus be used as diet
indicators (see Brett et al. — Chap. 6). Hence, Kainz et al. (2002) suggested that measuring
the contributions of algal, bacterial, and allochthonous matter contributions to
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zooplankton diets by looking at group specific FA provides more detailed information
on how the bioaccumulation of MeHg in zooplankton is related to the retention of
specific diet sources. It was shown that MeHg concentrations in freshwater zooplank-
ton were significantly (p < 0.01) associated with concentrations of bacterial (R2 = 0.50)
and, to a lesser degree, with algal (R = 0.35) FA (Kainz and Mazumder 2005).

In an effort to shed more light on transport and chemical reactivity of PAH con-
centrations in a river estuary, Countway et al. (2003) found that PAH, except perylene,
were correlated with allochthonous sterols (i.e., campesterol, stigmasterol, and
B-sitosterol) during the fall/winter sampling and concluded that specific sterols play
an important role in the fate and transport of PAHSs. Correlations between the saturated
long-chain lignoceric acid (24:0), used as allochthonous organic matter indicator
(Sun and Wakeham 1994), and MeHg concentrations in zooplankton (Kainz et al.
2002) and lake sediments (Kainz et al. 2003) were not significantly associated,
indicating that MeHg and this allochthonous organic matter indicator follow different
uptake pathways. Although such source-specific FA biomarkers provide more
detailed information than bulk organic matter analyses (e.g., total organic carbon
concentrations, atomic C/N ratios, and 8*3C), it is critical to know how such lipid
compounds are retained and bioconverted in aquatic organisms when using them as
biomarkers for ecotoxicological studies.

5.4.2 Implications for Aquatic Food Web Health

The biochemical composition and concentrations of lipids and contaminants largely
determine the nutritional value of aquatic food organisms for their consumers. Most
FA, PUFA in particular, in marine and freshwater systems are primarily of autoch-
thonous origin, where primary producers at the base of the food web supply FA to
organisms at higher trophic levels (see Gladyshev et al. — Chap. 8). Metals, however,
can be taken up by algae from the ambient water and subsequently passed on to
consumers. Because aquatic consumers can take up metals directly from the water
(Pickhardt and Fisher 2007; Wang and Fisher 1998) as well as from their food,
there are more entry routes for metals into consumers than for lipids. Although it
has not yet been clearly demonstrated, metals, such as MeHg, may negatively affect
pathways of lipid synthesis in algae. This could occur because MeHg accumulates
in the cell cytoplasm of algae (Mason et al. 1996) where enzymes required for FA
synthesis are located (Rangan and Smith 2004).

Algae play a central role in determining the health of aquatic food webs as they
provide varying levels of both dietary nutrients and contaminants to upper trophic
levels. Algal lipid composition varies among taxa (Guschina and Harwood — Chap. 1;
Viso and Marty 1993; Volkman et al. 1998; Pereira et al. 2004) and with productivity
of aquatic systems; Muller-Navarra et al. (2004) demonstrated that dietary supply of
n-3 PUFA declined with increasing lake productivity (i.e., n-3 PUFA-poor cyano-
bacteria) at the plant-animal interface. Moreover, access to algal-derived FA may be
constrained by food limitation (DeMott et al. 2001), taxa size-related FA composition,
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as well as by the presence of toxic algae (Jttner 2005). Dietary lipid retention
strongly depends on the physiological requirements of consumers for individual FA.
For zooplankton, there is laboratory and field evidence that cladocerans are clearly
impoverished in DHA (Persson and Vrede 2006), whereas copepods (Evjemo et al.
2003) and rotifers (Parrish et al. 2007) are generally DHA-enriched. The availability
of dietary n-3 PUFA is important for the somatic growth of marine (Copeman et al.
2002), freshwater (Engstrom-Ost et al. 2005), and anadromous fish (Sargent et al.
1999), and DHA is the most highly retained PUFA in a variety of freshwater fish
(Ahlgren et al. 1994). Therefore, the taxonomic composition of the lower aquatic
food web clearly affects the dietary supply of FA to higher consumers.

Bioaccumulation patterns of metals are strongly determined by metal-specific
predator—prey enrichment factors and appear to be independent of lipid bioaccumu-
lation processes (see Sect. 5.2.3). Phytoplankton classes clearly differ in their ability
to synthesize and retain various FA (Sushchik et al. 2003; Guschina and Harwood
— Chap. 1), sterols and other lipids (Molkman et al. 1998), whereas Pickhardt and
Fisher (2007) reported no appreciable differences of MeHg uptake by three eukaryotic
algal groups. Differences in specific lipid synthesis but similar contaminant uptake
patterns by different algae species have important implications for their consumers.
This is evident for zooplankton taxa that differ in their ability to retain dietary FA
(Persson and Vrede 2006), but do not differ in their ability to bioaccumulate
contaminants such as MeHg (Kainz et al. 2006). Such discordant concentration
patterns of essential nutrients and contaminants in zooplankton confirm that food
web structure is functionally important for understanding the quantity and quality of
lipids as well as contaminants flowing to organisms at higher trophic levels.

5.4.3 Lipid Composition and Contaminants

The ecotoxicological role of lipids in aquatic organisms is important, but the influence
of lipids on hydrophilic and hydrophobic contaminants is different. As presented
above, the term “lipophilic” is applied for chemicals with log K, values >5 (Borgé
et al. 2004). The K, value is a measure of total lipid solubility and does not refer
to any specific lipid class or compounds. Although the term lipid solubility in the
contaminant literature is generally not related to specific lipid classes or com-
pounds, the biochemical composition of lipids in aquatic organisms is, nonetheless,
important for the bioaccumulation of lipophilic contaminants. For example, it has
been reported that chlorobenzenes preferentially bind to storage lipids in African
catfish (Clarias gariepinus; van Wezel and Opperhuizen 1995) and, total PCB
concentrations in ribbed mussels (Geukensia demissa) correlated best with triacylg-
lycerol concentrations (Bergen et al. 2001). Moreover, although it is still unclear
whether PCBs at the concentrations found in aquatic ecosystems cause physiological
damage to biota, phospholipids (structural lipids) in gonads and muscles of the
eastern oyster (Crassostrea virginica) were shown to decrease following PCB
exposure (Chu et al. 2003). Such findings show that bioaccumulation patterns of
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Table 5.1 Ecological and ecotoxicological relevance of lipids and contaminants for aquatic
food webs (with references where appropriate)

Lipids Contaminants

Source Fatty acid synthesis Geological
SAFA - plants?, animals®  Anthropogenic
MUFA - plants?, animals® Biological (e.g., methylation)e
PUFA - plants?

Uptake Dietary* Dietary and via water®
Physiological Structural lipidsf Benign if concentrations are below toxicity
relevance Support/enhance somatic threshold
growthe—
Support/enhance repro-  Toxic if concentrations are above toxicity
duction? threshold, effects include:
Storage lipids Bind to lipid classes (PCBs - storage lipids')
Reduce reproduction®
Bioaccumulation Organism dependent! Organism™ (e.g., lipid content, size, age, etc.),

trophic position" and environment dependent
(e.g., temperature)®
Trophic status of Decreasing nutritional Decreasing bioaccumulation with eutrophi-
aquatic ecosystem quality of fatty acids cationd
with eutrophication?
2Guschina and Harwood 2006;
®Tocher 2003;
°St. Louis et al. 2004;
9Brett et al. 2006;
®Wang and Fisher 1998;
fE.g., temperature adaptation, Dey et al. 1993;
9Martin-Creuzburg and von Elert 2004;
"Ravet et al. 2003;
ivon Elert 2002;
iFor ribbed mussles (Geukensia demissa): Bergen et al. 2001;
“Rohr and Crumrine 2005;
'Persson and Vrede 2006;
mKainz et al. 2006;
"Cabana and Rasmussen 1994;
°Borga et al. 2004;
PMuller-Navarra et al. 2004;
9For methyl mercury: Pickhardt et al. 2002

lipophilic OCs are linked to selective lipid class dynamics, but also indicate the
scientific need to further identify how contaminants affect the production and
bioconversion of essential lipids in aquatic organisms (Table 5.1).

55 Conclusions

Lipids play a major role in the accumulation of lipophilic contaminants in aquatic
organisms. To further “eco”-toxicological understanding of lipids and contaminants
in aquatic food webs, future research will need to investigate concurrent flows of
contaminants and lipids, at concentrations relevant to aquatic ecosystems, and their
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effects on proper physiological functioning from cell to whole organism levels. Such
approaches require detailed identification of the spatial positioning of contaminants
and lipid compounds within cells, tissues, and organs. Because recent research has
strongly advanced our knowledge on how some PUFA and sterols positively affect the
physiological development of aquatic organisms (Martin-Creuzberg and von Elert —
Chap. 3; Ahlgren et al. — Chap. 7), it is equally important to understand how the con-
current presence of contaminants affect aquatic organisms and eventually food webs.

From a management perspective, it is clear that the maintenance, protection, and
where possible, improvement in the flow of essential lipids along aquatic food webs
is desirable. It is also clear that management strategies should simultaneously strive
to limit the bioaccumulation of contaminants. Integrating our knowledge of contami-
nant bioaccumulation and the beneficial effects of certain dietary lipids is necessary
and promising; for example, increased dietary supply of PUFA, in particular EPA,
as a clear somatic growth-enhancing nutrient for daphnids (Miiller-Navarra et al.
2000, von Elert 2002), may result in lower dietary contaminant concentrations per
unit biomass of zooplankton and possibly organisms at higher trophic levels. Such
approaches, driven by diet quality rather than quantity, could alter our interpretation
of the phenomenon of “growth dilution” of contaminants that has thus far been
attributed to high algal biomass (Pickhardt et al. 2002). It is furthermore expected
that increased dietary access to PUFA increases the health of aquatic ecosystems
because organisms would be able to enhance their immuno-competency (see Arts
and Kohler — Chap. 10). Ultimately, the goal is to identify, maintain, protect, and,
where possible, improve those food web structures (including food—fish interactions
in aquaculture) that provide an optimal supply of essential lipids with limited
contamination to aquatic organisms and eventually humans.
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Chapter 6
Crustacean Zooplankton Fatty Acid
Composition

Michadl T. Brett, Dérthe C. Mller-Navarra, and Jonas Per sson

6.1 Introduction

Fatty acids (FA) are among the most important molecules transferred across the
plant-animal interface in aquatic food webs. Particular classes of FA, such as
the n-3 highly unsaturated fatty acids (HUFA), are important somatic growth limiting
compounds for herbivorous zooplankton (Muller-Navarra 1995a; Muller-Navarra
et al. 2000; Ravet et al. 2003). These molecules are also critical for the growth,
disease resistance, and general well being of juvenile fish (Adams 1999; Olsen
1999; Sargent et al. 1999). Thus, knowing how nutritionally important FA are
conveyed through food webs has important implications for understanding
economically important fisheries. A very substantial literature shows these same
molecules have a wide range of positive impacts on human health (Simopoulos
1999; Arts et al. 2001). Specific FA may also help interpret trophic relations in
aquatic systems (Dalsgaard et al. 2003), as the group specific FA composition of
primary producers varies greatly (Volkman et al. 1989; Ahlgren et al. 1992).
Therefore, it is important to understand how much the FA composition of zoo-
plankton is determined by taxonomic affiliation, changed by diet, and modified by
starvation or temperature. It is also essential to know whether zooplankton
maintain a semiconstant FA profile relative to their diets or, alternatively, bioconvert
some FA into other FA molecules. This review will summarize the published
information on how these factors regulate the FA composition of freshwater and
marine zooplankton.
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6.1.1 Historical Context

The analysis of zooplankton FA started with Lovern (1935), who compared FA in
the marine calanoid copepod Calanus finmarchicus and the freshwater zooplankters
Cyclops strenuous, Daphnia galeata, and Diaptomus gracilis with the FA of fish
caught from the same environments. Lovern observed that the FA composition of
these zooplankton was quite similar to the lipids contained in “typical fish-oil” and
concluded this indicated fish deposit dietary lipids into their tissue largely
unchanged. Subsequently, Ackman and Eaton (1966) showed the most prevalent
FA in the euphausiid Meganyctiphanes norvegica affected the FA composition of
the fin whale in the North Atlantic. Variation in zooplankton FA composition on a
seasonal basis was first explored by the pioneering research of Tibor Farkas
(Csengeri and Halver 2006). When examining zooplankton samples collected from
Lake Balaton, Hungary, in 1958, Farkas observed that zooplankton lipids always
had lower melting points than the ambient water temperatures (Csengeri and Halver
2006). He also noted the proportions of eicosapentaenoic acid (20:5n-3; EPA) and
especially docosahexaenoic acid (22:6n-3; DHA) in zooplankton lipids increased
with decreasing temperatures (Farkas and Herodek 1964). He was the first to note
that cladocerans nearly exclusively accumulate EPA whereas copepods predomi-
nately accumulate DHA (Farkas 1979). In several laboratory studies (Farkas 1979;
Farkas et al. 1984), Farkas suggested copepods could readily adjust their n-3 HUFA
and especially DHA content in response to cold stress, whereas the results he obtained
for Daphnia magna suggested Daphnia only had a minimal capacity to adjust
HUFA composition in response to temperature. Farkas explained these results
within a homeoviscous! adaptation context and suggested that these differences
were due to varying over-wintering strategies. He suggested that cladocerans as a
group were primarily active when water temperatures exceeded 10°C, and over-
wintered as inactive resting eggs. Farkas concluded that because cladocerans did not
modify their DHA content in response to cold stress, they were unable to maintain
lipid melting points below ambient winter water temperatures and therefore could
not over-winter in an active life stage. In contrast, copepods readily increased their
DHA content when exposed to lower temperatures and many species over-wintered
in an active stage.

The first published studies of environmental impacts on the FA of marine zooplankton
(Lewis 1969; Jeffries 1970) followed an approach similar to Farkas and focused
on seasonal affects (changing water temperatures and phytoplankton community
composition) on Acartia spp. FA. During the winter and spring, the phytoplankton
at Jeffries’ field site (Narragansett Bay, Rhode Island) was dominated by diatoms,
and during the summer and fall, it was dominated by flagellates. Jeffries noted that
during winter and spring, Acartia had higher monounsaturated fatty acid (MUFA)
contents, and during summer and fall, they had higher saturated fatty acid (SAFA)

1Homeoviscous response refers to the modification of membrane lipid composition to maintain
similar physical properties across a range of water temperatures.
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contents. Paradoxically, he reported that Acartia accumulated more DHA during
the warmer summer/fall months. This latter result could be because dinoflagellates
(which often have high DHA content) were prevalent in the summer during his
study.

One of the most pivotal studies of marine zooplankton FA was Lee et al.’s (1971)
study of dietary influences on the accumulation and composition of wax esters.
Wax esters are neutral storage lipids that are the dominant lipid class in polar/north
temperate and deep-living calanoid copepods. These storage lipids play a critical
role in the life history of copepods in these regions because they are dependent on
brief, but intense, vernal phytoplankton blooms. On the basis of Calanus helgolan-
dicus feeding experiments with three diatoms and one dinoflagellate, Lee et al.
(1971) observed the wax ester and triacylglyceride (TAG) FA composition of this
copepod closely matched the FA composition of their diets. They also noted the
correspondence between diet and copepod FA increased when food concentrations
were higher. In contrast to the results observed for TAG and wax esters, Lee and
colleagues reported the FA composition of the structural phospholipids (PL) was
not dependent on diet. Many studies have subsequently examined lipid accumulation
in marine zooplankton; particularly for zooplankton from polar regions (Kattner
and Hagen — Chap. 11).

6.1.2 Emphasisin the Marine and Freshwater Literature

The emphasis in the marine and freshwater dietary vs. zooplankton FA literature
has been different for several reasons. Many early studies with both marine and
freshwater zooplankton were focused on the nutritional needs of aquatic organisms
as this affected their nutritional value as food for aquaculture fish (Provasoli and
D’Agostino 1969). Also as previously noted, the marine literature was also
quite focused on storage lipids and marine researchers were the first to realize the
potential utility of FA as trophic markers (Graeve et al. 1994; reviewed by
Dalsgaard et al. 2003).

The earliest freshwater field studies, e.g. Farkas (1964), focused on temperature
impacts on zooplankton FA composition as this related to “cold adaptation”.
Subsequently, the importance of essential FA for zooplankton nutrition in nature was
investigated (Ahlgren et al. 1990; Miller-Navarra 1995a; Jonasddttir et al. 1995).
Most recent freshwater studies looking at zooplankton FA composition (e.g., Persson
and Vrede 2006; Brett et al. 2006; Miiller-Navarra 2006) have focused on the somatic
growth regulating properties of HUFA for zooplankton and fish and have therefore
emphasized the trophic transfer of polyunsaturated fatty acids (PUFA) and HUFA?
with an eye toward the availability of these molecules for upper trophic levels.

?In this chapter, we will use PUFA to refer to 16 and 18 carbon chain (C,, and C ;) FA with two
or more double bonds and HUFA to represent the subset of C,  and C,, PUFA.



118 M.T. Brett et al.

6.2 Zooplankton Taxonomic Differences
in Fatty Acid Composition

Much is known about the FA dynamics of copepods from north temperate and polar
marine systems (Dalsgaard et al. 2003, Kattner and Hagen — Chap. 11). Marine
copepods are particularly rich in lipids (i.e., 37 £ 19% of dry mass), and these are
strongly dominated by wax esters (56 + 32% of lipids) and TAG (13 + 18% of
lipids), which serve as storage lipids (reviewed by Lee et al. 2006). Wax esters
comprise a particularly important class of lipids, especially for polar, temperate,
upwelling or deep water copepods, which are exposed to short but intense phyto-
plankton blooms and have adapted by developing an ability to accumulate
pronounced seasonal lipid stores (Lee et al. 2006). Wax esters may also be important
to seasonally diapausing copepods because the thermal expansion and compressibility
of these molecules allows copepods to remain neutrally buoyant at great depth (Lee
et al. 2006). Tropical epipelagic zooplankton species do not deposit storage lipids
because they encounter much weaker seasonal food pulses and have higher
metabolic rates. Instead, marine copepods in tropical regions rapidly utilize available
food for growth and reproduction (Kattner and Hagen — Chap. 11).

Wax ester synthesis has been particularly well studied for marine Calanus spp.
copepods. The following pattern can be concluded from the literature (e.g.,
Dalsgaard et al. 2003): In contrast to the FA moiety, the fatty alcohol component
(mostly 20:1n-9, 22:1n-11, and 22:1n-9; Hagen et al. 1993) of wax esters is synthe-
sized by copepods from the related FA, which can then be used as markers for fish
copepod consumption (e.g. Sargent and Henderson 1986). Fatty alcohols can also be
synthesized de novo from dietary carbohydrates and proteins (Lee et al. 2006).
A recent B°C labeling experiment (Graeve et al. 2005) concluded that the abundant
MUFA 20:1n-9 and 22:1n-11 and corresponding fatty alcohols in three species of
Arctic Calanus were most likely synthesized de novo from nonlipid dietary sources.
In contrast, structural FA such as EPA and DHA were taken up directly from the diet
and highly retained in the body (Graeve et al. 2005). Kattner and Hagen (Chap. 11)
compared the wax esters and phospholipids (PL) of four calanoid copepods and
found the FA of the wax ester fraction was composed of 61 + 24% MUFA, especially
16:1n-7, 18:1n-9, 20:1n-9, and 22:1n-11. Fatty alcohols of the 20:1n-9 and 22:1n-11
moieties are also important components of wax esters. In contrast, the FA of the PL
of these copepods only had 10 + 4% MUFA, and was instead dominated by DHA
(36 + 6%), EPA (18 £ 2%) and the SAFA 16:0 (25 + 3%). Scott et al. (2002) reported
nearly identical results for the same copepod species.

Persson and Vrede (2006) found that freshwater zooplankton could be separated
into groups based on their PUFA and HUFA composition. These authors found
copepods contained a large fraction of DHA while cladocerans were rich in EPA
and arachidonic acid (20:4n-6; ARA). Persson and Vrede (2006) also found that
herbivorous zooplankton contained more HUFA than did seston, and that carnivores
contained more HUFA than herbivores. Similar differences between Daphnia spp.
and various copepod species have been noted previously (e.g. Farkas 1970;
Ballantyne et al. 2003). The compilation of ARA, EPA, and DHA content in wild
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caught zooplankton in Table 6.1 shows that these conclusions also hold for a wider
dataset. The proportion of ARA was similar in cladocerans and copepods, but
cladocerans have relatively high proportions of EPA compared with the copepods.
Copepods have high proportions of DHA, while DHA is nearly absent in cladocerans.
The greater relative content of EPA and ARA in cladocerans compared with
copepods may be related to the cladocerans’ higher potential for reproduction
(Persson and Vrede 2006; Smyntek et al. 2008). The relationship between EPA and
growth and reproductive capacity is speculative, however, and the physiological
functions of EPA and ARA in crustaceans remain to be clarified.

Recently, Scott et al. (2002), Persson and Vrede (2006) suggested that the high
DHA content of copepods might be due to a more highly developed nervous system
compared with other zooplankton. Copepods have highly developed prey attack
and predator avoidance strategies, which allow them to respond to stimuli within
milliseconds (Lenz et al. 2000). They also have abundant chemoreceptors on their
antennae and mouth-parts, which allow them to taste food and track mates, see
references in Persson and Vrede (2006). Lenz et al. (2000) noted that some calanoid
copepods have thick myelin sheaths covering axons in their nervous system, which
allow them to achieve exceptionally quick nerve impulse response times. Similar to
other nervous tissues, DHA may be critical for the proper functioning of myelin and
associated neural tissues. As Scott et al. (2002) concluded “the possibility that
[DHA] has special properties in copepods relating to their mobility and migrations
rather than to adaptation to low temperatures is worthy of future research”. In contrast,
Smyntek et al. (2008) suggested the high DHA content of copepods was an adaptation
for over-wintering in an active life stage, as previously hypothesized by Farkas (1979).

The carnivorous cladoceran Bythotrephes longimanus and the carnivorous cala-
noid copepods Epischura nevadensis and Heterocope spp. have considerably higher
proportions of PUFA than do herbivorous zooplankton. B. longimanus contains 22%
EPA while the mean for the filter feeding cladocerans is 14% and E. nevadensis and
Heterocope spp. contain 18% and 21% DHA, respectively, while omnivorous cala-
noids average 13% DHA. In a study analyzing zooplankton from Lake Tahoe,
Miiller-Navarra (unpublished data) found that E. nevadensis had a higher absolute
n-3 PUFA content, and especially DHA, than the herbivore Diaptomus tyrelli, but
lower than what was found in Mysis relicta. The higher relative PUFA proportions
in carnivorous zooplankton might be a direct result of the fact that the food they
consume (i.e., rotifers and crustacean zooplankton) is richer in PUFA than the seston
diets of filter feeding cladocerans and the seston/micro-zooplankton diets of omni-
vorous calanoids. Since these differences in food have been present on an evolution-
ary time scale, it can be hypothesized that they have adapted to the high PUFA intake
and that they may now be completely dependent on direct dietary sources of ARA,
EPA, and DHA to meet their physiological demands. In this regard, it is worth noting
several strictly carnivorous fish species such as northern pike (Esox lucius) have very
limited abilities to convert LIN to ARA, and ALA to EPA and DHA (Henderson
et al. 1995). Similarly, we speculate that carnivorous zooplankton may be dependent
on a high intake of ARA, EPA, and DHA to meet their physiological demands.

The total FA composition of the major zooplankton groups for which substantial
FA data exist (i.e., freshwater cladocerans and copepods, marine calanoid copepods
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and euphausiids) indicates considerable differences amongst these groups (Table 6.1).
Freshwater cladocerans were notable for having much lower DHA (at ~2%) than
the other zooplankton groups. Cladocerans also had the lowest n-3:n-6 ratios
(i.e., 2.4-3.0). Carnivorous freshwater cladocerans could be distinguished from
herbivorous cladocerans by a higher ARA and EPA content, and lower ALA + SDA
content and n3:n6 ratios (Table 6.1). Compared with other zooplankton, carnivorous
cladocerans had particularly high proportions of ARA, i.e., 8.9 £ 1.0% (+1 SD) and
low n-3:n-6 ratios, 2.3 + 0.2. Freshwater calanoid and cyclopoid copepods had the
highest proportion DHA (20%) and intermediate n-3:n-6 ratios (i.e. 4-6). In general,
freshwater cladocerans and copepods had twice as much n-6 and n-3 PUFA, and 10x
as much ARA, as did marine copepods and euphausiids. In contrast, marine
zooplankton averaged twice as much MUFA and had much higher n-3:n-6 ratios
(i.e. 10-20). The FA composition of marine omnivorous copepods differed from that
of freshwater omnivorous copepods specifically, and from all freshwater copepods
more generally, in their much higher MUFA content and n-3:n-6 ratios, and their
much lower ARA and lower LIN and ALA + SDA content.

The zooplankton FA composition data summarized above (n = 58) was analyzed
using discriminant function analysis (DFA; see Fig. 6.1). This DFA correctly
classified 66% of the samples according to their major group (i.e., herbivorous
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Fig. 6.1 A bivariate plot of the results of a discriminant function analysis of zooplankton fatty
acid composition data presented in Table 6.1 (n = 58). The first axis explained 67.5% of the vari-
ability. This axis was positively correlated with the log(n-3:n-6) ratio and DHA and negatively
correlated with ARA and LIN. The second axis explained 22.6% of the variability, and was
positively associated with MUFA and EPA. Clad. herb. herbivorous cladocerans, Clad. carni.
carnivorous cladocerans, FW cal. cop. omni freshwater omnivorous calanoid copepods, FW
Cyclops freshwater cyclopoid copepods, Mar. cal. cop. marine calanoid copepods, and Mysids
marine and freshwater mysids
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cladocerans, carnivorous cladocerans, omnivorous freshwater calanoid copepods,
etc.) using a “leave-one-out” algorithm. The large majority of the misclassification
errors were within the freshwater copepod and marine and freshwater mysid
groups. Overall, this DFA explained 98% of the variability using 3 axes, with the
first axis explaining 67.5% of the variability. This axis was strongly positively cor-
related with the log(n-3:n-6) ratio and moderately positively correlated with DHA.
The first axis was also strongly negatively correlated with ARA and moderately
negatively correlated with LIN. The second axis explained 22.6% of the variability,
and was positively associated with MUFA and EPA. This plot shows freshwater
cladocerans and copepods formed distinct clusters, and the marine zooplankton
formed a third distinct cluster. Within these groups, carnivorous and herbivorous
cladocerans could be readily distinguished and marine copepods and euphausiids
were mostly separated. Freshwater and marine mysids were poorly classified and
tended to be confused with Euphausia superba. The results of this DFA strongly
support Persson and Vrede’s (2006) hypothesis that carnivorous cladocerans can be
distinguished from herbivorous cladocerans. However, this DFA does not support
their hypothesis that freshwater carnivorous copepods can be distinguished from
freshwater omnivorous copepods.

6.3 Phytoplankton Fatty Acid Composition
as Food for Zooplankton

The dominant phytoplankton available to herbivorous zooplankton in freshwater
and marine planktonic systems differ greatly in their FA composition (Volkman
et al. 1989; Ahlgren et al. 1992) (Table 6.2). When comparing the FA composition
of freshwater and marine phytoplankton, a few differences are quite apparent.
These dissimilarities may be adaptations to the respective environment of the algae.
However, differences in experimental focus and/or methods cannot be excluded.
For example, the marine literature reports considerably more EPA and DHA in
chlorophytes than does the freshwater literature. On average these two FA comprise
4.8% and 1.0% of marine chlorophyte FA, respectively, but these FA are often not
detected in freshwater chlorophytes (Table 6.2). The higher n-3 HUFA content of
marine chlorophytes may be real or it may be due to the fact that most surveys of
marine phytoplankton FA composition are geared toward identifying taxa with
potential value as mariculture food stocks, and therefore HUFA-rich chlorophytes
may be overly represented. This “aquaculture bias” does not exist in the freshwater
phytoplankton literature. Probably because of this mariculture emphasis, and
because of the fact that diatoms are quite important in marine systems, there are
also far more observations of diatom FA composition for marine than for freshwater
taxa. Conversely, there are far more observations of cyanophyte FA composition for
freshwater than for marine taxa. This is probably because cyanobacteria are
more prevalent in freshwater systems. In addition, they have a low n-3 FA content
and are therefore of less interest to mariculturalists. There is also a very substantial
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literature reporting variation in the FA composition of the marine prymnesiophyte
Isochrysis galbana because this species is the most important phytoplankton food
source for aquaculture. Another striking difference between the marine and
freshwater literature is that most marine studies report results for a wide range of
16 carbon chain (C,) PUFA and many freshwater studies do not report these FA.
In fact, some of the common FA standards used in freshwater studies (e.g. the
Supelco® 37-FAME Standard [47885U]) do not contain these FA, making their
identification in actual samples problematic. From the marine literature, it is clear
C,, PUFA are very prevalent in diatoms and chlorophytes, but they do not appear
to be common in cryptophytes (but see Miller-Navarra 2006), cyanophytes or the
prymnesiophyte |. galbana.

Amongst freshwater phytoplankton, chlorophytes are notable for having a high
proportion of C; n-6 FA, in particular linoleic acid (18:2n-6; LIN). Freshwater
chlorophytes also tend to have very little C,; and C,, n-3 and n-6 FA. Marine
chlorophytes have similar FA composition, except they have, on average, about half
as much MUFA and C ; n-6 FA, more EPA (4.8% vs. 0.1%), more DHA (1.0% vs.
0%) and a clearly higher n-3:n-6 ratio than freshwater chlorophytes (Table 6.2).
Much of the difference between marine and freshwater chlorophyte FA composi-
tion may be due to the fact that FA composition data have been reported for a wide
variety of freshwater chlorophytes, whereas the marine literature seems to be
focused on species with potential aquaculture value (and hence tend to have a high
n-3 HUFA content).

Freshwater and marine cryptophytes have a low MUFA content, very high
and roughly equal proportions of the C , n-3 FA a-linolenic acid (18:3n-3; ALA) and
stearidonic acid (18:4n-3; SDA), high EPA and moderately high DHA content,
and a very high n-3:n-6 ratio (i.e., #17:1 and 22:1, respectively). Marine cryptophytes
have about one third less EPA and twice as much DHA as do freshwater crypto-
phytes. In general, diatoms have the highest MUFA content, low proportions of
both n-3 and n-6 C, FA, high EPA and ARA content and moderately high DHA.
Diatoms also have considerable amounts of C,, MUFA and PUFA, which are a
characteristic of this group. Few studies have reported the FA composition of
marine cyanobacteria, but freshwater cyanobacteria are characterized by having a
very high SAFA content, very little n-3 FA in general, and a particularly low
n-3:n-6 ratio. The marine flagellate I. galbana has nearly the global average FA
composition for phytoplankton, except it has little EPA and exceptionally high
DHA content (Table 6.2). Its high DHA content and the ease with which it can be
grown are the reasons this species is very widely used in aquaculture.

The FA composition of the freshwater and marine phytoplankton summarized
above (n = 74) was analyzed using DFA (Fig. 6.2). This DFA correctly classified
91% of the samples according to their major group (i.e., diatom, chlorophyte,
cryptophyte, cyanophyte, and Isochrysis) using a “leave-one-out” algorithm.
The DFA correctly classified 100% of the diatom and Isochrysis monocultures and
95% of the cryptophyte monocultures. Two marine chlorophytes were misclassified
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Fig. 6.2 A bivariate plot of the results of a discriminant function analysis of phytoplankton fatty
acid composition for the phytoplankton data presented in Table 6.2 (n = 78). The ovoids around the
phytoplankton group centroids represent the area delineated by +1 SD on the X and Y axes. The first
axis of this DFA explained 61.4% of the overall variation in these data and was correlated positively
with C ; n-3 and C; n-6 FA and negatively with EPA, arachidonic acid (20:4n-6; ARA) and MUFA.
The second axis explained 22.0% of the variation and was positively associated with the n-3:n-6
ratio, DHA and C,; n-3 FA and negatively associated with SAFA. The third axis (not shown)
explained an additional 10.3% of the overall variation and was positively associated with DHA. Chl
chlorophytes, Cry cryptophytes, Diat diatoms, Cyan cyanophytes, 1soT Isochrysis galbana, and FW
freshwater taxa. This analysis is based on data obtained from the sources described in Table 6.2

as cryptophytes and two freshwater cyanophytes (both Oscillatoria) were misclassified
as chlorophytes. The first axis of this DFA explained 61.4% of the overall variation
and was correlated positively with C ; n-3 and C , n-6 FA and negatively with EPA,
ARA, and MUFA. This axis distinguished freshwater and marine diatoms from all
other phytoplankton. The second axis explained 22.0% of the variation and was
positively associated with the n-3:n-6 ratio, DHA and C , n-3 FA and negatively
associated with SAFA. This axis clustered freshwater and marine cryptophytes with
Isochrysis, and diatoms with marine chlorophytes. These two clusters where easily
distinguished from each other, as well as from freshwater chlorophytes and cyano-
phytes, which were distinct from each other and all other groups. The third axis (not
shown) explained an additional 10.3% of the overall variation and was positively
associated with DHA. This DF strongly distinguished Isochrysis from all other
taxonomic groups. The marine and freshwater diatom and cryptophytes clusters
were nearly indistinguishable. In contrast, the marine chlorophyte cluster was most
similar to the cryptophyte cluster and the freshwater chlorophyte cluster was most
similar to the cyanobacteria cluster, consistent with an over-representation of n-3
HUFA rich taxa in the marine literature.
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6.4 Dietary Impacts on Zooplankton Fatty Acid Composition

6.4.1 Freshwater Zooplankton: Laboratory Studies

Several studies have examined the impact of algal diets on crustacean FA composition
and found a great similarity between the consumer’s FA pattern and that of their diet
(see e.g. Lewis 1969 for marine amphipods; Bourdier and Amblard 1989
for Acanthodiaptomus denticornis; Elendt 1990 for Daphnia magna). The FA
composition of the neutral lipid fraction (mainly TAGs) is especially affected by
dietary FA (Langdon and Waldock 1981; Parrish et al. 1995). Some FA could even
be traced across several trophic levels, from phytoplankton via zooplankton to fish
larvae (Fraser et al. 1989).

Elendt (1990) was one of the first to study dietary impacts on daphnid FA
composition using artificial supplements. D’Abramo and Sheen (1993) found that
the FA composition in the freshwater prawn (Macrobrachium rosenbergii) whole
body tissue reflects that of purified artificial diets. However, concentrations of
SAFA and MUFA seemed to change in relation to additions of PUFA. ALA, EPA,
and ARA were conserved in the polar lipid fraction of the tissue even when these
FA were not provided with the diet. In contrast, n-3 PUFA decreased in the neutral
lipids when not provided in the diet whereas n-6 PUFA remained unchanged or
increased. They suggest further that n-6 and n-3 PUFA have different metabolic and
nutritional functions (see Ahlgren et al. — Chap. 7). Using HUFA enriched supplements,
Weers et al. (1997) showed that when Daphnia galeata were fed combinations of
the alga Chlamydomonas reinhardtii and emulsions with varying DHA to EPA
ratios, the DHA content of D. galeata increased with the emulsion DHA:EPA ratio,
but even at the highest DHA/EPA ratio tested (~4:1) D. galeata still contained 4x
more EPA. These authors suggested this indicated D. galeata were retro-converting
much of the DHA to EPA. Weers et al. (1997) also showed that D. galeata that
consumed Cryptomonas spp. contained 3x more SDA and 25x more EPA than
D. galeata that consumed Scenedesmus spp. These findings are supported by recent
research which has also shown that phytoplankton FA composition has pronounced
impacts on the FA profiles of Daphnia spp. (Brett et al. 2006; Mdller-Navarra
2006). Most FA groups (i.e., SAFA, MUFA, C , n-6, etc.) show moderate correlations
(r? = 0.40-0.68) between the diet and Daphnia FA. However, EPA and, even more
so, the sum of EPA and DHA show a particularly strong correlation between diet
and Daphnia FA composition (r2 ~ 0.85). Differences between these studies might
suggest some differences in the FA accumulation patterns for different Daphnia
species. For example, Brett et al. (2006) studied dietary impacts on the FA composition
of a clone of D. pulexisolated from a lake in California and found diet and somatic
FA were most strongly correlated for ARA and EPA. In contrast, Burns et al.
(unpublished data) studied a clone of D. carinata isolated in New Zealand and observed
the best correlations for MUFA, C ; n-3s, EPA + DHA, and the n-3:n-6 ratio.

Despite the strong dietary impacts on Daphnia FA, they tend to accumulate less
SAFA, more MUFA, and especially more ARA than what is found in their diets.
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Also, when consuming diets that contain DHA, Daphniatend to accumulate far less
of this FA than what is present in their food. However, the differences in Daphnia
FA composition when consuming different phytoplankton monoculture diets is
pronounced. For example, Daphnia that consumed cryptophytes had on average 16
+ 4% (1 SD) EPA in their FA pool, whereas Daphnia that consumed chlorophytes
averaged only 1 + 1% EPA.

As previously noted, the major phytoplankton groups have distinct FA profiles
by which they can be readily separated using discriminant function analysis (Fig. 6.2).
We used the freshwater phytoplankton FA data depicted in Fig. 6.2 and the FA
composition of Daphnia fed monoculture phytoplankton diets (Brett et al. 2006;
Miiller-Navarra 2006; Miiller-Navarra et al. unpublished data, Burns et al. unpub-
lished data) to graphically demonstrate the strong impact of dietary FA on Daphnia
FA composition (Fig. 6.3). In this DFA, the phytoplankton and Daphnia samples
were treated as a single class, and 94.6% of these samples were correctly classified
to phytoplankton group (e.g., chlorophyte), or to Daphnia eating phytoplankton
from that group, using the “leave-one-out” algorithm. The first axis of this DFA
explained 54.7% of the overall variation in these data and was strongly negatively

4_
O Chl phyto.
Cry phyto.
~ 9 v . V' Cry phyt
g ; - .
,(_,;) v v v - " O Diat phyto.
T 0 @ Cyan phyto.
€
g & o w  Chl Daphnia
E 27 ®® .
§ . . v Cry Daphnia
e 4 e Diat Daphnia
e Cyan Daphnia
6 T T T T
6 4 2 0 2 4

Discriminant Function 1

Fig. 6.3 A bivariate plot of the results of a discriminant function analysis of phytoplankton fatty
acid composition and the FA composition of Daphnia consuming these phytoplankton. The ovoids
around the phytoplankton group centroids represent the area delineated by +1 SD on the X and Y
axes. The large open symbols represent the phytoplankton group centroids. The small filled sym-
bols represent the individual Daphnia-phytoplankton monoculture treatments. The first axis of
this DFA explained 54.7% of the overall variation in these data and was very strongly negatively
correlated with EPA, moderately negative correlated with DHA and the n-3:n-6 ratio and moder-
ately positively correlated with C,; n-6 FA. The second axis explained 36.1% of the variation and
was strongly positively associated with C,, n-3 FA, and moderately negatively associated with
MUFA. A third axis (not shown) explained 9.1% of the variability and was moderately correlated
with SAFA. Chl chlorophytes, Cry cryptophytes, Diat diatoms, Cyan cyanophytes, and phyto.
phytoplankton. This figure is based on data from Brett et al. (2006), Mdiller-Navarra (2006), C.W.
Burns (unpublished data) and D.C. Miiller-Navarra (unpublished data)
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correlated with EPA, moderately negatively correlated with DHA, and the n-3:n-6
ratio and moderately positively correlated with LIN. The second axis explained
36.1% of the variation and was strongly positively associated with C , n-3 FA, and
moderately negatively associated with MUFA. A third axis (not shown) explained
9.1% of the variability and was moderately correlated with SAFA. The results in
Fig. 6.3 show diet FA composition had a distinct impact on Daphnia FA composition.
However, this figure also shows that in 22 out of 23 cases the FA of the Daphnia
was slightly more inclined toward a general central tendency relative to their diets.
These data demonstrate that diet has a dominating impact on Daphnia FA composition
but that, irrespective of diet, Daphnia retain some internally consistent features of
their FA profiles.

The unpublished data of Burns et al. showed the cladoceran Ceriodaphnia dubia
had similar responses to dietary FA as those noted above for Daphnia spp. C. dubia
accumulated more ARA relative to their diets, and even when their diets were rich
in DHA they accumulated very little of this FA. The SAFA, MUFA, and EPA content
and n-3:n-6 ratio of C. dubia was moderately correlated with their monoculture
diets, whereas the C , n-3 and LIN where strongly correlated (r* ~ 0.85).

Less is known about dietary impacts on freshwater copepods, but Bourdier and
Amblard (1989) explored this subject for the calanoid Acanthodiaptommus denti-
cornis, Burns and colleagues (unpublished data) studied the calanoid Boeckella spp.,
and Caramujo et al. (2008) studied the harpacticoid Attheyella trispinosa. After feeding
with chlorophyte, cyanophyte, and diatom monocultures, Bourdier and Amblard
(1989) noted the neutral lipid composition of A. denticorniswas closely linked to that
of their diets. These authors also indicated that diet did not affect the FA composition
of the structural polar lipids. These different dietary responses for neutral and polar
lipids are well characterized for marine copepods (e.g., Lee et al. 1971). Burns et al.
(unpublished data) noted that when fed chlorophyte, cyanophyte, and cryptophyte
monocultures, the calanoid Boeckella spp. accumulated significantly more ARA,
EPA, and DHA than its diet. The MUFA and LIN content and n-3:n-6 ratio of
Boeckella was moderately correlated (r? = 0.52-0.62) with their diets, while SAFA
and LIN were strongly correlated (r? ~ 0.90). Caramujo et al. (2008) fed diatom and
cyanobacteria monocultures to A. trispinosa and found the neutral lipid 16:1n-7,
LIN and EPA content of this harpacticoid was clearly influenced by diet. These
authors also observed the FA of polar lipids was not influenced by diet.

6.4.2 Freshwater Zooplankton: Field Studies

Several recent studies have examined the FA composition of freshwater zooplankton
collected from the field. Ballantyne et al. (2003) noted that cladocerans collected
from Lake Washington tend to accumulate EPA, whereas copepods accumulated
both EPA and especially DHA. Kainz et al. (2004) examined the accumulation of
essential fatty acids (EFA) in different zooplankton size classes for a series of lakes
on Vancouver Island, British Columbia. These authors found that all zooplankton
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size classes accumulated 2—4x more EFA than the seston, and that copepod-dominated
“meso-zooplankton” (200-500 um) tended to accumulate DHA, while cladoceran-
dominated “macro-zooplankton” (>500 um) tended to accumulate EPA. As suggested
in their study, and more clearly shown in subsequent studies, size per se is not a
rational basis for examining differences in zooplankton FA composition because
very large differences exist in the EPA and DHA accumulation patterns between
cladocerans and copepods, which are unrelated to size. That is, small herbivorous
cladocerans have much more similar FA profiles to large herbivorous cladocerans
than they do to small-sized copepods (Persson and Vrede 2006).

Persson and Vrede (2006) noted that zooplankton from oligotrophic alpine lakes
in Sweden were greatly enriched with PUFA and HUFA relative to seston. Persson
and Vrede (2006) also found that the FA composition of zooplankton was unrelated
to that of the seston, but was related to zooplankton taxonomic affiliation and trophic
mode. Similary, Smyntek et al. (2008) noted the FA profiles of the major freshwater
zooplankton groups (i.e., cladocerans and copepods) differed systematically in the
large lake systems they sampled, but within individual zooplankton taxa FA profiles
appeared to be independent of the seston’s FA composition. These results were similar
to those of Miiller-Navarra (2006), who found pronounced food dependency of
Daphnia’s FA composition when fed cultured algae but much weaker patterns for
natural diets. In the field, significant relationships between the FA composition of
seston and zooplankton were recorded for 18:4n-3 and LIN for gravid daphnids and
in Eudiaptomus spp. for ARA, DHA (gravid animals), and ALA (animals without
eggs) (Miller-Navarra 2006). As Muller-Navarra (2006) noted, the weaker relation-
ships between seston and zooplankton FA composition in the field may be because
there was less variation in the FA composition of the seston than there is for the
phytoplankton monocultures utilized as food in laboratory studies. Persson and Vrede
(2006) also noted that the seston FA composition varied little in the suite of relatively
similar lakes they sampled making it more difficult to detect dietary impacts.

In contrast to the field studies mentioned earlier, Ravet et al. (2009) observed
strong relations between seston and zooplankton FA composition in the mes-
otrophic Lake Washington. Lake Washington has dramatic shifts in phytoplankton
biomass and community composition (Arhonditsis et al. 2003) that make it particu-
larly amendable to studies of natural seston impacts on zooplankton FA composi-
tion. Overall, Ravet et al. (2009) found quite similar results for Leptodiaptomus
ashlandi feeding on natural seston in Lake Washington compared with Burns et al.’s
results for Boeckella spp. feeding on phytoplankton monocultures in the lab. Lake
Washington L. ashlandi had a significantly lower proportion MUFA and LIN and
significantly more C ; n-3, ARA and DHA and a higher n-3:n-6 ratio than did the
seston collected on the same dates. This pattern was particularly pronounced for
DHA, which was, on average, 4x more prevalent in L. ashlandi than in the seston.
The seston’s SAFA and n-3 HUFA content was moderately correlated with that of
L. ashlandi (r? ~ 0.77). Although the sample sizes were much smaller for Cyclops
bicuspidatus thomas (n = 5), Epischura nevadensis (n = 5), and Daphnia spp. (n =
4), than for L. ashlandi (n = 15), these zooplankton also showed evidence of seston
impacts on their FA composition. Similar to L. ashlandi, Cyclops had significantly
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less LIN and significantly more C,, n-3 and DHA and a higher n-3:n-6 ratio than
the seston. SAFA, DHA, and the n-3:n-6 ratio had the strongest relations with diet
for Cyclops (r? ~ 0.90). Probably because this copepod is predominantly preda-
ceous, the FA composition of E. nevadensis was not correlated with any of the main
FA functional groups in seston. However, E. nevadensis had 38% less SAFA, 2x
more C,, n-3 and 21x as much DHA as the seston from the same dates. Lake
Washington Daphnia had less SAFA, and more C,; n-3 FA, ARA, and EPA than
their diets and the MUFA, C , n-3 FA and EPA content of Daphnia was correlated
with that of the seston.

6.4.3 Marine Calanoid Copepods

It is well established that the FA composition of the storage lipid fraction in marine
copepods is influenced by their diet, and it is generally believed that dietary FA are
incorporated, unmodified, into these lipids (Lee et al. 1971). These authors also
noted the total lipid content of copepods was correlated with phytoplankton
concentrations, as was the strength of the association between the FA composition
of the diet and storage lipids. Lee et al. (1971) also reported that the FA composition
of the structural phospholipids was not affected by diet. In another classic study,
Graeve et al. (1994) showed that the FA profile of the boreal herbivorous copepod
Calanus finmarchicus could be changed from a presumptive dinoflagellate
dominated (as indicated by a high 18:4n-3 content) to a diatom dominated profile
(i.e., high 16:1n-7 content) by feeding wild collected C. finmarchicus a diatom
monoculture diet for 42 days. Similarly, these authors were able to switch the FA
composition of C. hyperboreus from diatom-like to dinoflagellate-like by feeding
this copepod a dinoflagellate diet for 47 days. Since these studies, many marine
copepod field studies have assumed the FA 16:1n-7 and EPA represent diatom
consumption and 18:4n-3 and DHA represent dinoflagellate consumption (Kattner
etal. 1994; Scott et al. 2002). It has also been suggested that C , and C,, SAFA and
the MUFA 18:1n-9 are trophic markers for omnivorous feeding on ciliates and
18:1n-7 indicates bacterial consumption (Stevens et al. 2004; Peters et al. 2006).
Recently, Peters et al. (2006) used a FA trophic marker approach to infer that the
glacial relict copepod Pseudocalanus acuspes exhibited an opportunistic feeding
strategy in the Baltic Sea. The FA profiles of P. acuspes indicated that their diet was
dominated by ciliates, diatoms, dinoflagellates, and cyanobacteria depending on the
time of year. In contrast, the FA patterns of carnivorous and omnivorous copepods
cannot be as easily linked to diet as is the case for herbivorous copepods from
temperate to polar regions. It should be noted that there is considerable overlap in
the FA composition of the major phytoplankton groups, so caution should be exercised
when attributing consumer FA to particular dietary sources based on individual FA.
For example, LIN is prevalent in both cyanobacteria and chlorophytes, whereas
cryptophytes share a high EPA and DHA content with diatoms and a high ALA and
18:4n-3 content with chlorophytes.
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6.4.4 Harpacticoid Copepods

When looking at dietary impacts on the FA composition of the marine harpacticoid
Tisbe holothuriae, Norsker and Stattrup (1994) reported this copepod accumulated
between 27 and 50% n-3 HUFA when consuming diets containing 1-13% HUFA.
These authors concluded that T. holothuriae was able to synthesize n-3 HUFA from
ALA at high rates. However, despite this bioconversion capacity T. holothuriae
achieved considerably higher nauplii production when consuming HUFA-rich
diets. Similarly, Nanton and Castell (1998) found Tisbe sp. had a high n-3 HUFA
content (i.e., 19-41% of total FA) regardless of the HUFA content of baker’s yeast
and phytoplankton diets (which had n-3 HUFA content varying between 1 and 36%).
Furthermore, these authors found the DHA/EPA ratio (a larval fish nutritional
index) of these copepods varied between 2.6:1 and 3.3:1 despite the fact that this
ratio in their diets ranged between 0.1:1 and 12:1. Nanton and Castell (1998)
concluded Tisbe had a high capacity to convert ALA to EPA and DHA, which they
suggested was an adaptation to the fact that Tisbe occupies detritus-rich benthic
habitats where n-3 HUFA might be scarce.

6.4.5 Artemia spp

Considerable research effort has been devoted to understanding how the FA
composition of aquaculture food organisms like Artemia spp. is affected by diet
and supplements. The vast majority of the research on Artemia FA concerns short-
term supplementation (i.e. <24 h) designed to boost the EPA and DHA content in
these naturally HUFA deficient crustaceans (Palmtag et al. 2006). Artemia are,
in some regards, ideal food sources for aquaculture because their nauplii are of
suitable size for a wide range of first feeding larval fish and these nauplii do not
themselves require food. Unfortunately, Artemia normally have very low EFA content,
particularly DHA. Furthermore, when starved Artemia readily catabolize
EFA(Coutteau and Mourente 1997). One of the few studies that extended Artemia
diet studies beyond 24 h found that when fed algae containing ARA and EPA,
Artemia readily accumulated these FA; however, Artemia accumulated very little
DHA irrespective of diet (Vismara et al. 2003).

6.4.6 Euphausids (krill)

Krill are one of the most important zooplankton groups in terms of understanding the
global trophic transfer of EFA from primary producers to upper trophic levels.
Because of this, considerable effort has been directed at untangling the environmental
factors that exert the greatest influence on euphausiid FA composition, particularly
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for the Antarctic species Euphausia superba. The FA of krill larval stages are
dominated by EPA, DHA and 16:0. In contrast, in the adult stages with larger TAG
stores, the FA 14:0, 16:0, and 18:1n-9 are dominant (Hagen et al. 2001). Lipid
concentrations are the highest in gravid females. However, during the spawning
season females may lose half of their total lipids because they typically spawn multiple
times (e.g., Hagen et al. 2001). Because of these ontogenetic variations accompanied
with the accumulation of very large lipid stores, it is particularly challenging to assess
dietary impacts on euphausiid FA composition (Stiibing et al. 2003). For example,
E. superba store up sufficient lipid reserves to last through 6 months of near starvation
conditions. Because of these reserves and experimental constraints (i.e., most feeding
experiments by necessity last <2 months), it is difficult to impart strong dietary signals
in the lipid composition of adult or juvenile euphausiids. Furthermore, some researchers
have observed declining adult body mass during experiments indicating the krill were
not feeding efficiently (Stiibing et al. 2003), and it is generally thought that dietary
impacts on zooplankton FA composition will be most evident when they are actively
accumulating lipids.

In contrast to the studies above, which suggest krill maintain FA profiles that are
somewhat independent of their diets, Falk-Petersen et al. (2000) used FA trophic
markers to deduce the trophic levels of various polar euphasiids. These authors
concluded that high 16:1n-7, 18:1n-7, SDA and EPA composition indicated
herbivory. Specifically 16:1n-7 and EPA are indicators of diatom consumption and
SDA and DHA are indicators of dinoflagellate consumption. High 18:1n-9 content
and/or a high 18:1n-9/18:1n-7 ratio were suggested to be indicators of carnivory.
Furthermore, a high 20:1n-9 and 22:1n-11 content was suggested as indicating
carnivory on calanoid copepods specifically. On the basis of these assumptions,
Falk-Petersen et al. (2000) inferred the euphausiids Thysanoessa inermis and
Euphausia crystallorophias are herbivores, T. rashii, T. macrura, and E. superba
are omnivores (with switching between phytoplankton and zooplankton diets
during the year), and T. longicaudata and Meganyctiphanes norvegia are carnivores
that primarily feed on the copepod Calanus. These inferences depend on an
assumption that these euphausiids metabolize and bioconvert FA in similar ways.
However, it is well established that many marine copepods can bioconvert C
MUFA to 20:1n-9 and 22:1n-11 (Lee et al. 2006), and if any euphausiids had this
capacity (but clearly some, such as E. superba, do not) they could be misclassified
as copepod predators according to Falk-Petersen et al.’s scheme.

Stiibing et al. (2003) showed that the FA composition of larval krill is very
clearly modified by their diet. Larval E. superba, which start out with far less lipids
than adults, also gained weight during these experiments and this weight gain was
primarily due to lipids. In contrast to the sometimes ambiguous results obtained in
dietary studies with adult krill FA, Stiibing observed very clear trends when
comparing the FA composition of krill diets to those of “fecal strings.” These
comparisons showed larval E. superba preferentially assimilated EPA, 16:1n-7, 16:4n-
1, and DHA, with the pattern being particularly strong for EPA. Because of this, the
residual FA in the fecal strings were relatively enriched with 16:0, 18:0 and 18:1n-9.
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However, these results do not prove the preferentially assimilated FA were also
accumulated, as the HUFA could have been catabolized. This type of question
could be more easily resolved if 3C-labeled FA were employed in feeding experi-
ments as Graeve et al. (2005) did for marine copepods. More recently, Pond et al.
(2005) showed that short-term inter-moult growth responses in krill were positively
correlated with the concentration of diatom lipid biomarkers (i.e., 16:4n-1 and
EPA) and the flagellate biomarker SDA. Furthermore, when feeding adult krill an
exclusive diet of copepods, Cripps and Atkinson (2000) demonstrated clear changes
in E. superba FA in 16 day feeding trails. In these experiments, the krill’s EPA +
DHA content increased from 20 to 45% and the sum of SAFA and MUFA declined
from 41 to 27%.

6.4.7 The FATM Approach Applied to Zooplankton

As previously noted, there is great interest in using FA as trophic markers (lverson
— Chap. 12), particularly for studies of zooplankton feeding ecology (Dalsgaard
et al. 2003). The FATM approach is a semiquantitative approach to reveal consump-
tion of items with distinctive FA signatures. For more quantitative information
(e.g., food web, carbon mass-balance calculations) information is needed on how
the various FA are selectively metabolized as they are conveyed through aquatic
food webs. Recently, a quantitative experimental approach was advanced that used
13C-labeled phytoplankton to examine FA turnover times in marine copepods
(e.g., Graeve et al. 2005). Knowing FA turnover times is particularly important
(especially during short term experiments) as the FATM concept assumes equilib-
rium conditions in the system. Recent marine studies have tried to improve applications
of the FATM approach. Instead of single FA and FA ratios, the whole FA pattern is
analyzed by means of multivariate statistical methods (e.g., Quantitative FA
Signature Approach, QFASA; see also Iverson — Chap. 12).

It is also possible to combine the FATM or QFASA approach with other food
web tracer methods such as analyses of stable isotopes, sterols, gut pigments,
gut content (including genetic markers), and lipophilic or even non-lipophilic
anthropogenic substances (e.g., new and legacy contaminants) (Kainz and Fisk
— Chap. 5). Studies have shown that lipid production in the zooplankton and
seasonal variability for zooplankton dietary sources increases uncertainty within
diet-zooplankton FA patterns. The ecological relevance of zooplankton species,
their feeding strategies, and life history traits (incl. biosynthetic pathways and
specific lipid composition requirements, differential catabolism of specific
lipids, etc.) still needs to be better understood to allow us to more accurately
interpret patterns observed in field studies before the full potential of the QFASA
approach is realized (lverson — Chap. 12). However, despite these caveats this
approach has the potential to greatly improve our understanding of food web
mass transfer, especially for the nutritionally critical lipids.



134 M.T. Brett et al.

6.4.8 Inconsistencies Between Taxa and
Laboratory and Field Studies

The published research on dietary impacts on zooplankton FA composition shows
a wide range of responses from laboratory studies of Daphnia fed phytoplankton
monocultures, where strong dietary impacts are observed, to field studies of adult
euphausiids, where dietary responses are much more muted. Several field studies
of freshwater zooplankton have failed to observe dietary impacts even for those
taxa which show clear responses in laboratory studies. Some of these differences
might be due to the fact that some zooplankton (e.g., Daphnia) are very fast growing
and relatively lean so it only takes a short period of time to replace their lipid
reserves with new dietary lipids (see Sect. 6.6). At the other extreme, marine
copepods and especially euphausiids grow much more slowly and build up much
larger lipid reserves over a period of months. Thus, recently acquired lipids are
diluted into a much larger pool of previously stored lipids. In this case, it may only
be possible to discern clear dietary signals in experiments lasting several months or
more, which can be problematic for marine zooplankton that might be difficult to
rear in the laboratory. It is noteworthy that studies looking at FA accumulation in
larval euphausiids, which grow faster and have much smaller lipid reserves, show
clearer evidence of dietary impacts on FA composition (Stubing et al. 2003).

It should also be noted that in oligotrophic freshwater systems zooplankton may
often be food quantity limited (Persson et al. 2007) and for that reason zooplankton
collected from these systems may have accumulated less storage lipids — which are
more readily influenced by diet. In contrast, many laboratory studies utilize
relatively high food concentrations >1 mg C (1Y), which makes it more likely that
the zooplankton will acquire new lipids. In addition, because most laboratory studies
employ phytoplankton monocultures, and natural phytoplankton assemblages are
rarely dominated by one group, the differences in the dietary FA profiles are much
greater in laboratory than field studies. Finally, zooplankton probably also vary in
their tendency to modify the FA profiles of stored lipids relative to their diets.
Knowing how the major zooplankton groups differ in this regard is an important
and as of yet unresolved research question.

6.5 Homeostatic Fatty Acid Composition Responses

Even amongst the zooplankton taxa that have FA profiles strongly influenced by
diet, clear evidence of quasi-homeostatic® responses to dietary FA availability is
evident. A quasi-homeostatic EFA content could be observed for freshwater

3 A homeostatic response refers to a generally fixed elemental or biochemical composition in a
consumer despite considerable variation in their diet. A “quasi-homeostatic” response indicates
some (but much less) variation in the elemental or biochemical composition of a consumer com-
pared to their diet.
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zooplankton, although variability for individual FA was considerably higher than
for phosphorus in daphnids (Miller-Navarra 2006). For example, when feeding
Daphnia galeata, three algal cultures (Scenedesmus obliquus, Cryptomonas erosa,
Nitzschia palea), for which EPA concentrations varied by a factor of 20x, EPA
only varied by a factor of 2 in D. galeata (Miiller-Navarra 2006). In Schéhsee,
Daphnia spp. and Eudiaptomus spp. had higher and much less variable PUFA
composition than the seston, especially for LIN and n-3 HUFA. (Muller-Navarra
2006). In Lake Washington, Ravet et al. (2009) observed the SAFA content of the
freshwater calanoid copepod Leptodiaptomus ashlandi was clearly correlated with
that of the seston over the course of a yearly sampling cycle (r?2 = 0.75) (see Fig.
6.4a). However, L. ashlandi had more SAFA than the seston during the spring
diatom bloom in Lake Washington, i.e., 35 £ 1 (1 SD) vs. 27 * 1, respectively,
and considerably less SAFA than the seston during the summer stratified period,
i.e.,, 49 £ 6 vs. 66 + 8, respectively. Since these samples were collected from the
field, seasonal fluctuations in water temperatures as they affect the homeovis-
cous response should have also influenced the FA composition of L. ashlandi.
However, in this case the trends observed (i.e., more SAFA than the seston when
the water temperatures were low and less SAFA than the seston during the warm
summer period) were more consistent with a quasi-homeostatic than a homeovis-
COUS response.

In a laboratory study, Burns et al. (unpublished data) showed that the proportion
of ALA plus SDA in the diet correlated strongly with the proportion of these FA in
Ceriodaphnia dubia (see Fig. 6.4b). However, when C. dubia were fed cyanobacteria
that had very little C , n-3 FA, they still had ~15% of these FA in their FA pool.
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Fig. 6.4 Quasi-homeostatic responses in zooplankton-dietary FA composition. (a) This shows
the relationship between the FA composition of natural seston and the calanoid copepod
Leptodiaptomus ashlandi collected over an annual cycle in Lake Washington, USA (Ravet et al.
2009). (b) This shows the relationship between the FA composition of phytoplankton monocul-
tures and the cladoceran Ceriodaphnia dubia obtained in a laboratory experiment (Burns et al.
unpublished data)
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Conversely, when C. dubia consumed cryptophytes that had ~46% C,, n-3s, they
contained ~30% of these FA. Burns et al. (unpublished data) obtained similar
results for Daphnia carinata and the copepod Boeckella spp. In both cases, the
quasi-homeostatic responses primarily manifested themselves at the low range of
dietary ALA and SDA availability where D. carinata and Boeckella contained
substantially more C,, n-3 FA than their diets.

Daphnia spp. that consume SAFA-rich cyanobacteria tend to have only about
half as much of these FA as their diet. In contrast, when Daphnia consume MUFA
poor cryptophytes, they accumulate about twice the proportion of these FA as in
their diets (Brett et al. 2006; Miiller-Navarra 2006). This quasi-homeostatic
response was particularly clear for Daphnia n-3:n-6 ratios, which averaged 16 + 8
(x1 SD) in cryptophytes and 7 = 5 in Daphnia that consume cryptophytes.
Cyanobacteria had an average n-3:n-6 ratio of 0.3 and Daphnia that consumed
cyanobacteria had an average n-3:n-6 ratio of 1.0. Similarly, Nanton and Castell
(1998) observed the DHA/EPA ratio of the marine harpacticoid copepod Tisbe spp.
only varied between 2.6 and 3.3 despite the fact that this same ratio in their
phytoplankton and baker’s yeast diets ranged between 0.1 and 12. It should also be
noted that zooplankton that have systematically different FA composition than their
diets also represent a form of homeostatsis.

6.6 Fatty Acid Turnover Timesin Freshwater
and Marine Zooplankton

When applying the FATM approach to zooplankton studies or merely trying to infer
the impact of diet on zooplankton FA composition, it is important to know how long
it takes for zooplankton to turn over their FA. That is, does the observed FA profile in
a zooplankter reflect the food they consumed in the last 24 h or the last 2 months?
In fact, much of the differences in zooplankton FA composition responses to dietary
FA (see Sect. 6.4) may be due to widely varying FA turnover times (and experimental
conditions employed) for the major zooplankton groups summarized. In its simplest
sense, the FA turnover question can be conceptualized as a simple dilution model
(see Jobling 2004, for an example with a fish context). According to a dilution
model, the turnover time for particular FA should be most strongly influenced by the
initial pool of a particular FA in the zooplankton tissues, normalized according to
accrual of new FA. Even when lipid reserves are not being actively accumulated, FA
can be replaced as older molecules of a particular FA are replaced by newer ones.
The dilution of preexisting FA with new dietary FA should be simpler to conceptualize
and easier to measure for neutral storage FA than for polar FA which have important
structural roles and should therefore vary less with diet (Jobling 2004).

In experimental systems, where very fast growing zooplankton such as Daphnia
are used and the experiments are initiated with <24 h old neonates, this is easy to
address because new biomass is accrued so rapidly that nearly all of the maternal
lipids initially present will be rapidly diluted by new growth. For example, a Daphnia
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growing at a rate of 0.4 (d)™ will increase its mass by a factor of 10 in 6 d. In this
case, one could assume that nearly all of the observed FA were accrued during the
experiment. However, in natural systems, even fast growing zooplankton like
Daphnia often grow well below their optima. In these cases, the FA accumulated in
the daphnids may have accrued over one or more weeks. This could make it more
difficult to detect unequivocal signals of dietary impacts on the FA composition of
wild collected zooplankton. This question is even more challenging for zooplankton
such as marine copepods and especially euphausiids, which accumulate very large
lipid reserves over long periods. In this case, accumulation of new FA on a daily
basis is minor relative to the lipids previously stored. This and the fact that many
marine zooplankton are difficult to rear in a laboratory setting can make it more
challenging to detect dietary signals.

To date only one study has addressed the zooplankton FA turnover question in a
systematic fashion. Graeve et al. (2005) used **C labeled diets to determine how
long it took three different species of Arctic Calanusto turn over their FA and fatty
alcohol pools. These authors concluded the marine copepod C. hyperboreus
exchanged nearly all of its original lipid pool after 11 d. In contrast, C. finmarchicus
and C. glacialisexchanged 22% and 45% of their lipids, respectively, after 14 days,
even though they were not actually growing. Since lipid turnover rates will depend
on growth rates, FA turnover should also vary with zooplankter life stage, food avail-
ability, and water temperature.

6.7 Zooplankton Reproductive Investment in Fatty Acids

Muiller-Navarra (2006) compared the FA composition of Daphnia spp. somatic tissues
and subitaneous eggs to that of monoculture chlorophyte, cryptophyte, and diatom
diets. She demonstrated that the LIN, ALA, SDA, and EPA composition and
n-3:n-6 ratios of Daphnia somatic tissues were strongly correlated with those of
their diets. Miiller-Navarra’s results also showed that D. galeata tended to have a
higher absolute and relative content of ARA and less DHA than their diets, both in
somatic tissue and eggs. Compared with the respective somatic tissues, subitaneous
eggs had substantially higher total FA, SAFA, n-3 PUFA and n-6 PUFA content and
higher n-3:n-6 ratios. Overall the FA composition of both somatic tissues and subi-
taneous eggs was very strongly influenced by diet when fed monocultures. In a
similar study, Wacker and Martin-Creuzburg (2007) compared the FA composition
of Daphnia magna somatic tissues and subitaneous eggs to those of high and low
food quality diets. They found D. magna eggs contained significantly more SAFA,
MUFA, and n-6 and n-3 PUFA than somatic tissues irrespective of diet quality.
Among the n-6 PUFA, ARA was significantly enriched in eggs but LIN was not.
Miiller-Navarra (2006) found that ALA, SDA, and EPA were 2-3x enriched in eggs
over somatic tissues. Wacker and Martin-Creuzburg (2007) found that EPA was the
most strongly enriched, being 2.4x higher in subitaneous eggs than in somatic tis-
sues. These authors suggested that Daphnia enrich their subitaneous eggs with EPA
as a buffer against low food quality cyanobacteria blooms.
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Abrusan et al. (2007) compared the FA composition of Daphnia pulicaria
subitaneous and resting eggs when they consumed Scenedesmus obliquus.
[Unfortunately, these authors did not present FA composition data for the somatic
tissues of the Daphnia they used]. These authors noted that D. pulicaria hatched
from resting eggs had higher growth and egg production rates than D. pulicaria
from subitaneous eggs, so it is likely D. pulicaria invest more essential biochemicals
in resting eggs. Consistent with this expectation, Abrusan et al. (2007) found that
when D. pulicaria consumed EPA deficient S. obliquus, their starvation induced
resting eggs contained 3.5x higher amounts of total FA and these resting eggs
contained a substantially lower proportion of the SAFA 16:0 and the MUFA 16:1n-9.
These resting eggs also had higher proportions of the C,, PUFA LIN, and in particular
ALA and SDA, and a higher n-3:n-6 ratio. Furthermore, resting eggs contained
approximately 0.7 + 0.5% EPA, but this FA was barely detected in the subitaneous
eggs of D. pulicaria fed S. obliquus. Overall, both n-3 and n-6 PUFA and HUFA
accounted for 52% of total FA in the resting eggs and only 27% in the subitaneous
eggs. Therefore, these studies show Daphnia invest heavily in the total FA content
of both subitaneous and resting eggs and that these eggs were preferentially
enriched with LIN and ARA and especially n-3 FA, although the specific EFA enriched
(i.e., LIN or ARA, ALA or EPA) seems to vary from one case to the other.

The results obtained by Ederington et al. (1995) for the marine copepod Acartia
tonsa contrast notably in several regards from the Daphnia results presented above.
These authors’ data showed that when Acartia consumed diatoms both their somatic
tissues and their eggs were clearly enriched with EPA, whereas the somatic tissues
and eggs of A. tonsa consuming the bacterivorous ciliate Pleuronema (which had
18:1n-11 as its dominant FA) were enriched with 18:1n-11. However, irrespective of
diet both the somatic tissues and eggs of A. tonsa were dramatically enriched with
the SAFA 16:0 and 18:0. Remarkably, Ederington et al.’s (1995) results suggest that
the eggs of A. tonsa fed ciliates were almost completely devoid of n-3 and n-6 FA,
and were almost entirely composed of 18:0 (50%), 16:0 (30%), and 18:1n-11 (12%)
with other SAFA and MUFA making up the balance of FA in these eggs. While these
authors did report that ciliate consumption was associated with dramatically reduced
egg production, they also reported that 95% of the eggs from copepods fed ciliates
were viable, which they suggested meant EFA were not essential for egg hatching.
This latter result is paradoxical and should be validated in future studies.

Overall, little is known about the PUFA requirements for subitaneous and diapause
eggs in both marine and freshwater copepods. In copepods, variability of FA inde-
pendent of diets may be due to different requirements of the different developmental
stages, with differences for somatic growth and egg production. During egg production,
conversion of storage lipids and/or dietary lipids to PL takes place. These PL are
then transported to the gonads where they become part of the egg yolk (lipovitelin
production). In cladocerans, these fractions seem to be especially rich in PUFA as
Daphnia eggs have several fold higher PUFA and especially HUFA contents than
the somatic tissue (Muller-Navarra 2006). Thus, one can hypothesize that egg
production in copepods may also be HUFA intensive. However, the FA composition
of freshwater and marine copepod eggs warrants further research.
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6.8 Temperature Impactson Zooplankton Fatty Acids:
The Homeoviscous Response

Although the first studies to examine the FA composition of zooplankton were
specifically directed at examining temperature impacts on zooplankton FA (Farkas
& Herodek 1964), few studies have focused on this topic since this pioneering
research. Farkas and colleagues initially noted that those freshwater zooplankton
that over-winter in an active life stage (i.e., copepods) were able to strongly modify
their FA composition in response to temperature variation (Farkas 1979; Farkas
et al. 1984). Copepods exposed to cold stress greatly increased the proportion of
DHA and decreased the proportion of the SAFA 18:0 in their FA pools. It is now
well known that nearly all poikilotherms adapt to cold stress, by increasing the
proportions of PUFA, and in particular HUFA, in their membrane lipids (Hazel
1995). It was also suggested that zooplankton that do not over-winter in an active
phase (i.e., cladocerans) do not have the capacity to modify their lipid composition
in response to cold challenges and therefore over-winter as resting-eggs (Farkas
1979; Farkas et al. 1984). These authors also stressed the particular importance of
DHA for zooplankton cold-water adaptation.

Several of Farkas assertions were challenged in a recent study by Schlechtriem
et al. (2006), as well as by Arts et al.’s (1992) observation that some Daphnia are
able to over-winter in ice-covered lakes. While supporting Farkas’ fundamental
observation that zooplankton adapt to cold stress by increasing the proportion of
HUFA in their lipids, Schlechtriem et al. challenged the assertion that Daphnia
cannot over-winter in an active phase and presented very clear evidence that
Daphnia can increase their n-3 HUFA composition in response to cold stress.
Schlechtriem et al. (2006) showed Daphnia pulex fed Ankistrodesmus fal catus
at 11°C had 4x as much EPA (12.7% vs. 3.1%) compared with Daphnia grown at
22°C. Furthermore, cold-adapted Daphnia had 4x more 16:1n-7 (13.0% vs. 3.3%)
and only half as much LIN (6.8% vs. 14.3%) and ALA (11.3% vs. 22.4%) as
warm adapted Daphnia (see Fig. 6.5). Cold-adapted Daphnia also did not
accumulate DHA, which is consistent with the broader observation that cladocerans
as a group do not accumulate this FA. This taxa-specific observation also contra-
dicts Farkas’ assertion that DHA plays an essential role in membrane adaptation
for zooplankton.

Kattner and Hagen (Chap. 11) also noted the high EPA and DHA content of
tropical marine copepods calls into question the membrane fluidity hypothesis,
and suggested these molecules may play important roles in membrane structure
and function besides maintaining fluidity. Nanton and Castell (1999) reported the
FA composition responses of the benthic marine harpacticoid copepods Amonardia
and Tisbe to 6, 15, and 20°C temperature treatments. Unfortunately, this study
produced rather equivocal results because the copepod FA profiles were generally
more similar for the 6 and 20°C treatments than for the 15°C treatment.
Specifically, both copepods had substantially lower DHA content when cultured at
15°C (Nanton and Castell 1999).
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Fig. 6.5 The percent of total fatty acids for those FA in Daphnia pulex that showed a clear
response (i.e. 16:1n-7, LIN, ALA and EPA) to high (22°C) and low (11°C) temperature treat-
ments. All other FA showed much smaller responses to the temperature treatments. The results
presented are treatment means +1 SD. This figure is based on the data reported in Schlechtriem
et al. (2006)

6.9 Starvation Impactson Zooplankton Fatty Acids

Several studies have attempted to quantify starvation impacts on zooplankton FA
composition, with Schlechtriem et al. (2006) presenting the clearest results. These
authors cultured Daphnia pulex on the chlorophyte Ankistrodesmus falcatus and
then starved individuals at 22 and 11°C. The daphnids starved at 22°C died within
three days, during which time their FA composition did not change markedly.
However, many of the daphnids starved at 11°C survived until day six during which
time their FA composition changed dramatically. In particular, the mass of SAFA,
MUFA, and ALA per individual declined markedly, whereas LIN, ARA, and EPA
were conserved. This study could serve as a model for other studies attempting to
assess starvation impacts on zooplankton FA composition.

6.10 Unanswered Questions

1. Why do freshwater zooplankton accumulate ARA? A number of studies have
shown pronounced ARA accumulation by a variety of zooplankters, but so far
no study has demonstrated a clear physiological justification (e.g., enhanced
growth or reproduction) for ARA accumulation.
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. Are differences in the homeoviscous response the reason why cladocerans are
less likely to over-winter in an active phase than copepods? Farkas and colleagues
originally hypothesized that cladocerans were forced to over-winter as resting
eggs because they were unable to modify the HUFA content of their lipids.
In contrast, copepods were observed to dramatically increase their DHA content
in response to cold stress. However, recent results challenge this hypothesis for
daphnids and suggest Daphnia are able to exist in an active phase even at very
low temperatures. Do the storage lipids and greater starvation tolerance of cope-
pods also play an important role in over-wintering as suggested by research on
marine copepods and krill?

. Is the FA composition of polar lipids unaffected by diet for all zooplankton?
Many studies have mentioned structural lipids are relatively unaffected by diet,
whereas the composition of neutral lipids should be highly responsive to dietary
lipid accumulation. Is this generally the case or are there exceptions to this
“rule”? [See Stibing et al. (2003) and Hagen et al. (1996) for contradictory
results in certain euphausiids].

. How much endogenous FA production occurs in zooplankton? Many studies
have cited Goulden and Place’s (1990) observation that only 2% of Daphnia FA
are produced de novo when consuming Ankistrodesmus falcatus. However, the
generality of this result has not been tested for different Daphnia species or
different diets, much less for other freshwater zooplankton. In contrast to
Daphnia, it is well known that polar copepods synthesize C, and C,, MUFA
from dietary carbohydrates and proteins (Lee et al. 2006). Are marine zooplankton
better able to synthesize FA than freshwater zooplankton, or is this difference
between cladocerans and copepods independent of habitat?

. To what extent are zooplankton capable of converting one EFA molecule to
another; for example, LIN to ARA or ALA, and SDA to EPA or DHA?
If zooplankton can make these conversions, what are the energetic costs of these
conversions and how do these costs vary from one group to another (e.g., between
cladocerans and copepods in freshwater and copepods and euphausids in marine
systems)? Are carnivorous zooplankton less able to bioconvert C,, PUFA to C,,
and C,, HUFA than herbivorous zooplankton? Knowing how these conversion
capacities vary among zooplankton taxa will allow us to better understand to
what extent zooplankton are able to “upgrade” the FA content of the food they
consume.

. Which zooplankton groups have FA profiles that are the most strongly influ-
enced by diet and which have FA profiles which are the most “fixed” and why?
The research conducted to date indicates cladocerans such as Daphnia have
quite plastic FA profiles that are strongly influenced by diet, whereas some
zooplankton have less obvious responses to the FA composition of their diets.
Are these differences due to the greater role (and slower turnover) of storage
lipids in the latter group? Or alternatively: Are some zooplankton more inclined
to modify the composition of the dietary lipids they accumulate?

. Why do cladocerans tend to accumulate relatively more EPA whereas copepods
accumulate DHA? Various hypotheses have been offered to explain these patterns.
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For example, the hypothesis that DHA plays an important role in conveying
nerve impulses. However, so far none of these hypotheses have been rigorously
tested.

8. What role do the “congener” molecules of ARA, EPA, and DHA (e.g., 20:3n-6,
20:3n-3, and 22:5n-3, respectively) play in the nutritional ecology and FA metabo-
lism of marine and freshwater zooplankton? While most studies only report
results for these HUFA, it is clear that congeners of these molecules are com-
monly encountered and may in some cases actually be more prevalent than the
classically considered forms of HUFA. At this time, virtually nothing is known
about how these molecules are utilized by zooplankton.

6.11 Conclusions

The various crustacean zooplankton groups found in the ocean and freshwater lakes
have markedly different FA composition. Marine copepods and euphausids in
temperate and polar regions store large pools of lipids as wax esters and to a lesser
extent TAG composed predominantly of MUFA. Freshwater copepods accumulate
EPA and especially DHA, while freshwater cladocerans preferentially accumulate
EPA. Both freshwater copepods and cladocerans accumulate ARA compared with
their diets. In general, nearly all zooplankton accumulate less SAFA, and a higher
portion n-3 PUFA and especially n-3 and n-6 HUFA relative to their available diets.
Diet has a very strong impact on the FA composition of some zooplankton
(in particular Daphnia spp.), a moderate impact on some copepods, and only a
small impact on the FA composition of zooplankton such as detritivorous harpacticoid
copepods and adult euphausids. However, even the zooplankton taxa with the most
plastic FA composition show clear homeostatic FA responses to diets with widely
varying FA composition. Most zooplankton exposed to cold-stress show a clear
homeoviscous response, with greatly increased accumulation of n-3 HUFA. When
starved, zooplankton preferentially retain n-3 and n-6 HUFA. It has been shown
that Daphnia heavily invest both C , n-3 PUFA and EPA in their eggs. As outlined in
this review, there remain many challenging research questions pertaining to zoo-
plankton FA composition to occupy aquatic ecologists during the next decade.
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Chapter 7

Fatty Acid Ratiosin Freshwater Fish,
Zooplankton and Zoobenthos— Are There
Specific Optima?

Gunnél Ahlgren, Tobias Vrede, and Willem Goedkoop

7.1 Introduction

Two groups of polyunsaturated fatty acids (PUFA), termed omega-3 and omega-6
in food (or here as n-3 and n-6 PUFA, respectively), are essential for all vertebrates
and probably also for nearly all invertebrates. The absolute concentrations of the
different PUFA are important, as is an appropriate balance between the two. The optimal
ratio of n-3/n-6 is not known for most organisms but is anticipated to be more or
less species-specific (Sargent et al. 1995). The three most important PUFA in ver-
tebrates are eicosapentaenoic acid (EPA, 20:5n-3), docosahexaenoic acid (DHA,
22:6n-3) and arachidonic acid (ARA, 20:4n-6). Both EPA and ARA are precursors
for biologically active eicosanoids that are vital components of cell membranes and
play many dynamic roles in mediating and controlling a wide array of cellular
activities (Crawford et al. 1989; Harrison 1990; Henderson et al. 1996; see Chap.
9). Since n-3 and n-6 PUFA cannot be synthesized de novo by most metazoans,
they must be included in the diet, either as EPA, DHA and ARA, or as their precur-
sors, such as o-linolenic acid (ALA, 18:3n-3, precursor of EPA and DHA) and
linoleic acid (LIN, 18:2n-6, precursor of ARA) (Bell et al. 1986; Sargent et al.
1995). Both ALA and LIN are produced in the thylacoid membranes of algae and
plants with chlorophyll (Sargent at al. 1987). The same set of enzymes, A6 and A5
desaturases, are required for the elongation and desaturation of ALA and LIN to
produce EPA and ARA (Bell et al. 1986; Sargent et al. 1995; see Chap. 9). This
results in competition between the two fatty acid families for these enzymes.
During the conversion of EPA to DHA, A6 desaturase is also needed resulting in
additional competition for this enzyme (Voss et al. 1991; Sargent et al. 1995).
Consequently, both the absolute concentrations and the dietary proportions between
n-3 and n-6 PUFA are important (Sargent et al. 1997). If one fatty acid is greatly in
excess of the other, suppression of the desaturation process of the less abundant FA
will take place.
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In mammals, both DHA and ARA have been determined to be limiting factors
in the evolution of the brain. Early Homo sapiens were associated with aquatic
environments that provided them access to fish and shellfish rich in the major lipids
(especially DHA) found in mammalian brain tissue (Broadhurst et al. 1998;
Crawford et al. 1999). In contrast, the high ARA content in human grey matter
probably originated from the seeds of higher plants. In addition, there is a remark-
able similarity in DHA/ARA ratios with an average of 2 + 0.2 (standard deviation,
SD) in all mammalian brain phospholipids including man (Crawford et al. 1976).
In contrast, there are great differences in mammalian liver DHA/ARA ratios, with
graminivores (both non-ruminants and grass-eating ruminants) having a ratio of
0.2 + 0.2, but small mammals having a ratio <1. In carnivores the liver DHA/ARA
ratio is higher than in omnivorous humans, 1 and 0.5, respectively (Crawford et al.
1976). However, the dolphin, a marine mammal, has a DHA/ARA ratio of 4
(Crawford et al. 1976). The general rule that in aquatic food webs the n-3/n-6 ratios
are >1 and in terrestrial food webs <1 (Crawford and Marsh 1989; Olsen 1999)
seems to hold also for DHA/ARA ratios. Koussoroplis et al. (2008) showed a
gradual decrease in adipose tissue DHA/LIN ratios (0.46-0.01) for six semi-aquatic
mammals when their dependence on terrestrial food increased. A similar decrease
is also seen in the DHA/ARA ratio (2.0-0.1).

The concentrations of DHA in vertebrates are especially high in neural tissues
such as brain, retina, and auditory and olfactory nerves. In comparison, ARA and
EPA are preferentially incorporated into structural lipids in the phosphoglycerides
of cell membranes. In addition, ARA and EPA are important precursors of the
hormone-like eicosanoids that modulate and regulate many functions in cells, e.g.
blood flow, glandular secretions and smooth-muscle contraction (Crawford et al.
1989). For example, there is a delicate balance between vasodilation and
vasoconstriction of blood vessels in fish to help maintain proper regulation of blood
flow that is probably maintained by an optimum ratio between n-3 and n-6 PUFA.
When mammals evolved, they required n-6 fatty acids for the evolution of the pla-
centa and mammary glands. Hence, ARA has been hypothesized to be the ‘missing
biochemical link’ (Crawford et al. 1999).

Knowledge that the long-chained n-3 PUFA in fish are beneficial to human
health (e.g. Arts et al. 2001; see Chap. 14) has led aquatic food web researchers to
focus mainly on n-3 fatty acids. However, the importance of ARA has been empha-
sized in two reviews concerning the optimal of dietary PUFA compositions for
marine larval fish (Sargent et al. 1997; 1999). Both fish and mammals have similar
eicosanoid precursors for prostanoid and leukotriene production (Bell et al. 1986;
Sargent 1995). Fish eggs are exceedingly rich in DHA, probably because of its
important role in the formation of neural cellular membranes; however, small quan-
tities of ARA are also required in fish eggs for eicosanoid formation (Sargent
1995). For example, ARA is important in adult fish for the formation of the eicosa-
noids that regulate egg shedding via synchronization of ovulation and spawning
thereby preventing over-ripening of eggs (Sargent et al. 1997). In addition, ARA
seems to be important to the general survival of juvenile turbot, whereas DHA
improves their somatic growth (Castell et al. 1994). The high ARA content of
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turbot gills and kidneys, and sea bass sperm, suggests ARA has a specific physiological
role in these tissues (Castell et al. 1994; Bell et al. 1996). The presence or absence
of ARA in the food of seabream larvae had no effect on their size or growth;
however, ARA-enriched diets (DHA/ARA = 5.6) improved survival during stress
challenges compared to DHA-enriched diets (DHA/ARA = 30) (Koven et al. 2001).
Sargent (1995) suggested that the optimum n-3/n-6 ratio for marine brood-stock
diets and fish eggs lies between 5:1 and 10:1.

Studies of fatty acid metabolism in zooplankton and benthic animals are just com-
mencing; thus, the physiological role of PUFA in these groups is incomplete.
However, invertebrates were evolutionary forerunners of vertebrates, resulting in the
basic biochemistry being similar throughout the entire animal kingdom, for example,
amino acids in proteins and mechanisms for energy production (Crawford and Marsh
1989; Crawford et al. 1999). It is therefore highly likely that the function of PUFA is
similar in both invertebrates and vertebrates. Thus far, EPA and DHA have been
highlighted in feeding experiments with zooplankters (e.g. Elendt 1990; Brett and
Miiller-Navarra 1997; Ravet et al. 2003), while the potential importance of n-6 fatty
acids and especially ARA has gone unrecognized. In fact, only a few feeding experi-
ments with invertebrates have included manipulations of ARA (e.g. Von Elert and
Wolffrom 2001; Von Elert 2002; Becker and Boersma 2005). It is highly likely that
the n-6 PUFA are also important in invertebrates and that the balance between n-3 and
n-6 PUFA plays an important role. The n-3/n-6 ratio is suggested as a putative marker
of the amount of autochthonous versus allochthonous matter and was positively cor-
related with chlorophyll a content in the food sources for invertebrates (Torres-Ruiz
et al. 2007). The DHA/ARA ratio is likely of importance in strictly carnivorous
animals which as a group lack the A5 desaturase enzyme required to convert ALA to
DHA and LIN to ARA (Crawford et al. 1989). However, the ability of invertebrates
to elongate and desaturate C,, PUFA into biologically active EPA, DHA and ARA
may vary, both amongst and within species during different life stages.

The PUFA requirements, when culturing commercially important crustacean
decapods (shrimps, mussels, oyster and crayfish), have been extensively covered in
the aquaculture literature (e.g. Harrison 1990; Xu et al. 1993). Harrison (1990)
stressed that research is needed to determine not only the optimal levels of certain
fatty acids but also the correct proportions of dietary n-3 and n-6 PUFA. In feeding
experiments with the Chinese prawn (Penaeus chinensis) Xu et al. (1993) found
that additions of ARA resulted in the same moulting frequency as additions of
DHA, leading these authors to conclude ARA is involved in the moulting process.
It is also worth mentioning that eicosanoids produced from ARA were found to be
involved in egg-laying processes in several terrestrial insect species (Stanley-
Samuelson 1994).

The primary objective of this chapter is to review the research on n-3 and n-6
PUFA, focusing on n-3/n-6 and DHA/ARA ratios, and to discuss the physiological
importance and ecological implications of these ratios in freshwater fish and the
invertebrates that commonly comprise fish prey. The second objective is to identify
knowledge gaps regarding the role of PUFA in freshwater food webs. Comparisons
of wild versus cultured species and their food are made with the presumption that
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‘natural is best” (Sargent 1995). An argument in support of this statement is that
species can be expected to adapt by evolving their biochemical requirements to best
suit the food resources that are available in their environment. If environments are
stable over a longer time period, other, less well-adapted, species will eventually be
out-competed. The following questions are addressed in this review:

 Are there systematic differences in the n-3/n-6 and DHA/ARA ratios of herbivorous
and carnivorous fish, and are there ontogenetic differences within species, as
found in terrestrial animals?

 Are there differences in the PUFA ratios of wild versus cultured fishes?

e What are the characteristic n-3/n-6 and DHA/ARA ratios of wild freshwater
invertebrates?

 Are there specific optima in n-3/n-6 ratios in aquatic invertebrates?

7.2 Methods

The data in Tables 7.1-7.7 (located at the end of this chapter) were obtained by
calculating n-3/n-6 and DHA/ARA ratios using: (a) values obtained from raw data
files provided by the authors (Persson and Vrede 2006; Kainz et al. 2006), (b) from
published tables, or (c) estimated from published figures. It should be noted that
these ratios are independent of the units of the original FA data (e.g. pg L™, mg g™
dry weight, mg g C). Differences amongst groups were tested by one- or two-way
analysis of variance (ANOVA) and Tukey-Kramer Honestly Significant Difference
(HSD) post hoc tests with oo = 0.05. Prior to the statistical analyses, ratios were
log, -transformed to meet the normality assumption required by ANOVA.

7.3 n-3/n-6 and DHA/ARA Ratios in Freshwater M etazoans

7.3.1 Freshwater Fish

7.3.11 Wild Fish

The n-3/n-6 and DHA/ARA ratios of the dorsal muscle tissue of 130 freshwater fish
samples, representing 15 different species collected from 20 different, mostly small
Swedish freshwaters, were on average 2.8 + 1.1 and 3.1 = 1.7, respectively (Ahlgren
et al. 1994, 1996, 1999). A significant correlation was not found between PUFA
ratios and fork length for the whole data set or by fork length within three functional
feeding groups, herbivorous—omnivorous, carnivorous—benthivorous and carnivo-
rous—piscivorous. This suggests these ratios do not change during ontogenetic
development (Fig. 7.1). However, both n-3/n-6 and DHA/ARA ratios differed
significantly between the functional feeding groups (one-way ANOVA, p < 0.0001),
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Fig. 7.1 PUFA ratios vs. fork length in: (a, b) Three species of herbivorous—omnivorous fish:
Crucian carp (Carassus carassus), Roach (Rutilus rutilus), Rudd (Scardinius erythrophthal mus).
Average and standard deviation (SD) of n-3/n-6 and DHA/ARA ratios are 2.07 £ 0.71 and 2.17 +
0.72, respectively (n = 33), (c, d) Nine species of carnivorous—benthic feeders: Bleak (Alburnus
alburnus), Bream (Abramis brama), Burbot (Lota lota), Grayling (Thymallus thymallus), Ide
(Leuciscus idus), Ruffe (Gymnocephalus cernuus), Tench (Tinca tinca), White bream (Blicca
bjoerkna), Whitefish (Coregonus sp,). Average and SD of n-3/n-6 and DHA/ARA ratios are 3.77
+1.26 and 4.76 + 2.16, respectively (n = 40), (e, f) Three species of carnivorous—piscivorous fish:
Perch (Perca fluviatilis), Zander (Lucioperca lucioperca), Pike (Esox lucius). Average and SD of
n-3/n-6 and DHA/ARA ratios are 2.59 + 0.69 and 2.73 £ 0.71, respectively (n = 57)

and post hoc comparisons showed that all groups were significantly different from
each other. The ratios were highest in carnivorous—benthivorous fish (3.7 and 4.6,
respectively), intermediate in carnivorous—piscivorous fish (2.5 and 2.6) and
lowest in herbivorous—omnivorous fish (2.0 and 2.1). When comparing n-3/n-6 and
DHA/ARA ratios in the herbivorous—omnivorous roach (Rutilus rutilus) and the
carnivorous perch (Perca fluviatilis) from a nutrient-rich versus a nutrient-poor
lake, there was a significant difference in n-3/n-6 ratio (two-way ANOVA, p =
0.0002) but not in DHA/ARA ratio (two-way ANOVA, p = 0.06) (Fig. 7.2). The
n-3/n-6 ratios were higher in perch than in roach (p = 0.0005), and higher in
eutrophic Lake Valloxen than in oligotrophic Lake Siggeforasjon (p = 0.02).
Interestingly, the lake-time-species interaction was also significant (p = 0.005).
At a length of 10-15 cm a shift in food quality is noticeable in both species. However,
the new food increased in both ratios for perch and decreased for roach, resulting in
large differences in FA quality between the two species (Fig. 7.2). Thus, the herbivo-
rous—omnivorous roach was more flexible concerning food items, and the carnivorous
perch fed on food of similar fatty acid composition in the two lakes.
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Fig. 7.2 PUFA ratios vs. length of roach and perch in two different lake types. The points repre-
sent 2-10 fish mixed in the samples in the eutrophic lake and 1-5 fish mixed in the oligotrophic
lake (the smaller the fish, the higher the number mixed). The broken lines make the comparison
easier between the two lakes. P, total phosphorous concentration

A similar pattern was found in fish from five tropical lakes in Ethiopia (Zenebe
et al. 1998a; b). Great variation was observed in the n-3/n-6 and DHA/ARA ratios
of herbivorous tilapia (Oreochromis niloticus) compared to ratios for the carnivo-
rous catfish (Clarias gariepinus) among lakes. Significant differences could also be
seen in both ratios between these two fish species taken from the two most produc-
tive lakes (lakes Chamo and Haiq; Fig. 7.3). Thus, the supply and the quality of
food are probably the main mechanisms controlling PUFA content in herbivorous—
omnivorous fish, whereas species identity is more important for the PUFA pattern
in carnivorous fish. Comparative t-tests between the n-3/n-6 ratios in the Swedish
(temperate) and the Ethiopian (tropical) freshwater fish showed no significant
differences (Zenebe et al. 1998a).

7.3.1.2 Feeding Experimentswith Fish

Studies of marine fish by Navas et al. (1993) and Thrush et al. (1993) (see also
Sargent et al. 1997) were among the first to indicate that ARA is important to egg
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Fig. 7.3 PUFA ratios in five lakes of two tropical fish species, the herbivorous Oreochromis
niloticusand the carnivorous Clarias gariepinus. Bars indicate standard deviation within each lake
(n=3): Ziway (Z), Langano (L), Awassa (A), Chamo (C) and Haiq (H). Average and SD of n-3/
n-6 and DHA/ARA ratios are for Oreochromis 2.9 + 1.9 and 4.4 + 3.5, respectively, and for
Clarias2.5 £ 1.1 and 3.4 £ 0.9, respectively

quality in fish. In feeding experiments with sea bass (Dicentrarchus labrax), the fish
in a high ARA treatment (EPA/ARA = 1.5:1) produced eggs with higher survival and
more successful hatching than did fish in a low ARA treatment (EPA/ARA =
15:1). In contrast, larvae of yellowtail flounder (Limanda ferruginea) grew best on
DHA-enriched rotifers (DHA/ARA = 25) (Copeman et al. 2002). The control diet,
consisting of rotifers fed olive oil and no additions of PUFA (mainly 18:1n-9, DHA/
ARA = 2.5), resulted in a body weight which was only one-fourth that of the DHA-
enriched treatments. Despite the other differences observed, pigmentation results
were equal in the two dietary regimes. However, the percentage of complete eye
migration in the small flounder was 75% for the fish fed the DHA + EPA-enriched
rotifer diet (DHA/ARA = 11), but only 46-47% for fish larvae fed either DHA- or
ARA-enriched rotifers (DHA/ARA = 25 and 3, respectively). Thus, the optimum
DHAJ/ARA ratios vary depending on which criterion is used. Surprisingly, when fed
the control diets the flounders were enriched with DHA by a factor 4.1 and with
ARA by a factor 4.0 (Copeman et al. 2002). ARA was concentrated in all diets
except the DHA + ARA diet, whereas DHA was concentrated only in the control
diet. Apparently, the flounder larvae required ARA nearly as much as DHA.
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Yang and Dick (1994) carried out a series of LIN and ALA addition feeding
experiments with freshwater populations of the Arctic charr (Salvelinus alpinus)
and rainbow trout (Oncorhynchus mykiss). Both species were able to convert C
PUFA to DHA and ARA, but rainbow trout were somewhat more efficient than
Avrctic charr (Table 7.1). However, both species grew best on commercial marine fish-
based diets that contained both DHA and ARA. Two piranha species, the herbivorous
Mylossoma aureum and the carnivorous Serrasalmus natterie, were fed oat flakes and
Chironomus larvae, respectively (Henderson et al. 1996) and their tissues strongly
mirrored the n-3/n-6 ratios of their diets (Table 7.1). The herbivore contained no
DHA but contained small amounts of ARA, whereas the carnivore contained DHA
that was probably produced from EPA in the Chironomus larvae. Liver samples
from both species contained the two PUFA with a DHA/ARA ratio of 0.29 and 1.8,
respectively. In feeding experiments with sea bass, even changes in the DHA/ARA
ratios of the fish sperm were seen (Bell et al. 1996). Commercial pellets and fish
meal derived from Boops boops had DHA/ARA ratios of 15 and 5, respectively,
resulting in ratios of 28 and 13, respectively, in phosphatidylserine (the greatest
fraction of phospholipids) in sperm. In a feeding experiment with Tilapia, somatic
growth was only seen when the fish were fed cichlid pellets and Microcystis colo-
nies (Zenebe et al. 2003). DHA decreased and ARA increased in the feed series
from pellets to unfed, showing a decrease in the DHA/ARA ratio in the fish
(Table 7.1). The phytoplankton diets, Microcystis (single-celled), Scenedesmus,
and helical filaments of Arthrospira, were apparently not sufficiently nutritious to
support growth in juvenile Tilapia.

7.3.1.3 Wild Versus Cultured Fish

Several studies have shown various species of cultured fish differ in lipid composi-
tion from their wild counterparts (e.g. Otwell and Richards 1981/1982; Van Vliet
and Katan 1990; Bell et al. 1994). These studies have shown the n-3/n-6 ratio was
twofold to threefold higher in cultured fish compared to wild fish and ARA was
very low in cultured fish, giving a threefold to fivefold higher DHA/ARA ratio than
in wild fish. Comparison between wild and cultured grayling (Thymallus thymallus)
also showed great differences in the fatty acid patterns and contents (Ahlgren et al.
1999). In cultured fish, the mean n-3/n-6 ratio was doubled and the DHA/ARA
ratio was 8X higher than in wild fish (Table 7.2). The fatty acid pattern in pellets
used as food (EWOS ST-40, based on marine fish meal) for cultured grayling dif-
fered substantially from that of natural food (various invertebrates), DHA/ARA 24
and 0.3, respectively.

Data from wild salmon show average n-3/n-6 and DHA/ARA ratios of 5 and
3.5, respectively, compared with ratios of >10 for both n-3/n-6 and DHA/ARA in
farmed stocks (Pickova et al. 1999) (Table 7.2). In two other salmonids, Arctic
charr and rainbow trout, the n-3/n-6 ratios were doubled and the DHA/ARA ratios
were 4X higher in cultured fish compared to wild fish (Yang and Dick 1994). In
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Atlantic salmon (Salmo salar) from Norwegian rivers, DHA/ARA ratios can be
much higher in both wild and reared fish, 25 and 31, respectively (Olsen 1999).
The river salmon was starved and much leaner than the farmed fish with a lipid
content of 3—4 and 14-23% of fresh weight, respectively. The percentage of indi-
vidual fatty acids was similar, showing that reduction during starvation was nearly
proportional. The starved fish had probably been ocean going and thus eating the
same food of marine origin as the farmed fish. Bell et al. (1994) reported com-
mercial Atlantic salmon pellets had a DHA/ARA ratio of 15, whereas the same
ratio in wild salmon food was only 0.24. This is a more characteristic difference
between marine and freshwater prey. The sometimes great differences in the fatty
acid ratios between wild and cultured fish reveal the commercial feed are often far
from natural food. Farmed fish often develop dermal lesions, such as fin erosion,
as well as high fry mortality. One reason for this might be unnaturally high DHA
concentrations in the feed. We agree with Bell et al. (1994), who suggested that
commercial feed should resemble natural food. It is also not advisable, as is com-
monly done with freshwater salmonids, to feed typically freshwater fish feed of
marine origin.

7.3.2 Freshwater Zooplankton

7.3.2.1 Wild Zooplankton

The PUFA content of crustacean zooplankton appears to be affected both by species
identity and the availability of dietary PUFA. It is known that wild cladocerans
contain large amounts of EPA, smaller amounts of ARA and minute amounts of
DHA, whereas copepods contain mostly DHA, with relatively less EPA and ARA
(Persson and Vrede 2006; see Chap. 6). Persson and Vrede (2006) suggested that
the high concentrations of DHA in copepods could be a prerequisite for a more
highly developed nervous system compared to cladocerans. Copepods have abun-
dant chemoreceptors and mechanoreceptors on their antennae and mouth appendices
(Yen et al. 1992) that are essential for their abilities to feed selectively (DeMott
1986), track mates (Weissburg et al. 1998) and detect and escape predators. In addi-
tion to these phylogenetic differences, dietary supply affects the PUFA content of
zooplankton. For example, the PUFA content of predatory zooplankton, which fed
on a PUFA-rich diet, was higher than that of filter-feeding zooplankton with a diet
low in PUFA (Persson and Vrede 2006). Likewise, Daphnia PUFA content and
fatty acid ratios varied depending on the PUFA content of their diet (Brett et al.
2006; see Chap. 6).

Despite the variation in PUFA content of zooplankton due to differences in
dietary PUFA availability and feeding modes, n-3/n-6 ratios are surprisingly stable
within wild cladocerans and copepods (Higgs et al. 1995; Persson and Vrede 2006;
Hessen and Leu 2006; Miller-Navarra 2006). Filter-feeding cladocerans had an
average n-3/n-6 ratio of 3.0 and the carnivorous cladoceran Bythotrepheshad a ratio
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of 2.4, which is within the range of variation observed among the filter-feeding
cladoceran taxa (Table 7.3).

The copepods had an average n-3/n-6 ratio of 4.1 mainly due to their high DHA
content, which is significantly higher than the n-3/n-6 ratio of cladocerans (one-way
ANOVA, p = 0.01). There is no apparent difference in n-3/n-6 ratios between
predominantly herbivorous diaptomid copepods and carnivorous copepods in the
genera Heterocope and Cyclops (Table 7.3). The biochemical difference between
cladocerans and copepods (again due primarily to differences in DHA concentra-
tions) is even greater when DHA/ARA ratios are compared, generally <1 and 6,
respectively (Table 7.3). Compared to seston, copepods have both high DHA content
and the presence of n-6 docosapentaenoic acid (n-6DPA, 22:5n-6), whereas seston
have low DHA content and little or no n-6DPA; both of which suggests that cope-
pods have a great capacity to convert not only ALA and LIN to EPA and ARA but
also EPA and ARA to longer-chain PUFA (Persson and Vrede 2006). A copepod diet
with high levels of LIN, ALA and/or ARA could lead to a low EPA to DHA conver-
sion rate because of competition for the A6 enzyme.

In marine copepods, even higher n-3/n-6 and DHA/ARA ratios have been found
than in freshwaters. For example, polar copepods have relatively stable n-3/n-6
ratios of 11 + 2.5 and variable DHA/ARA ratios of 18 + 9.6 (Dalsgaard et al. 2003).
This freshwater and marine difference merely reflects the differences in the
composition of the available seston between these systems. High ratios were also
found in mesocosm studies in the southern Baltic Sea (Ahlgren et al. 2005), where
high n-3/n-6 ratios in phytoplankton resulted in an abnormally high DHA/ARA
ratio in copepods (>40) compared to data from the Norwegian Sea (~20). The very
high ratios indicated an imbalance in fatty acid composition at the base of the food
webs that might have negative implications for copepods as well as for organisms
at higher trophic levels in the Baltic.

7.3.2.2 Feeding Experimentswith Crustaceans Fed on Chlorophytes

It has been shown both in plankton food web studies and in feeding experiments
with Daphnia spp. that ARA and EPA are preferentially accumulated and that the
n-3/n-6 ratio is correlated with that of the diet (Kainz et al. 2004; Brett et al. 2006;
Hessen and Leu 2006). High accumulation of ARA from the diet suggests that
Daphnia are able to convert C,, n-6 PUFA to ARA and that ARA is important for
certain physiological functions in these animals. However, many feeding experi-
ments with different daphnid species have documented highly variable outcomes in
terms of somatic growth and egg production rates. Several explanations for this high
variability are possible: use of varying algal and cyanobacteria species or strains as
feed; varying types and amounts of PUFA additions; species and/or population spe-
cific differences in the capacity to convert ALA to EPA and LIN to ARA; running
very short-term experiments (sometimes only 2—4 days); and use of PUFA additions
that are inappropriate for the species being examined. All of these factors might lead
to an imbalance between n-3 and n-6 PUFA. The C and total FA content of the
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experimental diets were usually constant in the separate experiments, i.e. only the
type of FA was varied, so the outcome should solely depend on the PUFA quality.
Daphnia galeata and D. magna are the most commonly used species, but D. pulex,
D. pulicaria and Bosmina freyi have also been used in some experiments.

In the first feeding experiment in Table 7.4, D. galeata was fed the green alga
Scenedesmus quadricauda which was grown under four different nitrogen regimes:
100% and 10% NO,-N; and 100% and 10% NH,-N (Ahlgren et al. 2000). Daphnia
growth was considerably depressed in both N-limited diets and ceased altogether
after 4-6 days, which resulted in them gradually dying off by the end of the 13-day
experiment. However, after 6 days, the number of neonates was 3X higher in the
10% NO,_-N than in the 10% NH,-N treatment. Consequently, if the experiment had
been stopped on days 4-6, quite different results would have been presented. The
only explanation, given by the authors, for the negative growth in both the N-limited
cultures during the second part of the experiment was that the n-3/n-6 ratio was <2
in the N-limited cultured algae compared to ~3 in non-limited cultures.

In another experiment, D. galeata fed N-limited Chlamydomonas showed the
same growth rate and produced the same numbers of neonates as when fed non-
N-limited Chlamydomonas (Weers and Gulati 1997b). However, P-limited
Chlamydomonas reduced the specific growth rate and number of individuals.
The n-3/n-6 ratio of the P-limited alga was as low as 1.2. The next experiment
showed that additions of EPA increased growth rates by 13% and 24% and more
young were produced when the alga Scenedesmus acutus was added (Weers and
Gulati 1997a). However, in a different feeding experiment, ALA additions to S.
obliquus gave the same increase in growth rate as EPA (Mon Elert 2002).
Differences in the n-3/n-6 ratios between the two Scenedesmus species used as
feed for D. galeata might explain the different outcome; the n-3/n-6 ratio was 12
in the S. acutus used by Weers and Gulati (1997a) and 2.9 in S. obliquus control
and additions of ALA or EPA gave moderate high ratios of 5.6 (Mon Elert 2002).
The high ratios used in Weers and Gulati (1997a) were probably not appropriate
for D. galeata because the highest observed specific growth rate was much lower
than in the Von Elert (2002) study.

D. magna grew best and produced most eggs when the n-3/n-6 ratio was close
to 5 (Elendt 1990; Boersma 2000). Thus, these experiments with D. galeata and D.
magna show the same apparent capacity to convert ALA to EPA for both species at
the necessary rate as long as the n-3/n-6 ratio is >3 for D. galeata and >5 for D.
magna.

The last experiment in Table 7.4 shows the results of a feeding experiment with
Bosmina freyi fed either S. acutus or Ohio River seston (Acharya et al. 2005). After
6 days, there was no difference in either growth rate or fecundity between the treat-
ments. However, after 22 days both somatic growth rate and fecundity were higher
in the Scenedesmus treatment. This study and that of Ahlgren et al. (2000) reveal
that critical information may not come to light in short-term experiments. This is
particularly true regarding aspects of food quality, such as in PUFA feeding studies,
where the experimental duration should allow for measurements of egg production
and hatching success. An exciting challenge is to discover why Acharya et al.
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(2005) observed higher fecundity for Bosmina on a green alga diet than a seston
diet. One approach might be to check the animal’s PUFA ratio. Unfortunately, FA
analyses of the treated Bosmina were not available. However, Bosmina from oligo-
trophic sub-alpine lakes are very similar to other cladocerans regarding their n-3/
n-6 and DHA/ARA ratios (Persson and Vrede 2006). In addition to the suggestion
by Acharya et al. (2005) that the high content of ALA or n-3 FA in Scenedesmus
may be the answer, we suggest that the higher content of n-6 FA, i.e. LIN and ARA
in the alga compared to the river seston, may result in more favourable FA ratios.
An n-3/n-6 ratio of 7 in seston means that there was a relative lack of n-6. The mean
n-6 content was 0.7 mg g~ C in river seston and 11 mg g C in Scenedesmus.

7.3.2.3 Feeding Experiments with Crustaceans Fed Cyanophytes

Several feeding experiments with different outcomes have also been performed
with cyanobacteria used as food for zooplankton (Table 7.5). In an experiment
with D. galeata fed Synechococcus elongatus (n-3/n-6 = 3.7), additions of fish
oils (high in EPA) increased the growth rate moderately (DeMott and Miiller-
Navarra 1997). However, the same numbers of eggs were produced as when fed
the control alga Scenedesmus acutus. In contrast, the next experiment with D.
galeata fed the cyanobacteria Synechococcus elongatus, a strain that lacks both
sterols and PUFA, gave low growth rate and additions of PUFA did not affect
Daphnia growth rate compared to Synechococcus alone (Von Elert and Wolffrom
2001; Von Elert et al. 2003). Additions of sterols produced somewhat higher
growth rate, whereas additions of both sterols and PUFA produced a further slight
increase in growth rate. However, this growth rate was still ~30% lower than that
of control treatments with Scenedesmus. Note that for all of these additions to
Synechococcus, the n-3/n-6 ratios of the diets were either <1.5 or >12, whereas
in Scenedesmus the ratio was 2.5. When the cyanobacteria Anabaena variabilis
was fed to D. galeata, additions of sterols and ALA + EPA gave the same high
growth rate as Scenedesmus obliquus (Von Elert et al. 2003). A possible explana-
tion for why D. galeata responded with a higher growth rate to Anabaena with
additions than to Synechococcus with additions is that Anabaena contained both
n-3 and n-6 FA, whereas the strain of Synechococcus used contained neither n-3
nor n-6 PUFA.

Daphnia magna fed plain Synechococcus (n-3/n-6 = 3.7) showed a growth rate
of 60% compared to the control alga Scenedesmus acutus, but the number of eggs
was only 12.5% of control values (DeMott and Miiller-Navarra 1997). Additions of
fish oils to Synechococcus increased the growth rate to 80% and egg production to
about half that when fed Scenedesmus. This result differs from that of D. galeata
where additions of fish oils gave a 60% growth rate but the same egg production as
the control.

Daphnia pulicaria, in contrast to D. magna but similar to D. galeata, produced
no eggs when fish oils were added to Synechococcus (DeMott and Miiller-Navarra
1997). Thus, the same strain of the feed alga Synechococcus (n-3/n-6 = 3.7) was
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used for the three species of daphnids: D. galeata, D. magna and D. pulicaria. The
results showed that, of the three species, D. magna made the best use of the low-
quality cyanobacteria food.

Several algal species and the cyanobacterium Microcystis sp. were tested for
their appropriateness as food for D. pulex (Table 7.5; Liirling and Van Donk 1997).
D. pulex showed moderate growth and was able to produce some offsprings when
fed Microcystis that had an n-3/n-6 ratio of 1.6. However, two flagellates (i.e.
Cryptomonas and Chlamydomonas) gave about the same high growth rate even
though only Cryptomonas contained EPA. Surprisingly, D. pulex produced more
offspring until the third brood when fed Chlamydomonas than when fed
Cryptomonas with n-3/n-6 ratios of 6 and 43, respectively. This agrees with
Abrusan et al.’s (2007) observation that pure Cryptomonas diets cannot support
Daphnia in the long run. The low content of n-6 PUFA (particularly of ARA) in
Cryptomonas does not seem to be favourable for hatching daphnid broods.

In another feeding experiment where D. pulex was fed a mixture of three cyano-
bacteria species (Cyano-mix), a relatively high growth rate was observed for
the Cyano-mix diet, a small not significant increase was seen with ALA additions
to Cyano-mix, and a larger increase was produced with EPA (Ravet et al. 2003).
The Cyano-mix contained some n-3 and n-6 PUFA and had an n-3/n-6 ratio of 0.4,
which increased to 6 after the ALA and EPA additions. A feeding experiment with
D. pulex, which also included chlorophytes, showed good agreement with the obser-
vations of Ravet et al. (2003) using Cyano-mix and Crypto-mix: three eggs for
Cyanophytes, nine eggs for Cryptophytes and four eggs for Chlorophytes (Brett
et al. 2006). When comparing these results with those of Von Elert and co-workers,
where PUFA supplementation did not stimulate Daphnia growth, the most important
hypothesis proposed to explain the differences was the way in which the PUFA sup-
plements were delivered (Ravet et al. 2003). We suggest that their second hypothesis
is also likely, i.e. that the effect was related to the differences in the Cyanophyte
species used. Von Elert and Wolffrom (2001) used a Synechococcus strain that did
not contain any PUFA and the additions of PUFA gave only low ratios of 1.5 (Table
7.5). In contrast, the Cyano-mix used by Ravet et al. (2003) and Brett et al. (2006)
contained both C; and C, carbon n-3 and n-6 PUFA, and the additions of PUFA
probably increased the ratios to more favourable levels. Therefore, variances in the
n-3/n-6 ratios of the diets may explain the contrasting results.

In addition, the two Daphnia species used, D. galeata and D. pulex, probably
differ in their food quality requirements. D. pulex was apparently unable to fully
convert ALA and LIN to longer-chained PUFA at a rate required for high egg
production in these experiments (Ravet et al. 2003; Brett et al. 2006). A 30%
higher growth rate and the highest number of eggs were produced when D. pulex
was fed cryptomonads for 6 days. Flagellates, including cryptomonads, have also
been described as the best feed for zooplankters (e.g. Ahlgren et al. 1990; Von
Elert and Stampfl 2000). We suggest that this is at least partly due to their favour-
able FA patterns, i.e. high contents of the biologically active EPA, DHA and
ARA. However, some studies reveal that some cryptomonads have high levels
of ALA and EPA, low levels of LIN, and only traces, or complete deficiencies of
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ARA (e.g. Ravet and Brett 2006; Brett et al. 2006; Abrusan et al. 2007). Other
studies show that some strains contain moderate levels of LIN and n-6DPA
(Ahlgren et al. 1992) or high levels of LIN and small amounts of ARA (Miiller-
Navarra 2006). The n-6DPA is probably produced by an analogous route to that
of EPA conversion to DHA using the A6-enzyme (Voss et al. 1991) and is easily
retroconverted to ARA (cf. Koven et al. 2001). It remains to be shown if those
cryptomonads which lack long-chained n-6 PUFA, can explain the low survival
of daphnids in long-term feeding experiments.

Recently, Parrish and coworkers presented strong evidence that n-6DPA is
essential to cod and scallop larvae (Milke et al. 2006; Parrish et al. 2007; see
Chap. 13). However, the biochemical structures of the phospholipids are unique
whereby it only fits into specific biochemical processes like a key in its keyhole
(Crawford et al. 1999). Consequently, it is not likely that n-6DPA with five dou-
ble bonds can replace the shorter molecule of ARA unless reconverted to ARA.

Thus, the laboratory experiments with crustacean zooplankton indicate that the
optimal n-3/n-6 ratio would be >3 for D. galeata, >5 for D. magna and >10 for
D. pulex. Although there is considerable variation in fatty acid composition, both within
and among crustaceans, the variation in the n-3/n-6 ratio appears to be much smaller in
zooplankton than in their food (see Chap. 6). This quasi-homeostasis in PUFA compo-
sition suggests that the n-3/n-6 ratio is also regulated within an optimal range.

7.3.3 Freshwater Zoobenthos

7.3.3.1 In Situ Benthos

Amongst insects, both filter-feeding and deposit-feeding chironomids contained
nearly the same amounts of n-3 and n-6 PUFA (n-3/n-6 ratio = 1-2), whereas larvae
of free-living, predatory chironomids of the genus Procladius had a higher n-3/n-6
ratio (2-3) (Bell et al. 1994; Goedkoop et al. 2000; Sushchik et al. 2003).
Ephemerids had even higher n-3/n-6 ratios of about 6 (Bell et al. 1994; Sushchik
et al. 2003; Torres-Ruiz et al. 2007). However, both filter-feeding and deposit-
feeding chironomids and ephemerids contained ARA but had no, or only traces of,
DHA. This suggests that these taxa need ARA but not DHA for growth and repro-
duction. Interestingly, the predators Procladius and Chaoborus contained both
DHA and ARA with DHA/ARA ratios of ~1. Hydropsychidae, Corixidae,
Notonectidae, Coleoptera, Plecoptera, and Trichopteridae had n-3/n-6 ratios that
varied between 2 and 4 and DHA/ARA ratios < 1 (Bell et al. 1994; Sushchik et al.
2003; Dahl 2006). The sediment-living Oligochaeta had n-3/n-6 ratios of 1 to 3.5
(Bell et al. 1994; Goedkoop et al. 2000; Torres-Ruiz et al. 2007) and only traces of
DHA (Bell et al. 1994; Goedkoop et al. 2000) (Table 7.6).

Members of the crustacean families Gammaridae and Asellidae as well as two
crayfish species (Bell et al. 1994; Ackefors et al. 1997; Makhutova et al. 2003;
Sushchick et al. 2003; Dahl 2006; Maazouzi et al. 2007) had relatively low n-3/n-6
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ratios ranging from 1 to 3 and a DHA/ARA ratio of <1, whereas the predator Mysis
relicta had high ratios for both n-3/n-6 and DHA/ARA, on average 7 and 5, respec-
tively (Schlechtriem et al. 2008). Eggs of the mollusc Dreissena had lower ratios
for both n-3/n-6 and DHA/ARA in the epilimnion than in the hypolimnion (Wacker
and \Von Elert 2004).

In general, carnivorous zoobenthos have higher DHA than ARA, whereas
herbivorous and/or detritivorous species frequently lack DHA, a pattern similar
to that observed in mammals. The dietary source of DHA for predators like
Procladius and Chaoborus is probably copepodite resting stages, harpacticoid
copepods or microfauna in surficial profundal sediment, since deposit-feeding
chironomids and oligochaetes generally lack DHA (Goedkoop et al. 2000). There
seems to be a positive relationship between assumed food quality and n-3/n-6
ratios of zoobenthos taxa, with profundal, deposit-feeding, taxa that feed on
partly decomposed settling algae having lower n-3/n-6 ratios than taxa in littoral
or lotic habitats where fresh epibenthic algae dominate. For example, several
genera of Ephemeridae feeding on algae in littoral habitats have markedly higher
n-3/n-6 ratios than profundal species, but also lack DHA. Somewhat surprisingly,
however, the amphipod Diporeia is relatively rich in n-3 PUFA (Schlechtriem,
Arts and Johannsson, pers. comm.), as are several Chironomus species and oligo-
chaetes feeding in profundal sediments (Goedkoop et al. 2000). Diporeia is
known to be a strong and highly efficient trophic link between settling diatoms,
which are rich in EPA, and fish (Gardner et al. 1990). These observations reveal
that not only the feeding mode, but also feeding selectivity and phylogeny are
important for contents and ratios of FA (Table 7.6).

Another ecologically relevant pattern is that freshwater insects such as some
Chironomus species, with long larval stages in aquatic environments and a short
terrestrial adult stage, have a PUFA composition similar to that of terrestrial insects,
i.e. higher in n-6 than in n-3 FA, with an n-3/n-6 ratio <1 (e.g. Thompson 1973).
This comparison may, however, only be valid for aquatic insects that have poor-
quality diets, such as detritus, since different genera of Ephemeridae, and pooled
Plecoptera and Trichoperidae feeding on fresh algae in shallow habitats all have
n-3/n-6 ratios exceeding 1.

7.3.3.2 Feeding Experimentswith Zoobenthos

Thus far, few studies have addressed the role of PUFA for the growth and recruit-
ment success of benthic invertebrates. Surprisingly, experiments with larvae of the
deposit-feeder Chironomus riparius fed oat flakes or the cyanobacteria Spirulina,
both of which have very low n-3/n-6 ratios (0.03), gave only slightly lower growth
rates than did the fish food Tetraphyll, with a much higher ratio of 0.36 (Goedkoop
et al. 2007). In contrast, the green alga Scenedesmus obliquus, which is often
used as a control in feeding experiments with zooplankton, supported poor
growth in Chironomus that was only about half compared to the growth in the
Tetraphyll treatment. One reason for the latter result is probably that Chironomus
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lacks carbohydrase activity (Bjarnov 1972) and thus has problems digesting
Scenedesmus and other green algae. Adult emergence was significantly higher for
the Tetraphyll diet than for the oats and Spirulina diets. Possibly, the reduced emer-
gence in treatments with oats and Spirulina, particularly apparent at low food
concentrations, can be attributed to the 10X lower n-3/n-6 ratio of these food types.
No emergence and extremely low poor growth was also seen in a treatment with
peat (essentially no food) (Table 7.7).

Zebra mussels, Dreissena polymorpha, fed with freshwater Chlorella produced
5X larger larvae than those fed a marine Chlorella species, but survival to the pedi-
veliger stage was nearly the same (Vanderploeg et al. 1996). Larval survival on the
freshwater Chlorella diet was also higher than when the mussels were fed the cryp-
tophyte Rhodomonas, which together with Cryptomonas, is considered to be high-
quality food for zooplankters. However, no survival was observed with Cryptomonas
as a food, but this strain was probably too large to be ingested (Vanderploeg et al.
1996). Similar to the peat treatment (no food), treatments with several algal species,
which all lacked EPA (e.g. Synechococccus, Chlamydomonas, Nannochloris no FA
data available, and Chromulina), also resulted in eventual mortality. When fed the
flagellate Isochrysisand the eustigmatophycee Nannochloropsis, Dreissena showed
higher larval growth rate and greater survival compared to treatments with the green
alga Chlorella and the cyanobacteria Aphanothece (Wacker et al. 2002).
Nannochloropsis has an extremely high EPA content and additions of lipid extract
from Isochrysis, DHA or EPA did not increase the specific growth rate of Dreissena
substantially. Wacker and Von Elert (2004) conducted a 90-d long feeding experi-
ment with Dreissena, long enough for egg production, and found that the
Nannochloropsis diet gave the highest amounts of eggs per adult compared to the
three other phytoplankters (Table 7.7). Nannochloropsis contains not only high
amounts of EPA but also some ARA, giving a moderately high EPA/ARA ratio of
2.7. These data show that both EPA and ARA (or n-6DPA) must be present in the
diet if >30% of Dreissena larvae are to survive to the pediveliger stage or stay alive
at least 4 weeks. Without EPA and ARA in the diet only 50% of the larvae sur-
vived 2-3 weeks (Wacker and Von Elert 2004). This indicates that Dreissena lar-
vae lack the capacity to convert C . PUFA to longer-chain PUFA at a rate that is
required to optimize survival. As in fish, n-3 PUFA (EPA and DHA) seem to
stimulate growth in Dreissena, whereas n-6 PUFA (ARA) stimulate
reproduction.

This comparison of studies with a deposit feeder and a filter feeder also suggests
that there may be large functional-feeding guild-related differences in the depend-
ence of specific PUFA or n-3/n-6 ratios. While Dreissena apparently is dependent
on dietary supplies of EPA, deposit-feeding Chironomus larvae grow equally well
if supplied only with shorter homologues. These interspecific differences may be
related to differences in the feeding and life cycle strategies of primary consumers
and may even vary among populations that have evolved under different food
conditions. The scarcity of data and the diversity of feeding modes and life cycle
strategies show that we are only just beginning to understand the role of specific FA
or FA ratios for benthic invertebrate growth and reproduction.
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7.4 Concluding Remarks

This review shows that there are specific differences in n-3/n-6 and DHA/ARA ratios
amongst freshwater organisms. For fish species, the ratios were lowest and rather
stable within species of herbivorous—omnivorous fish, intermediate in carnivorous—
piscivorous fish, and highest and highly variable in carnivorous—benthivorous fish.
All three groups were significantly different from each other. No changes could be
observed during ontogeny for the three functional feeding groups. However, between
single species, significant differences in the ratios were found in an oligotrophic lake,
but not in a eutrophic lake. The largest effect on the PUFA ratios was observed when
comparing wild and cultured fish. Together, these results suggest that diet has a strong
influence on the PUFA composition of fish. This observation can also explain the
relatively small variation among wild piscivorous fish.

No general differences in the n-3/n-6 and DHA/ARA ratios between herbivorous
and carnivorous cladocerans could be seen, whereas significantly higher ratios were
present in copepods. In zoobenthos, however, predators showed higher ratios than
detrivores. All wild zooplankton contained EPA, DHA and ARA with DHA/ARA
ratios <1 in cladocerans and >1 in copepods. PUFA ratios in wild zooplankton were
quite stable, whereas the ratios in freshwater zoobenthos differed strongly among
taxonomic groups, suggesting that there are species-specific PUFA ratios. This
observation is further corroborated by the results from feeding experiments with
invertebrates, in which many of the contrasting results could be explained by
differences in the feed n-3/n-6 and DHA/ARA ratios. Ephemerids and chironomids
contained ARA, but DHA was rare or completely lacking. All aquatic insect con-
tained ARA but DHA was rare or lacking in non-predacious taxa with n-3/n-6
ratios <1, whereas both ratios exceeded 1 in benthic crustaceans. ARA seems to be
important for successful reproduction in invertebrates as well as in fish.

This review also finds that there are several gaps in our knowledge regarding PUFA
patterns and the role of PUFA in organisms in freshwater food webs, as well as a need
for refined experimental designs that acknowledge the role of PUFA ratios:

» The physiological function of these PUFA is at present unclear in invertebrates
common as fish feed. For example, the role of eicosanoid fatty acids as precur-
sors of prostaglandins is biologically important, but can be difficult to study
through dietary manipulations of individuals or small populations due to the low
concentrations of these fatty acids per animal needed to synthesize sufficient
levels of these hormones. Therefore, research on the physiological function of
fatty acids in aquatic invertebrates and fish should primarily focus on their
importance for growth and reproduction and their role as structural components
(e.g. in cell membranes and eggs).

» There is a conspicuous lack of experimental studies of freshwater copepods and
several functional feeding-groups of zoobenthos. Similarly, there is little infor-
mation on PUFA in wild zooplankton from lake types other than oligotrophic
clear water lakes. Also, among the zoobenthos, general patterns in PUFA
composition and content can only be identified by increasing the database of
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structurally and/or functionally different species across a range of habitats.
Controlled experiments must be done with designs that specifically test for opti-
mum PUFA ratios. Therefore, PUFA supplementation should be made to create
gradients in PUFA ratios, including manipulations of both n-3 and n-6 PUFA,
rather than using absence/presence designs as has been the common practice
thus far. Although much of what we have inferred is based on such experiments,
none of them has been specifically designed to address optimum PUFA ratios. It
is also important to present data on both n-3 and n-6 PUFA both in the feed types
and in the experimental animals.

e The response variable in feeding experiments has often been growth rate or the
size increment of animals, but this may not be the best measure of fitness. Other
criteria such as stress tolerance, occurrence of deformities, swimming activity,
survival, egg production, and/or recruitment success may be more appropriate
for assessing the effects of varying feed PUFA contents on fitness. In addition,
food quality may affect juveniles and adults differently and may differ for popu-
lations that have evolved under different food regimes. As growth and reproduction
are controlled by different eicosanoids, experiments should also be sufficiently
long to include egg laying and preferably even recruitment success.

« Considering the fact that there are obvious gaps in the accumulated knowledge
on this topic, we recommend that in order to better understand the role of PUFA
in freshwater food webs, future study designs need to acknowledge and take into
consideration that both the amount of PUFA in the diet and the specific propor-
tions of the types of PUFA are important to the performance of organisms. By
acknowledging this, we should be able to achieve a better understanding of key
regulatory processes that affect consumer growth and eventually food web
dynamics.

Acknowledgements We thank J. Johansson for chemical analyses, 1. Ahlgren for help with col-
lecting references and comments on the early manuscript, and several colleagues, such as J.
Persson, M.T. Brett, M. Kainz and C, Schlechtriem, M.T. Arts and O.E. Johannsson, for the use
of their data. We also bothered D.C. Miiller-Navarra and E. von Elert several times with questions
about original data. Important remarks of an anonymous referee improved an earlier version of
this work. We are also deeply thankful to the editors, M.T. Arts, M.T. Brett and M. Kainz, whose
support and encouragement made this chapter possible.

References

Abrusén, G., Fink, P., and Lampert, W. 2007. Biochemical limitation of resting egg production in
Daphnia. Limnol. Oecanogr. 52:1724-1724

Acharya, K., Jack, J. D., and Bukaveckas, P. 2005. Dietary effects on life history traits of riverine
Bosmina. Freshw. Biol. 50:965-975

Ackefors, A., Castell, J., and Orde-Ostrém, 1.-L. 1997. Preliminary results on the fatty acid com-
position of freshwater crayfish, Astacus astacus and Pacifastacus leniusculus, held in captivity.
J. World Aquac. Soc. 28:97-105

Ahlgren, G., Lundstedt, L., Brett, M., and Forsberg, C. 1990. Lipid composition and food quality
of some freshwater phytoplankton for cladoceran zooplankters. J. Plankton Res. 12:809-818



7 Fatty Acid Ratios in Freshwater Fish 165

Ahlgren, G., Gustafsson, I.-B., and Boberg, M. 1992. Fatty acid content and chemical composition
of freshwater microalgae. J. Phycol. 28:37-50

Ahlgren, G., Blomqvist, P., Boberg, M., and Gustafsson, I. B. 1994. Fatty acid content of the
dorsal muscle — an indicator of fat quality in freshwater fish. J. Fish Biol. 45:131-157

Ahlgren, G., Sonesten, L., Boberg, M., and Gustafsson, I. B. 1996. Fatty acid content of some
freshwater fish in lakes of different trophic levels — a bottom-up effect? Ecol. Freshw. Fish
5:15-27

Ahlgren, G., Carlstein, M., and Gustafsson, 1.-B. 1999. Effects of natural and commercial diets on
the fatty acid content of European grayling. J. Fish Biol. 55:1142-1155

Ahlgren, G., Hyenstrand, P., Vrede, T., Karlsson, E., and Zetterberg, S. 2000. Nutritional quality
of Scenedesmus quadricauda (Chlorophyceae) grown in different nitrogen regimes and tested
on Daphnia. Verh. Internat. Verein. Limnol. 27:1234-1238

Ahlgren, G., Van Nieuwerburgh, L., Wanstrand, |., Pedersén, M., Boberg, M., and Snoeijs, P.
2005. Imbalance of fatty acids in the base of the Baltic Sea food web —a mesocosm study. Can.
J. Fish. Aquat. Sci. 62:2240-2253

Arts, M. T., Ackman, R. G., and Holub, B. J. 2001. “Essential fatty acids” in aquatic ecosystems: a
crucial link between diet and human health and evolution. Can. J. Fish. Aquat. Sci. 58:122-137

Becker, C., and Boersma, M. 2005. Differential effects of phosphorus and fatty acids on Daphnia
magna growth and reproduction. Limnol. Oceanogr. 50:388-397

Bell, M. V., Henderson, R. J., and Sargent, J. R. 1986. Minireview. The role of polyunsaturated
fatty acids in fish. Comp. Biochem. Physiol. 83B:711-719

Bell, J. G., Ghioni, C., and Sargent, J. R. 1994. Fatty acid compositions of 10 freshwater inverte-
brates which are natural food organisms of Atlantic salmon parr (Salmo salar); a comparison
with commercial diets. Aquaculture 128:301-313

Bell, M. V., Dick, J. R., Thrush, M., and Navarro, J. C. 1996. Decreased 20:4n—6/20:5n-3 ratio in
sperm from cultured sea bass, Dicentrarchus labrax, broodstock compared with wild fish.
Aquaculture 144:189-199

Bjarnov, N. 1972. Carbohydrases in Chirononmus, Gammarus and some trichopteran larvae.
Oikos 23:261-263

Boersma, M. 2000. The nutritional quality of P-limited algae for Daphnia. Limnol. Oceanogr.
45:1157-1161

Brett, M. T., and Miiller-Navarra, D. C. 1997. The role of highly unsaturated fatty acids in aquatic
foodweb processes. Freshw. Biol. 38:483-499

Brett, M. T., Miiller-Navarra, D. C., Ballantyne, A. P., Ravet, J. L., and Goldman, C. R. 2006.
Daphnia fatty acid composition reflects that of their diet. Limnol. Oceanogr. 51:2428-2437

Broadhurst, C. L., Cunnane, S. C., and Crawford, M. A. 1998. Rift valley lake fish and shellfish
provided brain-specific nutrition for early Homo (review article). Br. J. Nutr. 79:3-21

Castell, J. D., Bell, J. G., Tocher, D. R., and Sargent, J. R. 1994. Effects of purified diets containing
different combinations of arachidonic and docosahexaenoic acid on survival, growth and fatty
acid composition of juvenile turbot (Scrophthalmus maximus). Aquaculture 128:315-333

Copeman, L. A, Parrish, C. C., Brown, J. A, and Harel, M. 2002. Effects of docosahexaenoic,
ecosapentaenoic, and arachidonic acids on the early growth, survival, lipid composition and
pigmentation of yellowtail flounder (Limanda ferruginea): a live food enrichment experiment.
Aquaculture 210:285-304

Crawford, M., and Marsh, D. 1989. The Driving Force. Heinemann, London

Crawford, M. A., Casperd, N. M., and Sinclair, A. J. 1976. The long chain metabolites of linoleic
and linolenic acids in liver and brain in herbivores and carnivores. Comp. Biochem. Physiol.
54B:395-401

Crawford, M. A., Doyle, W., Williams, G., and Drury, P. J. 1989. The role of fats and EFAs for
energy and cell structures in the growth of fetus and neonates, pp. 81-115. In A. J.
Vergroesen, and M. Crawford [eds.], The role of fats in human nutrition. Academic Press,
London

Crawford, M. A., Bloom, M., Broadhurst, C. L., Schmidt, W. F., Cunnane, S. C., Galli, C.,
Gehbremeskel, K., Linseisen, F., Lloyd-Smith, L., and Parkinton, J. 1999. Evidence for the



166 G. Ahlgren et al.

unique function of docosahexaenoic acid during the evolution of the modern hominid brain.
Lipids 34:539-S47

Dahl, J. 2006. Functional feeding groups of benthic macro-invertebrates in Swedish lakes and
streams and the importance of spatial scale. MSc-thesis. Swedish University of Agricultural
Sciences, Department of Environmental Assessment, Report 1999:4

Dalsgaard, J., Stiohn, M., Kattner, G., Miiller-Navarra, D., and Hagen, W. 2003. Fatty acid trophic
markers in the pelagic marine environment. Adv. Mar. Biol. 46:225-246

De Lange, H. J., and Van Donk, E. 1997. Effects of UVB-irradiated algae on life history traits of
Daphnia pulex. Freshw. Biol. 38:711-720

DeMott, W. R. 1986. The role of taste in food selection by freshwater zooplankton. Oecologia
69:334-340

DeMott, W. R., and Miiller-Navarra, D. C. 1997. The importance of highly unsaturated fatty acids
in zooplankton nutrition: evidence from experiments with Daphnia, a cyanobacterium and
lipid emulsions. Freshw. Biol. 38:649-664

Elendt, B. -P. 1990. Nutritional quality of a microencapsulated diet for Daphnia magna. Effects on
reproduction, fatty acid composition, a midgut ultrastructure. Arch. Hydrobiol. 118:461-475

Gardner, W. S, Quigley, M. A, Fahnenstiel, G. L., Scavia, D., and Frez, W. A. 1990. Pontoporeia hoyi
— a direct trophic link between spring diatoms and fish in Lake Michigan, pp. 632-644. In M. M.
Tiller, and C. Serruya [eds.], Large lakes — ecological structure and function. Springer, New York

Goedkoop, W., Sonesten, L., Markensten, H., and Ahlgren, G. 2000. Fatty acids in profundal
benthic invertebrates and their major food resources in Lake Erken, Sweden: seasonal variation
and trophic indications. Can. J. Fish. Aquat. Sci. 57:2267-2279

Goedkoop, W., Demandt, M., and Ahlgren, G. 2007. Interactions between food quantity and
quality (long-chain PUFA concentrations) effects on growth and development of the midge
Chironomus riparius Meigen. Can. J. Fish. Aquat. Sci. 64:425-436

Harrison, K. E. 1990. The role of nutrition in maturation, reproduction and embryonic develop-
ment of decapod crustaceans: a review. J. Shellfish Res. 9:1-28

Henderson, R. J., Tillmanns, M. M., and Sargent, J. R. 1996. The lipid composition of two species
of Serasalmid fish in relation to dietary polyunsaturated fatty acids. J. Fish Biol. 48:522-538

Hessen, D. O., and Leu, E. 2006. Trophic transfer and trophic modification of fatty acids in high
Arctic lakes. Freshw. Biol. 51:1987-1998

Higgs, D. A., Macdonald, J. S., Levings, C. D., and Dosanjh, B. S. 1995. Nutrition and feeding
habits in relation to life history stage, pp. 200-280. In C. Groot, L. Margolis, and W. C. Clarke
[eds.], Physiological ecology of pacific salmon. UBC Press, Vancouver

Kainz, M., Arts, M. T., and Mazumder, A. 2004. Essential fatty acids in the planktonic food web
and their ecological role for higher trophic levels. Limnol. Oceanogr. 49:1784-1793

Kainz, M., Telmer, K., and Mazumder, A. 2006. Bioaccumulation patterns of methyl mercury and
essential fatty acids in lacustrine planktonic food webs and fish. Sci. Total Environ. 368:271-282

Koussoroplis, A. M., Lemarchand, C., Bec, A., Desvilettes, C., Amblard, C., Fournier, C., Berny,
P., and Bourdier, G. 2008. From aquatic to terrestrial food webs: decrease of the docosahexae-
noic acid/linoleic acid ratio. Lipids 43:461-466

Koven, W., Barr, Y., Lutzky, S., Ben-Atia, I., Weiss, R., Harel, M., Behrens, P., and Tandler, A.
2001. The effect of dietary arachidonic acid (20:4n-6) on growth, survival and resistance to
handling stress in gilthead seabream (Sparus aurata) larvae. Aquaculture 193:107-122

Lirling, M., and Van Donk, E. 1997. Life history consequences for Daphnia pulex feeding on
nutrient-limited phytoplankton. Freshw. Biol. 38:693-709

Maazouzi, C., Masson, G., Izquierdo, M. S., and Pihan, J. C. 2007. Fatty acid composition of the
amphipod invader Dikerogammarus villosus: feeding strategies and feeding strategies and
trophic links. Comp. Biochem. Physiol. A 147:868-875

Makhutova, O., Kalachova, G. S., and Gladyshev, M. 1. 2003. A comparison of the fatty acid
composition of Gammarus lacustris and its food sources from a freshwater reservoir, Bugach,
and the saline Lake Shira in Siberia, Russia. Aquat. Ecol. 37:159-167



7 Fatty Acid Ratios in Freshwater Fish 167

Milke, L. M., Bricelj, V. M., and Parrish, C. C. 2006. Comparison of early history stages of the
bay scallop, Argopecten irradians: effects of microalgal diets on growth and biochemical
composition. Aquaculture 260:272-289

Miiller-Navarra, D. C. 2006. The nutritional importance of polyunsaturated fatty acids and their
use as trophic markers for herbivorous zooplankton: does it contradict? Arch. Hydrobiol.
167:501-513

Navas, J. M., Thrush, M. A., Ramos, J., Zanuy, S., Carrillo, M., and Bromage, N. 1993. Calidad
de puesta y niveles plasmaticos de vitelogenina en reproductores de lubina (Dicentrarchus
labrax) mantenidos con diferentes dietas. Actas IV Congreso Nac. Acuicult. 19-24.

Olsen, Y. 1999. Lipids and essential fatty acids in aquatic food webs: what can freshwater ecolo-
gists learn from mariculture, pp. 161-202. In M. T. Arts, and B. C. Wainman [eds.], Lipids in
freshwater ecosystems. Springer, New York

Otwell, W. S., and Richards, W. L. 1981/1982. Cultured and wild American eels, Anguilla ros-
trata: fat content and fatty acid composition. Aquaculture 26:67—-76

Parrish, C. C., Whiticar, M., and Puvanendran, V. 2007. Is w6 docosapentaenoic acid an essential
fatty acid during early ontogeny in marine fauna? Limnol. Oceanogr. 52:476-479

Persson, J., and Vrede, T. 2006. Polyunsaturated fatty acids in zooplankton: variation due to tax-
onomy and trophic position. Freshw. Biol. 51:887-900

Pickova, J., Kiessling, A., Pettersson, A., and Dutta, P. C. 1999. Fatty acid and carotenoid compo-
sition of eggs from two nonanadromous Atlantic salmon stocks of cultured and wild origin.
Fish Physiol. Biochem. 21:147-156

Ravet, J. L., Brett, M. T., and Miiller-Navarra, D. C. 2003. A test of the role of polyunsaturated
fatty acids in phytoplankton food quality for Daphnia using liposome supplementation.
Limnol. Oceanogr. 48:1938-1947

Ravet, J. L., and Brett, M. T. 2006. Phytoplankton essential fatty acid and phosphorus content
constraints on Daphnia somatic growth and reproduction. Limnol. Oceanogr. 51:2438-2452

Repka, S. 1997. Effects of food type on the life history of Daphnia clones from lakes differing in
trophic state. I. Daphnia galeata feeding on Scenedesmus and Oscillatoria. Freshw. Biol.
37:675-683

Sargent, J. R. 1995. Origins and functions of egg lipids: nutritional implications, pp. 353-372. In
N. R. Bromage, and R. J. Robert [eds.], Brood stock managements and egg and larval quality.
Blackwell Science, Cambridge

Sargent, J. R., Parkes, R. J., Mueller-Harvey, I., and Henderson, R. J. 1987. Lipid markers in
marine ecology, pp. 119-138. In M. A. Sleigh [ed.], Microbes in the sea. Ellis Horwood Ltd,
Chichester

Sargent, J. R., Bell, J. G., Bell, M. V., Henderson, R. J., and Tocher, D. R. 1995. Requirement
criteria for essential fatty acids. J. Appl. Ichthyol. 11:183-198

Sargent, J. R., McEvoy, L. A., and Bell, J. G. 1997. Requirements, presentation and sources of
polyunsaturated fatty acids in marine fish larval feeds. Aquaculture 155:117-127

Sargent, J. R., McEvoy, L., Estevez, A., Bell, G., Bell, M., Henderson, J., and Tocher, D. 1999.
Lipid nutrition of marine fish during early development: current status and future directions.
Aquaculture 179:217-229

Schlechtriem, C., Arts, M. T., and Johannsson, O. E. 2008. Effect of long-term fasting on the use
of fatty acids as trophic markers in the opossum shrimp Mysis relicta. A laboratory study.
J. Great Lakes Res. 34:143-152

Stanley-Samuelson, D. W. 1994. Prostaglandins and related eicosanoids in insects. Adv. Insect
Physiol. 24:115-212

Sushchik, N. N., Gladyshev, M. 1., Moskvichova, A. V., Makhutova, O. N., and Kalachova, G. S.
2003. Comparison of fatty acid composition in major lipid classes of the dominant benthic
invertebrates of the Yenisei River. Comp. Biochem. Physiol. B 134:111-122

Thompson, S. N. 1973. A review and comparative characterization of the fatty acid compositions
of seven insect orders. Comp. Biochem. Physiol. 45B:467-482



168 G. Ahlgren et al.

Thrush, M., Navas, J. M. Ramos, J., Bromage, N., Carrillo, M., and Zanuy, S. 1993. The effect of
artificial diets on lipid class and total fatty acid composition on cultured sea bass (Dicentrarchus
labrax) eggs. Actas IV Congreso Nac. Acuicult. 37-42.

Torres-Ruiz, M., Wehr, J. D., and Perrone, A. A. 2007. Trophic relations in a stream food web: impor-
tance of fatty acids for macroinvertebrate consumers. J. N. Am. Benthol. Soc. 26:509-522.

Vanderploeg, H. A., Liebig, J. R., and Gluck, A. A. 1996. Evaluation of different phytoplankton
for supporting development of zebra mussel larvae (Dreissena polymorpha): the importance of
size and polyunsaturated fatty acid content. J. Great Lakes Res. 22:36-45

Van Vliet, T., and Katan, M. B. 1990. Lower ratio of n-3 to n-6 fatty acids in cultured than in wild
fish. Am. J. Clin. Nutr. 51:1-2

\Von Elert, E. 2002. Determination of limiting polyunsaturated fatty acids in Daphnia galeata
using a new method to enrich food algae with single fatty acids. Limnol. Oceanogr.
47:1764-1773

\on Elert, E., and Stampfl, P. 2000. Food quality for Eudiaptomus gracilis. the importance of
particular highly unsaturated fatty acids. Freshw. Biol. 45:189-200

\on Elert, E., and Wolffrom, T. 2001. Supplementation of cyanobacterial food with polyunsatu-
rated fatty acids does not improve growth of Daphnia. Limnol. Oceanogr. 46:1552-1558

Von Elert, E., Martin-Creuzburg, D., and Le Coz, J. R. 2003. Absence of sterols constrains carbon
transfer between cyanobacteria and a freshwater herbivore (Daphnia galeata). Proc. Roy. Soc.
B - Biol. Sci. 270:1209-1214

Voss, A., Reinhart, M., Sankarappa, S., and Sprecher, H. 1991. The metabolism of
7,10,13,16,19-docosapentaenoic acid to 4,7,10,13,19-docosahexaenoic acid in rat liver is inde-
pendent of a 4-desaturase. J. Biol. Chem. 266:19995-20000

Wacker, A., and Von Elert, E. 2004. Food quality controls egg quality of the zebra mussel
Dreissena polymorpha: the role of fatty acids. Limnol. Oceanogr. 49:1794-1801

Wacker, A., Becher, P., and Von Elert, E. 2002. Food quality effects of unsaturated fatty acids on
larvae of the mussel Deissena polymorpha. Limnol. Oceanogr. 47:1242-1248

Weers, P. M. M., and Gulati, R. D. 1997a. Effect of addition of polyunsaturated fatty acids to the
diet on the growth and fecundity of Daphnia galeata. Freshw. Biol. 38:721-729

Weers, P. M. M., and Gulati, R. D. 1997b. Growth and reproduction of Daphnia galeata in
response to changes in fatty acids, phosphorus, and nitrogen in Clamydomonas reinhardtii.
Limnol. Oceanogr. 42:1584-1589

Weissburg, M. J., Doall, M. H., and Yen, J. 1998. Following the invisible trail: kinematic analysis
of mate-tracking in the copepod Temora longicornis. Proc. Roy. Soc. B — Biol. Sci.
353:701-712

Xu, X., Ji, W,, Castell, J. D., and O’Dor, R. 1993. The nutritional value of dietary n-3 and n-6 fatty
acids for the Chinese prawn (Panaeus chinensis). Aquaculture 118:277-285

Yang, X., and Dick, T. A. 1994. Arctic char (Salvelinus alpinus) and rainbow trout (Oncorhynchus
mykiss) differ in their growth and lipid metabolism in response to dietary polyunsaturated fatty
acids. Can. J. Fish. Aquat. Sci. 51:1391-1400. J. Plankton Res. 14:495-512

Yen, J., Lenz, P. H., Gassie, D. V., and Hartline, D. K. 1992. Mechanoreception in marine
copepods: electrophysiological studies on the first antennae. J. Plankton Res. 14:495-512

Zenebe, T., Ahlgren, G., and Boberg, M. 1998a. Fatty acid content of some freshwater fish of
commercial importance from tropical lakes in the Ethiopian Rift Valley. J. Fish Biol.
53:987-1005

Zenebe, T., Ahlgren, G., Gustafsson, I. B., and Boberg, M. 1998b. Fatty acid and lipid content of
Oreochromis niloticus L. in Ethiopian lakes — dietary effects of phytoplankton. Ecol. Freshw.
Fish 7:146-158

Zenebe, T., Boberg, M., Sonesten, L., and Ahlgren, G. 2003. Effects of algal diets and temperature
on the growth and fatty acid content of the cichlid fish Oreochromis niloticus L. A laboratory
study. Aquat. Ecol. 37:169-182



7 Fatty Acid Ratios in Freshwater Fish

169

Table 7.1 Polyunsaturated fatty acid (PUFA) ratios in feeding experiments with freshwater fish

fed different kinds of feed

Feed Fish muscles
DHA/ DHA/
Species and feed n-3/n-6 ARA n-3/n-6  ARA Increase (g)  Source
Salvelinus alpinus (fed 12 weeks)
PUFA deficient 0.25 0.0 5.2 211 17 Yang and Dick
Low PUFA 3.13 0.0 - - 8.8 (1994)
High PUFA 3.12 0.0 34 221 112
Commercial 2.30 13 2.9 274 141
Oncorhynchus mykiss (fed 12 weeks)
PUFA deficient 0.25 0.0 4.2 156 3.0 Yang and Dick
Low PUFA 3.13 0.0 - - 5.8 (1994)
High PUFA 3.12 0.0 3.8 26.2 83
Commercial 2.30 13 3.3 29.7 141
Mylossoma aureum (herb.; fed 9 months)
Oatflakes 0.03 0.0 0.04 0.0 15.6 Henderson
et al. (1996)
Serrasalmus natterie (carn.; fed 9 months)
Chironomus larvae 0.22 13 0.19 052 88 Henderson
et al. (1996)
Oreochromis niloticus (fed 8 weeks)
Cichlid pellets 0.61 0.0 1.18 729 9.91
Microcystis (colonies) 0.33 0.0 2.13 950 0.68
Microcystis (cells) 0.10 0.0 141 537 -0.27
Arthrospira 0.01 0.0 1.49 538 -1.44
Scen. quadricauda 2.1 0.0 1.42 546 -2.30 Zenebe et al.
Unfed 0.0 0.0 1.27 458 -2.49 (2003)

—indicates ‘no values available’
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Table7.2 PUFA ratios in wild and reared salmonids from the rivers Vindelilven (RV), Gullspang
(W1), Klarélven (W2), Norwegian rivers (NR), reared fish from the River Gullspang- (F1), and

from lakes in Canada (C)

Fish species Lipids n n-3/n-6 DHA/ARA Source

wild

Thymallus thymallus (RV)  Total 18 4.7+0.6 6.3+1.0  Ahlgrenetal. (1999)
Salmo salar

w1 PL 6 5.2 4.0 Pickova et al. (1999)
W2 PL 6 4.8 3.8

w1 TAG 6 45 2.9

W2 TAG 6 4.2 31

Eggs PL 12 5.0 3.9

Average + SD 47+04 35+£05

Salvelinus alpinus (C) Total 3 1.8 2.2 Yang and Dick (1994)
Oncorhynchus mykiss (C)  Total 3 1.7 6.9 Yang and Dick (1994)
Atlantic Salmo salar (C) Total 3 17 1.9 Yang and Dick (1994)
Average + SD 1.7+006 37+28

Salmo salar (NR) Total - 16 25 Olsen (1999)

Reared

Thymallus thymallus Total 9 9.8+2.6 50.9+5.9  Ahlgren et al. (1999)
Salmo salar

F1 PL 6 13.9 9.7 Pickova et al. (1999)
F1 TAG 6 6.8 104

Eggs PL 6 13.9 9.6

Average + SD 115+41 99+04

S alpinus Total 2 2.9 27 Yang and Dick (1994)
O. mykiss Total 2 3.3 30 Yang and Dick (1994)
Average + SD 31+03 29+2

Salmo salar (NR) Total - 4 31 Olsen (1999)

Total total muscle fatty acids; PL phospholipids; TAG triacylglycerols; — indicates ‘no values

available’
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Table 7.4 PUFA ratios of chlorophytes in feeding experiments with daphnids

G. Ahlgren et al.

Feed Daphnia
EPA (mg Number of
Treatment gtC) n-3/n-6  r-max (d*) Individuals  Source
Daphnia galeata (fed 14 (4-6) days)
Scenedesmus quadricauda Ahlgren
NO,-N 100% Z8 0.0 25 0.13 (0.30) 62 (35) etal.
NO,-N 10% Z8 0.0 1.7 neg (0.13) 2 (25) (2000)
NH,-N 100% Z8 0.0 3.0 0.13(0.13) 61 (23)
NH,-N 10% Z8 0.0 14 neg (0.09) 1 (12)
D. galeata (fed 8 days)
Chlamydomonas rein- Weers and
hardtii Gulati
Chlam. control 0.0 5.9 0.26 42 (1997b)
N-limited 0.0 1.7 0.27 44
P-limited 0.0 1.2 0.06 3
D. galeata (fed 4 days)
Scenedesmus acutus Weers and
Scen. (Control) 0.0 12 0.31 42 Gulati
Scen. + emulsion-B 0.0 10 0.29 37 (1997a)
Scen. + emulsion-A 260 15 0.35 52
Cryptomonas 20 38 0.35 51
Rhodomonas 40 18 0.35 53
D. galeata (fed 4 days)
Scenedesmus obliquus 0.0 29 0.47 -
Scen. + 18:1n-7 0.0 3.0 0.50 - \Von Elert
(2002)
Scen. + ALA 0.0 5.6 0.50 -
Scen. + ARA 0.0 14 0.48 -
Scen. + EPA 74 5.6 0.50 -
Scen. + DHA 0.0 3.7 0.51 -
Daphnia magna (fed 22 days)
Scenedesmus subspicatus  0.02 3.0 4.4 165 Elendt
Scen. + Frippak 75:25 152 1.9 4.5 163 (1990),
Scen. + Frippak 50:50 3.0® 1.3 4.4° 160 (newborns)
Scen. + Frippak 25:75 4,52 0.8 4.2° 85
Frippak 100% 6.0° 0.5 3.5 24
D. magna (fed 6 days)
Scenedesmus obliquus Boersma
P+ (Contr.) 0.0 1.2 0.42 - (2000)
+ HUFA-poor 0.0 0.2 0.42 -
+ HUFA-rich 32 4.6 0.62 -
P-lim 0.0 0.76 0.20 -
+ HUFA-poor 0.0 0.42 0.23 -
+ HUFA-rich 32 2.8 0.24 -
P-pulsed 0.0 13 0.23 -
+ HUFA-poor 0.0 0.46 0.26 -
+ HUFA-rich 32 3.8 0.32 -

(continued)
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Table 7.4 (continued)

Feed Daphnia
EPA (mg Number of
Treatment gtC) n-3/n-6  r-max (d*) Individuals  Source
D. magna (fed 6 days)
Scenedesmus obliquus Becker and
Scen. P-lim 0.0 0.75 0.28 - Boersma
Scen. + ARA 0.0 0.51 0.28-0.30 - (2005)
Scen. + EPA 4.5 1.6 0.37 -
Bosmina (sinobosmina) freyi (fed 22 (6) days)
Scenedesmus acutus 0.25 0.7 0.11 (0.38) 25 Acharya
etal.
(2005),
(neonates)

Ohio river seston 2.8 7.0 0.09 (0.41) 14

r, specific growth rate; numerals within parentheses refer to the shorter feeding periods; Z8, algal
medium; neg, negative growth (i.e. Daphnia population decreased after days 4-6); emulsion-A is
rich in PUFA; emulsion-B is rich in MUFA and SAFA; Frippak is a microencapsulated diets for
prawn larvae (# 1 CAR) in relative proportions to Scenedesmus, ‘- indicates ‘no values
available’

0% of total FA

°Length (mm) at day 22

Table 7.5 PUFA ratios of cyanophytes in feeding experiments with daphnids

Algal feed Daphnia
EPA Number
Treatment (mgg?*C) n-3n-6 r(d? of eggs  Source
D. galeata (fed 6-7 days)
Synechococcus elongatus  0.11 3.7 0.04-0.14 0 DeMott and
Syn + oleic acid 0.42 3.7 0.0 0 Miiller-Navarra
Syn + fish oils 7.0 6.5 0.22-0.26 6 (1997)
Scenedesmus acutus 0.84 31 0.38 6
D. galeata (fed 4 days)
Synechococcus elongatus 0.0 0.0 0.16 - \on Elert and
Syn + beads 0.0 0.29 0.19 - Wolffrom
Syn + ARA 0.0 <<0.29 0.13 - (2001)
Syn + EPA 105 12.3 0.18 -
Syn + PUFA-mix 15 15 0.17 -
Syn + lipids from Scen 0.0 1.1 0.28 -
Scenedesmus obliquus 0.0 25 0.39 -
D. galeata (fed 4 days)
Synechococcus elongatus 0.0 0.0 0.045 0 \on Elert et al.
Sn + ALA + EPA 15 15 0.054 - (2003)
Syn + sterols 0.0 0.0 0.23 1.3
Syn + sterols + ALA + EPA 15 15 0.27 -
Scenedesmus obliquus 0.0 25 0.38 -
Anabaena variabilis 0.0 8.1 0.14 0
+ ALA + EPA 15 9.6 0.14 -
+ Sterols 0.0 8.1 0.34 45
+ Sterols + ALA + EPA 15 9.6 0.37 -

(continued)
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Table 7.5 (continued)

Algal feed Daphnia
EPA Number
Treatment (mgg™*C) n-3/n-6 r(d? of eggs  Source
D. galeata (fed 15 days)
Oscillatoria limnetica 0.0 24 0.06-0.16 - Repka (1997)
Scenedesmus obliquus 0.0 2.7 0.27-0.34 -
D. magna (fed 6-7 days)
Synechococcus elongatus  0.11 3.7 0.20-0.30 0.5-2  DeMott and
Syn + oleic acid 0.05 3.7 0.27 1 Miller-
Syn + fish oils 6.9 6.5 0.33-0.37 4 Navarra
Scenedesmus acutus 0.84 3.1 0.43 10 (1997)
D. pulicaria (fed 6-7 days)
Synechococcus elongatus  0.11 3.7 0.04-0.08 0 DeMott and
+ Fish oils 13 0.0 0.23 0 Maller-
+ Ankistrodesmus - - 0.35 49 Navarra
Ankistrodesmus 0.18° 1.5 0.36-0.40 5.9 (1997)
D. pulex (fed until third brood)
Microcystis aeruginosa 0.0 1.6 0.16 8 Lirling and Van
Donk (1997)
Scenedesmus acutus 0.1 2.6 0.42 47 De Lange and
Van Donk
(1997), (new-
borns)
Synedra tenuissima 10 0.0 0.44 54
Cryptomonas pyrenoidifera 16 43 0.46 49
Chlamydomonas reinhardtii 0.0 6.4 0.39-0.50 65-69
Daphnia pulex (fed 6 days)
Cyano mix (Micr 1 + Micr 0.5 0.3-04 0.37 2.5 Ravet et al.
2 + Syn) (2003), Exp. 2
Cyano mix + EPA 15 6 0.44 6
Crypt 1+ Crypt2+ Rhod 15 10 0.57 11
Daphnia pulex (fed 6 days)
Cyano mix 0.5 0.3-0.4 0.36 3 Ravet et al.
Cyano mix + ALA 0.5 6 0.38 3 (2003), Exp. 4
Cyano mix + DHA 0.5 6 0.38 4 and 5
Cyano mix + EPA 15 6 0.42 7
Cyano mix + ALA + DHA 5 6 0.42 7
+ EPA
Cyano mix + 65% of Crypt 10 6 0.48 6
FA
Crypt 1+ Crypt2 + Rhod 15 10 0.56 10-13
Daphnia pulex (fed 6 days)
Cyanophytes 1.5° 0.46 0.35 2 Brett et al. (2006)
Chlorophytes 0.1° 1.2 0.47 4
Cryptophytes 9.9° 12 0.57 9

r, specific growth rate; —, indicates ‘no values available’; Micr 1 and 2 = Microcystis aruginosa
strain 2063 and 2387, respectively; Syn = Synechococcus elongatus; Crypt 1 and 2 = Cryptomonas
ovata strains 979/44 and 979/61, respectively; Rhod = Rhodomonas minuta; text in bold indicates
a possible optimum

aData from another strain (M. Brett, pers. comm.)

®% of total FA
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Table 7.6 PUFA ratios in freshwater zoobenthos

deposit-feeder

Species Feeding mode n-3/n-6 DHA/ARA  Source
Aquatic insects
Chironomidae (n = 3) 2.2 0.1 Bell et al. (1994)
Chironomidae (n = 6) 3.54 0.1 Sushchik et al.
(2003)
Chironomus plumosus, Filter/ 1.03+0.16 0.0 Goedkoop et al.
(autumn cohort, n = 6) deposit-feeder (2000)
Chironomus plumosus, Filter/deposit- 1.09+0.38 0.0 Goedkoop et al.
(spring cohort, n=7) feeder (2000)
C. anthracinus (n = 5) Deposit-feeder 074022 0.0 Goedkoop et al.
(2000)
Average + SD 17+12 0
Chironomus riparius males 0.19 0.8 Goedkoop
(n=1) (unpublished)
Chironomus riparius 0.16 £0.003 0.67 + Goedkoop
females (n = 2) 0.015 (unpublished)
Chironomus riparius Deposit-feeder 0.22 £0.003 0.35=* Goedkoop
larvae (n = 2) 0.35 (unpublished)
Chironomus riparius eggs 0.12 0.38 Goedkoop
(unpublished)
Average + SD 0.17 0.55
Procladius sp. (n = 6) Predator 1.77+£0.23 0.38 Goedkoop et al.
(2000)
Chaoborusflavicans (n=6) Predator 354+036 1.26
Average + SD 27+12 0.8+0.6
Ephemeridae (n = 5) Filter-feeder 2.2 0.02 Sushchik et al.
(2003)
Ecdyonurus (n = 3) Grazer/ 8.2 0.0 Bell et al. (1994)
detritivore
Ephemerella (n = 3) Grazer/ 6.3 0.0 Bell et al. (1994)
detritivore
Caenis(n=2) Detritivore 6.2 0.0 Bell et al. (1994)
Average + SD 5725 0
Hydropsychidae
Hydropsyche spp. (n=3)  Collector- 1.6 0.8 Dahl (2006)
gatherer
Corixidae (n = 3) Mostly 33 0.4 Bell et al. (1994)
detritivores
Notonectidae Bell et al. (1994)
Notonecta sp. (n = 3) Predator 3.7 0.1 Bell et al. (1994)
Coleoptera (n = 3) Mostly predators 3.6 0.0 Bell et al. (1994)
Plecoptera (n = 3) Highly variable 4.1 0.2 Bell et al. (1994)
Trichoptera (n = 4) Highly variable ~ 3.22 11 Sushchik et al.
(2003)
Average + SD 33+09 05+04
Oligochaeta (n = 2) Subsurface 2.2 0.2 Bell et al. (1994)
deposit-feeder
Oligochaeta (n = 6) Subsurface 1.03+0.07 0.0 Goedkoop et al.

(2000)

(continued)
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Table 7.6 (continued)

G. Ahlgren et al.

Species Feeding mode n-3/n-6 DHA/ARA  Source
Crustacea
Gammaridae (n = 3) Shredder/ 2.3 0.4 Bell et al. (1994)
detritivore
Gammaridae (n = 6) Shredder/ 35 13 Sushchik et al.
detritivore (2003)
Gammarus lacustris Shredder/ Makhutova et al.
detritivore (2003)
August 4 2.3 14
August 5 19 1.7
August 8 1.7 1.6
Gammarus pulex (n = 2) Shredder/ 1.1 0.4 Dahl (2006)
detritivore
Dikerogammarus villosus ~ Shredder/detriti- Maazouzi et al.
vore/predator (2007)
July 2.1 1.0
August 1.3 0.6
September 1.8 0.6
Asellidae
Asellus aquaticus (n=2)  Shredder/ 0.8 0.3 Dahl (2006)
detritivore
Astacus astacus (n = 8), Detritivore/ 1.1 0.2 Ackefors et al.
(tail-muscle) predator (1997)
Pacifastacus leniusculus, Detritivore/ 1.2 0.3 Ackefors et al.
(tail-muscle) (n=7) predator (1997)
Average + SD 1.8+0.8 0.8+05
Mysidacae Schlechtriem
et al. (2008)
Mysisrelicta Predator
Spring: male 8.2 6.0
Female 8.2 5.7
Juvenile 10.1 8.7
Fall: male 4.6 29
Female 49 2.9
Diporeia spp. Deposit-feeder 6.7 55 Schlechtriem
et al. (pers.
comm.)
Average + SD 71+21 53+22
Bivalvia
Dreissena polymorpha Filter-feeder Wacker and Von
Elert (2004)
May (surface) 4.6 4.4
June (surface) 4.1 4.2
July (surface) 3.6 3.4
August (surface) 2.8 25
Average + SD 3.8+0.38 3.6+0.8
July (15 m) 5.8 5.8
August (15 m) 5.8 5.7
Average + SD 58+0.1 57+0.1

‘~" indicates ‘no values available’
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Chapter 8

Preliminary Estimates of the Export

of Omega-3 Highly Unsaturated

Fatty Acids (EPA + DHA) from Aquatic
to Terrestrial Ecosystems

M.I. Gladyshev, M.T. Arts, and N.N. Sushchik

8.1 Introduction

In recent decades polyunsaturated fatty acids (PUFA) have come to be recognized as
compounds with considerable physiological importance for animals at all taxonomic
levels, including humans. Animals do not have the enzymes necessary to insert double
bonds in fatty acid molecules in positions closer than the 7th carbon (designated n-7
or m7) from the methyl end of the molecule; therefore, 18-carbon-long PUFA such as
linoleic acid (LIN; 18:2n-6) and a-linolenic acid (ALA; 18:3n-3) are essential dietary
nutrients (Fig. 8.1). These two essential PUFA are primarily synthesized by plants
(both vascular plants and algae) and by some fungi (Fig. 8.1). These PUFA are the
biochemical precursors of the most physiologically active PUFA: arachidonic acid
(ARA; 20:4n-6), eicosapentaenoic acid (EPA; 20:5n-3), and docosahexaenoic acid
(DHA,; 22:6n-3). Higher plants cannot desaturate and elongate ALA to EPA and DHA,;
however, many algae can perform these reactions (Fig. 8.1, and see Sect. 8.2 for
details). Although animals, including humans, can desaturate and elongate the parent
ALA to EPA and DHA (Fig. 8.1, Gerster 1998 concludes that this conversion is “unre-
liable and restricted” in humans; see also Plourde and Cunnane 2007) the efficiency of
this process, and the tissue-specific requirements for particular PUFA, are quite vari-
able among animal species and developmental stages within species. Nevertheless, the
n-3 highly unsaturated fatty acids (HUFAY) are increasingly understood to play a key role

1The two long chain highly unsaturated fatty n-3 fatty acids (i.e. EPA and DHA) will be referred
to in this chapter as n-3 HUFA or, for brevity, simply as HUFA.

M.I. Gladyshev (3<1) and N.N. Sushchik
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Higher plants

A12D A15D
18:109 18:206 18:303

A6D,A6E, A5D ASE, A7E, A6D, -2P

18:303 20:50w3

poo}

22:603

| &
A12D A15D - A6D, A6E, A5D - AGE, A4D

18:109 18:2w6 18:3w3 20:5w3 22:603

food

Fig. 8.1 Schematic of n-3 polyunsaturated fatty acids synthesis in different groups of organisms:
black arrows — biosynthesis; open arrows — food intake; An — number of carbon from carbonyl end
of the molecule; D desaturase; E elongase; 2Pf3 peroxisomal system of enzymes for (3 oxidation.
Note: for simplicity only one pathway of biosynthesis of 20:503 and 22:6w3 in algae is depicted,
and a number of intermediate fatty acids are substituted by “...”

in the health of all organisms. They have a generally positive impact on animal
(and human; see Chap. 14) health due to their effects in preventing/mitigating
cardiovascular diseases, ontogenesis (particularly neural development), “dysfunc-
tional” behaviors (e.g., aggression, homicide), atherosclerosis, neural disorders,
and, potentially, some cancers, as well as autoimmune diseases (e.g., Arts et al. 2001;
Lauritzen et al. 2001; Broadhurst et al. 2002; Copeman et al. 2002; Silvers and Scott
2002; Aktas and Halperin 2004; Hibbeln et al. 2004, 2006; Simopoulos 2004a). In
addition, DHA is known to play a pivotal role in the health and function of the verte-
brate retina and nervous tissues (SanGiovanni and Chew 2005).

In this chapter we consider evidence that algal-derived HUFA are an important,
or, even the main source of dietary-derived HUFA for many terrestrial animals
(Fig. 8.1). We also explore the alternative hypothesis that, in terrestrial food webs,
HUFA in sufficient abundance may be commonly found, therefore lessening the
importance of aquatic-derived HUFA. A second hypothesis, and one that we cannot
fully resolve due mainly to a paucity of existing data, is that terrestrial animals can
simply desaturate and elongate dietary ALA (Fig. 8.1) to meet whatever require-
ments they may have for HUFA.

8.2 HUFA in Aquatic and Terrestrial Ecosystems

Among organisms in the biosphere, algae, and, in particular, diatoms, cryptophytes,
euglenoids, and dinoflagellates, can de novo synthesize high amounts of HUFA
(Fig. 8.1). Once synthesized at the level of primary producers, HUFA are trans-
ferred and can accumulate, at progressively higher trophic levels, in the biomass of
aquatic organisms. Therefore, aquatic ecosystems occupy the unique position on
earth as the principal dietary source of n-3 HUFA for all animals, including inhabitants
of terrestrial ecosystems. There are three critical assumptions that logically follow
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the previous statement, i.e., that terrestrial animals: (a) cannot obtain sufficient
HUFA solely from terrestrially based foods, (b) cannot synthesize n-3 HUFA (from
ALA) at levels sufficient to meet their needs, and (c) require adequate HUFA levels
in the diet for optimal physiological performance, i.e., HUFA are beneficial.
Several lines of evidence can be advanced to support to these three assumptions.

First, it is necessary to point out that the majority of unsaturated fatty acids in
higher plants are the C,, compounds: oleic, linoleic, and a-linolenic acids (Shorland
1963; Harwood 1996). Higher plants generally cannot convert 18-carbon chain
(C,p) PUFA to HUFA (Heinz 1993; Tocher et al. 1998, Fig. 8.1). In contrast, the
lower plants, i.e., some groups of the eukaryotic microalgae, and a few fungi (e.g.,
Saprolegnia sp. and Mortierella alpina) possess the enzymatic systems for de novo
biosynthesis of HUFA and can produce significant amounts of these FA (Cohen et
al. 1995; Tocher et al. 1998; and, for fungi see Leonard et al. 2004, Fig. 8.1).
Thus, even for some of the most oil-rich tissues of terrestrial plants (i.e., the seed
crops and their wild relatives), genetic intervention is needed in order to achieve a
substantial HUFA content (Robert 2006; Damude and Kinney 2007). Another
example is that the seeds of common tree species (pine, spruce, larch), which are
commonly consumed by terrestrial herbivores, also do not contain HUFA in any
appreciable quantities (Wolff et al. 2001). Wild edible leafy plants can also be
shown to contain only C,; PUFA (Simopoulos 2004b). Finally, studies on ter-
restrial vegetative matter entering streams and lakes have demonstrated that this
material does not contain HUFA (Mills et al. 2001).

Second, many invertebrate species consume primary producers directly and may
themselves be consumed by predators at higher trophic levels. Recognizing
that there is some conservatism with respect to incorporation of dietary FA into
invertebrate tissue (see Chap. 6), a comparison of FA profiles of aquatic versus
terrestrial invertebrates should shed light on: (a) the relative differences in HUFA
contents of aquatic versus terrestrially derived dietary plant materials, (b) their
subsequent retention in primary consumers, and (c) the potential for their transfer
to consumers at higher trophic levels. Although there are some exceptions (e.g.,
Nor Aliza et al. 2001), the majority of terrestrial insects examined so far have very
low HUFA concentrations (Uscian and Stanley-Samuelson 1994; Howard and
Stanley-Samuelson 1996) relative to aquatic insects, which have been shown to be
generally rich in HUFA (Hanson et al. 1985). Thus, terrestrial insects, as one of the
key food sources for terrestrial predators, may be, in general, unlikely candidates to
supply the majority of the HUFA to terrestrial predators at higher trophic levels.

Third, terrestrial predators show reductions in the n-3 PUFA and HUFA concen-
trations as the quantity of aquatic food in their diets declines. Three examples
include: (a) small carnivorous mammals show a significant decline in their DHA to
linoleic acid (18:2n-6) ratios as their dependence on aquatic food webs decreases
(Koussoroplis et al. 2008), (b) long-term decreases in the concentrations of C , and
C,, N-3 PUFA have been observed in herring gulls in the Great Lakes as their forage
base shifted from primarily aquatic to terrestrial diet items (Hebert et al. 2008), and
(c) carnivorous reptiles consuming seabirds on small islands have higher plasma EPA
and DHA contents than conspecifics on nearby islands where rats (terrestrial prey)
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form a higher percentage of the diet (Blair et al. 2000). Taken together such obser-
vations suggest that n-3 HUFA concentrations in terrestrial predators will generally
increase as their consumption of aquatic prey increases.

Finally, we must ask — do terrestrial animals actually need dietary HUFA? This
is a question with far-reaching implications, and we provide several lines of reasoning
to suggest that this may often be the case. It is clear that the ability to elongate and
desaturate ALA to EPA and DHA, at levels that are sufficient to supply them with
optimum concentrations of HUFA, is not equally prevalent and/or efficient among
animal species and/or among tissues (Mitchell et al. 2007; Leonard et al. 2004) and
also that HUFA requirements might differ seasonally (Pruitt and Lu 2008). African
camilids and rodents, for example, have EPA and DHA concentrations that range
from very low to nondetectable in their meat (Hoffman 2008), whereas domestic
farm animals (cattle, sheep, and especially pigs) contain appreciable levels of both
EPA and DHA in their muscle and adipose tissues (Wood et al. 2008). To add to the
complexity it is also clear that diet affects the ultimate expression of HUFA
concentrations in the meat of vertebrates (Wood et al. 2008) and that the specific
requirement for HUFA may be more critical for some developmental stages and/or
tissues than others. Further, energy is required to elongate and desaturate C,, PUFA
to form HUFA and, therefore, conservatively acquiring these materials “pre-formed”
in the diet is, at the very least, energetically advantageous. Also, the inherent
biochemical properties of EPA and DHA, that give them their special properties,
apply universally, i.e., their functional roles in the physiological competency of cell
membranes and in maintaining a healthy immune system (e.g., Stanley-Samuelson
etal. 1991) is not limited in their applicability to aquatic animals (e.g., see Chap. 10)
but extend to terrestrial animals as well (e.g., Geiser et al. 1992; Stanley 2006).

It is already well established that clear physiological benefits accrue to both
aquatic and terrestrial animals when they consume adequate levels of HUFA in
their diets. This can be assessed in two ways: by examining the effects of offering
animals diets that are either HUFA deficient or HUFA sufficient or by adding
HUFA to the diet. Such techniques, combined with field studies, have clearly dem-
onstrated the importance of food quality (i.e., of contents of essential nutrients,
including HUFA) for aquatic animals, especially for daphnids (e.g., Mdiller-Navarra
1995; Gulati and DeMott 1997; Gladyshev et al. 2006a; Danielsdottir et al. 2007).
Somatic growth of Daphnia correlates with EPA content in seston (i.e., with food
quality), rather than with sestonic carbon content (i.e., with food quantity) (e.g.,
Miiller-Navarra 1995; Gladyshev et al. 2006a) even for very low food levels
(Boersma and Kreutzer 2002). Most of the evidence for the effects of HUFA con-
tent on terrestrial animals comes primarily from laboratory studies of mammals and
birds. For example, n-3 HUFA-deficient rats exhibited significantly longer escape
latency and poorer memory performance in maze experiments compared with n-3
HUFA sufficient rats (Lim et al. 2005a), and n-3 fatty-acid-deficient mice had
impaired learning in a reference-memory version of circular maze, i.e., they spent
more time and made more errors in search of an escape tunnel (Fedorova et al. 2007).
In birds it has been shown that egg FA composition reflects diet FA composition
(Farrell 1998) and birds such as herring gulls were in poorer condition and exhibited
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reduced reproductive success in areas where they consumed a higher proportion
of terrestrial food (Hebert et al. 2002, 2008). The offspring of domestic cats
(carnivores), whose mothers were fed corn-oil based diets, had insufficient levels
of EPA and DHA in their brains and retinas (and consequently exhibited delayed
photoreceptor responses) which suggested that they had a low biosynthetic capacity
to produce these FA (Pawlosky et al. 1997). Rats (omnivores) have also been shown
to have a requirement for dietary DHA in order to insure proper brain function (Lim
et al. 2005b). Vegetarian, and especially vegan, humans must rely on the internal
conversion of ALA to EPA and DHA and, these people have, in addition to lower
total lipid levels in their plasma and erythrocytes, plasma EPA and DHA levels that
are only 12-15% and 32-35%, respectively, as high as those of nonvegetarians
(cited in Davis and Kris-Etherton 2003). Tissue and/or developmental stage-specific
needs are also recognized such as the critical requirement for DHA for vision in
vertebrates (Politia et al. 2001).

In conclusion, due to the paucity of data and limited number of species examined
we can, at present, neither absolutely confirm nor deny a universal dependency for
dietary HUFA among terrestrial animals. However, a growing body of evidence suggests
that: (a) given the apparent scarcity of these compounds in terrestrial ecosystems,
(b) their many recognized physiological benefits, and (c) the probability that they are
required by least at some tissues, and/or some developmental stages, and/or during
different seasons, this at least remains a real and likely possibility.

Thus, we postulate that the well-established function of waterbodies as a source
of drinking water should be augmented by an explicit recognition of their role in
supplying terrestrial ecosystems with biochemically and physiologically essential
lipids. It is also important to note that aquatic ecosystems differ in their ability
to produce HUFA. For instance, water bodies dominated by cyanobacteria have
significantly lower relative HUFA production than those dominated by diatoms
(Mdller-Navarra et al. 2004). Moreover, algae, such as the HUFA-rich diatoms
(e.g., Sushchik et al. 2004), are known to accumulate higher levels of HUFA as
temperatures decrease — a process referred to as cold adaptation (see also Chaps. 1
and 10). Thus, large-scale processes such as eutrophication and global warming
may act either independently, or in concert, to effect an overall decrease in HUFA
production in aquatic ecosystems with possible negative implications for surrounding
terrestrial ecosystems. At present it is not possible to assess the potential ecological
risks associated with decreased HUFA production as a result of anthropogenic
impacts and global warming because there are, as yet, no global, or even regional,
estimates of the amount of HUFA that is exported from aquatic to terrestrial
ecosystems. Thus, we suggest that a concerted effort to quantify HUFA export from
aquatic to terrestrial ecosystems, in geographically and climatically diverse regions
with different levels of anthropogenic impact, should be attempted. Although we
view such an attempt as necessary we also clearly acknowledge that estimates of
HUFA export are, by their very nature, and also largely because of the paucity of
data, preliminary and incomplete. Thus, this chapter is also intended to stimulate
further research on quantifying the role of aquatic ecosystems as producers and
providers of HUFA to terrestrial organisms.
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In aquatic ecosystems, HUFA produced by microalgae are transferred to primary
consumers such as zooplankton and zoobenthos. Naturally, zooplankton and
zoobenthos comprise several trophic levels, i.e., carnivorous animals consume
HUFA along with their prey and thus HUFA are bioaccumulated within aquatic
food webs (Kainz et al. 2004), as well as recycled within plankton and benthic
communities. Nevertheless, although these functional food web links are crucial for
aquatic ecosystems, we will not refer to internal aquatic food web dynamics here
because such processes are not directly related to HUFA export. Aquatic animals
including zooplankton, zoobenthos, and fish can be consumed by water birds (e.g.,
Hebert et al. 2008) and riparian animals (e.g., Koussoroplis et al. 2008), and their
HUFA are thus exported to terrestrial ecosystems. Water birds and riparian animals,
in turn, may be consumed by other terrestrial predators or by soil organisms after
death. Nevertheless, here we will only focus on the potential export of HUFA
from aquatic to terrestrial ecosystems. Besides direct consumption of animals in the
aquatic environment by terrestrial animals (e.g., Hilderbrand et al. 1999a),
HUFA are also exported from aquatic to terrestrial ecosystems through aquatic
insect and amphibian emergence (Fig. 8.2).

These considerations may be attributed primarily to inland waters. Export of
HUFA from marine waters to terrestrial ecosystems is believed to be primarily due
to shore drift of carrion and seaweeds, and anadromous salmon migrating in rivers
(Fig. 8.2). Here we omit the input through seabirds, since colonies of these birds
represent closed systems, which are usually somewhat separated from other
terrestrial communities. Seabirds usually nest on coastal rocks, or live on ice

carnivorous &
ominvorous animals

aquatic insect
emergence

i
'
]

emergence

salmon

1
Inland waters / anadromous

shore drift of
carrion & seaweeds

Marine waters

Fig. 8.2 Schematic flow diagram depicting directionality of HUFA fluxes from aquatic to terrestrial
ecosystems
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shelves (penguins), and therefore exhibit a lower level of connectivity (although,
clearly, predation on seabirds by terrestrial animals occurs) with terrestrial systems.
Because of this we here consider seabirds as a primarily oceanic rather than a
terrestrial fauna.

8.3 Required Measurements

Based on general considerations (Fig. 8.2), we can begin to identify the type of data
needed in order to obtain preliminary estimates of the amount of HUFA exported
from a particular aquatic ecosystem to adjacent terrestrial ecosystems. Such calcu-
lations require knowledge of:

(@) HUFA composition of aquatic animals (e.g., zooplankton, zoobenthos, and fish)

(b) Rations of water birds and riparian animals, fed with aquatic animals

(c) Areal biomass of water birds and riparian animals that feed on aquatic animals

(d) HUFA content of emerging aquatic animals (insects and amphibians)

(e) Emergence intensity

(f) Surface area of the aquatic ecosystems of interest

(g) Surface area of the adjacent terrestrial ecosystems

(h) Metabolic HUFA requirements of carnivorous and omnivorous terrestrial ani-
mals and their biomass.

The final point is required in order to gauge whether or not terrestrial organisms
might ever be limited by their access to HUFA derived from aquatic ecosystems.

Unfortunately, at present, there are no systematic, quantitative, or even
semiquantitative estimates reported for the export of the two essential n-3 HUFA
(EPA and DHA; the focus of this chapter) from aquatic to terrestrial ecosystems
despite growing evidence that these compounds contribute significantly to main-
taining animals in a state of optimal physiological competency (see Chaps. 10, 13, 14).
We are aware that our literature survey and resulting estimates will not be compre-
hensive. There are two main reasons for this. First, there is a general paucity of data
in the primary literature in relation to the eight steps outlined earlier, especially for
some groups of animals (e.g., amphibians). Second, global estimates, by their very
nature, will probably always lack the specificity, completeness, and refinement that
more regional estimates may, one day, be able to provide.

Does this mean that the prospect of generating the first ever global estimate of
HUFA export from aquatic to terrestrial systems is not worth attempting? We argue
against this for two reasons. First, it is important to formally acknowledge, the
heretofore unrecognized function that aquatic ecosystems provide as the producers
of essential nutrients for the whole biosphere. In order to provide meaning and
context to this concept estimates of HUFA flux rates (however preliminary) are
required. Second, we seek the indulgence of our readers to allow us this opportunity
to develop a conceptual framework from which future estimates may be developed
and refined as more data becomes available.
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8.4 HUFA Content of Aquatic Organisms

A subset of the available literature data on the HUFA content in aquatic animals and
seaweed is summarized in Tables 8.1-8.4. We restrict the freshwater zooplankton
data to two locations (Table 8.1; but see Chap. 6 for greater detail). For Cladocera

Table 8.1 Average contents of EPA and DHA, mg g of dry weight, in zooplankton organisms

of inland waters: n = number of samples

Species (taxon)

EPA DHA Sum Ecosystem, Region

n References

Cladocera?
Daphnia spp. 6.3 4.8 11.1 Lakesin north-western 5 Persson and Vrede
Sweden (2006)
Bosmina coregoni 72 13 85 Lakesinnorth-western 4 Persson and Vrede
Sweden (2006)
Holopedium 74 0.9 83 Lakesinnorth-western 15 Persson and Vrede
gibberum Sweden (2006)
Bythotrephes 8.7 0.8 95 Lakesinnorth-western 4 Persson and Vrede
longimanus Sweden (2006)
Calanoida®
Arctodiaptomus 56 11.1 16.7 Lakes in north-western 8 Persson and Vrede
|aticeps Sweden (2006)
Heterocope spp. 43 83 12.6 Lakesin north-western 8 Persson and Vrede
Sweden (2006)
Zooplankton >500 pm 10.8 2.2 13.0 Lakes and reservoirs in nr Kainz et al. (2004)
(Daphnia, Holopedium, British Columbia,
calanoid copepods) Canada
Average for zooplankton 11.4

aRecalculated from the reference data using ratio for zooplankton (Cladocera and Copepoda)
1 g C=2.75gdry mass (Alimov 1989)

nr = not reported

Table 8.2 Average contents of EPA and DHA, mg g* of dry weight, in zoobenthos organisms of
inland waters: n = number of samples

Species (taxon) EPA DHA Sum Ecosystem, Region n References
Insecta
Chaoborus flavicans 23.6 55 29.1 Lake Erken, Sweden 6  Goedkoop et al. (2000)
Trichoptera® 10.8 0.8 11.6 Yenisei river, Siberia, 4 Sushchik et al. (2003)
Russia
Trichoptera 237 0.15 25 3 streams in Quebec, 46 A. Mazumder, pers.
Canada comm.
Trichoptera, 16.1 0.2 16.3 6 streams in Washington 12 C. Volk, pers. comm.
Glossosomatidae State, USA
Ephemeroptera® 12.8 tr 12.8  Yenisei river, Siberia, 5  Sushchik et al. (2003)
Russia
Ephemeroptera 212 0.02 21  3streams in Quebec, 46 A. Mazumder, pers.
Canada comm.
Ephemeroptera, 139 0.3 14.2 6 streams in Washington 11 C. \olk, pers. comm.
Baetidae State, USA

(continued)
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Table 8.2 (continued)

Species (taxon) EPA DHA Sum Ecosystem, Region n References
Ephemeroptera, 9.36 0.15 9.5 6 streams in Washington 15 C. Volk, pers. comm.
Heptagenidae State, USA
Diptera, Simulidae  3.00 0.08 3.1 3 streams in Quebec, 15 A. Mazumder, pers.
Canada comm.
Plecoptera, 0.72 0.00 0.7 3 streams in Quebec, 15 A. Mazumder, pers.
Pteronarcidae Canada comm.

Chironomidae
Chironomus spp. 40 tr 4.0  Lake Erken, Sweden 18 Goedkoop et al.

(2000)
Procladius sp. 6.4 0.6 7.0 Lake Erken, Sweden 6  Goedkoop et al.
(2000)
Diamesa baikalensis 7.7 tr 7.7 Yenisei river, Siberia, 6  Sushchik et al. (2003)
and unidentified Russia
spp.*
Oligochaeta? 6.3 0.5 6.8 Yeniseiriver, Siberia, 10 Sushchik et al. (2006)
Russia
Amphipoda
Gammarus lacustrist 2.6 1.8 4.4 Wetland ponds, nr Arts et al. (2001)
Saskatchewan,
Canada
Hyalella azteca 33 04 3.7 Wetland ponds, nr Arts et al. (2001)
Saskatchewan,
Canada
Gammarus 10.2 2.3 125 Struga Dobieszkowska nr Kolanowski et al.
fossarump River, Poland (2007)
Gammarus pulex? 39 12 51 Stradanka River, Poland nr Kolanowski et al.
(2007)
Gammarusroeseli® 9.6 3.8 13.4 Notec River, Poland nr - Kolanowski et al.
(2007)
Pontogammarus 209 43 252 Wiloclawski Reservoir, nr Kolanowski et al.
robustoides’ Poland (2007)
Dikerogammarus 12.6 2.7 153 WiIloclawski Reservoir, nr Kolanowski et al.
haemobaphes® Poland (2007)
Gammaridae?® 81 12 93 Yeniseiriver, Siberia, 6 Sushchik et al. (2003)
Russia
Average for 9.8
zoobenthos

tr tracers (<0.1 mg g™ DM); nr not reported

4Recalculated from the reference using moisture contents Gammaridae 75.3%, Thichoptera
83.8%, Chironomidae 78.0%, Ephemeroptera — 80% and Oilgochaeta — 78%

®Recalculated from Figs. 3 and 4 of the reference

averaging the mean values of EPA + DHA of the different species give the follow-
ing general mean value and standard error (SE) 9.4 + 0.6 mg g™* of dry weight
(DW). For the zooplankton species and groups listed in Table 8.1 the general EPA
+ DHA average is 11.4 £ 1.1 mg g~ DW. It is clear that increasing the number of
studied zooplankton species and water bodies will expand increase our understanding
variation of HUFA contents. Nevertheless, at present there is no reason to consider
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that the average values will vary by more than a factor of 3 from the estimate pre-
sented here.

For freshwater zoobenthos we report data from four locations (Table 8.2) with
an EPA + DHA average of 9.8 + 1.6 mg g™* DW. The number of HUFA measure-
ments of zoobenthos species from diverse locations, like those of zooplankton,
should be increased significantly in the future.

Data on HUFA content of freshwater fish from six locations are provided in
Table 8.3. The average HUFA concentration is 8.1 £ 0.9 mg g~ DW. Because of
commercial interests the number of studies reporting HUFA concentrations in
freshwater fish is higher than for zooplankton and zoobenthos (Tables 8.1 and 8.2)
and, correspondingly, SE values are comparatively smaller. It is clear that data on
HUFA content in as yet unmeasured freshwater fish species will still have to be
obtained for more reliable generalizations.

In Table 8.4 very sparse data on HUFA content in only a few marine organisms
are provided. The HUFA contents span two orders of magnitude, from 0.25 mg g
DW for the brittle star to 30.5 mg g™t DW for shellfish (Table 8.4). Evidently, to
calculate a more meaningful contribution of marine organisms to the global HUFA
export, significantly more quantitative data are required. Furthermore, if one
excludes humans, HUFA export from marine systems to terrestrial ecosystems
would not reasonably be expected to include largely inaccessible deep water or
open-water pelagic animals but would be restricted to marine organisms that inhabit
the near-shore regions of marine and brackish systems.

In summary, one can readily see that comprehensive datasets on HUFA contents
in groups of aquatic organisms are not yet available for the purposes of providing
a more precise calculation of the global HUFA exports. Instead we will highlight
some preliminary case studies for particular water-land HUFA fluxes.

8.5 Case Study I: Estimating the Export of Aquatic HUFA
to Terrestrial Predators (Bears) in the Pacific Rim

The most conspicuous and well-documented aspect of terrestrial animals feeding
on the aquatic organisms is the consumption of spawning Pacific salmon by
terrestrial predators. This feeding represents an export of marine-derived energy
and matter (and HUFA) to terrestrial ecosystems (Willson et al. 1998; Naiman et al.
2002; Helfield and Naiman 2006). Bears are believed to be the keystone consumer
of these fish. It is necessary to emphasize that fish comprise a negligible part of bear
rations outside of the area of Pacific Rim, where there are no anadromous salmon
(e.g., Felicetti et al. 2004; Dobey et al. 2005). For example, in the vicinity of
Yellowstone Lake consumption of cutthroat trout (Oncorhynchus clarki) by grizzly
bears is ~18 kg trout bear™ year™ (Felicetti et al. 2004).

The average abundance of bears in the Pacific Rim is 0.19 £ 0.11 ind km2, and
the average consumption of salmon by these bears is 416 + 42 kg DW bear™ year
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(Table 8.5). Thus, bears convey to terrestrial ecosystems via consumption 79 kg
DW km=2 year™ of aquatic productivity. Bears, on average, consume only ~50% of
biomass of each salmon they kill (Willson et al. 1998; Gende et al. 2001; Reimchen
2000; Hilderbrand et al. 2004); the remaining parts of carcasses are included in
terrestrial food webs via consumption by insects, birds, and small mammals. Thus,
the total export of salmon biomass to terrestrial ecosystems can be estimated as
79 x 2 = 158 kg DW km year™. It should be noted that the first line in Table 8.5
refers to measurements made at a location where the density of bears is known to
be the highest in the world (southeastern Alaska), therefore adopting an average
bear density 0.19 ind km™2 for the global calculations may lead to an overestimation
of the export of salmon biomass by bears by a factor of 2.

Data on absolute EPA + DHA contents in Pacific salmon are very sparse.
Gladyshev et al. (2006b) reported EPA and DHA concentrations of 0.536 + 0.121
g 100 gt DW and 1.056 + 0.152 g 100 g™t DW, respectively, for humpback (pink)
salmon (Oncorhynchus gorbuscha). Thus, the EPA + DHA concentration of pink
salmon was, on average, 16.2 mg g™t DW. This figure is close to that for land-locked
rainbow trout (O. mykiss), given in Table 8.3 (Kainz et al. 2004). Using a salmon
EPA + DHA concentration of 16 mg g~ DW, we obtain a HUFA export to bears in
terrestrial ecosystems of 2.5 kg km=2 year™. Although bears are the most visible
consumers of salmon, they are not the only species to make use of this HUFA-rich
food source. More than two dozen mammal and bird species are known to consume
salmon carcasses especially in places where bears are relatively scarce (Szepanski
et al. 1999; Darimont et al. 2003; Helfield and Naiman 2006). Thus, the total export
of HUFA from Pacific salmon consumption by terrestrial predators and omnivores
(bears and other animals consuming the remaining parts of carcasses) can be esti-
mated to be ~5.0 kg DW km™ year™,

Table 8.5 Abundance (N, ind. km?) of bears and their consumption of spawning salmon (C, kg
DW bear™ year™)

Species N C Region References
Brown bear (Ursus 04 nr Alexander Archipelago, Ben-David et al. (2004)
arctos) Alaska
Brown bear 0.15 nr Wood River Lakes, Helfield and Naiman (2006)
Alaska
Grizzly bear (Ursus 0.03 391 British Columbia Hilderbrand et al. (2004)
arctos horribilis)
Brown bear nr 358"  Kenai Peninsula, Hilderbrand et al. (1999b)
Alaska
Black bear (Ursus nr 498  Haida Gwaii Islands, Reimchen (2000)
americanus) British Columbia
Average 0.19 416

nr not reported

Recalculated from wet weight using moisture content of salmon 71% (Winder et al. 2005)
®Recalculated from nitrogen consumption, using nitrogen content in fish 10% of DW (Vanni et al.
1997; Naiman et al. 2002)



192 M.1. Gladyshev et al.

Although we did not find quantitative estimates of the extent of spawning area in the
available literature, we tried to estimate the global contribution of Pacific salmon to
HUFA export to terrestrial ecosystems using the yearly oceanic production of Pacific
salmon which migrate into rivers. The catch of Pacific salmon is used for the production
estimation because exploitation rates are high, ranging from ~40 to 80% (Beamish
et al. 1999). An average of the total catches (Canada, United States, Japan, and Russia)
of pink (O. gorbuscha), chum (O. keta), and sockeye (O. nerka) salmon in 1926-1995
can be obtained from Beamish et al. (1999; Fig. 6) as ~500 000 ton year™. Since the
catches of these species account for about 90% of the total catch of all salmon species
(Beamish et al. 1999), the total catch of Pacific salmon can be estimated at ~555,000
ton year. Using the average exploitation rate (40 + 80)/2 = 60%, the annual biomass
of salmon population migrating into rivers is estimated to yield 925,000 tons. On the
basis of data of (Reimchen 2000; Quinn et al. 2003; Winder et al. 2005; Helfield and
Naiman 2006) we estimated that bears, on average, kill ~47% of salmon spawn-
ing in rivers. The salmon die after spawning, but many of their carcasses stay within
aquatic ecosystems. We take into account only those directly exported to terrestrial
ecosystems. Thus, the total annual export of salmon to terrestrial ecosystems via bear
predation is 434,000 ton wet weight (126,000 ton dry weight). Considering the HUFA
content in pink salmon (~16 mg g* DW, Gladyshev et al. 2006b) as a proxy for other
Pacific salmon, the annual HUFA export to terrestrial ecosystems via bear predation on
Pacific salmon is estimated to be 2 x 10° kg year™. In the following we will try to com-
pare the export of HUFA from aquatic ecosystems via bears with the other fluxes,
such as insect emergence, bird feeding (Fig. 8.1), and human fisheries.

8.6 Case Study Il: Humans and Fisheries

Humans, although not explicitly depicted in Fig. 8.1, are terrestrial predators that
actively consume HUFA-rich resources from aquatic ecosystems. The total world
catch (1998-2003; marine and freshwater) of fish and shellfish was ~92.2 x 10° ton
year! (FAO 2004). Using the data in Tables 8.3 and 8.4, and assuming a moisture
content of 80%, the average HUFA content in the captured wet biomass can be
estimated as 2 mg gt. Thus, man withdraws from aquatic ecosystems ~1.8 108 kg
year! of EPA + DHA. This number is ~90x higher than the HUFA export through
bears hunting salmon in Pacific Rim. Human consumption of wild and farmed fish
and aquatic invertebrates is ~16 kg per person per year (FAO 2004). This means
that the global average personal daily consumption of EPA + DHA is about 0.1 g,
i.e., about ten times lower than is currently recommended by the World Health
Organization. Worldwide exploitation rates of fisheries have been shown to be too
high, even at present (Pauly et al. 2002). Thus, the further development of aquaculture
and/or genetic engineering, for example, the insertion of genes directing HUFA
synthesis into terrestrial oil-seed producing plants, may be required to supply mankind
with the appropriate quantity of essential HUFA in order to avoid overexploiting
natural aquatic ecosystems in the future (see also Chap. 9).
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8.7 Case Study Il1: Estimation of the Export of HUFA
Through Aquatic Insect Emergence

The emergence of aquatic insects is one of nature’s most conspicuous displays of the
export of aquatic-derived biomass to the terrestrial landscape. Insects from the orders
Ephemeroptera (mayflies), Diptera (midges, black flies), Trichoptera (caddisflies),
Plecoptera (stoneflies) lay their eggs in rivers, ponds, and lakes where the larvae then
develop and accumulate HUFA throughout the various larval stages until they emerge
as adults and enter the riparian zone and adjacent regions where mating occurs. In
productive environments this emergence can be so prodigious that it can readily be
detected by land-based radar, a tool with the potential to reveal both spatial and
temporal variations in the strength of insect emergence (Fig. 8.3).

30 pm [COT) 930 pm [COT) 1030 pm (COT) 1430 pm (COT}

20 nautical km

July 25 2003 Rugust 6 2003] T _
—— T —Sam(cOT) | = S30am{coT) [ "

Fig. 8.3 Mayfly (Ephemeroptera) hatches from the Mississippi River centered on the city of La
Crosse, Wisconsin, USA, as captured by radar images taken by the National Weather Service
Office, National Oceanographic and Atmospheric Administration, La Crosse, Wisconsin.
Evolution of the mayfly hatch: (a) during the evening of June 30, 2006; wind from the south, and
(b) on, from left to right, July 25, 2003; August 6, 2003; July 29, 2005; and August 10, 2005 with
accompanying wind directions of; SW, NE, NE, and NE, respectively. The decibels that are returned
are energy returned which is a function of density and target dimensions. Since the same target
dimensions are roughly the same (although the mayfly bodies are randomly oriented to the beam),
the scale on the left of each figure provides a measure of relative insect density. The circle (ring)
indicates where the radar beam, originating at (R radar source) and emanating away at an angle of
0.5° above the surface, reaches 1 km above the river valley floor. With radar, a greater distance
away from the radar indicates a greater elevation of the echo
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Emergence of aquatic insects, calculated from diverse literature data (Table 8.6),
is, on average, 4.1 + 1.9 g DW m2 year. Our calculations give the same value as
an independent global estimate made by Baxter et al. (2005). Variations of the
emergence value in diverse ecosystems were from 0.2 to 23.1 g DW m=2year™, i.e.,
spanning two orders of magnitude. The return of aquatic adults to streams was
estimated at ~1.5% of the emergence (Ballinger and Lake 2006). Therefore, the net
export of biomass of emergent aquatic insect can be estimated as ~4.3 ¢ DW m™
year, To calculate the export of HUFA, we need to know the EPA and DHA content
of the imagoes of aquatic insects. Such data are not common in the available literature.
Nevertheless, we had, available to us, one sample of the imago of chironomids
collected near the site where we studied zoobenthos (Sushchik et al. 2003).
Concentrations of EPA and DHA in these imagoes were 17.8 mg gt DW and 0.3
mg gt DW, respectively, using a moisture content of 72% (see footnote to Table 8.2).
The sum of these two values was of the same order of magnitude as the average HUFA
(EPA + DHA) content in the larvae of aquatic insects, 9.3 £ 2.2 mg g~ DW (Table 8.2).

Table 8.6 Aquatic insect emergence, g DW m=2 year, from diverse ecosystems

References
Baxter et al. (2005)

Dominant taxa Emergence Ecosystem, Region

Diptera, Ephemeroptera, 4.5
Plecoptera, Odonata

Ephemeroptera,
Plecoptera,
Trichoptera

Chironomidae (>50%) 2.1°

Global generalization

0.382 Pick Creek, southwestern

Alaska

Francis et al. (2006)

Rivers of Philippines
island

Freitag (2004)

Many taxa 10° Global generalization Huryn and Wallace (2000)
Chironomidae 1.10 Temporary wetland pond, Leeper and Taylor (1998)
South Carolina
Chironomidae 0.2 Salt marsh, southern MacKenzie (2005)
Maine
Odonata, Ephemeroptera 0.5 Lake Michigan coastal MacKenzie and Kaster
wetland (2004)
Many taxa 1.2¢ Stream, Hokkaido, Japan  Nakano and Murakami
(2001)
Plecoptera, 6.3 Tagliamento River Paetzold et al. (2005)
Ephemeroptera, (NE-Italy)
Chironomidae
Diptera, Trichoptera, 1.7 Outlet of Lake Belau, Poepperl (2000)
Ephemeroptera Germany
Chironomidae, 23.1 Sycamore Creek, Arizona Sanzone et al. (2003)
Trichoptera
Chironomidae 15 Wetland in Alabama Stagliano et al. (1998)
Many taxa 1.34 Lake Esrom, Denmark Woollhead (1994)
Average 41

4Recalculated using an average specimen dry mass of 150 pug (Stagliano et al. 1998)
®Recalculated from aquatic insect production
°Recalculated form Fig. 1C of the reference

dRecalculated using energy equivalent 1 g DM = 23 kJ (Alimov 1989)
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Therefore, we make the assumption that mean EPA and DHA concentration of
emerging insects is roughly equal to that in their aquatic larvae. Using the average
HUFA concentration in larvae of aquatic insects (i.e., 9.3 mg g* DW), the export
via emerging aquatic insects can be estimated as 4.3 x 9 = 40 mg m~2 (kg km™)
year™,

The two orders of magnitude difference in the reported emergence values among
different ecosystems and the paucity of data on HUFA content in imagoes mean
that our first-ever estimates of HUFA export from aquatic to terrestrial systems
should be regarded as very coarse. Using the lowest and highest values (worst- and
best-case scenarios) of insect larvae HUFA contents (Table 8.2) and those of emer-
gence (Table 8.6) we may suppose that, for the particular ecosystems cited here, the
HUFA export values can vary from as little as 0.1 mg m=2 year™ to as high as 672.2
mg m~2year. Clearly, more studies reporting on the abundance and HUFA content
of larval insects from riverine and wetland environments as well as the emergence
densities of adult forms are necessary in order to calculate a more reliable estimate
of the contribution that emerging insects make to the export of HUFA from aquatic
to terrestrial ecosystems.

8.8 Case Study IV: Estimation of Aquatic HUFA Import
to Terrestrial Ecosystems Through Birds

Birds import a significant amount of aquatic HUFA to terrestrial ecosystems. While
ducks, loons, mergansers, etc. clearly fall into the category of “water birds” there
are other birds that are usually thought of as “terrestrial” but which, depending on
the season, do consume a large number of aquatic organisms. For example, swallows
(Hirundinidae) consume great quantities of mosquitoes, black flies, mayflies, and
caddisflies during peak insect emergence periods. Many other terrestrial birds, e.g.,
songbirds, rely to varying extents on the emergence of insects from aquatic
systems. Finally, HUFA-rich amphipods which are often abundant in littoral areas
of lakes and in ponds may become infected with acanthocephalan parasites causing
a well-described positive phototaxis (Benesh et al. 2005). This infection, in turn,
makes them more widely susceptible to predation by shorebirds such as terns
(Sternidae) and sandpipers (Scolopacidae).

Water bird abundance (biomass) depends on lake trophic status and morphometry,
i.e., surface area, shoreline length (e.g., Hoyer and Canfield 1994; Suter 1994).
Nevertheless, by generalizing data from diverse water bodies and locations (Table 8.7),
one can see that annual abundances are very close to each other and on average can
be estimated as ~0.4 + 0.1 ind 10° m™2.

The energy content of aquatic organisms, consumed by an “average” bird (mean
individual weight = ~0.7 kg) from a community with 19 different species, can be
estimated from the data of Gardarsson and Einarsson (2002) as 227,000 kJ ind.™
year. The 1 g DW = 23 kJ conversion factor provided by Alimov (1989) yields an
annual intake of aquatic organisms by the “average bird” of 9.9 kg DW ind.™ year.
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Table 8.7 Abundance (N, ind. x 1072 m~2) of water birds in diverse ecosystems and their con-
sumption of aquatic invertebrates and fish (C, g m™ year™ dry mass)

Dominant taxa (number of

species) N C Ecosystem, Region References
Pelicans, cormorants, herons, 0.4 10.4* Lagoon on the Pacific Acuna et al. (1994)
royal tern (23) Coast of Mexico
Ducks Anas spp. (4) 0.7> 18.2* Boundary Bay, British Baldwin and Lovvorn
Columbia, Canada (1994)
Tufted ducks, greater scaup, mer- 0.5 4.9 Lake Myvatn, Iceland Gardarsson and

ganser (19)

Mallard, coot, red-winged black- 0.2 5.2
bird (50)

Mallard, cormorant (not reported) 0.1° 2.6°

Einarsson (2002)
Hoyer and Canfield
(1994)
Marion et al. (1994)

46 Florida lakes

Lake Grand-Lieu,

France
Anas platyrhynchos, Aythya 0.25 6.5* 158 fishponds, Musil and Fuchs
fuligula (63) Bohemia, Czech (1994)
Republic
Anser, Aythya (7) 0.7¢ 18.2* Lake Balaton, Ponyi (1994)
Hungary
Tufted duck, coot, mallard, 0.1° 2.6* 20 major Swiss lakes, Suter (1994)

pochard (29)

Anas, Aythya, Fulica, Cygnus, nr 21
Podiceps (26)

Average 04 78

north of the Alps
Lake Esrom and Lake Woollhead (1994)
Sjelso, Denmark

nr not reported

Calculated using N and the intake of aquatic organisms by the “average” bird, 26 kg DM ind.™*
year™ (see text for details)

°Estimated from Fig. 2 of the reference.

cCalculated from Table 1 of the reference (only birds, feeding in the lake)

dCalculated from Table 4 of the reference

¢Estimated from Fig. 2 of the reference

On the basis of data from Gere and Andrikovics (1994) for ducks from Lake Balaton,
Hungary, intake can be estimated as 43 kg DW ind.™* year™. Thus, for the following
calculation, we use the mean value obtained from these two estimates, i.e., 26 kg DW
ind.”! year™. It is important to note that average individual bird biomass, calculated
on the basis of data from 46 Florida lakes where the bird community comprised 50
species, was 0.6 kg (Hoyer and Canfield 1994), i.e., similar to the value given earlier.
Thus, our calculations of intake, based on the “average” bird at ~0.7 kg, seem reasonable
for many ecosystems. On average then, the annual consumption of aquatic animals
by water birds is 7.8 g £ 2.1 DW m2 year™ (Table 8.7).

Using an average EPA + DHA content for aquatic animals of 9.2 mg g* DW
(calculated from Tables 8.1-8.3) the HUFA export from a “typical” aquatic ecosystem
by water birds can be estimated as ~7.8 x 9.2 ~ 72 kg km=2 year™. Based on the
observed variation in this preliminary dataset, global HUFA export rates can be
expected to range anywhere from 19.3 to 167.4 kg km™ year™. These values,
although imprecise, provide some idea of the scale of HUFA export from aquatic
systems to aquatic or riparian birds.
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8.9 Case Study V: Can HUFA Export from Aquatic
Ecosystems M eet the HUFA Requirements of Terrestrial
Animals?

Using available data, we carry out the first calculations of HUFA export from
selected aquatic to terrestrial ecosystems. We suggest that, except for particular
locations in the Pacific Rim where bears intensively consume salmon, the main
pathways of HUFA export are emerging insects and water birds. It is also likely
that, in some ecosystems, emerging amphibians can make a substantial contribu-
tion to the HUFA export. However, we failed to find in the available literature the
necessary quantitative data on amphibian abundance, biomass, emergence, and
HUFA content. We measured the EPA + DHA content in two specimens of frog
(Rana ridibunda) (Palla) caught in the vicinity of Krasnoyarsk city (Siberia,
Russia) and obtained a value of 2.0 mg g* DW. The content of essential HUFA in
these amphibians is lower than in many fish and aquatic invertebrates (Tables
8.1-8.3), but nonetheless significant.

Hence, at present we will for the following considerations only use the HUFA
export rates due to emerging insects and water birds. As mentioned earlier, to
correlate HUFA export with the requirements of terrestrial animals one must
know, besides the fluxes (i.e., g of HUFA m year™?), the area of the adjacent
terrestrial ecosystem, metabolic HUFA requirements of carnivorous and omnivorous
terrestrial animals and their biomass. At present no detailed comprehensive studies
have been conducted with these specific parameter estimates. Nevertheless, since
we here have estimated the first coarse average figures (Tables 8.1-8.7) it is very
tempting to carry out some calculations for an “average” ecosystem. Since there
are no available relevant data for any particular ecosystem, we decided to approach
the task from the other side and model an “average” ecosystem using available
global-scale data.

8.9.1 Areaof Terrestrial Ecosystems and Inland Aquatic
Ecosystems and Average HUFA Export

First, we need to develop a relationship between terrestrial and aquatic ecosystem
areas. The total landmass area of terrestrial ecosystems has been estimated at 99.5
x 108 km? (Alimov 1989). In comparison, the total area of large lakes and rivers
has been estimated at 2.0 x 106 km? (Alimov 1989; Raven and Maberly 2004).
The number of small waterbodies (0.1-1.0 ha), characteristic of wetlands in subarctic
regions for example, is large and has been estimated at between 5 x 108 and 8 x 107
(Wetzel 1992) providing a vast surface area of 20 x 10° km? (upper limit). Therefore,
by including waterbodies with a surface area between 0.001 and 1 km? the total land-
locked waterbody area can be estimated as ~22 x 10% km?. Subtracting the surface
area of small lakes (1 km? and less, i.e., 20 x 10° km?) yields a net landmass area of
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terrestrial ecosystems of 79.5 x 10° km2. Because of their physical proximity and
connectivity with terrestrial systems we also include the surface area of estuaries, i.e.,
1.4 x 10° km? (Alimov 1989; Raven and Maberly 2004) in our calculations and adding
it to the total area of inland waters. Hence, the total surface area of aquatic ecosystems,
i.e., freshwater and estuaries, which can potentially supply terrestrial ecosystems with
HUFA, is 23.4 x 10° km2. Thus, on a surface area basis, production of HUFA from
1 m? of such model inland aquatic ecosystems (lakes, rivers and estuaries) can poten-
tially supply 3.4 m? (i.e., 79.5/23.4) of terrestrial ecosystems.

One recent calculation (Downing et al. 2006) provides a contrasting estimate of total
inland water area of ~4.6 x 10° km2, Although there might be some underestimation, e.g.,
too low of a predicted density of small waterbodies in tundra regions, we will use the
Downing et al. figure as our “lower limit” estimate. Therefore, by subtracting the addi-
tional surface area of lakes, 2.6 x 10° km?, calculated in the study, cited earlier, from the
total landmass area we get a net landmass area of terrestrial ecosystems of ~96.9 x 10°
km?. The lower limit of total surface area of aquatic ecosystems, which can potentially
supply terrestrial ecosystems with HUFA, is 4.6 x 10% km? + 1.4 x 10° km? (estuaries) =
6.0 x 10° km2. Thus, according to the lower limit estimate, production of HUFA from 1
m? of possible inland aquatic ecosystems supplies 96.9 x 108/6.0 x 10° = 16.2 m? of
terrestrial ecosystems. Therefore, for all the following calculations, which refer to the area
of aquatic ecosystems, the lower limit estimate will be 3.9x lower (i.e., 23.4 x 10° km?/6.0
x 108 km?) than the upper limit estimate. For the ratio between areas of terrestrial and
aguatic ecosystems, the lower limit estimate yields a 4.8x lower value (i.e., 16.2 m%3.4
m? of terrestrial ecosystems supplied with HUFA from 1 m? of aquatic ecosystems).

Thus, 1 m? of surface area of the model “average” aquatic ecosystem can
potentially provide HUFA to between 3.4 and 16.2 m? of the model “average”
adjacent terrestrial ecosystem. The sum of the average values of the two HUFA
fluxes through emerging insects and water birds, calculated earlier, is 40 + 72 = 112
mg m~2 (kg km2) year™. Therefore, HUFA supply to the model “average” terrestrial
ecosystem can be from 6.9 to 32.9 kg km2 year™. The HUFA supply due to emerging
insects, which will be used for the following case study, ranges from a low of 2.5
to a high of 11.8 kg km2 year™.

8.9.2 Relation of HUFA Export to Biomass of Terrestrial
Animals

In Sect. 8.4 we attempted to relate HUFA supply to the requirements of the human
population and found that a potentially significant deficiency exists with respect to
the continued supply of essential fatty acids to humans. Next we try to answer a
similar question: is the HUFA export from the model “average” aquatic ecosystem
high enough to support terrestrial animals, which we suggest must also, to varying
degrees, obtain HUFA from their food? To answer this question, we need to know
the average metabolic requirements and biomass of omnivorous and carnivorous
terrestrial animals in the “average” model terrestrial ecosystem.
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We take into consideration secondary consumers only. Herbivorous animals,
e.g., ruminants, hardly consume the production of aquatic ecosystems, and more
likely obtain HUFA from their precursor ALA which is quantitatively abundant in
higher plants, or through synthesis by symbiotic intestinal micro-organisms.
Although gut microbes are an additional potential source of HUFA, very little is
known of the overall importance of this source (Hulbert et al. 2002).

Next we need to obtain an estimate of the average HUFA requirements for
omnivorous and carnivorous terrestrial animals. The requirements for humans are
in the range of 180-1,000 mg person™ d! (Garg et al. 2006). If we use 70 kg as an
average weight of a human, the HUFA requirements may be expressed as 2.6-14.3
mg kgt WW d1, or, on average, ~8 mg kg WW d-%. Data on HUFA requirements
for animals are very sparse in the available literature. A daily supplementation of
EPA + DHA of 22 mg kgt WW d™* for dogs with early stages atopy gave a good
clinical effect (Abba et al. 2005). For rats, a diet with a HUFA intake of 0.6 mg g™
WW d (600 mg kg™ WW d?!) was found to be most advantageous to long bone
density (Green et al. 2004).

For the case study we choose omnivorous rodents, assuming that they have
HUFA requirements, close to that of rat, mentioned earlier. One widespread and
comparatively well-studied species is the deer mouse (Peromyscus maniculatus).
It has an average individual biomass of ~17 g WW (Merritt et al. 2001; Stapp and
Polis 2003), and insects are a staple in their diet (Merritt et al. 2001). Their densities
ranged from 1.0 to 13 ind. ha™® in prairie of Central Plains, Colorado, USA (Stapp
and Van Horne 1997), to 9.0-16.9 ind. ha in forests of west-central British
Columbia (Sullivan et al. 1999) and to 1.0-17.6 ind. ha™* in the Kananaskis Valley,
southwestern Alberta, Canada (Millar and McAdam 2001). Thus, the average biomass
of these mice in diverse ecosystems ranged from 17 to 299.2 g ha™* or from 1.7 to
29.9 kg km2, HUFA (EPA + DHA) requirements of these rodents, using the earlier
assumption, ranged from 1.0 g km2d* to 17.9 g km2 d%, or 0.37-6.53 kg km™
year™, The supply of HUFA due to emerging insects, which contribute to the food
items of these mice, from the “average” aquatic to the “average” terrestrial ecosystem,
calculated earlier, is from 2.5 to 11.8 kg km™ year*. Thus, according to these
extremely simplified considerations, there exists at least the potential for situations
in which there may be a shortage of HUFA in deer mice populations. Clearly, more
focused research is needed to ascertain the contributions and effects of aquatic
versus terrestrially derived HUFA in deer mice population dynamics. It is an equally
valid question to ask if other omnivorous and carnivorous terrestrial animals, besides
deer mice, also depend, to various extents, on aquatic-source-derived HUFA.

8.10 Ocean Contribution

Biomass from marine ecosystems enters the coastal-terrestrial ecosystems through
shore drift of algal wrack and carrion (Polis and Hurd 1996). There are many
terrestrial consumers of such marine-derived inputs: spiders, scorpions, ants, lizards,
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landbirds, coyotes, foxes, jackals, etc. (Polis and Hurd 1996). In marine islands
there are also deer mice, described in the case study in Sect. 8.7.2., which consume
littoral detritus (Stapp and Polis 2003).

Polis and Hurd (1996) estimated that the average dry mass of algal drift arriving
per linear meter of supralittoral was 27.6 kg m™ year™. A large quantity of algae
washes ashore as a consequence of either storms or seasonal mortality and breakup
of algal beds. Using the data of Fleurence et al. (1994; Table 8.4) on the HUFA
content of seaweeds, 1.3 mg g™* DW, import of EPA + DHA through the shore drift
to a coastal ecosystem could be as high as 36 g m™ year™.

Carrion drift, estimated from the data of Polis and Hurd (1996), is 0.3 kg DW
m™ year. Using the average content of EPA + DHA in marine animals (Table 8.4),
the HUFA export to a coastal terrestrial ecosystem could be ~5 g m™ year™, and
thus total export through the shore drift (plants + animals) is 36 + 5 =41 g m*
yeart, This input of HUFA to terrestrial ecosystems is evidently very important for
local coastal areas, especially for small islands. Unfortunately, there are no quanti-
tative data for any particular ecosystem on the biomass of terrestrial animals, which
consume the drift products and therefore, at present, we can say very little about the
HUFA deficiency potential for coastal ecosystems.

In order to compare export of HUFA from the oceanic drift contribution with
those from inland waters we need to use a coarse, global-scale analysis. The
total linear distance of global coastlines has been estimated as 594,000 km (Polis
and Hurd 1996). Thus, global HUFA export from the drift, estimated in the case
study of Polis and Hurd (1996) in conjunction with the average HUFA content
of marine organisms (Table 8.4), may be ~24 x 10° kg year™*. If we use the sur-
face area estimate of inland waters and estuaries as 23.4 x 10® km? and the aver-
age HUFA export through emerging insects and birds as 112 kg km=2 year™ (see
Sect. 8.7.1), then the global HUFA export from the inland waters appears to be
~3 x 10° kg year™. Thus, the ocean contribution to the global HUFA export
could be ~100 times lower than that of inland waters. The cause of this phenom-
enon is the comparatively higher amount of interface (ecotone zone) between
inland waters and terrestrial ecosystems. Indeed, if we take into consideration
lakes with a surface area of 1 ha (0.01 km?) the perimeter of each lake would
be at least 0.35 km (L = 2xr = 0.35 km), if one equates their shape to a circle.
The number of such lakes, as mentioned in Sect. 8.7.1, is ~1 x 10 (Wetzel
1992); thus, their total perimeter is 35 x 10% km. If one were to add the shoreline
of large lakes the total perimeter of inland waters will be at least twice as high
(=70 x 108 km). This figure is much larger than the length of ocean shoreline
(~0.6 x 10% km). Thus, it is not surprising that the interaction between inland
waters and terrestrial ecosystems is much higher than that between the ocean and
terrestrial ecosystems. It is interesting to note that if one relates the estimated
HUFA export from the perimeters (shores) of inland waters (i.e., 3 x 10° kg
year /70 x 10% km = 43 g m™ year™) the resulting estimate is very similar to the
HUFA export estimated to be due to the contribution from ocean shoreline
perimeters (41 g m year™).



8 Preliminary Estimates of the Export 201

8.11 Assumptions and Underestimates

Our attempt to calculate HUFA export from aquatic to terrestrial ecosystems is the
first one, and obviously there are many underestimates caused, in part, by an
absence of relevant data in the available literature (see Sect. 8.1). First, we could
not calculate the export of HUFA through amphibian emergence. In some ecosystems
amphibians are very abundant, and their contribution to food webs is quantitatively
important (Burton and Likens 1975; Ballinger and Lake 2006).

Second, we took into consideration only consumption of salmon by bears
around the Pacific Rim. However, there are many other terrestrial “interface
specialists” — primary and secondary consumers, such as beetles, spiders, lizards,
etc., which scavenge aquatic organisms, washed up on the banks, as well as large
mobile mammals, such as the hippopotamus which are important conduits for
energy exchange across the aquatic — terrestrial interface in some regions (Ballinger
and Lake 2006). Third, for inland waters we do not take into account flooding and
drying events which also directly subsidize terrestrial ecosystems with fresh
biomass of aquatic organisms (Ballinger and Lake 2006). Fourth, we omitted colonies
of seabirds on rocks and shelf ice. Thus, our conclusion about possible limitation
of the *“average” terrestrial ecosystem with HUFA export from the adjacent “average”
aquatic ecosystem may be underestimating the true potential for limitation for
many ecosystems. However, it is also clear that there are very little available data
(with the exception of some commonly studied species such as rats, dogs, and cats)
on the innate ability of terrestrial animals to desaturate and elongate ALA to EPA
and DHA. This ability, if present at a reasonably ubiquitous level in terrestrial
organisms and/or their symbiotic microbial gut communities, would have the oppo-
site effect on our estimates of the potential for HUFA limitation in terrestrial
systems. Clearly much more work needs to be done.

8.12 Conclusions and Per spectives

According to our coarse average estimations at least some components of terrestrial
ecosystems have the potential to be limited by the supply of essential HUFA from
adjacent aquatic ecosystems. On a global scale it seems reasonable to conclude that
the main flux of aquatic HUFA to terrestrial ecosystems (excluding humans) origi-
nates from inland waters and estuaries, rather than from the ocean. Nevertheless,
our estimate of HUFA fluxes are inevitably coarse because detailed data on HUFA
synthesis, transfer, and retention in organisms at the water-land interface are scarce
and limited to incomplete studies conducted in only a few ecosystems. Thus, we
suggest that future studies should be aimed at obtaining more comprehensive quan-
titative estimates of (a) specific fluxes of HUFA from particular aquatic ecosystems
to surrounding terrestrial ecosystems, (b) abilities of terrestrial organisms to
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synthesize n-3 HUFA (from ALA), and (c) level of HUFA required from the diet in
order to maintain optimal physiological performance.

It is likely that in different types of biomes (e.g., tundra, taiga, rain forests,
savanna, steppe, deserts, etc.) there are different ecological roles in the context of
HUFA export and that some terrestrial ecosystems may be more limited than others
by the quantity of essential HUFA exported from adjacent aquatic ecosystems.
Moreover, the role of anthropogenic pollution and/or climate change in affecting
aquatic HUFA production and export and hence the functioning of terrestrial
ecosystems (from the perspective of creating potential HUFA deficiencies) should
be investigated.

Aquatic ecologists today are faced with global challenges and must integrate
knowledge from a variety of disciplines. One such challenge involves quantifying
the production, storage, and movements of HUFA in aquatic ecosystems of different
types leading to better estimates of their contribution to the health and ecological
integrity of aquatic and terrestrial ecosystems. A particularly important task is to
estimate the potential role of different organisms and aquatic ecosystems as sources
and sinks of healthy, biochemically valuable food for human nutrition. This is criti-
cal in that the consumption of the n-3 HUFA by humans is suspected as being
insufficient even in Western developed countries (see Chap. 14). Current evidence
from nutritional, epidemiological, and clinical studies shows that a regular shortage
of n-3 HUFA in the diet aggravates cardiovascular diseases in humans and may
limit normal neonatal and infant brain growth and perhaps intellectual development
(see Chap. 14). However, such studies should be well grounded/founded on a
detailed knowledge of fatty acid contents in natural fish and aquatic invertebrate
populations in relation to the taxonomic affiliation, trophic position, age, and diet
of the main contributing species. The HUFA accumulation and transfer rates within
food webs should be traced and measured leading to better estimates of the potential
total harvest of HUFA in different aquatic ecosystems. HUFA are also very important
to the aquaculture industry which face the constant challenge of maintaining
adequate concentrations of essential fatty acids in the diets of cultured organisms
(e.g., Atlantic salmon, shrimp). This is because overfishing for forage fish is rapidly
increasing the cost, and simultaneously threatening to decrease the quality, of fish-
meal-based feeds (see Chap. 9).

Second, potential hazards which may reduce HUFA production must be studied,
forecasted, and, where possible, mitigated. For instance, we postulate that anthro-
pogenically induced processes such as eutrophication and global climate change
(see Chap. 11) may, either qualitatively or quantitatively (or both), lead to decreased
HUFA production and storage in aquatic ecosystems. This is because: (a) eutrophi-
cation in aquatic ecosystems favors cyanobacteria (blue-green algae) which often
contain very little, if any, HUFA (see Chap. 7) and, (b) warmer temperatures have
the general effect of reducing the concentrations of long-chain fatty acids such as
EPA and DHA in biomembranes in a wide range of aquatic organisms (see Chap.
10; Schlechtriem et al. 2006). Such threats coupled with the critical need for these
substances in animal and human diets underline the urgency of this new direction
of research on HUFA fluxes. Given the importance of essential fatty acids for animal
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and human health and nutrition and for existing and emerging aquaculture facilities,
follow-up studies are necessary in order to more precisely identify the sources’
sinks and flows of these compounds as well as to characterize the risks to their
continued production.

In summary, to further improve the component estimates required for a more
reliable world-wide estimate we suggest that the following quantitative studies are
required: (1) insect emergence in conjunction with HUFA measurements in their
biomass, (2) water bird abundance and ration, including HUFA content of their
food, (3) amphibian emergence and contents of HUFA in their biomass, (4) abun-
dance and ration of riparian animals, including HUFA content of the portion of their
food obtained from water, (5) abundance and ration of terrestrial predators,
consuming emergent insects, amphibians and water birds, and (6) HUFA requirements
of diverse terrestrial animals. The studies, proposed earlier, should be carried out in
diverse aquatic ecosystems, pools, swamps, lakes, rivers, seas, situated in different
landscapes: tundra, taiga, steppe, mountains, desert, etc. Additional and more
precise estimates of the surface area of aquatic ecosystems and adjacent terrestrial
ecosystems are also essential.

Finally, it is now well recognized that, beyond the obvious provisioning of
drinking water, navigation, and flood control, aquatic ecosystems provide a variety
of additional and highly valuable “ecosystem services.” These include esthetic and
recreational services as well as their recently recognized role in mitigating the
effects of a wide variety of organic contaminants. To this list of services we must
now add one heretofore unrecognized service, namely, the provision of essential
HUFA to adjacent terrestrial systems. This newly recognized service of aquatic
ecosystems provides conservationists and resource managers with a new outlook
and justification for preserving lakes, rivers and wetlands.
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Chapter 9

Biosynthesis of Polyunsaturated Fatty Acids
in Aquatic Ecosystems: General Pathways
and New Directions

Michael V. Bell and Douglas R. Tocher

9.1 Introduction

It is now well established that the long-chain, omega-3 (w3 or n-3) polyunsaturated
fatty acids (PUFA) are vitally important in human nutrition, reflecting their particular
roles in critical physiological processes (see Chap. 14). In comparison to terrestrial
ecosystems, marine or freshwater ecosystems are characterised by relatively high
levels of long-chain n-3PUFA and, indeed, fish are the most important source of
these vital nutrients in the human food basket. Virtually all PUFA originate from
primary producers but can be modified as they pass up the food chain. This is
generally termed trophic upgrading, and various aspects of these phenomena have
been described in Chaps. 2, 6 and 7 (this volume). However, while qualitative
aspects of essential fatty acid production and requirements in aquatic ecosystems
are relatively well understood, in order to fully understand and model ecosystems,
quantitative information is needed on synthesis and turnover rates of n-3PUFA at
different trophic levels in the food web. The present chapter describes the biochemistry
and molecular biology involved in the various pathways of PUFA biosynthesis and
interconversions in aquatic ecosystems.

To appreciate the biochemical mechanisms involved in their biosynthesis,
some understanding of fatty acid chemistry is required. Fatty acids are designated
on the basis of their chain lengths, degree of unsaturation (number of ethylenic or
‘double’ bonds) and the position of their ethylenic bonds. Thus, 18:0 designates
a fatty chain with 18 carbon atoms and no ethylenic bonds. In the n- (or omega, ®)
nomenclature, the position of double bonds is designated by counting from the
methyl terminus, and so 16:1n-7 designates a fatty acid with 16 carbon atoms
whose single ethylenic bond is 7 carbon atoms from the methyl end. In the alterna-
tive delta (A) nomenclature, the position of the ethylenic bond is counted from the
carboxyl end, and so 16:1n-7 is written as 16:1A°. The n- or w-nomenclatures are
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those now in general use, but the A nomenclature remains relevant as it has tradi-
tionally been used for characterising fatty acyl desaturase activities. PUFA are
defined as fatty acids containing two or more ethylenic bonds and a common
example is eicosapentaenoic acid (EPA), 20:5n-3 and 20:5w3 or, 20:5458111417 jn
the A nomenclature. Highly unsaturated fatty acid (HUFA) is a term being used
increasingly, most often without proper definition, mainly to distinguish the
major bioactive long-chain PUFA such as EPA, docosahexaenoic acid (DHA;
22:6n-3) and arachidonic acid (ARA; 20:4n-6) from the shorter-chain C,; PUFA
such as linoleic (LIN; 18:2n-6) and ALA (a-linolenic; 18:3n-3) acids. In our
laboratory we define HUFA as fatty acids with >20 carbons and >3 double bonds.
A further term requiring careful definition is essential fatty acid (EFA; and see
Chap. 13). PUFA are essential dietary components for most animals, and all
vertebrates, as they cannot synthesise PUFA de novo from monounsaturated fatty
acids. However, which specific PUFA can satisfy the EFA requirements (and
prevent EFA deficiency symptoms) in a particular species is entirely dependent
upon its endogenous capacity to convert C,, PUFA to the biologically active
HUFA: ARA, EPA and DHA. Therefore, EFA requirements will vary qualita-
tively as well as quantitatively among different animal species.

9.2 Primary Production of Polyunsaturated Fatty Acids

9.2.1 Bacteria

The presence of n-3PUFA in heterotrophic prokaryotes was first reported by Johns
and Perry (1977), who found EPA in the marine bacterium Flexibacter polymor-
phus. Subsequently EPA and DHA were found in a number of bacteria isolated
from cold marine habitats, but particularly from intestines of deep-sea fish and
invertebrates (Yano et al. 1994). Bacteria producing EPA and DHA were found in
the culturable intestinal flora of all species of a selection of ten Arctic and sub-
Acrctic invertebrates and one of four fish species (Jgstensen and Landfald 1997).
In total, 103 out of 330 strains of bacteria tested contained n-3PUFA. The highest
prevalences, in >50% of bacterial isolates, were from two species of bivalve
Chlamys islandica and Astarte sp. and in the amphipod Gammarus wilkitzkii.
PUFA producers clustered into eight groups depending on PUFA profile, six groups
had 3.8-18.7% EPA and two groups had 7.1 and 13.5% DHA, both by weight total
fatty acid (Jgstensen and Landfald 1997). Interestingly the bacteria contained either
EPA or DHA, but not both. Some bacteria associated with coastal Antarctic sea-ice
diatom assemblages were found to synthesise DHA (Bowman et al. 1998). Eight
strains were identified by 16S rRNA sequence analysis as belonging to the genus
Colwellia. All exhibited psychrophilic and facultative anaerobic growth and pro-
duced 0.7-8.0% of total fatty acids as DHA (Bowman et al. 1998).

Vibrio sp. and Shewanella sp. comprise the majority of the PUFA-producing
bacterial species isolated from the guts of fish and invertebrates. However, there
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have been a number of misidentifications, which are discussed in a detailed review
of PUFA in marine bacteria by Russell and Nichols (1999). This review also discussed
pathways of fatty acid synthesis by bacteria and concluded that conventional
aerobic pathways must be used to synthesise PUFA. The discovery of the polyketide
pathway allows an anaerobic alternative, which may be more appropriate with
respect to the general metabolism of these microorganisms (see later).

9.2.2 Photosynthetic Organisms (Microalgae)

De novo synthesis of n-3PUFA in microalgae involves sequential addition of double
bonds to saturated fatty acids via A9, A12 and A15 (or m3) desaturases to give ALA.
A sequence of front-end desaturases (inserting double bonds between the A9 bond
and the carboxyl terminus) acting with elongases then produces EPA and DHA.
Conventionally this sequence is A6 desaturase — elongase — A5 desaturase — elongase
— A4 desaturase, but in some species the initial step is elongation to 20:3n-3 followed
by A8 desaturation. Unlike the situation in vertebrates the last step appears to involve
a direct A4 desaturation (Meyer et al. 2003; Tonon et al. 2005) rather than the
‘Sprecher’ shunt operating via 24:5n-3 and 24:6n-3 intermediates.

However, some PUFA that are abundant in some classes of marine microalgae
do not fit on the conventional pathway for synthesizing n-3PUFA (e.g. 16:4n-3
and most notably 18:5n-3). Octadecapentaenoic acid (18:54°3691215 18:5n-3)
was first reported by Joseph (1975) who found 3.8-22.2% in total lipid from 11
species of marine dinoflagellate. Early studies probably overlooked the presence
of 18:5n-3 since on polar GC columns it elutes very close to, or coelutes with,
20:1n-9. It has subsequently been shown to be particularly abundant in prymne-
siophytes and dinoflagellates where it may comprise up to 43% of total fatty acid
(Molkman et al. 1981; Nichols et al. 1984; Okuyama et al. 1993; Bell et al. 1997)
and together with DHA can be the main PUFA. In Emiliania huxleyi, eight
strains contained 13.7-22.0% 18:5n-3 in the stationary phase, and all cultures
showed accumulation of 18:5n-3 during the growth phase (Pond and Harris
1996). This was mainly in digalactosyldiacylglycerol and monogalactosylacylg-
lycerol varying from 33.1-62.1% to 40.9-50.5% of fatty acids, respectively,
over the growth cycle (Bell and Pond 1996). Two other algal groups are now
known to contain 18:5n-3. Five species of green algae from the Prasinophyceae
contained 2.2-10.6% of 18:5n-3 in total lipid (Dunstan et al. 1992), while two
strains of the raphidophyte Heterosigma akashiwo contained 4.6 and 5.2%
18:5n-3 (Nichols et al. 1987).

To the best of our knowledge HUFA synthesis pathways have not been studied
in macroalgae/seaweeds. Based on fatty acid compositions, seaweeds can produce
ARA and EPA at quite high levels, but generally lack DHA (Sanchez-Machado
et al. 2004; Dawczynski et al. 2007). The lack of data precludes any firm conclu-
sions, but the pathways are possibly essentially the same as those found in microalgae
of the same group.
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9.2.3 Protozoans

A protozoan parasite of oysters, Perkinsus marinus, has been shown to synthesise
LIN and ARA from acetate indicating de novo synthesis of PUFA (Chu et al. 2002).
Synthesis of ARA appears to be via a A8 pathway, but also involves a C g
A9-elongating activity catalysed by a FAE1 (fatty acid elongation 1)-like 3-ketoacyl-
CoA synthase previously only reported in higher plants and algae (Venegas-Caleron
et al. 2007). P. marinus represents a key organism in the taxonomic separation of
the single-celled eukaryotes, the alveolates, and these data imply ancestral endo-
symbiotic acquisition of plant-like genes. Little is known about PUFA synthesis in
other protozoans.

9.2.4 Heterotrophic Organisms

The Thraustochytrids are eukaryotic protists in the phylum labyrinthulomycota, the
slime nets. They are of interest to the fatty acid biochemist since they produce
HUFA-rich oils containing 22:5n-6 and/or DHA. A Thraustochytrium sp. was also
one of the first organisms in which the presence of a A4 desaturase was demon-
strated (Qiu et al. 2001). A related Schizochytrium sp. has recently been shown to
use a polyketide-like pathway for HUFA synthesis (Hauvermale et al. 2006).

9.25 The Polyketide Pathway and PUFA Synthase

One of the most exciting developments in the field of fatty acid metabolism in
recent years was the discovery that PUFA could be synthesized in both prokaryotes
and eukaryotes via a completely novel anaerobic pathway using polyketide syn-
thases (Metz et al. 2001). Yazawa (1996) identified five open reading frames!
(ORFs) from bacterial Shenawella sp. strain SCRC2738 found in the intestine of
Pacific mackerel that were necessary and sufficient for EPA production in
Escherichia coli. Metz and colleagues noted that eight of the PUFA-synthesizing
domains within the Shewanella ORFs were more closely related to polyketide
synthase (PKS) than to fatty acid synthase, aerobic desaturases, or elongases (Metz
et al. 2001). These included domains of PKS such as acyl carrier protein (ACP),
3-ketoacyl synthase, malonyl-CoA:ACP acyltransferase, 3-ketoacyl-ACP-reductase,
chain length factor and acyl transferases. A definitive demonstration of the significance

1An open reading frame is the portion of mMRNA located between the translation start-code
sequence (initiation codon) and the stop-code sequence (termination codon) containing the protein-
coding sequence.
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of these Shewanella ORFs was obtained by heterologous expression in E. coli
cultured under aerobic and anaerobic conditions. EPA synthesis was found under
both conditions ruling out a role for aerobic desaturases and indicating a PKS-like
system (Metz et al. 2001).

Schizochytrium is a thraustrochytrid-like marine protist that accumulates large
amounts of C,, HUFA in triacylglycerol (Barclay et al. 1994). Additional support
for a PKS-based pathway was provided by sequencing selected clones from a
Schizochytrium cDNA library. Sequences showing homology to 8 of the 11 domains
of the Shewanella PKS genes were identified. Further sequencing of cDNA and
genomic clones allowed the identification of three ORFs containing domains with
homology to those in Shewanella. These proteins may constitute a PKS that catalyses
DHA and 22:5n-6 synthesis in Schizochytrium. The homology between the
prokaryotic Shewanella and the eukaryotic Schizochytrium genes suggests that the
PUFA PKS has undergone a lateral gene transfer (Metz et al. 2001). Subsequent
work confirmed that the enzyme complex in Schizochytrium (renamed PUFA syn-
thase) comprised three genes which account for the production of DHA and
22:5n-6 (Hauvermale et al. 2006). Additionally it was found that the other two
abundant fatty acids in Schizochytrium, 14:0 and 16:0, were the products of a separate
fatty acid synthase which, in terms of sequence homology and domain organisation,
resembled those found in fungi (Hauvermale et al. 2006). The presence of this
alternative PUFA pathway in Schizochytrium was somewhat surprising since a A4
desaturase has been cloned from a thraustrochytrid species closely related to
Schizochytrium showing that the enzymes of the aerobic pathway are also present
in these organisms (Qiu et al. 2001).

The polyketide pathway requires six enzyme proteins: 3-ketoacyl synthase (KS),
3-ketoacyl-ACP-reductase (KR), dehydrase (DH), enoyl reductase (ER), dehydratase/
2-trans, 3-cis isomerase (DH/2,31), dehydratase/2-trans and 2-cis isomerase (DH/2,21).
A defined sequence of steps then adds C2 units and double bonds. An important
point about the PKS pathway is that it adds double bonds to nascent acyl chains,
whereas the desaturase pathway inserts double bonds into intact acyl chains. This
makes the PKS pathway more efficient energetically since the ATP used by the
desaturase steps in the conventional aerobic pathway is not required. The scheme
starts with acetyl-CoA and malonyl-CoA. KS and KR add C2 units while DH and
ER or DH/2,31 and DH/2,2I control the positioning of double bonds. Since KS adds
two carbon units and double bonds are inserted at three-carbon intervals, two differ-
ent dehydrase isomerases are required to produce the methylene-interrupted pattern
of double bonds characteristic of n-3 and n-6 PUFA (Fig. 9.1).

An extension of the scheme presented by Metz et al. (2001) is shown in Fig. 9.2
illustrating how n-3PUFA could be synthesized by this pathway. The main n-3
pathway goes 16:4n-3, 18:5n-3, 20:6n-3, DHA (Fig. 9.2). The PUFA, ALA, 18:4n-
3, 20:4n-3 and EPA do not lie on this pathway (Fig. 9.2). EPA can be produced from
18:5n-3 with a KS, KR, DH, ER step. Omega-6 PUFA are produced by altering the
second step in the scheme from KS, KR, DH/2,3I which introduces the A3 double
bond to give 6:1n-3 to a KS, KR, DH, ER step to give 6:0. The next step then
introduces a A2 double bond to give 8:1n-6.
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8:2 (trans-2, cis-5)

8:2 (cis-2, cis-5),

8:2(n-3)
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Acetyl-ACP + malonyl-ACP

) KS
CH3-CO-CH,-CO-ACP+CO,

) KR, DH, ER
CH3-CHy-CH,-CO-ACP

! KS + malonyl-ACP
CHj-CH,-CH,-CO-CH,-CO-ACP + CO,

) KR
CHg-CH,-CH,-CHOH-CH,-CO-ACP

l DH
CH3-CH,-CH,-CH=CH-CO-ACP

1 isomerase, 2-3 trans to 3-4 cis
CH3-CH,-CH=CH-CH,-CO-ACP

1 KS + malonyl-ACP
CHj3-CH,-CH=CH-CH,-CO-CH,-CO-ACP + CO,

! KR
CHj3-CH,-CH=CH-CH,-CHOH-CH,-CO-ACP

l DH
CHj-CH,-CH=CH-CH,-CH=CH-CO-ACP

! isomerase, 2-3 trans to 2-3 cis

CHj3-CH,-CH=CH-CH,-CH=CH-CO-ACP

Fig. 9.1 Fatty acid synthesis using the polyketide pathway (from Metz et al. 2001). DH dehy-
drase; ER enoyl reductase; KR 3-ketoacyl-ACP-reductase; KS 3-ketoacyl synthase

A major question following on from this work is to what extent other marine
microorganisms might be synthesizing PUFA via a PKS pathway rather than a
conventional desaturase-elongase pathway. Since a A3 desaturase was not known,
initial suggestions were that 18:5n-3 could be produced by chain-shortening EPA
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18:5n-3
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KS = 3-ketoacyl synthase
DH, ER KR = 3-ketoacyl-ACP-reductase
DH = dehydrase
DH/2,3i ER = enoyl reductase
A3 DH/2,3i = dehydrase 2-trans, 3-cis isomerase
DH/2,2i DH/2,2i = dehydrase 2-trans, 2-cis isomerase
A2, 5
DH, ER
A4, 7
DH/2,3i
A3, 6,9
DH/2,2i
A2,5,8,11
DH, ER
A4, 7,10, 13
DH/2,3i
A3, 6,9, 12, 15
DH/2,2i
A2, 5,8, 11, 14, 17
DH, ER

A4, 7,10, 13, 16, 19

Fig. 9.2 A scheme showing the synthesis of 22:6n-3 using PKS (adapted from Metz et al. 2001).
DH dehydrase; DH/2,2i dehydratase/2-trans, 2-cis isomerase; DH/2,3i dehydratase/2-trans, 3-cis
isomerase; ER enoyl reductase; KR 3-ketoacyl-ACP-reductase; KS 3-ketoacyl synthase

(Joseph 1975; Volkman et al. 1981). This hypothesis became more plausible with
the discovery that the last step in the synthesis of DHA in mammals is a chain
shortening of 24:6n-3 to give DHA (Sprecher 2000). However, 16:4n-3 and 18:5n-3
are mainstream fatty acids on the PKS pathway.

This scheme also answers another problem with algal fatty acid composition, that
of PUFA with >22 carbon atoms. These PUFA are under-reported in the literature
because most workers stop their GC runs after the elution of DHA on polar-type columns.
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However, workers who have used longer time programs have found C,, and C,
PUFA (e.g. 28:7n-6 and 28:8n-3, Mansour et al. 1999) in some species of marine
dinoflagellates. These two fatty acids are on the PKS pathway (Fig. 9.3). Such fatty
acids can be derived via conventional elongase, desaturase and chain-shortening
steps but this is a cumbersome pathway.

The PKS pathway could thus offer an alternative solution to PUFA synthesis in
some species of microalgae to the conventional pathway, but at present there is no
direct evidence to support the presence of this pathway in microalgae. However,
there have also been difficulties in demonstrating the conventional pathway.
The heterotrophic dinoflagellate Crypthecodinium cohnii did not convert ALA to
DHA, but de novo synthesis from acetate was rapid (Henderson and Mackinlay
1991). The dinoflagellate Amphidinium carterae did not convert the deuterated
tracer D,.-17,17,18,18,18-linolenic acid (D,-ALA) to longer-chain n-3PUFA (M.V.
Bell, unpublished). Polyketide-derived metabolites are widespread in bacteria,
fungi, microalgae and plants (O’Hagan 1995), and the dinoflagellates produce a
wide variety of very complex toxins (e.g. brevetoxins) that are believed to be syn-
thesised by a polyketide pathway (reviewed by Shimizu 1996; see Chap. 4). Thus,
some of the PKS pathway enzymes are present in phytoplankton and involved in
the synthesis of other metabolites.

Some parts of this pathway are speculative and experiments are needed to confirm
the pathway in different organisms, especially those marine flagellates containing
18:5n-3. These could take the form of identifying the full array of necessary genes
or identifying fatty acid intermediates. The latter may be difficult since intermediates
may not be released from the enzyme protein into the fatty acid pool and would
therefore be present in very small amounts.

C22  22:6n-3 A4, 7,10, 13, 16, 19
1 KS, KR, DH/2,3i
C24  24:7n-3 A3, 6,9, 12, 15, 18, 21

i KS, KR, DH/2,2i
C26 26:8n-3 A2,5, 8,11, 14, 17, 20, 23
1 KS, KR, DH, ER

C28 28:8n-3 A4,7,10,13, 16, 19, 22, 25

Fig. 9.3 A scheme showing the synthesis of 28:8n-3 from 22:6n-3 using PKS. DH dehydrase;
DH/2,2i dehydratase/2-trans, 2-cis isomerase; DH/2,3i dehydratase/2-trans, 3-cis isomerase; ER
enoyl reductase; KR 3-ketoacyl-ACP-reductase; KS 3-ketoacyl synthase
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9.3 Polyunsaturated Fatty Acid Metabolism in Invertebrates

9.3.1 Zooplankton

Marine copepods are thought to be unable to synthesise HUFA, and growth rates
and reproductive success have been linked to the availability of these fatty acids in
the phytoplankton (e.g. Pond and Harris 1996). The ability of four species of
marine zooplankton to synthesise HUFA from ALA was tested directly using lipo-
somes containing D,-ALA. Female Calanus finmarchicus, Calanoides acutus,
Dropanopus forcipatus and calyptopus larvae of Euphausia superba readily
ingested the liposomes and incorporated D.-ALA into their somatic lipid pool, but
only negligible amounts of desaturation products were detected after 96-h incuba-
tion in C. finmarchicus, D. Forcipatus and E. superba with none in C. acutus (Bell
et al. 2007). It was concluded that these four species were indeed unable to syn-
thesise PUFA at ecologically significant rates under the conditions of this experiment.
However, feeding studies have suggested that some other species of copepod may
be able to synthesise HUFA from ALA. The harpacticoid copepods Tisbe holothu-
riae and Tisbe sp. accumulated substantial amounts of EPA and DHA when fed
algae containing small amounts of these fatty acids implying synthesis (Nanton and
Castell 1998). The freshwater copepod Eucyclpos serrulatus (Desvilettes et al.
1997) accumulated DHA and Daphnia pulex (Schlechtriem et al. 2006) accumu-
lated EPA when fed green algae lacking this fatty acid.

9.3.2 Other Invertebrates

There is little information available on PUFA synthesis across the wide range of
other aquatic invertebrate genera. The freshwater rotifer Brachionus plicatilis was
able to synthesise n-3PUFA de novo when fed diets lacking these fatty acids
(Lubzens et al. 1985). The sea urchin Psammechinus miliaris was able to convert
dietary D.-ALA to D,-EPA, but the rate of conversion was very slow, 0.09 pg g
tissue™ mg™t ALA eaten over 14 days (Bell et al. 2001a).

There is rather more information available, especially in the older literature,
concerning PUFA biosynthesis in terrestrial invertebrates. Twelve species of insect
have been identified which can synthesise LIN de novo (e.g. Cripps et al. 1986).
Caenorhabditis elegans can synthesise ARA and EPA using the pathway as
described later for vertebrates, and thus has been used as a model organism in
studies of HUFA synthesis in animals (Watts and Browse 1999). It seems likely,
therefore, that the ability to synthesise PUFA is widespread in the invertebrate
kingdom. Studies are required to determine which pathway is used and the contri-
bution of invertebrates to the aquatic PUFA pool.
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9.4 Production of Highly Unsaturated Fatty Acidsin Fish

9.4.1 Pathways for Biosynthesis of Highly
Unsaturated Fatty Acids

Vertebrates, including fish, lack the A12 and »3 (A15) desaturases and so cannot
form LIN and ALA, respectively, from 18:1n-9 and, therefore, PUFA are essential
dietary components. However, dietary LIN and ALA can, with varying efficiencies,
be further desaturated and elongated in vertebrates to form HUFA, including ARA,
EPA and DHA (Fig. 9.4). Fatty acyl desaturation is an aerobic reaction catalysed
by a terminal oxygenase (the ‘desaturase’) requiring reducing equivalents, derived
from NADPH, delivered via an electron transport chain including cytochrome b,
and a reductase. Elongation is effected in four steps each catalysed by a specific
enzyme. The first step is a condensation reaction of the precursor fatty acyl chain
with malonyl-CoA to produce a B-ketoacyl chain that is subsequently hydrogenated
in three successive steps. The condensation step determines the substrate specificity
and is the rate-limiting step of the process and is therefore regarded as being the
‘elongase’ enzyme. The main features of the HUFA synthesis pathway, most fully
studied in rats (Sprecher 2000), are summarised later.

With one exception, the reactions occur in the smooth endoplasmic reticulum
with the same enzymes acting on both n-3 and n-6 fatty acids, although the affinity
of the enzymes is generally higher for the n-3 series. DHA rather than EPA is the
main end product of desaturation and elongation of ALA, whereas ARA rather
than 22:5n-6 is the primary end product of desaturation and elongation of LIN.

18:0
A9
v A6 elo A5
18:1n-9 > 18:2n-9 > 20:2n-9 > 20:3n-9 22:5n-6
A12 shortT
v A6 elo A5 elo elo A6*
18:2n-6 >18:3n-6 >20:3n-6 >20:4n-6 > 22:4n-6 ——>24:4n-6 ——> 24:5n-6
A15 (©3)
v
elo A5 elo elo A6*
18:3n-3 >18:4n-3 >20:4n-3 > 20:5n-3 >22:5n-3 >24:5n-3 > 24:6n-3
shortl

22:6n-3

Fig. 9.4 Pathways of biosynthesis of C,  and C,, highly unsaturated fatty acids from n-3, n-6 and

n-9 C,, precursors. A5, A6, A6*, A9, A12, A15 (w3), fatty acyl desaturases; elo, fatty acyl elongases;
short, chain shortening
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The insertion of the last, A4, ethylenic bond in DHA and 22:5n-6 does not occur
through direct A4 desaturation of their immediate precursors 22:5n-3 and 22:4n-6.
Rather, these intermediates are chain elongated to C,, fatty acids, 24:5n-3 and
24:4n-6, which are then converted by A6 desaturation to 24:6n-3 and 24:5n-6,
respectively. The A6-desaturated C,, fatty acids are then chain shortened in the
peroxisomes to DHA and 22:5n-6. Thus, A5 fatty acid desaturation occurs at one
step in the pathway, involving 20:3n-6 or 20:4n-3, whereas A6 fatty acid desatura-
tion occurs at two steps, first involving LIN or ALA and second involving 24:4n-6
or 24:5n-3. Heterologous expression studies of human and rat A6 desaturases
showed that the same enzymes are active on C,, and C,, fatty acids (De Antueno
et al. 2001; D’Andrea et al. 2002).

In common with all vertebrates, PUFA are essential dietary components for fish.
However, the biologically active and physiologically important PUFA in fish are
the HUFA, ARA, EPA and DHA, as LIN and ALA have no specific or unique meta-
bolic role in themselves (Sargent et al. 2002; Tocher 2003). Indeed, the great majority
of dietary ALA is catabolised in fish (Bell et al. 2001; Bell and Dick 2004) as it is
in mammals. Therefore, the major role of dietary C,, PUFA in fish is to function as
precursors for C,  and C,, HUFA, highlighting the importance of the HUFA synthe-
sis pathway. Early nutritional studies suggested that ALA and/or LIN could satisfy
the EFA requirements of freshwater fish, whereas the n-3HUFA, EPA and DHA
were required to satisfy the EFA requirements of marine fish (see Sargent et al.
2002). Dietary conversion studies performed in turbot using radioactive sub-
strates in vivo strongly suggested that this marine species was unable to produce
EPA and ARA from ALA and LIN, respectively, although these experiments were
unable to determine precisely the deficiency in the HUFA synthesis pathway (see
Tocher 2003).

The HUFA pathway has been most extensively studied in hepatocytes from the
salmonids, rainbow trout (Oncorhynchus mykiss) and Atlantic salmon (Salmo
salar). Biochemical studies established the presence of the entire HUFA synthesis
pathway from ALA to DHA, including the role of C,, intermediates, in rainbow
trout hepatocytes (Buzzi et al. 1996, 1997). There is also extensive evidence, based
on the conversion of radioisotopes, that EPA and DHA are produced from ALA in
hepatocytes from Atlantic salmon (Tocher et al. 1997), and several other species of
freshwater fish including Arctic charr (Salvelinus alpinus), brown trout (Salmo
trutta) (Tocher et al. 2001a), tilapia (Oreochromis niloticus) and zebrafish (Danio
rerio) (Tocher et al. 2001b). In contrast, studies in hepatocytes from marine fish
have consistently shown very little desaturation of ALA occurs with no production
of EPA or DHA (Sargent et al. 2002; Tocher 2003). Early studies with cell lines
established that the inability of marine fish cells to produce EPA and DHA was due
either to limited activities of C  to C,; elongase, or fatty acyl A5 desaturase (Tocher
et al. 1989; Tocher and Sargent 1990). Subsequent studies utilising isotopically
labelled substrates for the C , ,, elongase ([U-**C]18:4n-3 and (D5)18:4n-3), and
A5 desaturase (JU-1*C]20:4n-3 and (D5)20:4n-3) showed that a turbot cell line had
low C. . . elongase activity (Ghioni et al. 1999), whereas a gilthead sea bream cell

18-20
line had very low A5 desaturase activity (Tocher and Ghioni 1999).
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Although results from the cell line studies are entirely consistent with data from
feeding studies, they require confirmation by in vivo studies as it is not certain that
desaturase and elongase enzymes continue to be expressed in cultured cells exactly
as they are in vivo. It is also difficult to extrapolate whole body nutritional and
physiological requirements from such in vitro studies. The degree of HUFA synthesis
from C,, PUFA is dependent upon the activities of fatty acyl desaturases and elon-
gases, and in turn these may be dependent on the extent to which HUFA are readily
available in natural diets. For instance, carnivores such as cats, which can obtain
abundant preformed HUFA from their natural prey, have a very poor ability to form
HUFA and appear to show very low A6 and A5 desaturase activities (see Sargent
et al. 2002). Similarly, marine fish have large amounts of EPA and DHA in their
natural diets, whereas the natural prey of many freshwater fish, particularly their
invertebrate prey, may be much less rich in n-3HUFA, especially DHA (see Chapter 6
for detailed discussion). Thus, although freshwater fish originally evolved in the
ocean, they moved to the terrestrial freshwater ecosystem where conversion of
ALA to DHA may be more necessary, whereas marine fish remained in an environ-
ment where such conversion is less advantageous.

9.4.2 Molecular Biology of Fatty Acyl
Desaturases and Elongases

The biochemistry of HUFA synthesis, including pathways and reaction mechanisms,
has been well described for a number of years but, until recently, little was known
of the genes and gene products involved and of the factors affecting their expression
and function(s), respectively. Significant progress has now been made in characteris-
ing the desaturases and elongases involved in HUFA synthesis in animals (Tocher
et al. 1998). Full-length cDNAs for A6 desaturases have been isolated from the
nematode worm Caenorhabditis elegans (Napier et al. 1998), rat (Aki et al. 1999),
mouse and human (Cho et al. 1999a). Fatty acyl A5 desaturase genes have been
isolated from C. elegans (Michaelson et al. 1998; Watts and Browse 1999) and human
(Cho et al. 1999b; Leonard et al. 2000). Genes involved in the elongation of PUFA
have been cloned and characterised from C. elegans (Beaudoin et al. 2000), human
(Leonard et al. 2000), mouse (Leonard et al. 2002) and rat (Inagaki et al. 2002).
Desaturase cDNAs from fish were first cloned from zebrafish and rainbow trout
(Hastings et al. 2001; Seiliez et al. 2001). Functional characterisation of the
zebrafish desaturase cDNA by heterologous expression in the yeast Saccharomyces
cerevisiae, which lacks the ability to synthesise HUFA, showed the enzyme to have
both A6 and A5 desaturase activity. Desaturases cloned from other freshwater fish,
including rainbow trout and common carp (Cyprinus carpio), were shown to be
unifunctional A6 desaturases (Zheng et al. 2004a). In contrast, separate cDNAs for
A6 and A5 desaturases have been cloned from Atlantic salmon (Hastings et al.
2004; Zheng et al. 2005a), whereas only A6 desaturase cDNAs have been cloned
from marine fish, including gilthead sea bream (Sparus aurata), turbot (Psetta
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maximus) and cod (Gadus morhua) (Seiliez et al. 2003; Zheng et al. 2004a; Tocher
et al. 2006). Thus, the zebrafish desaturase is unique, being the only bifunctional
desaturase involved in HUFA synthesis so far isolated, not only in fish, but, in general,
in vertebrates studied to date. Similar to human and rat A6 desaturases, zebrafish
desaturase also showed a low level of activity towards C,, fatty acids indicating that
it could be responsible for all three desaturation steps required for the production
of DHA.. All of the fish desaturases were more active towards the n-3 fatty acid than
the equivalent n-6 substrate (Table 9.1).

The fish desaturase cDNAs encode proteins of between 444 and 454 amino acids
with the zebrafish and carp desaturase cDNAs encoding proteins of 444 amino acids
similar to mammalian desaturases, whereas marine fish desaturase proteins contain
1-3 additional amino acids and salmonids, an additional 8-10 amino acids.
The protein sequences of fish desaturases possess all the characteristic features of
microsomal fatty acid desaturases, including three histidine boxes, two transmem-
brane regions and an N-terminal cytochrome b, domain containing the haem-binding
motif, HPGG. Thus, the fish desaturases are fusion proteins presumably containing
both desaturase and cytochrome b, functions. The phylogenetic sequence analyses
grouped the fish desaturases largely as expected based on classical phylogeny with
the carp and zebrafish (Ostariophysi; cyprinids), trout and salmon (Salmoniformes;
salmonidae), and tilapia, sea bream and turbot (Acanthopterygia; cichlids, perci-
formes and pleuronectiformes) appearing in three distinct clusters with the cod
(Paracanthopterygii; Gadiformes) branching from the Acanthopterygia line (Fig. 9.5)
(Nelson 1994). The function of A6 desaturase in species that do not readily convert
ALA to EPA is not known. In evolutionary terms the fact that a functional A6 desatu-
rase gene has been retained implies a biologically meaningful function. As the same
A6 desaturase likely also operates in the pathway from EPA to DHA, it is possible
that a functional A6 has been retained to enable manipulation and “fine tuning’ of
membrane EPA/DHA ratios in fish, such as marine species, that can obtain both fatty
acids from the diet, but not necessarily always at optimal ratios.

Although the A6 desaturases cloned from marine fish show similar activities in
the yeast expression system to the A6 desaturases cloned from salmonids and fresh-
water fish (Zheng et al. 2004a), the A6 activities measured in hepatocytes and
enterocytes from cod and sea bass are very low (Mourente et al. 2005; Tocher et al.
2006). Gene expression studies investigating tissue distributions may offer an
explanation. In Atlantic salmon, the enzymes of HUFA synthesis, A6 and A5
desaturases and PUFA elongase, are all expressed most highly in liver > intes-
tine > brain, with much lower levels in other tissues (Zheng et al. 2005a). In contrast,
in cod, the highest expression of A6 desaturase and elongase was in the brain, where
expression exceeded that in liver by over 50-fold (Tocher et al. 2006). Thus, the
major role for A6 desaturase in marine fish may be the maintenance of optimal
brain and neural tissue DHA levels by conversion of dietary EPA.

Elongases of HUFA biosynthesis have been cloned from a number of fish species
including the freshwater fish zebrafish, carp and tilapia, the salmonids, rainbow
trout and anadromous Atlantic salmon, and marine fish, cod, turbot and sea bream
(Hastings et al. 2004; Agaba et al. 2004, 2005). The elongase cDNAs encode
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Atlantic Salmon A5, AF478472
Cherry Salmon Des1*, AB070444
Cherry Salmon Des2*,AB074149
Rainbow Trout A6, AF301910

0.05 1000 Atlantic Salmon A6, AY458652
— Atlantic Cod A6, DQ054840
534 Nile Tilapia Des*, AB069727
- Turbot A6, AY546094
977 GiltheadSeabream A6, AY055749
1000 Common Carp A6, AF309557
10004: Zebrafish A5/ A6, AF309556
1000 Human A6, AF126799
1000 Mouse A6, AF126798
|: Human A5, AF199596
999 1000 Mouse A5, AB072976
MortierellaAlpina A5, AF067654
MortierellaAlpina A6, AF110510
I C. Elegans A6, AF031477
1000 L C. Elegans A5, AF078796

Fig. 9.5 Phylogenetic tree comparing amino acid sequences of fatty acyl desaturases from fish,
mammals, fungus (Mortierella alpina) and nematode (Caenorhabditis elegans). The tree was con-
structed using the Neighbour Joining method using CLUSTALX and NJPLOT (Perriére and Gouy
1996). The horizontal branch length is proportional to amino acid substitution rate per site. The
numbers represent the frequencies with which the tree topology presented here was replicated after
1,000 bootstrap iterations. Sequences marked with an asterisk are not functionally characterized

proteins of 288-294 amino acids that are highly conserved among the fish
species. The predicted polypeptides included characteristic features of microsomal
elongases, including a single histidine box redox centre motif, a canonical ER
retention signal (carboxyl-terminal dilysine targeting signal), multiple transmembrane
regions, and KXXEXXDT. QXXFLHXYHH (which contains the histidine box),
NXXXHXXNYXYY and TXXQXXQ motifs, which are highly conserved in all
PUFA elongases cloned to date (Meyer et al. 2004). Phylogenetic analysis comparing
all the elongase sequences cloned from fish, along with a range of elongases from
mammals, bird, insect, fungus and nematode, grouped the fish elongases into four
clusters largely as expected based on the main groups of modern teleosts identified
in classical phylogeny and similar to the grouping observed with desaturases, with
the clusters being catfish and zebrafish, cod, trout and salmon, and tilapia, sea
bream and turbot (Fig. 9.6). The fish elongases clustered most closely with the
mammalian ELOVL5/elovI5 and ELOVL2/elovI2 elongases that have been functionally
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Fig. 9.6 Phylogenetic tree comparing amino acid sequences of fatty acyl elongases from fish with
those of elongases from mammals, bird (chicken, Gallus gallus), amphibian (Xenopus laevis),
insect (Drosophila melanogaster), fungus (Mortierella alpina), nematode (Caenorhabditis ele-
gans) and plant (moss, Physcomitrella patens). Tree construction and description as in Fig. 9.5

characterised and shown to be PUFA elongases (Leonard et al. 2000, 2002). They
were more distant from other elongases including rat rELO1 (also known as rat
Elovl6), that has been shown to be predominantly a 16:0 to 18:0 elongase (Inagaki
et al. 2002), and uncharacterised chicken (an elovlé homologue), human ELOVL4
and mouse Sscl elongases that are presumed to be involved in sphingolipid metab-
olism and the synthesis of very long-chain fatty acids such as 26:0. Heterologous
expression in yeast, S. cerevisiae, demonstrated that the zebrafish elongase had the
ability to lengthen PUFA with chain lengths from C ; to C,, and also monounsatu-
rated, but not saturated fatty acids. Most of the fish elongases showed a pattern of
activity towards PUFA in the rank order C , > C, > C,,, although the tilapia and
turbot elongases had similar activity towards 18:4n-3 and 20:5n-3 (Table 9.2). The
fish elongases also generally showed greater or similar activities with n-3 than with
n-6 homologues, with the exception of the cod enzyme, which was more active
towards n-6 fatty acids. Thus, in fish, a single PUFA elongase gene is all that is
required to perform all the elongations required for the full functioning of the HUFA
synthesis pathway from ALA to DHA. Whether this will actually be the case can
only be speculated when dealing with species with unsequenced genomes. However,
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for zebrafish, whose genome is largely sequenced, it does appear that only two
genes, the bifunctional A6/A5 desaturase and the single PUFA elongase, are
involved in the production of DHA from dietary ALA as no other PUFA desatu-
rases or elongases appear to be present.

9.4.3 Regulation of Highly Unsaturated Fatty
Acid Biosynthesisin Fish

Both A6 and A5 desaturase activities are reported to be under nutritional and/or
endocrine control in mammals, although A6 desaturase is regarded as the rate-limiting
step in the biosynthesis of ARA. Regulation of desaturase activity in mammals may
involve transcriptional control of gene expression. Thus, the expression of A6
desaturase in liver was increased in mice fed triolein (18:1n-9), an EFA-deficient
diet, compared to mice fed corn oil, a diet rich in LIN (Cho et al. 1999a). Similarly,
the expression of both A6 and A5 desaturases was fourfold higher in rats fed a
fat-free diet or a diet containing triolein compared to that in rats fed either safflower
oil (LIN) or menhaden oil (n-3HUFA) (Cho et al. 1999b).

The expression of HUFA biosynthesis genes in fish has been investigated using
a range of different techniques including Northern blotting, quantitative real-time
polymerase chain reaction (Q-PCR) and cDNA microarrays. The expression of
A5 desaturase and elongase genes in liver of salmon, as determined by Q-PCR,
could be increased in a graded manner by increasing dietary linseed oil (Zheng
et al. 2004b). Expression of both A5 desaturase and elongase genes was positively
and negatively correlated with dietary ALA and n-3 HUFA, respectively. In
salmon fed rapeseed oil (RO), the expression of the A5 desaturase and PUFA
elongase in liver was determined using a ¢cDNA mini microarray containing
around 70 genes involved in lipid metabolism (Jordal et al. 2005). Of the genes
in the array, the A5 desaturase gene showed the greatest degree of regulation and
was one of only three genes that were up-regulated in fish fed RO compared to
fish fed fish oil (FO). The up-regulation of the expression of the A5 desaturase
gene in liver of fish fed RO was confirmed by Q-PCR. Although around 25 other
genes were down-regulated in fish fed RO compared to fish fed FO, the expression
of the PUFA elongase was unaffected by dietary oil. Recently, the expression of
all the genes of HUFA synthesis in salmon fed FO and vegetable oil (VO) was
investigated using an Atlantic salmon 17K cDNA microarray. Of the fifteen
gene features that showed the strongest regulation, seven were due to fatty acyl
desaturases including both A6 and A5 desaturase sequences included on the array
as candidate genes along with three other ESTs that were annotated as A6/A5
desaturase. The expression of the PUFA elongase was not affected significantly
by dietary VO diet in the Jordal et al. (2005) study.

The expression of both A6 and A5 desaturase genes and the PUFA elongase gene
has also been determined by Q-PCR at various points during the entire 2-year
production cycle in salmon fed diets containing either FO or a VO blend (Zheng et al.
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2005h). Gene expression of A6 desaturase was highest around the point of seawater
transfer and lowest during the seawater phase. In addition, the expression of both A6
and A5 desaturase genes was generally higher in fish fed VO compared to fish fed
FO, particularly in the seawater phase. The results were consistent with HUFA bio-
synthesis activity, which peaked around seawater transfer, was lower in seawater,
and higher in fish fed VO compared to fish fed FO. The expression of PUFA elongase
was also investigated, but no up-regulation was observed. In all the studies of gene
expression, the expression of the desaturases was increased by up to twofold in fish
fed VO compared with fish fed FO (Zheng et al. 2004b, 20054, b; Jordal et al. 2005).
This compares well with biochemical studies of enzyme activities and HUFA synthesis,
which show generally a twofold to threefold increase in activity in fish fed VO at the
highest inclusion levels (see Tocher 2003). Taken together, these studies show that
both nutritional and environmental modulation of HUFA biosynthesis in Atlantic
salmon involves regulation of fatty acyl desaturase gene expression.

9.4.4 Use of Stable I sotopes for In Vivo
Studies of HUFA Biosynthesis

Although DHA is a functional EFA in all vertebrates, including fish, there is little
quantitative information available on rates of formation of DHA in any species or
on the bioequivalence of ALA and DHA. The use of stable isotope tracers and
GC-MS has allowed these problems to be addressed at the whole animal level, and
has given vital information on nutritional and physiological requirements for PUFA
at the organismal level which can be difficult to obtain from in vitro studies on tissues
or cells where large extrapolations are necessary. The principle of using stable
isotope tracers to investigate n-3PUFA metabolism in fish is straightforward though
a number of practical difficulties have to be overcome in relation to diet preparation
and presentation to the fish. Administering tracer via the diet is the most natural
way of delivery and minimises stress due to handling which may alter lipid metabo-
lism if fish are given tracer by injection.

In summary, the method is to add a known amount of labelled fatty acid to the
diet, feed a known amount of diet to the fish, and determine quantitatively the fatty
acid profile and tissue distribution of labelled product fatty acids at various times
post-dose. The commercially available deuterated fatty acid, D,-ALA, is an ideal
tracer for this type of work. The mass increment of five is readily detected and
quantitated by GC-negative chemical ionisation MS of the pentafluorobenzyl ester.
This methodology was deployed in experiments with trout and gave information on
rates of synthesis, which tissues are important in HUFA biosynthesis, changes during
development, and tissue distribution of intermediate and product fatty acids. A time
course of DHA synthesis from 3 to 35 days showed that synthesis was slow. Whole
body accumulation of D_-DHA was linear over the first 7 days corresponding to a
rate of 0.54 + 0.12 ug D,-DHA g wet weight of fish™ mg D,-ALA consumed™ day™
(Bell et al. 2001b). Maximum accretion of D_-DHA was 4.3 + 1.2 ug g fish™ mg
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D.-ALA consumed™ after 14 days. The great majority of the D -tracer was
catabolised with the combined recovery of D.-ALA plus D.-DHA being 2.6%.
One of the most significant findings was that the concentration of DHA in the fish
decreased during the 13-week period on the experimental diet and the amount of
DHA synthesised from ALA was only 5% of that obtained directly from the fish
meal in the diet (Bell et al. 2001b), even though DHA synthesis was fully induced
under these conditions.

Experiments over a shorter time course showed that pyloric ceca were more
active than liver in DHA synthesis, and that the great majority of D.-ALA was
catabolised very rapidly (Bell et al. 2003a). Subsequent studies with intestinal ente-
rocytes confirmed directly that they are active in DHA synthesis (Tocher et al.
2002). Deuterated intermediate pathway fatty acids, including 24:5n-3 and 24:6n-3,
were identified in liver, ceca, brain and eyes, but while D,-DHA was the main
product in liver and ceca, in neural tissue over a longer time course there was a
build up of pentaene intermediates D,-EPA and D,-22:5n-3 (Bell et al. 2003b). The
results showed that the kinetics of accumulation and depletion of the various n-3
PUFA differ among tissues. The presence of pathway intermediate fatty acids pro-
vided further evidence that liver and ceca possess the full metabolic pathway for
synthesis of DHA, whereas brain and eyes are less active with an accumulation of
pentaene intermediate fatty acids.

During these studies it was noted that smaller fish within each cohort always
gave the highest rate of DHA synthesis. A study was undertaken to measure the rate
of DHA synthesis in trout from first feeding up to 10 g weight in fish fed either FO
or a VO diet consisting of soybean lecithin, linseed oil and high oleic acid sun-
flower oil providing sufficient LIN and ALA to satisfy EFA requirements (Bell and
Dick 2004). It was found that trout fed a VO diet from first feeding (~0.2 g weight)
gave an initial rate of 5.4 ug D.-DHA g fish™ mg D.-ALA consumed™ 7 days™
which increased rapidly to a peak activity of ~50 ug D,-DHA g fish™ mg D,-ALA
consumed™ 7 days™ at around 1 g weight then declined rapidly to ~12 ug D,-
DHA g fish™ mg D_-ALA consumed™ 7 days™ at 2 g weight and continued to fall
thereafter. Fish fed a FO diet showed the same pattern, but DHA synthesis was
repressed and the rate was approximately ten times lower. Fish fed the VO diet were
unable to maintain their DHA concentration, the tissue content falling from 6.2 mg
DHA g fish™ to 2.4 by ~5 g weight (Bell and Dick 2004). These results have impor-
tant implications for the replacement of FO and fish meal in diets by VO.

9.5 Concluding Remarks

Aquatic ecosystems produce the majority of long-chain n-3HUFA, and therefore
studies of the molecular mechanisms involved in their biosynthesis have not been
conducted for purely scientific interest alone. Such studies are of considerable
importance to human health, as there is simply not enough n-3HUFA available to
meet the human population’s dietary requirements (see Chap. 8). Man evolved with
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a diet having an n-6:n-3 PUFA ratio of about 1-2:1, but this ratio is now as high as
15-25:1 in the west (Simopoulos 2000). This imbalance is implicated in many
pathological conditions, and it is widely accepted that we must reduce the n-6:n-3
ratio in our diet (see Chap. 14), with n-3HUFA being more effective than ALA in
balancing excess n-6PUFA (Simopoulos 2000). Fish is the major source of
n-3HUFA in our diet but, with a burgeoning human population and declining
capture fisheries, we will be increasingly dependent on aquaculture for our supplies
of fish and n-3HUFA. The paradox is that, traditionally, aquaculture feeds have
used marine raw ingredients, fish meal and oil, themselves rendered from reduction
fisheries (Arts et al. 2001). VOs may be sustainable alternatives, but they do not
contain n-3HUFA, leaving ALA as the only source of n-3PUFA in plant-based diets
(Sargent et al. 2002). Hence the considerable interest in determining pathways for
the synthesis of n-3HUFA from ALA in fish with the aim being to develop diets to
optimally switch on the genes necessary for EPA and DHA production (Tocher
2003). Transgenics are also an option, and a study has already shown that overex-
pression of A6 activity in zebrafish, transformed with a salmon desaturase, led to
modestly increased tissue levels of EPA and DHA (Alimuddin et al. 2005). The
transgenic approach may be the only option in marine fish with an apparently
incomplete HUFA synthesis pathway. Even if successful, these approaches alone
cannot solve our n-3HUFA supply problems as VOs rich in ALA, such as perilla,
linseed, camelina and hemp, are currently limiting, with LIN supply in total global
fat and oil production exceeding that of ALA by about 24-fold.

In the wild, fish naturally obtain n-3HUFA from the food chain, with micro-
algae and other unicellular organisms being the major primary producers.
Therefore, this is also where we must look for provision of the n-3HUFA in the
future. The cloning of genes from marine microalgae and the discovery of the
role of the PKS pathway-like PUFA synthase are perhaps the truly exciting
advances in this area. However, the marine heterotrophs, Crypthecodinium cohnii,
a dinoflagellate, and Schizochytrium sp., thraustochytrids, are currently being
used to produce DHA for supplementing infant formulae and short shelf-life
food products, respectively, through traditional fermentor technology. However,
whether fermentation and direct algal culture can be a solution is debatable, and
many see the production of EPA and DHA in transgenic oil seed crops as more
promising. The molecular tools, the biosynthetic genes, are becoming available
and initial transgenic trials have demonstrated the viability of the approach
(Abbadi et al. 2004; Robert et al. 2005). However, fluidity and oxidation issues
remain significant scientific problems in developing oil seeds capable of storing
high levels of HUFA, with consumer acceptance of transgenics a further hurdle.
Providing these problems can be overcome, our view is that fish will remain a
major source of n-3HUFA in the human food basket, but that fish will be farmed
using diets containing transgenic seed oils. In conclusion, studies of the molecu-
lar mechanisms of HUFA synthesis in aquatic environments have produced not
only a great deal of scientifically highly interesting information, but also a suite
of potentially very valuable molecular tools in the form of genes involved in
HUFA biosynthesis.
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Chapter 10

Health and Condition in Fish: The Influence
of Lipids on Membrane Competency

and |mmune Response

Michael T. Artsand Christopher C. Kohler

10.1 ThelInfluence of Lipidson Health and Condition

Traditionally fisheries biologists have used various metrics to indicate the condition
and, by implication, health of fish. These indices are usually based on relationships
between length and weight (Anderson and Neumann 1996). Although such metrics
can, under some circumstances, provide a quick estimate of a fish’s condition, their
ability to shed light on the underlying cause-and-effect relationship(s) governing a
fish’s health and nutritional status are limited. Biochemical measures (e.g. lipids
including fatty acids (FA) and sterols, proteins and their constituent amino acids,
and trace elements) offer complimentary measures to assess, in a more specific
way, the condition and underlying health of fish. Fatty acids and other lipids affect
the health of fish in many ways; including, but not limited to, their effects on
growth, reproduction, behavior, vision, osmoregularity, membrane fluidity (thermal
adaptation), and immune response. In this review, we focus on the latter two roles
that lipids play in mediating the health and condition of fish.

10.2 ThelInfluence of Lipids on Membrane Fluidity and Other
Membrane Properties

10.2.1 Homeoviscous Adaptation

Aquatic organisms are exposed to varying and sometimes extreme environmental
conditions (e.g., marked changes in temperature) that can induce strong and often
debilitating effects on their physiology. Fish in temperate regions and at high altitudes
must adapt to changing temperatures throughout the year. Behavioral and physiological
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adaptations provide an effective response to such stressors. Although in some circum-
stances, fish may be able to adapt behaviorally (e.g. by moving to warmer or colder
water), biochemical and physiological adaptations, especially at the level of the cell
membrane, provide the most specific, enduring, response to sustained changes in
temperature. In effect, temperature can be regarded as a stressor to which cells must
respond to establish a new equilibrium between their environment and the physio-
chemical properties of their membranous structures; a response termed “homeoviscous
adaptation” by Sinensky (1974).

Fatty acids play important structural and functional roles in cell membranes.
Although the composition of the cell membrane is specific to each cell type, all mem-
branes must maintain an adequate level of “fluidity,” particularly at colder tempera-
tures (Fig. 10.1). The first targets of temperature changes are the biomembranes,
which exist in a liquid-crystalline state at body temperatures (Singer and Nicholson
1972). In their free form, highly unsaturated fatty acids (HUFA; FA with >20 carbons
and >3 double bonds; a subset of PUFA; FA with >2 double bonds) have a very low
melting point (approaching —50°C) and thus have a much greater tendency to remain
fluid in situ than do saturated FA (SAFA), which have much higher melting points
(ranging from +58°C to +77°C for myristic (12:0) and arachidic (18:0) acid, respec-
tively). Thus, the relative proportions of fatty acids matters a great deal because the
lipid bilayer of cell membranes requires a certain degree of rigidity but must also be
sufficiently fluid to permit lateral movement of the constituent lipids and embedded
proteins. The large numbers of double bonds in HUFA enhance the ability of such FA
to “bend” thereby increasing their flexibility, reducing order, and, at least in principle,
leading to an increase in the fluidity of cell membranes (Fig. 10.2; Eldho et al. 2003).

Optimal temperature Low temperature
(normal osmolarity) {hyperosmolarity)
ABEE R T111111
EEE BRI 1111111
Liquid=crystalline phase Membrane rigidification

High temperature
(hypoosmolarity)
B BEN |
Membrane fluidization

Fig. 10.1 Changes in membrane structure and the behavior of lipid bilayers under low and high-
temperature stress. Low temperatures cause “rigidification” of membranes, while high temperatures
cause “fluidization” of membranes. From Los and Murata (2004)
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Fig. 10.2 (a) Schematic demonstrating the incorporation of docosahexaenoic acid (DHA) into the
sn-2 chain of a phospholipid and the association of this phospholipid with cholesterol. Also
included is a transmembrane protein (e.g., rhodopsin) that has a high affinity for DHA. (b)
Membrane phase separation into DHA-rich/cholesterol-poor (liquid disordered) and DHA-poor/
cholesterol-rich (liquid ordered) domains. Different proteins partition into each domain. The liquid
ordered domains are often referred to as “lipid rafts.” GPI = Glycosylphosphatidyl-inositol. From
Stillwell and Wassall (2003)
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Docosahexaenoic acid (DHA; 22:6n-3) is especially important in this regard because
it is the longest and most unsaturated FA commonly found in biological systems. The
extremely high degree of acyl chain flexibility (Feller et al. 2002; Huber et al. 2002)
conferred by the six double bonds in DHA are believed to be, at least in part, respon-
sible for its effect on several important membrane properties including, but not lim-
ited to; membrane permeability, membrane fusion, and elasticity and vesicle
formation (Stillwell and Wassall 2003; Wassall et al. 2004; and references therein).
In addition, ion-transport processes of membranes as well as the functions of mem-
brane-embedded, temperature-sensitive, enzymes (e.g. succinate hydrogenase, cyto-
chrome oxidase and Na+/K+-ATPase) must be sustained (Hazel and Williams 1990;
Hazel 1993; Adams 1999). Membrane competency is thus highly dependant on fluid-
ity, ion transport and enzyme function, with temperature having a profound effect,
both direct and indirect, on all of these properties.

Much of what is known concerning effects of specific FA and molecular species
such as phospholipids on membrane fluidity come from studies on invertebrates,
fish, and other vertebrates, especially mammals. Although ectothermic animals
appear to increase the membrane content of unsaturated FA in response to colder
temperatures, a clear and direct relationship between specific unsaturated FA and
quantitative measurements of membrane fluidity has not commonly been demon-
strated (but see Hall et al. 2002). However, such correlations do exist for some
vertebrates. For example, experiments on rat platelet cells (Hashimoto et al. 2006),
where the concentration of membrane-hardening cholesterol was manipulated,
demonstrated that DHA has a more potent impact on membrane fluidity than eicos-
apentaenoic acid (EPA; 20:5n-3). Also, as vertebrates age, platelet membrane fluid-
ity decreases as the DHA to arachidonic acid (ARA; 20:4n-6) ratio increases further
supporting the critical role DHA plays in maintaining membrane fluidity (Hossain
et al. 1999). Finally, there are cases where indirect evidence strongly points to a
connection between n-3 HUFA in the diet and enhanced membrane fluidity and/or
cold tolerance in fish (Kelly and Kohler 1999, Snyder and Hennessey 2003) and
other vertebrates (Hagve et al. 1998) including humans (Lund et al. 1999).

10.2.2 Measuring Fluidity

In the ecological literature, the concept of membrane “fluidity” (or, more correctly,
average membrane lipid order) is often invoked to explain mortality of fish due to
cold exposure, however; actual physical measurements of membrane lipid order are
often not done (Hall et al. 2002). Three main quantitative methods to assess
membrane lipid order at the cellular level include steady-state fluorescence anisotropy
measurements, electron spin resonance (ESR) spectroscopy, and attenuated total
reflection-Fourier transform infrared spectroscopy (ATR-FT-IR). The first method
relies on the degree of polarization of various synthetic fluorescent probes where
the degree of polarization of the probe is inversely related to rotational fluidity
(Kitajka et al. 1996, Hossain et al. 1999). The second method involves the incorporation
of an electron spin label and subsequent measurements of the rate of motion of the
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spin label using an electron spin resonance spectrometer (e.g. Buda et al. 1994).
The third method is used in conjunction with fluorescence recovery after photo
bleaching (FRAP) to determine the fluidity of the sample (Hull et al. 2005) and
provides a more quantitative measure of the physical state of lipids embedded
within the membrane. The interaction between lipids and proteins in the membrane
is analyzed by monitoring the disorder of fatty acid acyl chains in terms of the
stretching of bonds, in particular CH2 stretching in phospholipids. The fluid and
rigidified states of lipids are represented by high and low frequencies of CH2
stretching, respectively; in other words, the higher the frequency, the more fluid the
membrane lipids and the higher the degree of disorder.

10.2.3 Controlling Fluidity via Lipid Compositional Changes

It might appear that the most straightforward way to increase membrane fluidity
would be to increase the overall concentration of HUFA, and especially DHA, in
cell membranes. Although there is some evidence of modest increases in the
proportion of DHA in fish in response to decreasing temperatures (Farkas et al.
2000) such a straightforward explanation does not take into account the structural
details of the biologically relevant molecules (i.e., the phospholipids).

The situation is clearly more complex and must be viewed in the context of
structural and chemical properties of the membrane phospholipids and their con-
stituent parts. For example, it has been shown that the inclusion and position of the
first unsaturated bond (especially in the cis configuration) in one of the two FA of
the phospholipid molecule produces the greatest change in the physical properties
of the molecule (e.g. melting point), with additional double bonds in the FA com-
prising the phospholipid molecule having progressively less effect (Coolbear et al.
1983; Stubbs and Smith 1984). Thus, the overall level of FA unsaturation in biomem-
branes is now known to play only a subordinate role in determining their overall
fluidity. This is because it is now recognized that the physical properties of each
molecular species of phospholipid, and their subsequent effects on membrane fluidity,
largely depend on several interacting factors including; (a) the chemical structure of
the headgroup, (b) FA chain length, (c) degree of unsaturation, and (d) positional
distribution (sn-1 vs sn-2) of the two FA within the molecules (Brooks et al. 2002).
Perhaps most importantly (and, as yet, only partially understood) are the interac-
tions between specific molecular phospholipids species and the configuration
(packing) of membrane-bound proteins that contribute the greatest degree of
membrane ordering state (i.e., a higher degree of disorder thereby resisting contraction)
of cell membranes as temperatures fall (Buda et al. 1994).

Recent studies have revealed that organisms can adjust the fluidity of their mem-
branes by modifying the proportions of specific combinations of monounsaturated
(in the sn-1) and polyunsaturated (in the sn-2 position) FA in phospholipid mole-
cules such as phosphatidylcholine (PC), phosphatidylinositol (PI), and phosphati-
dylethanolamine (PE). For example, Farkas et al. (2000) concluded that the relative
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amounts of these molecular species and their relative proportions are the major factors
contributing to the maintenance of proper fluidity relationships in the brains of fish
as well as helping maintain important brain functions such as signal transduction
and membrane permeability. Similarly, Buda et al. (1994) found that, although the
overall FA composition, including ARA and DHA, of carp (Cyprinus carpio) brain
did not vary as an adaptive response to declining temperature, separation of PC and
PE into their specific molecular species revealed a two to threefold accumulation
of 18:1/22:6, 18:1/20:4, and 18:1/18:1 species in the latter, but no significant
change in the molecular species composition of PC. Dey et al. (1993), in a study of
the composition and physical state of fish liver phospholipids, found a two to three-
fold and a tenfold increase in the levels of 18:1/22:6 and 18:1/20:5 species of PE,
respectively. Subsequent work with carp liver and with synthetic vesicles revealed
that the placement of a cis A9 monounsaturated FA (MUFA) in the sn-1 position,
especially in PE, is amongst the most important factor determining the efficacy of
the response of biomembranes to cold temperatures (Fodor et al. 1995). Similarly,
exposure to cold induced precise changes to a limited number of phospholipid spe-
cies in liver microsomes of carp including increases in the proportions of 16:1/22:6
and 18:1/22:6 for PC and PE, respectively (Brooks et al. 2002). The response for
Pl is a general increase in molecular species that had a MUFA in the sn-1 position
and, unlike the situation with PC and PE, a concomitant increase in either ARA or
EPA in the sn-2 position. Taken together, these studies point to a special and precise
relationship between the molecular species composition of phospholipids and tem-
perature, and especially to the critical role of the specific placement of particular
MUFA in the sn-1 position of PC and PE.

Biological membranes are no longer considered to be homogeneous mixtures of
lipid and protein, but rather are now known to be composed of lateral patches of
PUFA-rich domains and cholesterol-rich membrane rafts (Wassall et al. 2004; Fig.
10.2). Sterols and, in particular, cholesterol in animal biomembranes interact
closely with phospholipids in a way that moderates fluidity, i.e., they are thought to
have an ordering influence (inducing a tighter lateral packing of phospholipids) on
membrane fluidity when the membrane lipids are in their liquid-crystalline state
(Cooper et al. 1978). This is known as the condensing effect i.e., the total area
occupied by cholesterol plus phospholipids is less than the sum of the area occupied
by each molecular type separately (Haines 2001). The kinks in unsaturated acyl
chains limit the formation of bonds between those fatty acids and cholesterol result-
ing in a lipid driven mechanism to explain why there is lateral phase separation into
PUFA-poor/sterol-rich and PUFA-rich (especially DHA-rich)/sterol-poor micro-
domains (Ohvo-Rekila et al. 2002; Wassall et al. 2004; Fig. 10.2). Thus, the extent
to which cholesterol is present in membranes can have a pronounced effect on flu-
idity. For example, rainbow trout fed menhaden oil (containing cholesterol and
HUFA) demonstrated reduced fluidity in their macrophages compared with macro-
phages of trout containing sunflower oil containing no cholesterol or HUFA
(Bowden et al. 1994). A second important role of cholesterol in animal cells is to
diminish energy loss by reducing cation (Na*) leakage through lipid bilayers of
biomembranes (Haines 2001). In summary, sterols are now known to be essential
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nutrients (Martin-Creuzberg and von Elert — Chap. 3) since the deprivation of sterols
is lethal to all animal cells. Although some of their functions are now known,
currently the precise roles of cholesterol and phytosterols are only partially under-
stood (Haines 2001).

10.2.4 Environmental Effects on HUFA Supply

In fish, depot triacylglycerols and flesh phospholipids typically contain ~95 and
~75% FA by weight, respectively (Arts et al. 2001). However, a review of fish oil
triacylglycerols demonstrates that only a small proportion of these molecules con-
tain EPA and DHA (Moffat 1995). This occurs because there is a fair degree of
specificity in FA assembly in the triacylglycerol depot fats of fish (Brockerhoff and
Hoyle 1963; Brockerhoff et al. 1964). Specifically, triacylglycerol synthesis starts
with a phospholipid that usually has any one of five common FA (e.g., myristic,
14:0; palmitic, 16:0; palmitoleic, 16:1n-7; stearic, 18:0; or oleic, 18:1n-9) in the
sn—1 position. The placement of FA in the center (sn—2) position of the phospholipid
molecule is directed by enzymes that preferentially put a HUFA (e.g., EPA or
DHA\) in this position but, depending on whether the fish is in either a biosynthesis
or the catabolism energy status, the assembly process may have to again use a common
FA. Fatty acids in the last (sn—3) position of the triacylglycerol molecule derive
from whatever surplus FA are in the diet and are circulating in the blood when the
triacylglycerol molecules are assembled (Arts et al. 2001). Thus, the FAs available
in the diet when triacylglycerols and phospholipids are synthesized play an important
role in their final molecular configuration.

Since diet affects the availability of specific FA and since this availability affects
the final molecular configuration of membrane phospholipids, it follows that envi-
ronmental perturbations that affect the availability of HUFA for fish may, in turn,
influence a fish’s ability to maintain adequate membrane fluidity and perhaps other
aspects of membrane competency. Changes in the FA composition of phospholipids
in response to a cold challenge take place quite quickly; on the order of days to
weeks (Trueman et al. 2000).

Large-scale ecosystem perturbations in the Laurentian Great Lakes provide
examples of how such changes have the potential to affect membrane fluidity in fish
and their predators (Hebert et al. 2008). For instance, populations of the lipid-rich
amphipod Diporeia sp., which can attain densities of >1,000 animals per m?, have
declined sharply in many areas of the Great Lakes, especially in Lakes Michigan and
Huron (Nalepa et al. 2006, and references therein) potentially as a consequence of a
not fully understood interactions with invasive mussels. Diporeia sp. are rich in EPA
and DHA (Arts, unpublished data) and this fact, combined with their historically
high densities, suggest that this species provides an important role in contributing
essential n-3 HUFA, obtained from settling algae, to bottom foraging fish such as the
commercially important lake whitefish (Coregonus clupeaformis). Lake whitefish
spends a significant amount of time feeding in deep cold hypolimnetic waters where
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the maintenance of membrane fluidity is likely important. Thus, the widespread loss
of Diporeia sp. from their historic ranges is a key issue of concern in the Great Lakes
in part because their loss is expected to have a strong effect on the availability of n-3
HUFA for bottom-feeding fish predators such as lake whitefish.

A second example is the case of Chinook salmon (Oncorhynchus kisutch) and
alewife (Alosa pseudoharengus) in Lake Michigan. Some fish species (e.g., salmonids)
cannot elongate and further desaturate shorter chain (18 carbons) FA (ALA; 18:3n-3
and LIN; 18:2n-6) to their longer chain homologues (ARA, EPA, and DHA) in
amounts sufficient to meet their needs (Sargent et al. 1995; and see Chap. 9).
Historically, alewife comprised the main food source for Chinook salmon (Madenjian
et al. 2005). This forage fish is known to be very rich in n-3 HUFA (Snyder and
Hennessey 2003) and therefore likely supplied the abundant populations of Chinook
salmon with much of their required dietary n-3 HUFA. Although the dramatic
decline in the Chinook population in the late 1980s was associated with an epizootic
disease outbreak, the underlying cause was thought to be nutritionally related
(Benjamin and Bence 2003; Holey et al. 1998). It is therefore tempting to speculate
that the underlying basis of this decline may have been, in part, due to a dietary n-3
HUFA deficiency, which contributed to the poor condition of the Chinook salmon
rendering them more vulnerable to disease. Clearly, we require more information on
the HUFA biosynthetic capabilities of key fish species and also on the distribution
and relative abundance of these essential FA in their prey. Such information could
be used to develop and refine specific biochemical indices of nutritional status and
physiological competency, which, at least in theory, could provide a predictive tool
to fisheries managers, forewarning them of impending fishery collapses.

Cultural eutrophication and climate change provide two other examples of large-scale
perturbations with the potential to affect n-3 HUFA availability in aquatic ecosys-
tem. Eutrophication generally results in a replacement of HUFA-rich taxa such
as diatoms, cryptophytes, and dinoflagellates (Brett and Miuller-Navarra 1997)
with HUFA-poor taxa such as bloom forming chlorophytes and especially cyano-
bacteria (Miller-Navarra et al. 2004). Variations in the HUFA content of algae
(i.e., availability of different taxa for consumption) can induce up to an eightfold
difference in the PUFA concentration of the herbivore Daphnia pulex (Brett et al.
2006). Thus, cultural eutrophication can cause a marked impoverishment in the relative
availability of n-3 HUFA rich food for uptake into the biomembrane phospholipids
of herbivorous zooplankton, and, subsequently, for fish. This has important impli-
cations for fish condition and health since the availability of n-3 HUFA in fish
diets is reflected in n-3 HUFA concentrations in fish tissues. For example, Estévez
et al. (1999) found that the incorporation of ARA and EPA into fish eyes, brains,
livers, and white muscle of turbot (Scophthalmus maximus) reflected the percentage
of these FA in their diet. Masuda et al. (1999) demonstrated that “C-labeled DHA
in the diet was incorporated directly to the central nervous system of yellowtail
(Seriola quinqueradiata).

Climate warming also has the potential to affect the production of n-3 HUFA at
the base of the food chain in cold water ecosystems. Algae react to lower temperatures
by increasing the proportion of n-3 HUFA in their biomembranes (Chap. 1).
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Compounding this, zooplankton, which are consumed by planktivorous fish and
many larval fish, also demonstrate reduced concentrations of n-3 HUFA at higher
temperatures in freshwater systems (and see Chap. 11 for a marine perspective).
For example, members of the genus Daphnia, a keystone prey species for fish, demon-
strate reduced EPA concentrations at higher temperatures (Schlechtriem et al.
2006). Thus, increased water temperatures are predicted, based on laboratory
experiments, to exert a negative effect on the underlying availability of growth
enhancing n-3 HUFA in the ecosystem. This also has implications for terrestrial
systems because of their dependence on obtaining growth enhancing n-3 HUFA
from aquatic systems (Chap. 8).

In conclusion, a fish’s innate biochemical strategies and capabilities interact
with the availability of key PUFA in its diet to maintain membrane competencies
in response to varying environmental temperatures. As discussed earlier, the avail-
ability of some PUFA, in particular the n-3 HUFA, can be compromised under
certain situations potentially leading to detrimental effects on membrane structure
and, by consequence, fish health and condition. Clearly, this ability of fish to maintain
membrane lipid order at physiologically advantageous levels affects their ability to
withstand stress and disease. It is also clear that a fish’s ability to withstand stress
and disease is predicated on having a healthy, robust, immune system.

10.3 Modulatory Effects of Dietary Fatty Acids on Teleost
Immune Response

10.3.1 Introduction

Lipids, FA, and their derivatives play a role in virtually every physiological process
that occurs in vivo (Higgs and Dong 2000; Tocher 2003; Trushenski et al. 2006).
For example, it has long been recognized in humans and other mammals that high
dietary intake of saturated fats and cholesterol increase the likelihood of arteriosclerosis
and heart attacks (Ulbricht and Southgate 1991). Saturated fats may have similar
negatives effects on teleosts, as Atlantic salmon Salmo salar fed diets containing
excessive quantities of saturated fats developed severe cardiomyopathy (Bell et al.
1991; 1993). However, it is with respect to immunity where the role of lipids and
their constitutive FA in teleost health has been most clearly demonstrated (Rowley
et al. 1995; Balfry and Higgs 2001; Sargent et al. 2002). Most of what we know
about the immunomodulatory effects of dietary FA in teleosts has come from
research using prepared diets with aquaculturally important fishes, most of which
are carnivores. Because differences likely exist among species and trophic levels,
major gaps exist in this body of research (see, generally, Blazer 1992; Rowley et al.
1995; Balfry and Higgs 2001). Nevertheless, the information gleaned in this
manner provides useful insights on teleosts in the wild. Moreover, it would be nearly
impossible to have obtained the current level of knowledge of teleost immunity and
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FA if it were not for manipulative studies with aquaculture fish. Before reviewing
the literature on the subject, a brief review of fish immunity is provided, with
particular reference to those aspects dealing with FA derivatives.

10.3.2 Teleost Immune System

The immune system can simply be defined as a collection of mechanisms providing
protection for an organism against pathogenic vectors (viruses, bacteria, fungi, parasites,
etc.). To successfully meet the challenge of a vast array of potential pathogens,
mechanisms must exist to distinguish pathogens from the organism’s own proteins,
and then to attack the pathogens before they manifest into debilitating disease.
Immune strategies can generally be classified as innate (also called nonspecific) or
adaptive (specific). Innate immune mechanisms are the more ancestral of the two,
and function via self/nonself recognition of pathogens. Adaptive immune responses
are based on production of pathogen-specific “populations” of antibodies, which can
change in response to an individual’s history of pathogen exposure. However, teleosts,
though capable of adaptive immune responses, are more reliant on innate mechanisms
due to the challenges of the aquatic environment (Tort et al. 2004).

10.3.3 Physical and Chemical Barriers

Mucous, scales (when present) and skin serve to seal the teleost and form the first
line of defense against pathogens. These physical barriers may be breached by
pathogens following injury or, in the case of stress, from impaired osmoregulatory
ability. In the latter case, osmoregulatory failure leading to unregulated movement
of water across the gill membranes provides pathogens, such as bacteria and viruses,
with unimpeded access to the bloodstream. The skin may also secrete chemicals,
antimicrobial peptides, and enzymes, to protect against infections. Antimicrobial
peptides are short proteins, usually less than 50 amino acids long, which kill bacteria
by disrupting membranes, interfering with metabolism, and/or targeting cytoplasmic
components. Lysozyme is an enzyme that is sometimes classified as an antimicrobial
peptide, though it is much longer in length. It acts as a self-induced antibiotic,
destroying cell walls by hydrolyzing the polysaccharide component.

10.3.4 Innate and Adaptive | mmune Systems

Those pathogens successfully invading a teleost will subsequently have to battle the
innate immune system, including humoral (chemical secretions) and cellular
agents. Upon penetration of the epithelium, inflammation occurs as a result of
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Fig. 10.3 Abbreviated diagram of eicosanoid synthesis pathways (cPLA2 cytosolic phospholipase,
FA fatty acid, 5-HPETE hydroperoxyeicosatetraenoic acid). From Trushenski and Kohler (2008)

cytokines and eicosanoids being released by injured cells. Cytokines (e.g.,
interleukins, chemokines, and interferons) consist of proteins and peptides that
bind to specific cell-surface receptors, each causing a cascade of intracellular signaling
to alter cell functions. Eicosanoids, including prostaglandins and leukotrienes, are
autocrines (hormone-like compounds), which serve, among other things, as modu-
lators of inflammation and specific immunity responses. Eicosanoids are derived
from 20-carbon n-3 and n-6 FA (Fig. 10.3), and are given specific attention in a
subsequent section of this chapter. Teleosts possess leucocytes, (i.e. granulocytes,
monocytes/macrophages, thrombocytes, nonspecific cytotoxic cells, and lymphocytes),
all of which play vital roles in the innate immune system by patrolling the body in
search of pathogens to be terminated. The adaptive immune response involves
another class of leucocytes, called lymphocytes, which comprise a strong, complex
defense mechanism, while also employing immunological memory. However, no
immune response relationship of dietary FA to leucocytes, including lymphocytes,
is apparent in teleosts.

10.3.5 Eicosanoids

Eicosanoids are a class of biologically active, oxygenated molecules that have been
incorporated as esters in phospholipids and diacylglycerols of the cell and nuclear
membranes. Along with serving as messengers in the central nervous system,
eicosanoids act like local hormones or signaling molecules to control inflammation
and immunity. Eicosanoids largely consist of prostaglandins, prostacyclins, throm-
boxanes, and leukotrienes, with each having different biosynthetic pathways and
physiological effects (Fig. 10.3).
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Eicosapentaenoic acid, ARA, and dihomo-gamma-linolenic acid (DG-LIN;
20:3n-6) are the primary FA from which eicosanoids are derived via two enzymes,
cyclooxygenase and lipoxygenase, both of which exist in several forms. Although
a normal physiological product, excess eicosanoid biosynthesis is initiated by
extreme stress/trauma, cytokines, or other stimuli, which trigger release of phos-
pholipase at the cell wall. The phospholipase migrates to the nuclear membrane
catalyzing ester hydrolysis of phospholipid or diacylglycerol to free EPA, ARA,
and/or DG-LIN. These FA are subsequently oxygenated via a number of pathways
into prostanoids and leukotrienes. Prostanoids, in general, mediate inflammation by
acting upon platelet aggregation and vasoconstriction/relaxation, and can also
directly influence gene transcription. Leukotrienes have a more neuroendocrine
role in inflammation, particularly with respect to leucocyte activity.

Arachidonic acid-derived eicosanoids promote inflammation (vasodilators) while
those from EPA and DG-LIN are described as less inflammatory, inactive, or anti-
inflammatory (vasoconstrictors). Accordingly, dietary n-3 FA can counteract ARA-
derived eicosanoids (see Bell et al. 1994) by (1) displacement (higher n-3/n-6 ratio
in phospholipids), (2) competition (EPA and DG-LIN compete for cyclooxygenases
and lipoxygenase), and (3) opposition (eicosanoids derived from EPA and DG-LIN
counter/impede actions of ARA-derived eicosanoids).

10.3.6 Effects of Diet on Tissue Fatty Acid Composition

Marine oils derived from feed-grade, reduction fisheries often serve as the primary
lipid constituents of aquaculture diets because of their high palatability to cultured
fishes, attractant properties, and historically widespread availability and competitive
pricing (Lane et al. 2006). On the one hand, tissue FA composition of fishes largely
reflects the diet (Shearer 1994; Jobling 2003), and thus fishes fed marine-derived
oils contain substantial amounts of bioactive HUFA, namely DHA, EPA, and ARA.
On the other hand, tissues of fish fed diets containing plant or livestock-derived
lipids will be higher in saturated fats. Several studies have shown reductions in
HUFA when these latter diets have been fed to channel catfish (Ictalurus punctatus)
(Manning et al. 2007; O’Neal and Kohler 2008), sunshine bass (Morone saxatilis x
M. chrysops) (Kelly and Kohler 1999; Wonnacott et al. 2004; Lewis and Kohler
2008), rainbow trout (Oncorhynchus mykiss) (Caballero et al. 2002), Atlantic
salmon (Bransden et al. 2003), gilthead seabream (Sparus aurata) (Izquierdo et al.
2003), and red seabream (Pargrus auratus) (Glencross et al. 2003). Marine
oil-based “finishing diets” have been used to restore the tissue FA profiles of turbot
(Psetta maxima) (Regost et al. 2003) and Atlantic salmon (Bell et al. 2003; 2004;
Torstensen et al. 2004) previously fed nonmarine derived oils for the majority of the
production cycle.

A simple dilution model describes FA turnover for medium-fat species following
dietary fat modification (Robin et al. 2003; Jobling 2003, 20044, b). Conversely, the
dilution model did not adequately describe FA turnover in a “lean-flesh” fish (<2%
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lipid), e.g., the sunshine bass (Lane et al. 2006). The deviations from the model in
this lean fish suggest selective retention of n-3 HUFA along with preferential
catabolism of saturates. The aforementioned studies have direct bearing on fishes
in the wild in that they demonstrate tissue FA profiles which will essentially mir-
ror seasonal profiles of the food chain, but that some selective retention of HUFA
may occur on a species-specific basis (Dalsgaard et al. 2003).

10.3.7 Tissue Fatty Acid Composition and Teleost | mmunity

In addition to altering tissue FA profiles, a number of manipulative dietary lipid
studies have noted attendant influences in immune system functioning, particularly
with respect to eicosanoid production. For example, Bell et al. (1992) found diet
related increases in ARA in post-smolt Atlantic salmon phospholipids induced
production of ARA-derived eicosanoids. In a subsequent study, Bell et al. (1993)
found, though the metabolic pathways involved are not fully clear, that a diet high
in linolenic acid (ALA; 18:3n-3) (the biosynthetic precursor to EPA) resulted in
higher levels of EPA in Atlantic salmon leucocyte phospholipids with a concomitant
reduction in ARA-derived eicosanoids, ultimately resulting in increased antiin-
flammatory response and a reduction in cardiac lesions. Similar findings were
obtained in related studies with juvenile turbot (Scophthalmus maximus) (Bell et
al. 1994). Moreover, when diets high in ARA were used, ARA-derived prostaglan-
dins were found to be significantly higher in tissue homogenates (Bell et al. 1995).
These studies suggest dietary fats may have profound effects on nonspecific
immune factors. In particular, diets high in n-3 FA will generally result in
relatively higher levels of the antiinflammatory 3-series prostaglandins and
5-series leukotrienes and lipoxins derived from EPA, whereas high dietary n-6
promotes relatively higher levels of proinflammatory two-series prostaglandins
and four-series leukotrienes and lipoxins derived from ARA (Balfry and Higgs
2001). Moreover, EPA competitively interferes with eicosanoid production from
ARA and, ultimately, eicosanoid actions are largely determined by the ratio of
ARA to EPA in cellular membranes wherein an imbalanced ratio can be damaging
to fish (Sargent et al. 2002). Lin and Shiau (2007) found three nonspecific immune
response indicators (respiratory burst, lysozyme activity, alternative complement
activity) were significantly higher in grouper (Epinephelus malabaricus) fed a diet
with a blend of fish oil and corn oil as the lipid source than fish fed diets with
either fish oil or corn oil as the sole lipid source. The blend of corn and fish oils
likely proved positive in this regard because of the complexity of the immune
response, i.e., contradictions exist in immunostimulation and suppression resulting
from dietary source of lipid. Thus, as previously suggested by Fracalossi and
Lovell (1994), a species-specific dietary n-6 and n-3 HUFA ratio should optimize
immune function. A dietary n-6 to n-3 PUFA ratio no greater than 4:1 and, prefer-
ably, closer to 1:1, is recommended for human health (Lands 1992), but no specific
ratios for teleosts have been determined.
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10.3.8 Tissue Fatty Acid Composition and Disease Susceptibility

Information on the relationship of dietary lipids to specific disease resistance is
limited and seemingly contradictory. For example, Li et al. (1994) reported negative
effects of high dietary n-3 HUFA levels in channel catfish, while Sheldon and
Blazer (1991) found in the same species that bactericidal activity was positively
correlated with dietary HUFA. Lodemel et al. (2001) observed higher survival in
Artic charr (Salvelinus alpinus) fed dietary soybean oil (high in n-6) than fish oil,
whereas Montero et al. (2003) found in gilthead seabream the inclusion of soybean
oil reduced both serum alternative complement pathway activity and head kidney
phagocytic activity. Montero et al. (2003) also determined in gilthead bream that
rapeseed oil affected head kidney macrophages activity, while linseed oil altered
stress response. In actuality, such conflicting results may be due to the different
modes in which different dietary lipids and FA ratios may affect disease susceptibility
in teleosts. For example, Sheldon and Blazer (1991) examined the effects of
lipid types primarily on the specific immune response while Lodemel et al. (2001)
evaluated immunological effects indirectly via influence of dietary lipid on gut
microflora. A greater incidence of goblet cells in the midgut region of infected fish
fed soybean oil was observed, prompting Lodemel et al. (2001) to theorize mucous
sloughing is a protective response against bacterial infection, similar to what has
been shown in the gills (Ferguson et al. 1992). These results further emphasize the
importance of a proper dietary n-3 to n-6 ratio for health maintenance in teleosts.

10.4 Future Directions

A solid body of evidence exists for teleosts demonstrating that: (1) tissue lipids largely
reflect their dietary intake; (2) several FA play pivotal roles in the health of fish and
other aquatic organisms including, as reviewed here, effects of lipids on membrane
competency and immunity; and (3) some species-specific balance of n-3 and n-6 FA
is necessary to optimize immune functioning and general health (and see Chap. 7 for
specific examples pertaining to fish and other aquatic organisms). For fishes in captiv-
ity, future research should be directed at determining the interaction between choles-
terol (and other sterols) and fatty acid profiles on membrane fluidity and thermal
tolerance through careful dietary manipulations. Specific attention should be paid to
determining dietary thresholds of specific FA or combinations of FA and sterols on
thermal tolerance and other aspects of membrane competency. In an aquaculture con-
text, strides can be made in further boosting immunity via dietary lipid manipulation,
particularly with respect to optimizing species-specific balances for n-6:n-3 FA. For
fishes in the wild, trophic studies should focus on identifying how seasonal changes in
the food chain create a cascade of FA alterations at each trophic level, ultimately alter-
ing tissue compositions of top carnivores. Research on how anthropogenic alterations
of ecosystems, including eutrophication as well as global warming and exotic invaders,
impact the bottom-up transfer of FA and associated health factors should also prove
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quite illuminating. Clearly, great strides could be made if fish nutritionists, physiolo-
gists, and ecologists collaborated on such endeavors.
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Chapter 11

Lipidsin Marine Copepods:. Latitudinal
Characteristics and Per spective to Global
Warming

Gerhard Kattner and Wilhelm Hagen

11.1 Introduction

Marine zooplankton represent a very diverse group in the world’s oceans, with
numerous taxa of high abundance and biomass. Many of these zooplankton species,
especially the dominating copepods, are able to accumulate large reserves of
energy-rich lipids, exhibiting some of the highest lipid levels in organisms on earth.
Their unusual way to store these lipids, namely as wax esters, is another particularity
of many zooplankton species. It is generally accepted that wax esters serve as
long-term metabolic reserves, whereas triacylglycerols are utilized for short-term
demands, although the physiological advantage of wax esters as long-term deposits
over triacylglycerols is still unclear. The geographical distribution of wax esters in
marine zooplankton was first studied in detail by Lee and co-authors in the 1970s
(Lee etal. 1971; Lee and Hirota 1973). They showed that especially herbivorous cala-
noid copepods from habitats with a marked seasonality intensely synthesize wax
esters, which in many herbivorous species consist, to a large degree, of specific
long-chain monounsaturated fatty acids (MUFA) and alcohols (reviewed by Sargent
and Henderson 1986; Dalsgaard et al. 2003; Lee et al. 2006).

In the transfer of energy through the food web, zooplankton species, especially
copepods, play an important role as converters of usually rather lipid-poor phy-
toplankton (10-20% of dry mass DM) to lipid-rich herbivorous species (>50%
DM). Copepods develop from eggs via six nauplii stages (NI-NVI) and five
copepodite stages to adult males or females (CI-CVI). Although the earlier devel-
opmental stages invest energy into somatic growth, the older copepodids (CIV-
CVI) exhibit a massive lipid build-up. This lipid accumulation is usually
accomplished via wax ester biosynthesis, at least in most of the larger calanoid species.
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These enormous amounts of lipids fuel major pathways of marine food webs, at the
same time essential fatty acids are transferred from primary producers via zoo-
plankton to higher trophic levels.

Fatty acids of dietary origin can be incorporated unchanged into copepod lipids.
These so-called fatty acid trophic markers (FATM; Dalsgaard et al. 2003) are useful
in the elucidation of dietary relationships. However, differentiation is only possible
between larger groups of phytoplankton, e.g., diatoms or dinoflagellates, but not at
the species level. Typical fatty acids of diatoms are 16:1n-7 and 20:5n-3 (e.g.,
Ackman et al. 1968; Kattner et al. 1983). Flagellates and also the haptophyte
Phaeocystisspp. contain large amounts of 18:4n-3 and 22:6n-3 fatty acids (Harrington
et al. 1970; Sargent et al. 1985). The 16:1n-7 and 18:4n-3 fatty acids are mainly
incorporated into storage lipids and indicate dietary preferences and thus feeding
behavior of the copepods (Graeve et al. 1994a; Dalsgaard et al. 2003). The essential
fatty acids, 20:5n-3 (eicosapentaenoic acid, EPA) and 22:6n-3 (docosahexaenoic acid,
DHA), are major components of membranes and are also necessary as precursors to
bioactive compounds, e.g., eicosanoids. It is still under debate whether copepods are
able to produce polyunsaturated fatty acids by de novo synthesis or by chain elonga-
tion and desaturation of dietary fatty acids. The ability for these biosynthetic steps
seems to exist in copepods, but the de novo biosynthesis route appears not to be uti-
lized due to sufficient amounts of polyunsaturated fatty acids in the diet.

Zooplankton species have developed specific adaptations to cope with the different
oceanic regimes that exist between the tropics and higher latitudes. In the tropics, the
high continuous turnover of carbon at high temperatures and thus high metabolic
rates but generally low primary productivity results in usually lipid-poor zooplankton
living in the epipelagic waters (Lee and Hirota 1973). In contrast, polar ocean
zooplankton, mainly calanoid copepods and krill, seasonally accumulate enormous
lipid deposits, which signifies a major specialization in polar bio-production (Kattner
and Hagen 1995). The very effective lipid storage via wax esters is primarily related
to a herbivorous life strategy and is not an adaptation to high latitude environments
per se. Seasonality in food supply is an important factor determining the life-history
traits of these copepods. In temperate and high latitudes, coastal, and in upwelling
regions, where pulsed phytoplankton production (blooms) is most common, typical
wax-ester storing copepods of the genus Calanus and Calanoides prevail and play a
key role in the short and efficient energy flux to higher trophic levels associated with
a high productivity (Hagen and Auel 2001; Lee et al. 2006).

Lipids may also play an important role in buoyancy regulation because of its
lower density than seawater. The motionless over-wintering of copepods in diapause
at depth may be regulated by lipids (Visser and Jénasdéttir 1999), although small
changes in the proportion of lipid classes may have a strong impact on buoyancy
(Campbell and Dower 2003).

The large (2-10 mm), lipid-rich Calanus species have been studied in great detail,
but few lipid studies exist on smaller-sized copepods. Lipid class and fatty acid compo-
sitions have been determined for small (ca. 1 mm) calanoid species from Kongsfjorden,
Svalbard (Lischka and Hagen 2007), the northern Norwegian Balsfjorden (Norrbin
et al. 1990), as well as from temperate regions (Kattner et al. 1981; Peters et al. 2006).
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Even less is known about the so-called micro-copepods (<1 mm), the cyclopoids
Oithona and Oncaea (Kattner et al. 2003; Lischka and Hagen 2005).

This review will focus on copepods from the Atlantic Ocean ranging from the
tropics to the polar regions. Our knowledge of zooplankton lipids is clearly dominated
by species from high latitudes, since lipid accumulation and storage is most
pronounced in these extreme environments. The latitudinal comparison will give a
general field-oriented overview about the significance and characteristics of copepod
lipids in different climatic zones. The discussion about lipid transfer within the
food web and some ideas concerning the potential impact of global warming on
zooplankton complete this review.

11.2 Lipid Patterns of Copepods from Different
Latitudinal Regions

Copepod lipids of the world’s ocean exhibit various special characteristics. In spite
of substantial diversity, there are clear trends in distributional patterns of lipid
composition, which are highlighted for the various biomes along a latitudinal gradient.

11.2.1 High-Latitude Copepods

Polar ocean ecosystems are typically characterized by a strong seasonality in light regime
and ice cover. Light as a limiting factor allows primary production only during the
short summer season, when the pack-ice recedes, and intense phytoplankton blooms
develop at the marginal ice zones (Sakshaug 1997; Falk-Petersen et al. 2000;
Smetacek and Nicol 2005). Although polar oceans have a rather low overall annual
primary production of <20 g C m= year™, these blooms nourish food webs containing
lipid-rich species from zooplankton to fish, seals, and whales. Typically, polar oceans are
known for their short food chains from diatoms via zooplankton to higher trophic
levels. The short pulses of intense primary production are sufficient to convert algae
biomass into enormous amounts of lipids (50-65% of dry mass) by herbivorous
copepods (Fig. 11.1). Lipids represent the most efficient energy stores, because
they contain about double the calorific density of proteins or carbohydrates, thus
providing a compact source of energy-rich food for higher trophic level organisms.

11.2.1.1 Herbivorous Copepods

The life cycle of the herbivorous Arctic copepods is characterized by massive lipid
accumulation during the productive season, followed by a descent of older develop-
mental stages to deeper waters, where they survive the food-limited winter period
in diapause and reascend in spring (Smith and Schnack-Schiel 1990; Conover and
Huntley 1991; Hirche 1996). In the Arctic, the large calanoid copepod Calanus
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Calanus hyperboreus
(Arctic)?
C. glacialis
(Arctic)?
C. finmarchicus
(Arctic)®

Metridia longa
(Greenland Sea)®d
C. finmarchicus
(North Atlantic)®

C. helgolandicus
(North Sea)"9

C. helgolandicus
(Subtropics)¢

Neocalanus gracilis
(Tropics)” Bl % total lipids

N. robustior 1 % wax esters

(Tropics)d:h
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Total lipids (% of DM) and wax esters (% of total lipids)

Fig. 11.1 General trends of total lipid content (% of dry mass) and wax esters (% of total lipids)
of large copepod species (CV to females) from the Arctic to the tropics. Data compiled from 3Lee
et al. (2006), "Hagen (unpublished data), ‘Lee (1975), Lee et al. (1971), cJ6nasdoéttir (1999),
'Gatten et al. (1979), %Kattner and Krause (1989), "Kattner (unpublished data)

hyperboreus is a dominant zooplankton species, which represents a prime example
of pronounced ontogenetic and seasonal lipid accumulation (Lee 1974; Kattner
et al. 1989; Scott et al. 2002). The other herbivorous Arctic species, C. glacialis, also
accumulates large amounts of lipids. The boreal North Atlantic species, C. finmarchi-
cus, which is transported far to the north by Atlantic currents, occurs also in the
pack-ice regions of the Greenland Sea (Hirche 1989), and it is present as an expatri-
ate even in the central Arctic Ocean (Mumm 1993). Lipid storage in C. finmarchi-
cus is only slightly less pronounced than in the more polar congeners (Fig. 11.1).

These northern Calanus species exhibit quite different degrees of independ-
ence from primary production to start reproduction. In contrast to C. glacialis and
C. finmarchicus, C. hyperboreus relies on its lipids to fuel maturation and egg
production independent of the phytoplankton bloom (Conover and Sifferd 1993).
The calanoid C. hyperboreus reproduces in winter and early spring before the onset
of the spring phytoplankton bloom and utilizes lipids accumulated during the
previous spring/summer feeding period. Lipid levels of C. hyperboreus may decrease
from 50 to 15% during reproduction (Hagen unpublished data). In contrast, species
such as C. finmarchicus usually rely on phytoplankton for successful reproduction
(Lee et al. 2006 and references therein), although early in the season initial
reproductive processes may also be possible prior to the phytoplankton bloom
(Richardson et al. 1999; Mayor et al. 2006).
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Total lipids of the calanoid copepods are composed of up to 90% wax esters,
which have a very high energy content (Fig. 11.1) (reviewed by Kattner and Hagen
1995; Lee et al. 2006) and consist mainly of long-chain MUFA and fatty alcohols
(20:1n-9, 22:1n-11), as well as of fatty acids of dietary origin (Tables 11.1 and 11.2).
Up to 50% of the wax esters, biosynthesized de novo by C. hyperboreus, may exhibit
chain lengths from 40 to 44 carbon atoms, which derive from the combination
of 20:1 and 22:1 fatty acid or alcohol units (Kattner and Graeve 1991). C. hyper-
boreus wax esters reach a higher calorific content when compared with the depot
lipids of the other dominant herbivorous species, C. glacialis and C. finmarchi-
cus from the Arctic and Calanoides acutus from the Antarctic (Albers et al. 1996),
which have wax esters with shorter chain lengths (34—42 carbon atoms) (Kattner and
Graeve 1991). These long-chain monounsaturated fatty acids and alcohols are not
present in phytoplankton. They are synthesized de novo only by these herbivo-
rous copepads, which, therefore, exhibit a very characteristic lipid signature (Tables
11.1 and 11.2).

11.2.1.2 Omnivorous and Car nivorous Copepods

Comparable to the herbivorous Calanus species, two other highly abundant
omnivorous copepod species, Metridia longa from the Arctic and M. gerlachei
from the Antarctic, store lipids mainly as wax esters. However, instead of long-chain
monounsaturated fatty acids and alcohols, their major wax ester alcohols are
dominated by 14:0 and 16:0 (Table 11.2). This deviation from the typical pattern of
herbivorous calanoids probably reflects the more opportunistic feeding behavior
and deviating over-wintering strategy (with year-round activity instead of diapause)
(Hopkins et al. 1984; Bamstedt and Tande 1988). M. longa specimens may reach
high lipid and wax ester levels, although not as high as the Calanus and Calanoides
species (Lee 1975; Falk-Petersen et al. 1987; Albers et al. 1996). Fatty acid and
alcohol composition are similar to other omnivorous and carnivorous species domi-
nated by shorter-chain fatty acids and alcohols with 14-18 carbon atoms, but usu-
ally low percentages of long-chain wax ester moieties (Table 11.1). However, the
lipid compositions of M. longa are quite variable, and specimens collected during
summer contained substantial amounts of, probably dietary, monounsaturated
alcohols with 20 and 22 carbon atoms (Table 11.2; Albers et al. 1996). M. gerlachei
does not strongly rely on internal energy reserves, and the females accumulate only
moderate lipid and wax ester levels with maximum lipid values later in the season
(Graeve et al. 1994b; Schnack-Schiel and Hagen 1995).

The carnivorous species Paraeuchaeta antarctica accumulates large amounts of
wax esters, almost exclusively composed of 14:0 and 16:0 alcohol moieties. Another
characteristic often found in carnivorous species is the high proportion of the
18:1n-9 fatty acids, which can account for >50% of total fatty acids (Lee et al.
1974; Hagen et al. 1995).

Although wax ester storage is characteristic of most of the copepod species from
higher latitudes, there are some exceptions, where triacylglycerols are the principal
storage lipid. Copepod species such as Calanus propinquus, C. simillimus, and
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Euchirella rostromagna store large amounts of triacylglycerols (Hagen et al. 1993,
1995; Kattner et al. 1994; Ward et al. 1996). The primarily herbivorous Antarctic
copepod, C. propinquus, exclusively stores triacylglycerols, which seems to be
related to a more opportunistic feeding behavior and active overwintering without
diapause (Hopkins and Torres 1989; Schnack-Schiel and Hagen 1995). This species
has, however, developed a very effective fatty acid biosynthesis, which at least
partially compensates for the lack of wax esters. This is achieved by producing
long-chain MUFA comparable to wax ester-storing copepods, made even more
effective by elongating the 20:1n-9 fatty acid to 22:1n-9 (Hagen et al. 1993).
Usually, this 22:1 fatty acid isomer is either absent or only found in very small
amounts in marine zooplankton organisms. The addition of two carbon atoms
results in a higher calorific content and allows for more efficient lipid utilization,
since every fatty acid has to be activated by one ATP for catabolism (B-oxidation),
independent of its chain length.

Few lipid analyses exist of small and micro-copepods (Fig. 11.2, Table 11.3).
Only lipids of the abundant Arctic cyclopoids Oithona similis and Oncaea borealis
have been studied in detail (Kattner et al. 2003; Lischka and Hagen 2007). The latter
species appears to be a genuine cold-water species and is suggested to be the only
true Arctic Oncaea species (Sewell 1947; Richter 1994; Auel and Hagen 2002),
while in the Antarctic, Oithona similis, Oncaea curvata, and O. antarctica dominate
the copepod assemblages (Schnack et al. 1985; Hopkins and Torres 1989; Metz 1995).

Oncaea borealis n.d
(Arctic)? | ]
Pseudocalanus acuspes n.d
(Avrctic)® |
P. elongatus n.d
(North Sea)® ]

(Baltic Sea)d =
Acatrtia clausi
(North Sea)®
A. tonsa
(California)’
Temora longicornis
(North Sea)®
Mesocalanus tenuicornis
(Tropics)9
Nannocalanus minor
(Tropics)Y

Bl % total lipids
E=31 9% wax esters

0 10 20 30 40 50 60
Total lipids (% of DM) and wax esters (% of total lipids)
Fig. 11.2 General trends of total lipid content (% of dry mass) and wax esters (% of total lipid)
of small copepod species (CV to females) from the Arctic to the tropics; no bar means no wax
esters; n.d. not determined. Data compiled from ®Kattner et al. (2003), "Norrbin et al. (1990),
°Kattner and Krause (1989), “Peters et al. (2006), eLaakmann (2004), fLee and Hirota (1973),
9Kattner (unpublished data)
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In addition, the lipid class and fatty acid compositions of Pseudocalanus acuspes
and Acartialongiremis have been studied in Balsfjorden, northern Norway (Norrbin
et al. 1990), and the seasonal lipid dynamics of Pseudocalanus minutus in the
Arctic Kongsfjorden, Svalbard (Lischka and Hagen 2007).

The accumulation of considerable wax ester deposits (in % total lipids) in these
smaller copepods (Fig. 11.2) is comparable to that of the larger polar species. Small
copepods may use their lipid reserves during periods of food shortage in winter and
for somatic growth, whereas reproductive processes are usually fuelled by the
spring phytoplankton bloom, although in Oithona similis overwintering and gonad
maturation seems to rely on internal lipid reserves (Lischka and Hagen 2007). Their
lipids are not composed of long-chain fatty acids and alcohols typical of the larger
species. The wax ester moieties are usually dominated by the shorter-chain alcohols
14:0 and 16:0, which is also indicative of opportunistic feeding (Table 11.3)
(Graeve et al. 1994b). High percentages of the 18:1n-9 fatty acid during all seasons
(Table 11.3) also point to a generally non-selective diet (Dalsgaard et al. 2003;
Kattner et al. 2003; Lischka and Hagen 2007). This suggests that the small copepods
are generally opportunistic feeders, as proposed by Paffenhéfer (1993), although
their life cycles are related to the pronounced seasonality of food availability in
polar regions (Metz 1995). It should be noted that higher proportions of long-chain
monounsaturated fatty acids/alcohols in some species probably also reflect carnivory
on other zooplankton organisms, including early stages of calanoid copepods.

11.2.2 Mid-Latitude Copepods

From polar to temperate regions, there is a gradual transition in the lipid characteris-
tics among copepod species, which inhabit both areas (Fig. 11.1). This holds true
for several smaller species as well as for Calanus finmarchicus, a species, in which
these differences also depend on water mass distribution (Heath et al. 2004). In
temperate regions, phytoplankton production is not as limited as in the Arctic due to
the less seasonal light regime, which, together with the elevated temperatures, supports
life-cycle strategies of herbivorous copepods characterized by shorter generation
times. Primary production cycles in the temperate North Atlantic, for example, are
governed mostly by nutrient supply and classically exhibit a spring bloom dominated
by diatoms. Thereafter, a phytoplankton community exists at lower levels throughout
the summer and in autumn a second smaller bloom may occur due to vertical mixing
of the nutrient-depleted surface waters with nutrient-rich deeper waters.

11.2.2.1 Large Copepods
Similar to the Arctic Ocean, phytoplankton blooms are utilized by the larger

copepods from temperate regions, such as Calanus finmarchicus, C. helgolandicus,
C. pacificus, and Neocalanus spp., to accumulate lipids, although total lipid levels
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are lower than in the polar species (Fig. 11.1). These boreal copepods also exhibit
a life cycle with seasonal vertical migration, diapause, and deposition of mainly
wax esters in an oil sac. Although not quite reaching the levels of polar species,
wax ester values of temperate copepods are also high (mean of 65% of total lip-
ids). During their ontogenetic development from copepodite stage Cl to adult
stage (C. finmarchicus s.l.), wax ester levels increased from a minimum of 20 to
87% of total lipids (Kattner and Krause 1987). Off California, CIlI to adult speci-
mens of C. pacificus showed wax ester accumulation from 1 to 50%, whereas
younger stages had no wax esters (Lee et al. 1972). The later copepodite stages
of C. helgolandicus may range seasonally between 23 and 90% wax esters of total
lipids with means ranging from ~66% (Kattner and Krause 1989) to 80% (Gatten
et al. 1979). Wax esters of these temperate species, although more variable, closely
resemble those of polar copepods with high percentages of long-chain monoun-
saturated fatty acids and alcohols (Table 11.1). Since dietary fatty acids change
seasonally with the availability of phytoplankton species, the fatty acid and alco-
hol patterns seem to be more dependent on phytoplankton peak events than on
temperature regimes and latitude.

Comparing specimens of C. finmarchicus from high latitude and temperate regions,
Kattner (1989) found that C. finmarchicus from temperate seas exhibited a significantly
smaller size and dry mass. Specimens from warmer regions are often smaller and
have more generation cycles than their congeners in cold regions (Mauchline
1998). In addition, the percentage of long-chain monounsaturated alcohols was
lower in temperate specimens (Table 11.1). The de novo synthesis of these energy-rich
lipids seems to be less pronounced in the temperate species, probably due to a more
reliable year-round food availability. The portion of wax esters synthesized also
tended to be slightly smaller than in the Arctic congeners (Fig. 11.1).

When compared with the North Atlantic, production cycles are different in the
subarctic Pacific, and phytoplankton blooms do not develop in spring and autumn.
Micrograzers, e.g., heterotrophic microflagellates and ciliates, seem to control the
developing algal biomass, whereas the assumed top-down control by “major grazers,”
the dominant copepods of the genus Neocalanus, Eucalanus, and Metridia, could
not be verified due to insufficient grazing rates (Miller 1993).

Copepods of the genus Neocalanus exhibit an interesting life-cycle strategy:
they go into diapause in summer/fall and produce lipid-rich eggs fuelled by internal
energy reserves, which are spawned at depth during winter. There is another
interesting but not yet understood difference between the Atlantic/Arctic Calanus
species and the Pacific calanoid copepods Neocalanus cristatus and N. flemingeri,
which synthesize mainly 20:1n-11 wax ester moieties (Saito and Kotani 2000)
rather than 20:1n-9.

The Pacific copepod Metridia okhotensis stores wax esters comparable in
amount and composition with its Atlantic counterpart M. longa. Other Pacific
copepod species, e.g., Eucalanus bungi and Euchirella spp., store primarily
triacylglycerols (Lee et al. 1971; Saito and Kotani 2000), as do the high-latitude
species Calanus propinquus, C. simillimus, and Euchirella rostromagna (Hagen
et al. 1993, 1995; Ward et al. 1996).
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11.2.2.2 Small Copepods

The herbivorous Atlantic copepod Pseudocalanus €longatus occupies an intermediate
position between the large herbivorous northern and the small omnivorous copepods
of the temperate regions. The lipid composition of P. elongatus is similar to the Arctic
and northern North Atlantic species due to its wax ester storage (~50% of total lipids;
Fig. 11.2). These wax esters are also primarily composed of the short-chain alcohol
moieties 14:0 and 16:0 (Table 11.3) (Fraser et al. 1989; Kattner and Krause 1989).
During a seasonal study in the Baltic Sea, Peters et al. (2006) found similar results for
P. acuspes with wax ester levels between 17 and 44% and triacylglycerol levels
between 15 and 35% of total lipids. Fatty alcohols were also clearly dominated by 14:0
and 16:0 and fatty acids by 18:1n-9. The feeding behavior for P. acuspes is suggested
to be opportunistic, and important food items are ciliates and cyanobacteria, in addition
to diatoms and flagellates. In contrast to the primarily herbivorous Calanusspecies, the
smaller calanoid species of the genus Acartia (longiremis, tonsa), Temora (longicornis),
and Centropages (typicus) favor life strategies which include opportunistic feeding
behavior, high metabolic rates, a limited lipid accumulation and in some cases (e.g.,
Acartia) resting eggs as survival mechanisms (e.g., Peters et al. 2007). Therefore,
reproductive effort is directly dependent on food availability and is not buffered by
lipid reserves. The lipid compositions of these species are usually characterized by
high phospholipid and low neutral lipid levels (little triacylglycerols, no wax esters;
Fig. 11.2). Accordingly, fatty alcohols are missing and principal fatty acids include
20:5n-3, 22:6n-3, and 16:0 typical of biomembranes (Table 11.3). Very little is known
about the fatty acid composition of the neutral lipid fraction due to the minute amounts
available. Few fatty acid compositions have been determined of separate lipid classes of
small species: Temora longicornis from the North Sea (Fraser et al. 1989), P. acuspes,
T. longicornis, and A. longiremis from the Baltic Sea (Peters et al. 2006, 2007). Dietary
fatty acids such as 16:1n-7 and 18:4n-3 are found to be quite abundant in the neutral
lipid fraction. We assume that the lipid biochemistry of these smaller copepods is less
important for survival and reproduction and is less dependent on bloom events when
compared with the large Calanus species.

11.2.3 Low-Latitude Copepods

In one of the first latitudinal comparisons Lee and co-authors described the minor
importance of lipids and wax esters in some copepod species, e.g., Neocalanus
gracilis, N. robustior, Euchaeta marina, from the upper 250 m of tropical waters.
Many species lack wax esters, some have minor to moderate amounts of wax esters
(range: trace to 40% of total lipids, median: trace) and most species have moderate
amounts of triacylglycerol (range: 3-18.5%, median 6%). In deeper layers (below
500 m), however, lipids and wax esters were increasingly accumulated (wax ester
range: 11-72%, median 63%) (Lee and Hirota 1973).

In the oligotrophic, epipelagic tropical oceans lipid deposits are not a key com-
ponent in the life strategies of copepods (Figs. 11.1 and 11.2) and correspondingly,
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the lipid data-base is rather limited. In these latitudes, evolutionary pressure has
selected against a sophisticated lipid biochemistry and favored opportunistic feeding.
Typical life strategies include continuous feeding and rapid utilization of available
food items for growth and reproduction, which results in a high turnover with short
generation times.

Our lipid data of typical epipelagic tropical and subtropical copepod species
from the East Atlantic with different ecological niches and feeding behavior
support the general patterns of low lipid contents and little storage lipids (Figs. 11.1
and 11.2). These species include herbivorous and omnivorous species of the genus
Neocalanus, Mesocalanus, Nannocalanus, and Clausocalanus, which are all
widespread in tropical and subtropical waters and well adapted to oligotrophic
conditions (Bradford-Grieve et al. 1999). Their lipids are essentially composed of
phospholipids, except for the larger Neocalanus species, which have small amounts
of wax esters (~10% of total lipids). The lipid compositions are clearly dominated
by the fatty acids 16:0, 22:6n-3, and 20:5n-3 typical of membrane phospholipids.
Additional fatty acids include 18:0 and 18:1n-9 (Tables 11.1 and 11.3).

Similar results were reported for Clausocalanus farrani, C. furcatus, and
Ctenocalanus vanus from the subtropical Gulf of Agaba (Red Sea), which showed
low wax ester levels. Wax ester moieties consisted of shorter-chain alcohols (14:0,
16:0, 18:0), and fatty acid compositions were similar to those described above
(Cornils et al. 2007).

11.2.4 Upwelling-System Copepods

The limited lipid accumulation of low-latitude epipelagic copepods is in stark
contrast to copepod species living in major coastal upwelling areas, as well as
deeper-living species (>500-m depth) found in tropical and subtropical waters (Lee
etal. 1971, 2006). The high-productivity regions periodically or seasonally generate
strong pulses of primary production, usually diatom blooms, which typically
support short food chains with calanoid copepods and clupeiform fishes (e.g.,
anchovies, sardines) as major components. This periodicity is comparable to the
seasonal food supply at temperate and high latitudes and thus creates a similar
strategy of lipid accumulation. The same might be true for deeper-living species
outside of the upwelling zones, which feed infrequently during occasionally occurring
sedimentation events, but generally experience low prey densities.

Major coastal upwelling regions include the California and Humboldt Current
systems in the East Pacific, the Canary and Benguela Current systems in the East
Atlantic and the monsoon-driven Somali Current system in the Indian Ocean. These
areas are dominated by calanoid copepods, e.g., Calanus marshallae, C. pacificus,
C. chilensis, and Calanoides carinatus (Mauchline 1998; Petersen 1998; Lee et al.
2006). The latter species, the herbivorous C. carinatus, is a key component of the
Atlantic and Indian Ocean upwelling systems including the Benguela region, where
it exhibits typical life-history traits of Calanus and Calanoides species from high
latitudes. Major features include intense feeding on phytoplankton in productive
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surface waters, use of surplus energy for rapid biosynthesis of wax esters with long-chain
monounsaturated fatty acids and alcohols and accumulation of these lipid deposits in
oil sacs, as well as vertical migration to deeper layers >500 m and diapause at depth
to survive periods of food paucity (Petersen 1998; \erheye et al. 2005).

11.3 Essential Fatty Acids and Phospholipid Structure

Essential fatty acids, transferred and exchanged within the food web, are crucial
components not only in marine life but also for human nutrition (e.g., Arts et al.
2001, and see Chap. 14). The term essential means that animals are unable to
synthesize these specific fatty acids, or that these fatty acids are produced in insufficient
amounts by animals. There is still an ongoing discussion about the biosynthesis and
amount of essential fatty acids produced by zooplankton and animals in general
(see Chap. 13) and those from precursor fatty acids ingested with the diet.

In the marine environment, the omega-3 fatty acids, EPA and DHA, are generally
thought to be essential fatty acids. Phytoplankton is the primary source of these
fatty acids in the oceans. However, phytoplankton groups have clearly different
fatty acid compositions. Diatoms, for example, are rich in EPA and dinoflagellates are
rich in DHA. Hence, spring blooms will offer high amounts of EPA, whereas later
in the year during the summer season with a lower standing stock of phytoplankton,
higher proportions of DHA are available for secondary production. To satisfy their
physiological demands for essential fatty acids, herbivorous copepods, which play
a pivotal role in the initial transfer of essential fatty acids along the food web, need
to feed on a variety of phytoplankton species throughout the year.

In copepods, but also in marine animals in general, EPA and DHA represent the
dominant fatty acids in phospholipids, which are the principal membrane constituents
and thus a major source of essential fatty acids for higher trophic levels. Together
with the saturated 16:0 fatty acid, they can comprise up to 80% of total phospholipid
fatty acids. Membrane fatty acids reflect structural requirements and vary only
somewhat with dietary changes. Copepods have a quite uniform composition of
phospholipid fatty acids (Table 11.2, Fig. 11.3), and variations mostly occur within
the proportions of the three major fatty acids.

In general, phospholipid molecules are composed of a saturated or monounsaturated
fatty acid at the first carbon atom of the glycerol backbone (position sn-1) and a
polyunsaturated fatty acid at the second carbon atom (position sn-2). This asymmetric
fatty acid distribution is thought to be of major importance in the functional and
structural roles of biomembranes (see Chap. 10). In many copepod species, there is,
however, a surplus of polyunsaturated fatty acids in the phospholipids, which means
that a polyunsaturated fatty acid is also located in sn-1 position. The major phospholipid
class in Calanus hyperboreus and C. finmarchicus is phosphatidylcholine (PC)
followed by phosphatidylethanolamine (PE). The fatty acid composition differs in that
PC is composed of equal amounts of EPA and DHA (both ~35%), whereas in PE
half of the fatty acids are composed of DHA with smaller contributions of EPA
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(~10%; Table 11.4). Thus, the distribution of fatty acids in PE follows the general
pattern of phospholipids, however, with mainly DHA in the sn-2 position. In PC, a
high proportion of EPA is also located in sn-1 position (Fig. 11.4). Little is known
about the advantages and reasons for this remarkable phospholipid pattern. The
ratio of PE to PC reflects compensatory mechanisms that allow maintenance of
physical-chemical membrane properties with changing temperatures (Shinitzky
1984).

Increasing amounts of polyunsaturated fatty acids in phospholipids are reported
to be important in regulating membrane fluidity at cold temperatures (e.g., Farkas
1979; Hall et al. 2002). This regulatory mechanism is still under discussion, and it
should be taken into account that the phase transition temperature of highly unsaturated
phospholipids is not markedly lower than that of phospholipids composed of fatty
acids with fewer double bonds (reviewed by Stillwell and Wassall 2003). The high
proportions of EPA and DHA in tropical zooplankton phospholipids (Fig. 11.3)
further challenge the reasoning with regard to membrane fluidity. There are still
many open functional questions, which need to be studied in the context of
biomembrane structure and function.

In addition, the dominant polar euphausiids accumulate PC simultaneously with
increasing lipid levels (Hagen et al. 1996). Most of these phospholipids were found
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Table11.4 Fatty acid composition of phosphatidylcholine (PC) and phosphati-
dylethanolamine (PE) of Calanus hyperboreusand C. finmarchicus (Kattner and
Farkas, unpublished data)

Calanus hyperboreus Calanus finmarchicus

Phospholipid PC PE PC PE
Fatty acids
14:0 3.6 11 2.7 0.6
16:0 124 23.2 10.8 24.7
16:1n-7 3.6 0.6 0.7 0.2
18:0 0.5 0.8 0.8 2.4
18:1n-9 25 2.7 15 0.4
18:1n-7 0.5 0.7 1.7 0.7
18:2n-6 1.0 0.3 11 0.1
18:3n-3 0.8 0.4 11 0.3
18:4n-3 2.4 0.8 3.0 0.6
20:4n-6 0.7 - 14 0.2
20:5n-3 36.5 12.1 35.3 8.0
22:5n-3 0.4 0.2 0.6 0.6
22:6n-3 32.6 54.7 37.6 57.3
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Fig. 11.4 Position-specific distribution of fatty acids of phosphatidylcholine (PC) and phosphati-
dylethanolamine (PE) of Calanus finmarchicus. The fatty acid distribution of C. hyperboreus
phospholipids is similar (Kattner and Farkas, unpublished data)
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in the free form in tissue surrounding the hepatopancreas, i.e., not incorporated into
membranes (Stlibing 2004). These lipids are an additional source of essential fatty
acids because their high percentages of EPA and DHA are comparable to those of
membrane lipids (Hagen et al. 2001).

The neutral lipids, wax esters and triacylglycerols, contain clearly lower percentages
of EPA and DHA. EPA is usually more abundant, but comprises mostly <10%,
whereas DHA occurs in even lower percentages (Table 11.2; Albers et al. 1996;
Scott et al. 2002). Owing to the huge amounts of wax esters in high-latitude copepods,
neutral lipids do improve the overall food quality (total essential fatty acid content)
of copepods for higher trophic level organisms.

11.4 Impact of Global Warming on Lipid Dynamics

Polar oceans are characterized by an enormous lipid accumulation in major
components of the pelagic food web with an intensive and fine-tuned energy transfer
from copepods via fish to seabirds and marine mammals. This lipid-based energy
flux in high-latitude ecosystems may be easily disturbed, since Polar Regions are
especially sensitive to global changes (Flato et al. 2000). Recent investigations and
modeling have shown that the Arctic ice cover is already strongly reduced in size
and thickness (e.g., Serreze et al. 2007). The Fourth Assessment Report “Climate
Change 2007 of the IPCC has unequivocally declared that global warming will
likely continue in the near future, unless dramatic political measures are taken.

If we expect a poleward shift of ecosystem boundaries, i.e. tropical species
expanding toward temperate regions and temperate species in turn moving to higher
latitudes, then the dominance of lipid-rich species at high latitudes will probably
decrease. This could have a tremendous impact on the food quantity and energy
flux to higher trophic levels in polar oceans. In contrast, food quality will probably
be less affected concerning essential fatty acids, since temperate and tropical
species are also rich in these components. In the north, there might be competition
between the three dominant Calanus species, as C. finmarchicus will probably shift
toward the Arctic Ocean shelf areas competing with C. hyperboreusand C. glacialis
during spring phytoplankton blooms (Gradinger 1995), which might then be more
comparable to blooms in temperate regions. In some Arctic regions, these spring
blooms might become less pronounced, since nutrient concentrations are currently
low in Siberian shelf waters, and the nutrient input from the large Russian rivers is
relatively small (Dittmar and Kattner 2003). However, the discharge of nutrients
might also change due to melting of the huge permafrost areas (Wu et al. 2005).
If nutrient supply by riverine discharge increases, phytoplankton blooms associated
with river plumes may become more important in the Arctic Ocean than marginal
ice zone blooms, and the whole ecosystem will change to a more temperate
system. These shelf blooms may increasingly replace marginal ice zone
blooms and, consequently, ice algae production will decline, a resource crucial
to many herbivorous copepods.
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The reduction in ice cover will have a general effect on the food supply of
dominant zooplankton species in polar regions. At the underside of the ice, epontic
phytoplankton communities adapted to very low light intensities grow early in the
season, and various animals feed on these algae such as Antarctic krill and Arctic
amphipods. Some zooplankton species, e.g., Calanus glacialis and Pseudocalanus
spp., are known to migrate into the ice for feeding (Runge et al. 1991).

The light regime will still be a limiting factor at high latitudes, but an earlier
break-up and later freezing or even disappearance of the sea-ice may prolong the
productive season. It has been postulated that herbivorous copepods are affected
primarily by changes in phytoplankton species composition and abundance, not so
much by temperature shifts per se (Hirche 1987; Richardson and Schoeman 2004).
These changes may have a strong impact on the timing of bloom events, which are
again intertwined with the reproduction cycles of, for example, the Calanus species
in the Arctic, which may no longer match with primary production cycles (Hansen
et al. 2003). These modifications may in turn favor smaller and more flexible
zooplankton taxa known from temperate waters such as copepods of the genus
Metridia, Temora, and Acartia. It is difficult to predict the influence on the overall
lipid flux within the food web, because this is dependent on the abundance of these
species. Such a change in zooplankton species composition will obviously change
the energetic value of the lipids because of the reduction of species with large
amounts of lipids rich in long-chain wax ester moieties. The occurrence of essential
fatty acids, such as EPA and DHA, is probably less impacted by global changes,
since they are structural components of all marine bio-membranes, largely
independent of latitudinal distribution. The amount of these essential lipids,
however, is again dependent on zooplankton biomass, but the balance of food
quality and food quantity is difficult to predict.

If global warming leads to the disappearance of key biomass species especially
adapted to polar ice-covered regions, thus diminishing the present lipid-based
energy flux (Falk-Petersen et al. 2007), this may induce a regime shift from a higher
to lower-level energy system with cascading effects up the food web that will
eventually threaten the entire intricately balanced system, in which lipids play a
central role. Hence, biodiversity and energy flux of polar systems could be severely
influenced by these changes.

The impact of global warming on the Southern Ocean ecosystem will be quite
different, because the system is less pulsed when compared with the Arctic Ocean,
due to differences in the light regime, iron-limitation of phytoplankton growth, and
a more pronounced seasonal sea-ice cover, which is reduced to ~20% during summer.
In contrast to the Arctic, the Southern Ocean is a krill-dominated region, and the
life strategies of this key group are intensely linked to the seasonality of the ice
regime. Hundred million tons of krill biomass strongly rely on the seasonal develop-
ment of ice algae and exhibit a pronounced seasonal lipid accumulation, mainly tria-
cylglycerols, and PUFA-rich phospholipids (Hagen et al. 2001). In the past, colder
winters have been associated with stronger year classes of krill in the following
year, indicating that the survival of the Antarctic krill, Euphausia superba, is
strongly dependent on ice cover, which allows successful over-wintering of the
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larvae (Loeb et al. 1997; Siegel 2005). In contrast, warmer winters in the Antarctic
with a less pronounced ice coverage are advantageous for salp stocks (Salpa thompsoni),
which extend their distribution centers southward under favorable conditions.
Of course, such a regime shift from lipid-rich krill to low-calorie gelatinous salps
will lead to severe perturbations at higher trophic levels and a dramatic change in
food availability for e.g., seals, whales, penguins, and other seabirds. The effects of
such changes can already be observed today (Atkinson et al. 2004).

11.5 Conclusions and Per spectives

Lipids in marine organisms are highly diverse and complex and exhibit various
special characteristics. Typical marine lipids include wax esters as energy depots,
long-chain polyunsaturated omega-3 fatty acids synthesized by phytoplankton as
well as long-chain monounsaturated fatty acids and alcohols synthesized by calanoid
copepods. Even if we restrict our view to lipids in copepods, the numerous life
cycle strategies of copepods make it difficult to establish general features. It is clear
that high-latitude copepods are much more lipid-dependent than tropical species.
However, copepods in upwelling regions and deeper-living species also accumulate
huge amounts of lipids for survival. It is now generally accepted that the seasonality
or periodicity in food supply is the driving force for the evolution of specific
life-cycle strategies in these cold-water systems, including lipid accumulation and
wax ester storage. The more pronounced the seasonality the higher the amounts of
lipids produced and accumulated. Lipid levels of zooplankton in polar regions can
comprise more than half of the total carbon, whereas zooplankton in warm epipelagic
waters of the tropics store almost no lipids.

In spite of many detailed lipid studies of various zooplankton species, there are
still important discoveries to be made. Examples are the finding that the important
20:1n-9 component in North Atlantic Calanus species is substituted by 20:1n-11 in
North Pacific Neocalanus species (Saito and Kotani 2000). Reasons for this difference
are unknown. Another example is the predominance of the 18:1n-9 and 18:1n-7
alcohols in the wax esters of the Antarctic Thysanoessa macrura (Kattner et al.
1996). These alcohols are usually only minor lipid components in zooplankton
species. The lipid class compositions can also be very unusual: for instance, the
pteropod Clione limacina produces significant amounts of diacylglycerol ethers
in combination with odd-chain fatty acids (Kattner et al. 1998). These unusual
biosynthetic pathways are still unexplained.

We suppose that many of the deeper-living zooplankton species have also developed
special lipid adaptations, which still need to be elucidated. The lipid compositions
of frequently occurring copepods, especially of small species, have not yet been
determined, although we suspect that such species will probably exhibit a “normal”
lipid composition. A large gap exists concerning the early developmental stages.
Almost no lipid data are available for most of the nauplii and early copepodids, which
all are, of course, difficult to collect in sufficient numbers and to differentiate into
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their respective stages. Data sets on the seasonality of lipid levels and composition
need to be improved. Experimental studies following lipid assimilation via labeled
diets (Graeve et al. 2005) will considerably improve our knowledge on pathways of
lipid biosynthesis and the incorporation of essential fatty acids. We know that lipids
undergo various changes during development and are influenced by environmental
conditions, but the results are still fragmentary and sometimes contradictory.
Lipid research is also needed on biosynthetic pathways, metabolism, and membrane
structure and functioning.

The lipid data base for prognostic modeling is thus still insufficient, which
makes it difficult or even impossible to make sound predictions. However, all these
data are important to predict changes in zooplankton distribution and migration to
higher-latitude regions, which become more favorable to temperate species due to future
changes in climate. Because zooplankton, especially herbivorous copepods, represent
the crucial link between primary producers and consumers at higher trophic levels,
changes in species distribution and biochemical (lipid) composition of copepods
will have a decisive effect on future life in the oceans.

Many questions have been summarized during a recent workshop on lipids in marine
zooplankton (Kattner et al. 2007). A close cooperation between biologists, chemists,
physicists, and modelers is necessary to improve and complete our knowledge on lipids
and zooplankton in general. Interdisciplinary research including life cycles, migration,
biochemical compositions, ecophysiological experiments, and climate scenarios should
be better coordinated for optimal utilization of the available expertise.

Acknowledgements We are grateful to Sigrid Schnack-Schiel for her constructive support and
her expertise in copepod biology. We thank Martin Graeve for helpful comments and sharing
unpublished lipid data.

References

Ackman, R.G., Tocher, C.S., and McLachlan, J. 1968. Marine phytoplankter fatty acids. J. Fish.
Res. Board Can. 25:1603-1620.

Albers, C.S., Kattner, G., and Hagen, W. 1996. The compositions of wax esters, triacylglycerols
and phospholipids in Arctic and Antarctic copepods: evidence of energetic adaptations. Mar.
Chem. 55:347-358.

Arts, M.T., Ackman, R.G., and Holub, B.J. 2001. “Essential fatty acids” in aquatic ecosystems: a
crucial link between diet and human health and evolution. Can. J. Fish. Aquat. Sci.
58:122-137.

Atkinson, A., Siegel, V., Pakhomov, E., and Rothery, P. 2004. Long-term decline in krill stock and
increase in salps within the Southern Ocean. Nature 432:100-103.

Auel, H., and Hagen, W. 2002. Mesozooplankton community structure, abundance and biomass
in the central Arctic Ocean. Mar. Biol. 140:1013-1021.

Bamstedt, U., and Tande, K. 1988. Physiological responses of Calanus finmarchicus and Metridia
longa (Copepoda: Calanoida) during winter—spring transition. Mar. Biol. 99:31-38.

Bradford-Grieve, J.M., Markhaseva, E.L., Rocha, C.E.F., and Abiahy, B. 1999. Copepoda,
pp. 869-1098. In D. Boltovskoy (ed.), South Atlantic Zooplankton, Vol. 2. Backhuys, Leyden.

Campbell, R.W., and Dower, J.F. 2003. Role of lipids in the maintenance of neutral buoyancy by
zooplankton. Mar. Ecol. Prog. Ser. 263:93-99.



11 Lipids in Marine Copepods 277

Conover, R.J., and Huntley, M. 1991. Copepods in ice-covered seas — distribution, adaptations to
seasonally limited food, metabolism, growth patterns and life cycle strategies in polar seas. J.
Mar. Syst. 2:1-41.

Conover, R.J., and Siferd, T.D. 1993. Dark-season survival strategies of coastal zone zooplankton
in the Canadian Arctic. Arctic 46:303-311.

Cornils, A., Schnack-Schiel, S.B., Boer, M., Graeve, M., Struck, U., Al-Najjar, T., and Richter, C.
2007. Feeding of Clausocalanids (Calanoida, Copepoda) on naturally occurring particles in the
northern Gulf of Agaba (Red Sea). Mar. Biol. 151:1261-1274.

Dalsgaard, J., St. John, M., Kattner, G., Miller-Navarra, D.C., and Hagen, W. 2003. Fatty acid
trophic markers in the pelagic marine environment. Adv. Mar. Biol. 46:225-340.

Dittmar, T., and Kattner, G. 2003. The biogeochemistry of the river and shelf ecosystem of the
Arctic Ocean: a review. Mar. Chem. 83:103-120.

Falk-Petersen, S., Sargent, J.R., and Tande, K.S. 1987. Lipid composition of zooplankton in relation
to the sub-Arctic food web. Polar Biol. 8:115-120.

Falk-Petersen, S., Hop, H., Budgell, W.P., Hegseth, E.N., Korsnes, R., Loyning, T.B., @rbaek,
J.B., Kawamura, T., and Shirasawa, K. 2000. Physical and ecological processes in the Marginal
Ice Zone of the northern Barents Sea during the summer melt periods. J. Mar. Syst.
27:131-159.

Falk-Petersen, S., Timofeev, S., Pavlov, V., and Sargent, J.R. 2007. Climate variability and the
possible effects on Arctic food chains. The role of Calanus, pp. 147-166. In J.B. Orbaek, T.
Tombre, R. Kallenborn, E. Hegseth, S. Falk-Petersen, and A.H. Hoel (eds.), Arctic-Alpine
Ecosystems and People in a Changing Environment. Springer, Berlin.

Farkas, T. 1979. Adaptation of fatty acid compositions to temperature — a study on planktonic
crustaceans. Comp. Biochem. Physiol. 64B:71-76.

Flato, G.M., Boer, G.J., Lee, W.G., McFarlane, N.A., Ramsden, D., Reader, M.C., and Weaver,
A.J. 2000. The Canadian centre for climate modelling and analysis global coupled model and
its climate. Climate Dyn. 16:451-467.

Fraser, A.J., Sargent, J.R., and Gamble, J.C. 1989. Lipid class and fatty acid composition of
Calanus finmarchicus (Gunnerus), Pseudocalanus sp. and Temora longicornis Mdiller from a
nutrient-enriched seawater enclosure. J. Exp. Mar. Biol. Ecol. 130:81-92.

Gatten, R.R., Corner, E.D.S., Kilvington, C.C., and Sargent, J.R. 1979. A seasonal survey of the
lipids of Calanus helgolandicus Claus from the English channel, pp. 275-284. In E. Naylor,
and R.G. Hartnoll (eds.), Cyclic Phenomena in Plants and Animals. Pergamon, Oxford.

Gradinger, R. 1995. Climate change and biological oceanography of the Arctic Ocean. Phil. Trans.
R. Soc. Lond. A 352:277-286.

Graeve, M., Albers, C., and Kattner, G. 2005. Assimilation and biosynthesis of lipids in Arctic
Calanus species based on **C feeding experiments with a diatom. J. Exp. Mar. Biol. Ecol.
317:109-125.

Graeve, M., Kattner, G., and Hagen, W. 1994a. Diet-induced changes in the fatty acid composition
of Arctic herbivorous copepods: experimental evidence of trophic markers. J. Exp. Mar. Biol.
Ecol. 182:97-110.

Graeve, M., Hagen, W., and Kattner, G. 1994b. Herbivorous or omnivorous? On the significance
of lipid compositions as trophic markers in Antarctic copepods. Deep-Sea Res. 41:915-924,

Hagen, W., and Auel, H. 2001. Seasonal adaptations and the role of lipids in oceanic zooplankton.
Zoology 104:313-326.

Hagen, W., Kattner, G., and Graeve, M. 1993. Calanoides acutus and Calanus propinquus,
Antarctic copepods with different lipid storage modes via wax esters or triacylglycerols. Mar.
Ecol. Prog. Ser. 97:135-142.

Hagen, W., Kattner, G., and Graeve, M. 1995. On the lipid biochemistry of polar copepods:
compositional differences in the Antarctic calanoids Euchaeta antarctica and Euchirella
rostromagna. Mar. Biol. 123:451-457.

Hagen, W., Van Vleet, E.S., and Kattner, G. 1996. Seasonal lipid storage as overwintering strategy
of Antarctic krill. Mar. Ecol. Prog. Ser. 134:85-89.

Hagen, W., Kattner, G., Terbriiggen, A., and Van Vleet, E.S. 2001. Lipid metabolism of the
Antarctic krill Euphausia superba and its ecological implications. Mar. Biol. 139:95-104.



278 G. Kattner and W. Hagen

Hall, J.M., Parrish, C.C., and Thompson, R.J. 2002. Eicosapentaenoic acid regulates Scallop
(Placopecten magellanicus) membrane fluidity in response to cold. Biol. Bull. 2002:201-203.

Hansen, A.S., Nielsen, T.G., Levinsen, H., Madsen, S.D., Thingstad, T.F., and Hansen, B.W. 2003.
Impact of changing ice cover on pelagic productivity and foodweb structure in Disko Bay,
West Greenland: a dynamic model approach. Deep-Sea Res. | 50:171-187.

Harrington, G.W., Beach, D.H., Dunham, J.E., and Holz, G.G. 1970. The polyunsaturated fatty
acids of dinoflagellates. J. Protozool. 17:213-219.

Heath, M.R., Boyle, P., Gislason, A., Gurney, W., Hay, S.J., Head, E., Holmes, S., Ingvarsdattir, A.,
Jonasdattir, S.H., Lindeque, P., Pollard, R., Rasmussen, J., Richards, K., Richardson, K.,
Smerdon, G., and Speirs, D. 2004. Comparative ecology of over-wintering Calanus finmarchicus
in the northern North Atlantic, and implications for life-cycle patterns. ICES J. Mar. Sci.
61:698-708.

Hirche, H.-J. 1987. Temperature and plankton Il. Effect on respiration and swimming activity in
copepods from the Greenland Sea. Mar. Biol. 94:347-356.

Hirche, H.-J. 1989. Spatial distribution of digestive enzyme activities of Calanus finmarchicus and
C. hyperboreus in Fram Strait/Greenland Sea. J. Plankton Res. 11:431-443.

Hirche, H.-J. 1996. The reproductive biology of the marine copepod Calanus finmarchicus — a
review. Ophelia 44:111-128.

Hopkins, T.L., and Torres, J.J. 1989. Midwater food web in the vicinity of a marginal ice zone in
the western Weddell Sea. Deep-Sea Res. 36:543-560.

Hopkins, C.C.E., Tande, K.S., Granvik, S., and Sargent, J.R. 1984. Ecological investigations of
the zooplankton community of Balsfjorden, northern Norway: an analysis of growth and over-
wintering tactics in relation to niche and environment in Metridia longa (Lubbock), Calanus
finmarchicus (Gunnerus), Thysanoessa inermis (Krgyer) and Thysanoessa raschi (M. Sars).
J. Exp. Mar. Biol. Ecol. 82:77-99.

Jonasdottir, S.H. 1999. Lipid content of Calanus finmarchicus during overwintering in the
Faroe-Shetland channel. Fish. Oceanogr. 8 (suppl. 1):61-72.

Kattner, G. 1989. Lipid composition of Calanus finmarchicus from the North Sea and the Arctic.
A comparative study. Comp. Biochem. Physiol. 94B:185-188.

Kattner, G., and Krause, M. 1987. Changes in lipids during the development of Calanus
finmarchius s.l. from Copepodid | to adult. Mar. Biol. 96:511-518.

Kattner, G., and Krause, M. 1989. Seasonal variations of lipids (wax esters, fatty acids and alcohols)
in calanoid copepods from the North Sea. Mar. Chem. 26:261-275.

Kattner, G., and Graeve, M. 1991. Wax ester composition of dominant calanoid copepods of the
Greenland Sea/Fram Strait region. Polar Res. 10:479-487.

Kattner, G., and Hagen, W. 1995. Polar herbivorous copepods — different pathways in lipid
biosynthesis. ICES J. Mar. Sci. 52:329-335.

Kattner, G., Krause, M., and Trahms, J. 1981. Lipid composition of some typical North Sea copepods.
Mar. Ecol. Prog. Ser. 4:69-74.

Kattner, G., Gercken, G., and Eberlein, K. 1983. Development of lipids during a spring plankton
bloom in the northern North Sea. |. Particulate fatty acids. Mar. Chem. 14:149-162.

Kattner, G., Hirche, H.-J., and Krause, M. 1989. Spatial variability in lipid composition of calanoid
copepods from Fram Strait, the Arctic. Mar. Biol. 102:473-480.

Kattner, G., Graeve, M., and Hagen, W. 1994. Ontogenetic and seasonal changes in lipid and fatty
acid/alcohol compositions of the dominant Antarctic copepods Calanus propinquus, Calanoides
acutus and Rhincalanus gigas. Mar. Biol. 118:637-644.

Kattner, G., Hagen, W., Falk-Petersen, S., Sargent, J.R., and Henderson, R.J. 1996. Antarctic krill
Thysanoessa macrura fills a major gap in marine lipogenic pathways. Mar. Ecol. Prog. Ser.
134:295-298.

Kattner, G., Hagen, W., Graeve, M., and Albers, C. 1998. Exceptional lipids and fatty acids in the
pteropod Clione limacina (Gastropoda) from both polar oceans. Mar. Chem. 61:219-228.
Kattner, G., Albers, C., Graeve, M., and Schnack-Schiel, S.B. 2003. Fatty acid and alcohol
composition of the small polar copepods, Oithona and Oncaea: indication on feeding modes.

Polar Biol. 26:666-671.



11 Lipids in Marine Copepods 279

Kattner, G., Hagen, W., Lee, R.F., Campbell, R., Deibel, D., Falk-Petersen, S., Graeve, M.,
Hansen, B.W., Hirche, H.J., Jénasdéttir, S.H., Madsen, M.L., Mayzaud, P., Miller-Navarra,
D.C., Nichols, P.D., Paffenhofer, G.-A., Pond, D., Saito, H., Stlibing, D., and Virtue, P. 2007.
Perspectives on marine zooplankton lipids. Can. J. Fish. Aquat. Sci. 64:1628-1639.

Laakmann, S. 2004. Abundanz und Reproduktionserfolg ausgewéhlter calanoider Copepoden wahrend
der Friihjahrsplanktonbliite um Helgoland. M.Sc. thesis, University of Bremen, pp. 75.

Lee, R.F. 1974. Lipid composition of the copepod Calanus hyperboreus from the Arctic Ocean.
Changes with depth and season. Mar. Biol. 26:313-318.

Lee, R.F. 1975. Lipids of Arctic zooplankton. Comp. Biochem. Physiol. 51B:263-266.

Lee, R.F,, and Hirota, J. 1973. Wax esters in tropical zooplankton and nekton and the geographical
distribution of wax esters in marine copepods. Limnol. Oceanogr. 18:227-239.

Lee, R.F., Hirota, J., and Barnett, A.M. 1971. Distribution and importance of wax esters in marine
copepods and other zooplankton. Deep-Sea Res. 18:1147-1165.

Lee, R.F., Nevenzel, J.C., and Paffenhdfer, G.-A. 1972. The presence of wax esters in marine
planktonic copepods. Naturwissenschaften 59:406-411.

Lee, R.F., Nevenzel, J.C., and Lewis, A.G. 1974. Lipid changes during life cycle of marine copepod
Euchaeta japonica Marukawa. Lipids 9:891-898.

Lee, R.F., Hagen, W., and Kattner, G. 2006. Lipid storage in marine zooplankton. Mar. Ecol. Prog.
Ser. 307:273-306.

Lischka, S., and Hagen, W. 2005. Life histories of the copepods Pseudocalanus minutus, P. acuspes
(Calanoida) and Oithona similis (Cyclopoida) in the Arctic Kongsfjorden (Svalbard). Polar Biol.
28:910-921.

Lischka, S., and Hagen, W. 2007. Seasonal lipid dynamics of the copepods Pseudocalanus minutus
(Calanoida) and Oithona similis (Cyclopoida) in the Arctic Kongsfjorden (Svalbard). Mar. Biol.
150:445-454.

Loeb, V., Siegel, V., Holm-Hansen, O., Hewitt, R., Fraser, W., Trivelpiece, W., and Trivelpiece, S.
1997. Effects of sea-ice extent and krill or salp dominance on the Antarctic food web. Nature
387:897-900.

Mauchline, J. 1998. The biology of calanoid copepods. Adv. Mar. Biol. 33:1-660.

Mayor, D., Anderson, T., Irigoien, X., and Harris, R. 2006. Feeding and reproduction of Calanus
finmarchicus during non-bloom conditions in the Irminger Sea. J. Plankton Res. 28:1167-1179.

Metz, C. 1995. Seasonal variation in the distribution and abundance of Oithona and Oncaea
species (Copepoda, Crustacea) in the southeastern Weddell Sea, Antarctica. Polar Biol.
15:187-194.

Miller, C.B. 1993. Pelagic production processes in the Subarctic Pacific. Prog. Oceanogr. 32:1-15.

Mumm, N. 1993. Composition and distribution of mesozooplankton in the Nansen Basin, Arctic
Ocean, during summer. Polar Biol. 13:451-461.

Norrbin, M.E., Olsen, R.-E., and Tande, K.S. 1990. Seasonal variation in lipid class and fatty acid
composition of two small copepods in Balsfjorden, northern Norway. Mar. Biol. 105:205-211.

Paffenhdfer, G.-A. 1993. On the ecology of marine cyclopoid copepods (Crustacea, Copepoda).
J. Plankton Res. 15:37-55.

Peters, J., Renz, J., van Beusekom, J., Boersma, M., and Hagen, W. 2006. Trophodynamics and
seasonal cycle of the copepod Pseudocalanus acuspes in the central Baltic Sea (Bornholm
Basin): evidence from lipid composition. Mar. Biol. 149:1417-1429.

Peters, J., Dutz, J., and Hagen, W. 2007. Role of essential fatty acids on the reproductive success
of the copepod Temora longicornis in the North Sea. Mar. Ecol. Prog. Ser. 341:153-163.

Petersen, W. 1998. Life cycle strategies in coastal upwelling zones. J. Mar. Syst. 15:313-326.

Richardson, A.J., and Schoeman, D.S. 2004. Climate impact on plankton ecosystems in the
Northeast Atlantic. Science 305:1609-1613.

Richardson, K., Jénasdéttir, S.H., Hay, S.J., and Christoffersen, A. 1999. Calanus finmarchicus
egg production and food availability in the Faroe-Shetland Channel and northern North Sea:
October-March. Fish. Oceanogr. 8:153-162.

Richter, C. 1994. Regional and seasonal variability in the vertical distribution of mesozooplankton
in the Greenland Sea. Rep. Polar Res. 154:1-87.



280 G. Kattner and W. Hagen

Runge, J.A., Therriault, J., Legendre, L., Ingram, R.G., and Demers, S. 1991. Coupling between
ice microalgal productivity and the pelagic, metazoan food web in the southeastern Hudson
Bay: a synthesis of results. Polar Res. 10:325-338.

Saito, H., and Kotani, Y. 2000. Lipids of four boreal species of calanoid copepods: origin of
monoene fats of marine animals at higher trophic levels in the grazing food chain in the subarctic
ocean ecosystem. Mar. Chem. 71:69-82.

Sargent, J.R., and Henderson, R.J. 1986. Lipids, pp. 59-108. In E.D.S. Corner and S.C.M. O’Hara
(eds.), The Biological Chemistry of Marine Copepods. Clarendon, Oxford.

Sargent, J.R., Eilertsen, H.C., Falk-Petersen, S., and Taasen, J.P. 1985. Carbon assimilation and
lipid production in phytoplankton in northern Norwegian fjords. Mar. Biol. 85:109-116.

Sakshaug, E. 1997. Biomass and productivity distributions and their variability in the Barents Sea.
ICES J. Mar. Sci. 54:341-351.

Schnack, S.B., Marschall, S., and Mizdalski, E. 1985. On the distribution of copepods and
larvae of Euphausia superba in Antarctic waters during February 1982. Meeresforschung
30:251-263.

Schnack-Schiel, S.B., and Hagen, W. 1995. Life-cycle strategies of Calanoides acutus, Calanus
propinquus and Metridia gerlachei (Copepoda: Calanoida) in the eastern Weddell Sea,
Antarctica. ICES J. Mar. Sci. 52:541-548.

Scott, C.L., Kwasniewski, S., Falk-Petersen, S., and Sargent, J.R. 2002. Species differences,
origins and functions of fatty alcohols and fatty acids in the wax esters and phospholipids of
Calanus hyperboreus, C. glacialisand C. finmarchicus from Arctic waters. Mar. Ecol. Prog. Ser.
235:127-134.

Serreze, M.C., Holland, M., and Stroeve, J. 2007. Perspectives on the Arctic’s shrinking sea-ice
cover. Science 315:1533-1536.

Sewell, R.B.S. 1947. The free-swimming planktonic copepods. Systematic account. Sci. Rep.
John Murray Exped. 1933-1934. Br. Mus. Nat. Hist. 8:1-303.

Shinitzky, M. 1984. Physiology of membrane fluidity. Vol. I, 1I. CRC Inc., Boca Raton

Siegel, V. 2005. Distribution and population dynamics of Euphausia superba: Summary of recent
findings. Polar Biol. 29:1-22.

Smetacek, V., and Nicol, S. 2005. Polar ocean ecosystems in a changing world. Nature
437:362-368.

Smith, S.L., and Schnack-Schiel, S.B. 1990. Polar zooplankton, pp. 527-598. In W.O. Smith (ed.),
Polar Oceanography, Part B: Chemistry, Biology, and Geology. Academic, San Diego.

Stillwell, W., and Wassall, S.R. 2003. Docosahexaenoic acid: membrane properties of a unique
fatty acid. Chem. Phys. Lipids 126:1-27.

Verheye, H.M., Hagen, W., Auel, H., Ekau, W., Loick, N., Rheenen, I., Wencke, P., and Jones, S.
2005. Life strategies, energetics and growth characteristics of Calanoides carinatus (Copepoda)
in the Angola-Benguela Front region. African J. Mar. Sci. 27:641-652.

Visser, A.W, and Jonasdottir, S.H. 1999. Lipids, buoyancy and the seasonal vertical migration of
Calanus finmarchicus. Fish. Oceanogr. 8:100-106.

Ward, P., Shreeve, R.S., and Cripps, G.C. 1996. Rhincalanus gigas and Calanus simillimus: Lipid
storage patterns of two species of copepod in the seasonally ice free zone of the Southern
Ocean. J. Plankton Res. 18:1439-1454.

Wu, P, Wood, R., and Stott, P. 2005. Human influence on increasing Arctic river discharges.
Geophys. Res. Lett. 32:1.02703.



Chapter 12

Tracing Aquatic Food Webs Using Fatty Acids:
From Qualitative Indicators to Quantitative
Determination

Sara J. |verson

12.1 Introduction

Food web structure, predator—prey dynamics, foraging behavior, and conseguences
of these factors for individual growth, reproduction and survival are central to our
understanding of ecosystem structure and functioning. Moreover, in the current
context of understanding (and managing) ecosystems in the face of ongoing
environmental change, important questionsinclude: What are the critical prey of key
consumers in relation to prey abundance, availability, and nutritional quality? What
are the ecosystem processes responsible for food web production? And, how do
these processes respond to changes in physical forcing? A fundamenta require-
ment to understand any of these areasis an accurate assessment of trophic relationships
and consumer diets. However, in aquatic, and especially marine ecosystems, such
information is generally not easily or reliably obtained. In these systems, the relative
inaccessibility of free-ranging organisms and the inability to directly observe species
interactions make it difficult to accurately characterize diet. Traditional approaches,
such as examining gut contents, have well-recognized biases in addition to repre-
senting only snapshots of recent meals and may therefore not be reliable indicators of
long-term diet (Iverson et a. 2004). Thus, aternative approaches have been developed,
which use various types of trophic markers. One of the most promising of these
approaches is the use of lipids and fatty acids (FA) to study food web dynamics.
Lipids comprise a large group of chemically heterogeneous compounds, the
majority of which include esters of FA as part of their structure. FA represent the
“building blocks” of lipids and are the largest constituent of neutral lipids (NL),
such as triacylglycerols (TAG) and wax esters (WE), as well as of the polar phos-
pholipids (PL). All FA consist of carbon atom chains, which are most commonly
even-numbered and straight, containing 14—24 carbons and 0-6 double bonds, with
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a methyl (CH,) terminal at one end and an acid (carboxyl, COOH) group at the
other. The array of FA present in natureis exceptionally complex with the possibility
of routinely identifying 70 FA within a given organism (e.g., Table 12.1).

Three characteristics of FA and their storage patterns make them useful tracers
of diets and marine food-web structure. First, organisms are able to biosynthesize,
modify chain-length, and introduce double bonds in FA, but they are subject to
biochemical limitations in these processes depending on the phylogenetic group
and even species. Such limitations generally increase with increasing phylogenetic
order, culminating in vertebrates (Cook 1996). Second, unlike other dietary nutrients
(e.g., proteins and carbohydrates), which are completely broken down during digestion,
FA are released from ingested lipid molecules during digestion, but are generaly
not degraded, and are taken up by tissuesin their basic form. The important con-
seguences of these restrictions within plants, bacteria, and animals, and the uptake
of intact FA by consumer tissues, is that individual isomers aswell as “families’ of
FA bioaccumulate through food chains, and they can be traced back to specific food
web origins. Third, unlike most other nutrients, fat is stored in animal bodies in
reservoirs. These often substantial stores can later be mobilized to provide fuel for
short or long-term energy demands (e.g., Pond 1998). Thus, FA accumulate over

Table12.1 Fatty acids (FA) routinely identified in marine organisms on a polar capillary column
(e.g., DB-23, Agilent Technologies; 30 m x 0.25 mm ID), listed in order of elution (Iverson et a.
1997, 2002, 2004, 20063)

12:.0 16:1n-7 18:1n-9 20:1n-7 21:5n-3

13:.0 7-methyl 16:0 18:1n-7 20:1n-5 22:4n-9
is0-14:0 16:1n-5 18:1n-5 20:2n-11/12 22:4n-6

14.0 16:2n-6 18:2A5,11 20:2n-9 22:5n-6
14:1n-9 iso-17:0 18:2n-7 20:2n-6 22:4n-3
14:1n-7 16:2n-4 18:2n-6 20:3n-6 22:5n-3
14:1n-5 16:3n-6 18:2n-4 20:4n-6 22:6n-3
iso-15:0 17.0 18:3n-6 20:3n-3 24:1n-9
anti-15:0 16:3n-4 18:3n-4 20:4n-3

15.0 17:1 18:3n-3 20:5n-3 NMI FA
15:1n-8 16:3n-1 18:3n-1 22:1n-11 20:2A5,11
15:1n-6 16:4n-3 18:4n-3 22:1n-9 20:2A5,13
is0-16:0 16:4n-1 18:4n-1 22:1n-7 20:3A5,11,14
16:0 18:0 20:0 22:2n-11/12 22:2NMID (unknown)
16:1n-11 18:1n-13 20:1n-11 22:2n-9 22:2A7,13
16:1n-9 18:1n-11 20:1n-9 22:2n-6 22:2A7,15

FA are named as carbon number:number of double bonds and location (n-x) of the double bond
nearest the terminal methyl group, where all additional double bonds are separated by a —CH,—-
group (i.e., “methylene-interrupted”). Non-methylene interrupted FA (NMI FA) are separated by
more than one methylene group; these are generally very small peaks and require special attention
in identifying, and thus are listed separately (Budge et al. 2007). Other FA that have been
reported in aguatic or marine organisms include iso-4:0, 4:0, iso-5:0, 5:0, is0-10:0, iso-12:0
(Koopman et a. 1996, 2003, 2006) and minor or trace amounts of iso- and anteiso-isomers
(methyl branch at the second and third carbon, respectively) of 13-18 carbon saturated FA,
transA6-16:1, 16:2n-7, 16:2n-1, 16:3n-4, 16:4n-4, 18:2n-3, 18:4n-6, 18:5n-3, 19:0, 22:3n-6 (e.g.,
Ackman 1980, 2002; Ackman et a. 1972; Budge et al. 2006)
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time and represent an integration of dietary intake over days, weeks, or months,
depending on the organism and its energy intake and storage rates.

Since the mid 1930s (Lovern 1935; Klem 1935), numerous studies have demon-
strated the transfer of FA from prey to predator both at the base and apex of food
webs (reviewed in Dalsgaard et al. 2003; lverson et al. 2004; Budge et al. 2006).
Until recently, FA have been used largely in a qualitative or semiquantitative way
to infer aspects of food webs. However, recent advances involve the devel opment
of methods that use FA to quantitatively estimate diets of individual predators
(Iverson et al. 2004, 2006b, 2007). The objectives of this chapter are: (1) to provide
an overview of the biochemistry, metabolism, and key assumptions that are central
to understanding how and why FA can be used as trophic tracers; (2) to discuss
different qualitative and quantitative ways in which lipids can be used in food web
and foraging ecology studies, and the methods necessary for those applications; and
(3) to consider future areas to advance this research. This review focuses primarily
on marine ecosystems but also refers to some freshwater and terrestrial systems.

12.2 Characteristics and Constraints on Lipid Biosynthesis,
Digestion, and Deposition as They Relate to Tracing
Trophic Relationships

12.2.1 De Novo Fatty Acid Biosynthesis

Important differences in FA hiosynthesis among organisms alow the origina
source of some FA to beidentified. General and specific principles and characteristics
of FA biosynthesis have been described extensively in a number of reviews (e.g.,
Cook 1996; Gurr and Harwood 1991; Kattner and Hagen 1995; Vance and Vance
1996; Dalsgaard et al. 2003; see Chap. 9). However, some particularly relevant
points include that de novo synthesis of FA occurs from 2-carbon precursors by
sequential additions of 2-carbon units to a growing chain, which is released from
the enzyme complex usually at 14-18 carbons. Additional 2-carbon units may also
be added, generally up to 24 carbons. During this process, double bonds can be
added (i.e., desaturation) by specific enzymes. Primary producers such as unicel-
lular phytoplankton and seaweeds (macroalgae) typically produce FA ranging from
14 to 24 carbons with various degrees of unsaturation. Alga are essentially the only
organisms that possess the enzymes necessary for producing long-chain polyun-
saturated FA (PUFA), such as 20:5n-3 and 22:6n-3 (e.g., Sargent and Henderson
1995; Cook 1996). These FA occur throughout the marine food web in sequentially
higher trophic levels, since animals (i.e., consumers) are not capable of inserting a
double bond between the terminal methyl end and the n-9 carbon. Other unusual
FA, such as 16:2n-4 and 16:4n-1, are produced only by certain algae and diatoms
(Viso and Marty 1993; Dunstan et al. 1994).

In contrast to primary producers, animals synthesize fewer and simpler FA. These
tend to be restricted to 14:0, 16:0, and 18:0 saturated FA and their monounsaturated
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isomers 14:1n-5, 16:1n-7, and 18:1n-9, respectively. These monounsaturates are
produced by the A9 desaturase enzyme present in all animals, which inserts adouble
bond at the ninth carbon from the carboxyl end. Animals can elongate both endog-
enously and exogenously produced FA to some extent, but thisis generally limited,
and both de novo biosynthesis and €l ongation/desaturation of FA areinhibited by diets
containing adequate or excess fat, and long-chain PUFA (Nelson 1992). However,
some invertebrates tend to have greater capacities for biosynthesis and modification
of FA than higher animals. Of the zooplankton, the best studied are the calanoid
copepods, which have an unusual ability to produce large amounts of long-chain
monounsaturated fatty alcohols (i.e., the WE of 20:1n-11, 20:1n-9, 22:1n-11,
22:1n-9) as part of their primary storage fats (Pascal and Ackman 1976; Sargent
1978; see Chap. 6). When found in higher trophic level organisms, these FA are
thought to originate from copepods (Sargent and Henderson 1986). Although less
is known about many other taxa of zooplankton, they appear to biosynthesize the
relatively more common FA described above (Dalsgaard et al. 2003). Certain ben-
thic bivalve mollusks and carnivorous gastropods produce unusual FA, in which
the double bonds are separated by more than one methylene group (i.e., non-meth-
ylene interrupted, NMI FA) (Joseph 1982; Budge et a. 2007). Fishes, birds, and
mammals have the greatest restrictions on FA biosynthesis and follow the typical
animal pattern described above. Marine predators generally have very low carbohy-
drate diets, but amino acids from proteins consumed in excess of immediate energy
and nutrient requirements can be broken down to enter the usual FA hiosynthetic
pathways. An important exception to these patterns is found in some odontocetes
(toothed whales), which synthesize large amounts of very short branched-chain FA
(is0-4:0, is0-5:0, is0-10:0, or iso-12:0) in their crania fats and blubber, which have
no relation to diet (Koopman et a. 2003, 2006).

12.2.2 Lipid Biosynthesis

FA in naturerarely exist in free form, and in both primary producers and consumers
endogenously synthesized and exogenously derived FA are generally incorporated
as part of a compound. Although there are a number of lipid classes, the ones of
concern in the present context are TAG, WE, and PL (Budge et al. 2006). PL are
found in structural components such as cell membranes. Since fairly specific FA
compositions are required for proper membrane structure and function, FA in PL
tend to be fairly specific (Chap. 10) and highly conserved relative to diet. Thus,
although they can be influenced by dietary FA intake, FA in PL are not particularly
useful as dietary tracers (see Sect. 12.3.1). FA are most commonly stored in NL, of
which TAG are by far the most common storage form. TAG can be distributed as
droplets throughout an animal’s body or deposited as adipose tissue (i.e., the specific
fat storage tissue of vertebrates). Adipose tissue is composed of specialized cells
called adipocytes, which alternately increase or decrease in volume with fattening
(deposition of TAG) or fasting (mobilization of TAG), respectively. WE are another
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important storage form of fat in certain species of crustaceans (e.g., copepods
and other zooplankton), fish (e.g., myctophids), and marine mammals (some
odontocetes; Koopman 2007). In order for WE to appear in the storage lipids of an
animal, that animal must synthesize them from dietary FA or from FA biosynthesized
de novo, which includes the process of converting long-chain FA to their corre-
sponding fatty alcohols (see Sect. 12.2.3).

12.2.3 Digestion, Modification, and Deposition
of Dietary Lipids and Fatty Acids

The way in which lipids are digested by monogastric (i.e., non-ruminant) animals,
and subsequently modified, has asignificant impact on their utility astrophic tracers.
Ingested TAG are hydrolyzed (ester bonds are broken) in the gut by lipases and
esterases to its component FA, monoacylglycerol, and glyceral. If short-chain FA
(<14 carbons) are ingested, they are transported to the liver and immediately oxidized
(Brindley 1991). All other products are transported in the blood via various carriers
(e.g., lipoproteins) to tissues where absorption takes place. At fat storage sites, FA are
most commonly reesterified into TAG and sequestered. A modification of this process
isfound in animals that consume and that store WE, processes that are independent
from one another within an organism (Budge et a. 2006). WE are prevalent in
marine systems as food for higher trophic consumers where, upon ingestion, they
are hydrolyzed in the gut to their component FA and fatty alcohol. Gut enzymes
then oxidize the fatty alcohol to its corresponding FA (without modification of
chain length and double bond positions) and then both FA enter the pool of FA
available for transport and deposition (Sargent 1976; Budge and Iverson 2003).
If the consumer’s storage fat isin the form of TAG, then TAG are deposited regardiess
of whether the animal has adiet high in WE. However, according to phylogeny, some
animals store their fat in part or whole as WE (see Sect. 12.2.2). In these animals,
certain FA are reduced to their corresponding fatty alcohols after digestion, and these
fatty acoholsare then incorporated, along with other ingested FA, into WE for storage
(Sargent 1976; Sargent and Henderson 1986). Neverthel ess, aswith TAG digestion and
deposition, FA chain lengths and double bond positions are generally conserved.
As a consequence of these digestive properties, dietary FA > 14 carbons are
generally deposited in animal tissue with no or minimal modification, and thus one
can distinguish between FA that could be biosynthesized by the animal or those that
most likely come from the diet. However, some (or even many) FA may be routed
through the liver before deposition occurs, while others may be completely oxidized
in tissues for immediate energy needs. Thus, although dietary FA consumed in
excess of immediate energy requirements are deposited largely intact in storage
reservoirs such as adipose tissue, there are several points during metabolism and
transportation when there is the potential for FA to be modified by animals. For
example, some marine invertebrates such as copepods (see Sect. 12.2.1) are generally
thought to have a greater capacity to modify (elongate or desaturate) dietary FA
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than higher animals. Freshwater Daphnia were shown to elongate/desaturate
18:3n-3 to 20:5n-3 (Schlechtriem et al. 2006). However even in these invertebrates,
direct incorporation of dietary FA has been demonstrated (Sargent and Henderson
1986; Dalsgaard et a. 2003). In contrast, fishes have amore limited ability to modify
FA, but may till be better able to modify some exogenous FA than birds and mammals.
However, given that their natural marine diets contain high levels of essential
long-chain n-3 and n-6 PUFA (e.g., Ackman 1980), overall modification of dietary
FA in fish isprobably limited relative to direct dietary deposition (e.g., Kirsch et al.
1998; see Sect. 12.3.2.1).

Birds and mammals have very limited abilities to modify exogenously consumed
FA by elongation and desaturation. In these species, preformed dietary FA are less
likely to enter typical lipid synthetic pathways and such processes are, in any case,
inhibited by diets containing adequate or excessfat, aswell asthose high in long-chain
PUFA (Nelson 1992). Additionally, desaturation of exogenously consumed FA may
be confined primarily to the A9 desaturase enzyme acting on some saturated 16:0
(e.g., Budge et a. 2004). Thus, FA that have been elongated and desaturated within
marine birds and mammals are unlikely to make a significant contribution to their
adipose FA stores. A more important process however, especialy in mammals,
may be peroxisomal chain-shortening of some long-chain monounsaturated FA.
Thus, someingested 20:1 and especially 22:1 isomers are likely shortened primarily
to their 18-carbon isomers (Norseth and Christophersen 1978; Osmundsen et al.
1979; Cooper et a. 2005, 2006), resulting in somewhat reduced and increased
deposition of these FA relative to diet, respectively.

Finaly, it is clear that the biochemical pathways that animals are capable of
performing are not necessarily the same astheir propensity for using these pathways.
Studies of FA metabolism using foreign foods and/or feeding regimes that those
organisms are not accustomed to may result in forced stimulation of compensatory
biochemical pathways. Examples of such studies include aquaculture fish fed
artificial feeds containing terrestrial plant oil FA, rats fed fish oil FA, or species
“starved” on severe nutrient depleted diets. Under natural conditions, marine fishes
are adapted to and require marine FA (Ackman 1980), and carnivorous marine
mammals are likewise highly adapted to efficiently digesting and depositing lipids
high in marine FA without modification (e.g., Iverson et a. 1995). Additionally,
some seabirds and marine mammals are well adapted to periods of prolonged
fasting during which they do not enter the terminal phases of starvation, but instead
maintain homeostatic regulation (Castellini and Rea 1992; Mellish and Iverson
2001). A question often asked is what happens to the FA profile of a predator when
mobilizing lipid stores rather than depositing them. The issue of differential
mobilization is not fully understood; however, differential rel ease of some FA during
fasting has been reported (Groscolas 1990; Raclot 2003); thisisin contrast to data
from natural long-term fasting studies in several phocid and otariid pinniped pups
and juveniles, which have shown no temporal change in overall FA composition
(D. Noren, S.J. Iverson and J.E. Méellish unpublished data). Although further studies
are needed, current evidence indicates that effects of short-term fasting are unlikely
to have mgjor impacts on overall FA composition. In summary, although biosynthesis



12 Tracing Aquatic Food Webs Using Fatty Acids 287

and modification of FA does occur, by far the greatest quantitative contribution to
the fat stores of higher marine or agquatic predators arises from direct deposition of
dietary FA (Ackman and Eaton 1966; Rouvinen and Kiiskinen 1989; Colby et al.
1993; Iverson 1993; Kirsch et al. 1998; Iverson et a. 1995, 2007).

12.3 Tracing Trophic Pathways Using Lipids and Fatty Acids

Fatty acids can be used to study trophic relationships and food webs in several ways
to provide information about consumers and their diets. One approach assumes that
consumers of similar phylogeny will also share similarities in their capacity to
biosynthesize, digest, and modify dietary FA. Thus, finding differences or changes
in FA composition alows inferences to be made about differences or changes in
diets of predators, both within and between populations, without trying to specify
what prey species are eaten. The second approach uses individual biomarkers to
infer or possibly identify predator—prey relationships. These biomarkers tend to be
relatively rare in nature, especially at higher trophic levels, but when found in
consumers can indicate consumption of specific taxa at lower trophic levels. More
recently, athird approach has been developed. Thisuses a statistical model, combined
with coefficients to account for predator metabolism and a comprehensive prey FA
database, to quantitatively estimate species composition of predator dietsfrom their
FA stores. All three approaches can provide valuable insight about consumer diets
and foraging ecology that otherwise could not be obtained in complex aquatic
ecosystems. Each of these approachesis considered next with reference to how they
have been used and validated, and their limitations.

12.3.1 Tissue Sampling and Analysis

Methods for isolation, preparation, and analysis of lipids and FA have been
extensively reviewed elsewhere (Christie 1982; Ackman 1986, 2002; Parrish 1999;
Iverson et al. 2001a; Budge et al. 2006; and references therein). Likewise, athorough
discussion of appropriate tissue sampling and storage for FA analyses can be found
in Budge et al. (2006); however, several points are specifically pertinent to trophic
studies. First, not all tissues provide equal information on diet using FA. Second,
different tissues are usualy required depending on whether the organism is being
examined as prey or predator (in some studies certain species may be both).

12.3.1.1 Predator Sampling

A metabolically active energy storage reservoir will be most readily influenced by
dietary FA intake and therefore should be the tissue sampled. This reservoir will
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experience rapid turnover as a result of dietary intake and fat mobilization during
fasting, and will be the most reflective of trophic relationships. As stated previously,
PL FA reflect biosynthetic pathways and conserved membrane structural requirements,
whereas TAG and WE FA largely reflect stored dietary FA. Thus, skin, muscle (but
see caveat below) or other structural tissues will contain more structural PL FA and
should be avoided. In vertebrates, the appropriate lipid sampleswill usually come from
adipose tissue storage sites (or blubber in the case of pinnipeds and cetaceans).
Such adipose tissue is often conveniently found subcutaneously and thus can be
sampled in both live mammals and birds using relatively noninvasive biopsy
techniques. However, it is important to confirm that the fat storage sites have
comparable FA composition at different locations in an animal. Depth through the
tissue sampled appears to be of importance only when appropriately sampling
blubber (see Budge et a. 2006). Otherwise, when atrue fat storage site is sampled,
and not structural adipose tissues (e.g., cushionsin eye sockets, tailstocks of cetaceans,
skin-associated blubber in marine mammals), FA composition is uniform across body
sites in various species of pinnipeds, cetaceans, polar bears (Ursus maritimus), and
seabirds (Koopman et a. 1996; Cooper 2004; Thiemann et al. 2006; Iverson et al.
2007). However, some fish store lipid as modified adipose or lipid pockets in their
muscle (e.g., salmonids, mackerels, herring, Clupea pallasi) or liver (e.g., gadoids
such as cod, Gadus morhua), whereas many invertebrates such as sea urchins and
jellyfishes store lipid primarily in their gonads and digestive tracts. Additionally,
muscle FA in such species, including thosein the PL, may reflect longer term systemic
differences in diet among populations. In zooplankton, lipid pockets may be more
difficult to isolate and thus whole animals must be analyzed with the recognition
that there will be substantial contribution of conserved PL FA to the FA patterns
analyzed; a similar issue is encountered when sampling vertebrate blood to assess
diet. One solution isto fractionate NL (TAG and WE) from PL in the extracted lipid
for subsequent FA analyses. However, ideally, when blood is sampled, lipoproteins
that specifically carry FA from the digestive tract (e.g., chylomicrons in mammals,
portomicrons in birds) should be isolated from other lipoproteins (which reflect
endogenous FA conservation) and analyzed to examine the most recent meal
(e.g., Cooper et a. 2005). Finally, in marine and other aquatic mammals (especially
carnivores, pinnipeds and cetaceans), milk isauseful tissue to sample asit sequesters
recent preformed dietary FA (lverson and Oftedal 1995) in income breeders
(females that feed during lactation, e.g., Wamberg et al. 1992; Iverson 1993;
Iverson et a. 2001b). In capital breeders (females that fast throughout lactation),
milk fat output relies principally on uptake of FA mobilized from adipose tissue or
blubber and thus will be most influenced by diet of individuals before lactation.

12.3.1.2 Prey Sampling

Most marine and aguatic predators, from invertebrates to the highest vertebrates,
consumetheir prey whole, thusthey consume all the NL and PL contained in the prey
and its digestive tract. Hence, whole prey should be homogenized and analyzed, even
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though including prey stomach contents may increase within-species variability in
FA composition. One exception occurs if the goal isto directly link the producer of
an individual FA biomarker to the consumer, in which case gut contents of the prey
should be removed. Complications arise when a given organism is to be used as
both a predator and prey. In this case, if the aim is to quantitatively estimate prey
contribution to predator diet (see Sect. 12.3.3), sampling as both predator and prey
needs to be considered. For example, to assess diets of both cod and sedls, all potential
prey of cod and seals must be sampled as prey (i.e., whole). However, for cod, the
liver would be best isolated for direct assessment of its diet as predator (see Sect.
12.3.1.1), while the whole cod would have to be used as prey for seals. This can be
solved by gravimetrically isolating the liver from the rest of the cod body, analyzing
the two parts separately, and subsequently reconstructing the FA composition of the
whole cod mathematically. The same would be true for determining the diet of a
seal (i.e., sampling its blubber only), but analyzing the whole seal as prey for killer
whales, Orcinus orca. However, for polar bears, which primarily consume only the
blubber of sedls, the same seal blubber sample can serve as both predator and prey
sample (Iverson et al. 2006b).

12.3.2 Qualitative and Semiquantitative Approaches. Predators
Alone and Tracers Which Infer Prey Type

12.3.2.1 Usesand Evidence

Qualitative evaluation of spatial or temporal variation in diets of predators can readily
be studied by comparing profiles of FA present in consumer lipid depots. Such
inferences are most informative in the context of knowing something about the FA
characteristics of that ecosystem. This approach, and that of the individual FA
biomarker, has been used successfully in a number of ecosystems. Much of the
research studying trophic relationships, especially near the bottom of food webs,
has used these two approaches. The biomarker approach can be extended by
recognizing unusual levels of certain FA or of ratios among FA that can only be
attributed to one or afew prey types and thus can indicate their likely importance in
the diet. These methods are most successfully used in primary consumers and perhaps
other lower trophic levels, as those FA originate at these lower trophic levels.
In principle, this opportunity will be relatively rarein higher trophic level predators,
as FA originating at the base of the food web become relatively ubiquitous throughout
higher levels. Given that these biomarker approaches have been extensively reviewed
(e.g., Napolitano 1999; Dalsgaard et al. 2003), they will only be summarized here,
with emphasis on newer multivariate analyses of higher predator FA patterns and
guantitative estimates of diet composition.

One of the earlier examples of individual FA markers, and confirmed more recently,
was the finding that 16:2n-4 and 16:4n-1 are produced by only certain diatoms
(Ackman and McLachlan 1977; Viso and Marty 1993; Dunstan et al. 1994). These
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FA are metabolically inert in consumers and therefore their presence in the depot
fats of some fish can be indicative of specific feeding habits (Ackman et al. 1975).
In high latitudes, pennate diatoms, which dominate the seaiceflora, contain elevated
amounts of 22:6n-3 and C , PUFA compared with centric diatoms, which dominate
the open water spring bloom flora (McConville 1985). This raises the possibility of
investigating the relative contribution of these two groups of primary producers to
their consumers (Cripps and Hill 1998), and possibly to food web production in the
Arctic. The ability to trace diatom- versus flagellate-based food webs in juvenile
cod was demonstrated by St. John and Lund (1996) using the ratio of 16:1n-7/16:0.
Although other such “biomarkers’ (e.g., 20:5n-3 and other PUFA) cannot beisolated
to aspecific primary producer, differing levels of these FA may characterize different
producers. Calanoid copepods synthesize considerable amounts of isomers of 20:1
and 22:1, which they incorporate into their WE as fatty alcohols (see Sect. 12.2.1).
Thus, these FA are not very useful for examining diet variations among copepods.
Nevertheless, many studies have demonstrated the conservative incorporation of
unaltered dietary FA into copepod WE, which can clearly be used as trophic tracers
(Dalsgaard et a. 2003; see Chap. 6). Another example of atracer was the discovery
of transA6-16:1 (trans-6-hexadecenoic acid) indicating jellyfish in the diet of both
ocean sunfish (Mola mola) and the leatherback turtle (Dermochelys coriacea coriacea)
(Ackman et al. 1972; Hooper et al. 1973).

As trophic levels increase, the ability to use a unique FA to trace feeding to a
specific food typeis reduced. Certainly, 20:1 and 22:1 FA isomers are very useful as
copepod markersin the next-higher level consumers such aslarval herring (Ackman
1980). Thisisalso true for the zooplanktivorous fin whal e (Balaenoptera physalus),
and allowed differentiation between North Atlantic and Antarctic populations
(Ackman and Eaton 1966). However, in higher trophic level predators (including larger
adult herring), these FA taken alone do not make it possible to determine whether
the predator consumed copepods directly or consumed copepod consumers.
For example, the FA 20:1n-11 and 22:1n-11, arising from copepod WE, are the
dominant FA in herring from Prince William Sound, Alaska. These predictably
increased in concentration from zooplanktivorous juvenile herring to large piscivo-
rous adults (Fig.12.1), consistent with known ontogenetic changesin herring diets
(Iverson et al. 2002). Here, the increase in 20:1 and 22:1 isomers could not be attrib-
uted to greater copepod consumption, but to greater consumption of fish that ate
copepods and therefore concentrated copepod signatures. Likewise, at higher trophic
levels such as sedls, it is generally not possible to distinguish between direct consump-
tion of zooplankton or of herring when using only these FA. Thus, in principle, infer-
ring diets directly from one or afew FA isarisky practice for higher trophic levels.

Nevertheless, as indicated above, certain FA or combinations of FA can still
serve as useful ecosystem markers at upper trophic levels. For instance, while
22:1n-11 is the dominant isomer over 22:1n-9 in most marine ecosystems, 20:1n-9
is by far the dominant isomer over 20:1n-11 in the North Atlantic (e.g., Budge et al.
2002). However, several studies have shown the reversein the Pacific, with 20:1n-11
dominating 20:1n-9 in fish and invertebrates (Saito and Murata 1998). On this
basis, North Pacific and North Atlantic harbor seals (Phoca vitulina) consuming
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Fig. 12.1 Variation in two indicator FA in Pacific Herring (n = 300) from similar regions within
Prince William Sound, Alaska, as afunction of body length and age class. Data taken from Iverson
et al. (2002)

these prey can be readily distinguished (Iverson et al. 1997). Similarly, Smith et al.
(1996) used low levels of such marine-based FA, coupled with high levels of 18:2n-6,
18:3n-3, and 20:4n-6 (FA typical of primary producersin freshwater and terrestrial
ecosystems, with low abundance in marine ecosystems), to distinguish freshwater from
marine harbor seals. Based on the same principle, terrestrial foraging was confirmed
in polar bearsin late summer in Hudson Bay after measuring up to 7% 18:3n-3 in the
milk of several females (which aso had berry stains on their teeth; S.J. Iverson and
I. Stirling unpublished data). Typicaly, levels of 18:3n-3 in marine ecosystems (seals
or prey) are <0.5%, and have only been found at high levels in the milk of carnivores
that have fed directly on plants (Iverson and Oftedal 1995; Iverson et a. 2001b).
Other types of biomarkers, or at least general trophic tracers, can include odd- and
branched-chain (i.e., iso or anteiso) FA of 14-18 carbons, but these may or may not
be useful depending on the phylogenetic order. These FA arise from bacteria and
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may indicate detrital feeding in primary consumers (Dalsgaard et al. 2003).
However, in higher trophic levels, trace quantities of these FA could also largely
reflect bacteria present in the gut flora of the consumer itself, rendering conclusions
based on these trophic markers less certain (Iverson et a. 2004). In contrast, a
potentially important group of FA are the NMI FA, which are produced only by
certain benthic mollusks and gastropods (see Sect. 12.2.1), leading Paradis and
Ackman (1977) to suggest that NMI FA might be useful biomarkers in food web
studies. Recent work used the different types or proportions of these NMI FA
produced by different mollusk speciesto reveal niche separation between sympatric
bearded seals (Erignathus barbatus) and walruses (Odobenus rosmar us rosmar us),
which both specialize on benthic mollusks (Budge et al. 2007). Furthermore,
differences in the proportions of specific NMI FA have been used to estimate the
relative importance of bearded seals and walruses, amongst other marine mammal
prey, in the diets of large adult male polar bears; and these findings were confirmed
through quantitative diet analyses (see Sect. 12.3.3) using entirely independent FA
and diet estimates (Thiemann et al. 2007).

Finally, an example of another type of biomarker, but at the whole lipid level, is
the case of WE, although thisisin principle limited to afew predators. Only certain
species synthesize and store WE (see Sect. 12.2.2), but because WE are broken
down during digestion in the predator and reassembled independently as TAG or
WE (see Sect. 12.2.3), they will generally not be useful tracers. However, an excep-
tion isfound in Procellariiform seabirds (e.g., albatrosses and petrels), which store
asignificant amount of dietary lipid in stomach ails, in addition to their adipose tissue.
These stomach oils do not undergo metabolic processing and can therefore contain
large amounts of WE reflecting recent prey ingestion; at the sametime no WE are ever
present in adipose tissue of the same individuals, which instead reflects deposition
of both dietary FA and WE fatty alcohols over alonger integration period (Wang
et al. 2007). Thus, the presence of WE in stomach oils in Procellariiforms can be
used not only as confirmation of consumption of prey species that make WE, but also
provides an opportunity to examine different time scales of dietary integration.

Evaluating differences in the full array of FA among predators at similar
phylogenetic levelsis a promising, qualitative, way to look at trophic interactions,
especialy at higher trophic levels. The term “signature,” or profile, refers to the
relative concentration of the full array of FA identified or a subset of those FA most
indicative of dietary intake, rather than just one or afew biomarkers (Iverson 1993).
Such arrayswill likely be most informative at higher trophic levels. Support for this
approach comes from a number of experimental studies on fish, birds, and mammals,
and can be illustrated clearly by afew examples. When Atlantic cod were switched
to diets consisting of asingle prey, i.e., low-fat squid (lllex illecebrosus) or high-fat
mackerel (Scomber scombrus), the whole body FA signatures of these cod clearly
reflected the FA signature of their diets (Fig.12.2). Had only liver (the major site of
lipid storage in cod) been sampled and analyzed, there would likely have been an
even closer correspondence with diet (see Sect. 12.3.1.1). Such findings demonstrate
that FA composition of whole fish will largely be defined by their general ecology
and dietary habits. This raises the possibility of using FA to characterize foraging
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Fig. 12.2 Relative amounts (mass %) of selected abundant FA in (a) captive prey diets and (b)
Atlantic cod dietary treatment groups. Bars are means and vertical lines are +1 SE. All cod were
caught from the same net trawl and housed in seawater tanks at 2.8-4.0°C; al cod were fed other
cod from the same lot for 4 weeks and then all were switched to the same diet treatment, but
individuals were sequentialy removed for whole body FA analysis. The first two bars. cod
switched to diet of squid (2% lipid) for 3 and 6 weeks, respectively; second two white bars:
remaining cod switched to diet of mackerel (16% lipid) for 5 and 8 weeks, respectively. Data taken
from Kirsch et a. (1998)

differences within and between species and also to use their FA profiles in the
evauation of diet studies of higher predators (Budge et a. 2002; Iverson et a. 2002).

Similarly, in astudy of two captive seabird species large differencesin the overall
FA signatures of two different prey types were reflected in synsacral adipose tissue
biopsies of common murres (Uria aalge) and red-legged kittiwakes (Rissa brevirostris)
(Fig. 12.3a). Although some absolute differences between diet and adipose tissue
were apparent, the greatest influence on the FA composition of adipose tissue was
the diet. Equally important, FA profiles of the two different species on the same
dietswere nearly identical and slight differences could be attributed to early feeding
differences prior to the experiment. FA patternsin these same seabird speciesin the
wild bear no resemblance to those of the captive birds (Fig.12.3b) and correspond
to known foraging differences between murres and kittiwakes (Iverson et al. 2007).
Thus, differences found in FA patterns of free-ranging individuals indicate differ-
ences in diet of those individuals.
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Fig. 12.3 (@) Selected abundant FA (mass %) with large overall variance illustrating characteristic
differencesin patterns among the two primary prey items and in the adipose tissue of captive common
murre (COMU) and red-legged kittiwake (RLKI) chicks fed two prey types. Bars are means and
vertical lines are +1 SE. For the diet trial, chicks were fed diets consisting of either silverside
(Menidia menidia) or smelt (Osmerus mordax) from 15- to 42- or 45-day post-hatching. Prior to
this, chicks had been fed either silverside (COMU) or a mixture of silverside and herring (RLKI)
from O- to 10- or 15-day post-hatching. (b) The same selected FA in free-ranging murres (COMU
and thick-billed, TBMU, Uria lomvia) and kittiwakes (RLKI and black-legged, BLKI, Rissa
tridactyla) in the Bering Sea. Data taken from lverson et al. (2007)

Finally, in marine and aguatic mammals, a number of studies have documented
the influence of dietary FA source on body FA composition (lverson et al. 2004,
Budge et al. 2006). An example of thisis provided by another comparison of captive
individuals to their free-ranging counterparts. The Hawaiian monk seal (Monachus
schauinslandi) is one of only two pinnipeds to inhabit a tropical ecosystem.
These systems contain organisms with FA profiles that are quite different
from those of northern/temperate or polar ecosystems. For example, typica of
tropical ecosystems (Dalsgaard et al. 2003) prey throughout the Northwestern
Hawaiian Islands (NWHI) generally contain very low levels of long-chain monoun-
saturated isomers of 20:1 and 22:1, and relatively very high levels of long-chain n-6
PUFA. Comparison of blubber FA signatures of monk seals feeding in the NWHI
versus captive monk seals maintained for an extended period on North Atlantic
herring illustrates the dramatic and predictable influence that dietary FA have on
lipid stores (Fig.12.4). Such comparisons of predator FA signatures alone have
provided considerable insight into foraging ecology, diet shifts, and habitat
segregation of many species.
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Fig. 12.4 Selected dietary FA (mean + 1 SE) in (a) the prey (herring) of captive monk sealsin
comparison to prey in the Northwestern Hawaiian Islands (NWHI) and (b) captive monk seals
(n=10) fed Atlantic herring in comparison to that of the blubber of free-ranging monk seals
(n = 157) in the NWHI. Values for captive prey are the average of all herring analyzed (n = 25,
from five different lots fed) and for wild prey are simply the average of al prey species previously
analyzed in the NWHI data base (n = 1,540 individuals, S.J. Iverson and G. Antonelis, personal
communication) for comparison purposes. The high levels of 14:0, 20:1n-11, 20:1n-9, 22:1n-11,
and 22:1n-9 of Atlantic herring were reflected in captive seals, while much lower levels of these
components and the high levels of n-6 PUFA in NWHI prey were reflected in wild seals. Data
from Iverson et a. (2003)

12.3.2.2 Methods and Statistics

When evaluating different FA arrays, important issues include the choice of FA and
subsequent data analyses. Finding a “significant” difference in levels of a specific
FA among groups does not indicate whether this difference is biologically mean-
ingful or whether the overall profile of FA differs between groups. Multivariate
analyses, which also allow pattern recognition, are generally the most powerful as
they use the maximum number of FA for differentiating predators and resolving
trophic interactions (Budge et al. 2006). However, because there are generaly a
large number of FA identified (up to 70 in marine samples) in relation to sample
size, there are restrictions on the number of FA that can be used (usualy n-1 of
group sample size) to meet statistical requirements. Thus, choices must be made as
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to which FA to use. Clearly, not al FA provide information about diet for various
consumers and these can usually be removed (see also Sect. 12.3.3). For instance,
any FA with <14 carbons within a consumer will have arisen from de novo biosyn-
thesis and has no relation to diet (see Sect. 12.2.3). In mammals, 14:1n-5 arises
almost entirely from biosynthesis from precursors, as demonstrated by very
elevated levels of this FA found in the blubber of newborns (Iverson et a. 1995) or
in the structured outer blubber of small cetaceans (Koopman et al. 1996). Whether
the isomers of 20:1 and 22:1 or odd and branched-chain FA are valuable will
depend on the phylogenetic order of the consumer: the former will not be useful
dietary markers in calanoid copepods and perhaps other zooplankton, while the
latter should be used in primary consumers but not higher orders (see Sect.
12.3.2.1). The FA 22:5n-3 is often considered a potential intermediate between
20:5n-3 and 22:6n-3; however, this may require evaluation as it can also be highly
indicative of diet (Fig.12.3a; Iverson et a. 2007). Other FA may be removed asthey
are not indicative of diet or reliably measured. Thus, when reducing the FA set for
statistical reasons, auseful practiceisto choose FA that are obvious dietary markers
(e.g., Appendix A in Iverson et al. 2004), aswell asthose that are the most abundant
and/or exhibit the greatest average variance across individuals. In higher order
consumers, these can also include FA that could be biosynthesized, but are likely to
be most heavily influenced by dietary intake (Fig.12.2). Since FA anayses gener-
aly report values as mass % of total FA, it may be necessary to renormalize the
chosen FA over 100% and/or transform the data (e.g., taking the log ratio of all
chosen FA over a reference FA) to meet requirements of normality (Budge et al.
2002; Iverson et al. 2002). Proportional data can also be arcsine square root trans-
formed, i.e., = acrsine(sgrt(proportion)), to achieve normality.

Useful multivariate techniques for these types of analyses have been reviewed
extensively by Budge et al. (2006). In brief, multivariate analysis of variance
(MANOVA) tests whether the mean differences among groups, based on a linear
combination of response variables, could have occurred by chance, and subsequently
alows identification of the FA(s) contributing to the differences. Discriminant
function analysis (DFA) is used to classify samples into groups, and to describe
differences among those groups, by creating a series of uncorrelated linear relation-
ships among the original FA variables. The plot of scores derived can effectively
revea relationships among and within sample groups. Similar to DFA, principal
component analysis (PCA) can describe relationships among variables, as well as
reduce large numbers of variables to fewer components that represent most of the
variance in the data. Complementary techniques that have fewer restrictions on
numbers of variables used in relation to sample size include hierarchical cluster
analysis and classification and regression trees (CART), as well as analysis of
similarity (ANOSIM, Clarke 1993). All of these techniques provide the investigator
with effective methods to examine trophic relationships among predators, and
also allow evaluation of the ability to differentiate the prey of a predator when
subsequently considering quantitative methods for estimating diet (see Sect.
12.3.3). For example, DFA analysis of 13 species of fish and invertebratesin Prince
William Sound characterized similarities and differences among these consumers
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Fig. 12.5 Discriminant analysis performed on 13 common species of fish and invertebrates (each
withn> 17, n = 1,050 total) in Prince William Sound, Alaska, using 17 of the most abundant FA,
which together accounted for about 88% of total FA. The plot shows the group centroids (within
group mean for each discriminant function) for the first and second (of 12 significant) discriminant
functions, which accounted for 63% of total variance. Thisanalysis classified individualsto species
with 93.0% success rate when flatfish species were grouped as a whole. Herring (see Fig.12.1)
were classified with 94.5% success. Reproduced from data in Iverson et al. (2002)

(Iverson et a. 2002). Overall, 93% of individuals were correctly classified to species
by their FA composition. Flatfish species, which feed primarily on benthic infauna
and epifauna, grouped closely together, and farther away from the more pelagic
zooplanktivores and piscivores such as herring and pollock, clearly illustrating
ecological differences (Fig.12.5). Despitethelarge FA variation in herring with ontogeny
(Fig.12.1), 94.5% were still correctly classified, illustrating that between-species
differences in FA signatures tend to be more pronounced than within-species
differences as has been found elsewhere (Budge et a. 2002).

12.3.3 Quantitative Estimation of Predator Diets

The characteristics of FA biosynthesis, digestion, and deposition among organisms
(see Sect. 12.2), coupled with the wide arrays of FA arising in marine food
chains (Table 12.1) and thefindingsthat characteristic FA signaturesfound in many
prey types can be used to accurately classify individua species (e.g., Figs. 12.2a,
12.3a, 12.5) raises the possibility of using FA signatures to produce quantitative
estimates of predator diets. This is perhaps the area of greatest current interest in
using FA to elucidate food web relationships, especialy for investigators working at
higher trophic levels. Although statistical techniques described above (see Sect. 12.3.2)
address important questions about patterns of FA composition among individuals
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and populations, they cannot be used to determine species composition of the
diet of higher predators. The number and patterns of FA within a predator, as
well as among and within potential prey species, are extremely complex, and there
will always be absolute differences between predator and prey FA signatures due
to predator metabolism. Thus, it is neither possible to visually assess species
composition of dietsin higher predators in a quantitative manner, nor usually even
in a qualitative manner. Quantitative FA signature analysis (QFASA) is a first
generation statistical tool designed to quantitatively estimate predator diet using
FA signatures (Iverson et al. 2004).

The basic approach of QFASA is to determine the weighted mixture of prey
species FA signatures that most closely resembles that of the predator’'s FA stores
to thereby infer its diet. Details of theinitial QFASA model are provided by Iverson
et a. (2004) and are further discussed by Budge et al. (2006). Briefly, assuming
appropriate sampling and analysis of predator and prey lipids (see Sect. 12.3.1),
the model proceeds by applying weighting factors (calibration coefficients) to
individual predator FA to account for the effects of predator metabolism on FA
deposition in lipid stores. These are empirically determined from controlled
long-term feeding trials. It then takes the average FA signature of each prey species
(or within-species group) and estimates the mixture of prey signatures that comes
closest to matching that of the predator’'s FA stores by minimizing the statistical
distance (e.g., Kulback-Liebler) between that prey species mixture and the weighted
predator FA profile. Finally, this proportional mixture isweighted by the proximate
fat content (i.e., relative FA contribution) of each prey species to estimate the
proportions in the predator’s diet. Each of these steps requires careful consideration.

Perhaps the most important issue when using FA quantitatively is accounting for
predator metabolism. Even in predators that consume high-fat diets, there will be
physiological affects on FA deposition. Thus the FA composition of the predator
will never exactly match that of their prey. At present, predator effects on FA
deposition are accounted for using calibration coefficients, which are simple ratios
for each FA in the predator fat divided by that FA in the diet. The principle is that
if apredator had consumed a constant diet over avery long term, the FA signature of
itslipid storeswould resembl e this diet as much as possible, and any differenceswould
be attributabl e to metabolic processing of individual FA. These“ coefficients’” can be
derived from studies where a predator has been fed a constant diet for a prolonged
period, with the hope that this is sufficient time to have completely turned over all
of itsstored FA. Unfortunately, we do not yet know what the total FA turnover time
is for most predators. Even so, data have been obtained from studies on captive
pinnipeds, mink (Mustela vison), and seabirds (Fig.12.6). The key points from
these data are that the calibration coefficients are, in general, similar across bird and
mammal species and diets. This confirms the dominance of dietary FA deposition,
as well as postulated secondary impacts from biosynthesis and modification (see
Sect. 12.2). Second, the application of these coefficients in the QFASA model has
been shown to be critical to accurate diet estimates (Iverson et al. 2004). To date,
calibration coefficients have not been estimated or evaluated in fish or invertebrates,
but could potentially be done from controlled studies such as those summarized in
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Fig.12.6 Calibration coefficients (CCs, means of 5-16 individuals each) cal culated from control-
led experiments on (a) four species of phocid seals and (b) one otariid species, mink, and common
murres all fed fish diets (3—10% fat), and in suckling grey seal pups consuming their mother’s milk
(60% fat). CCs were calculated according to Iverson et al. (2004) as: % of each FA in each
predator/average %FA in diet, but without using trimmed means. The 1:1 line denotes the deviation
of agiven FA in the predator from that consumed in diet. Asterisks indicate examples of FA
with large deviations from 1:1 but which occur at only minor or trace amounts in marine lipids, with
contributions from biosynthesis, and routinely not used in QFASA modeling. Data taken from
Iverson et al. (2004); Tollit et a. (2006), Iverson et a. (2007); and Nordstrom et a. (2008)

Chap. 6. There may be other ways to quantitatively incorporate metabolism effects
on consumer FA deposition and such research should be encouraged.

There are a number of other important issues that should be recognized to
successfully use QFASA (see lverson et a. 2004 and Budge et a. 2006 for detailed
discussion). These include building a representative and comprehensive prey FA
database for each predator and sampling all prey sufficiently to allow quantitative
evaluation of within and between-species variability to confirm the ability to reli-
ably differentiate prey speciesin the model. The choice of the FA used isalso critical
to model outcomes and will likely also depend upon the reliability of calibration
coefficients determined for specific FA. Ways to incorporate within-species variability
in prey FA and fat content in estimates, as well as ways to measure goodness of fit,
are till being developed. Optimization of model outputs can be assessed when
there is corroborating evidence available (i.e., studies of captive animals or some
free-ranging animals where other supporting diet information exists), but this is
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often not possible. Understanding the detection limits of prey isimportant, especialy
in cases where there is interest in prey species rather than predators. Finally, the
ability to apply QFASA to lower trophic levels has not yet been explored.

Despite issues concerning its further advancement, QFASA has now been
successfully validated for a variety of predators including pinnipeds, mink, and
seabirds (Iverson et al. 2004, 2007; Cooper 2004; Cooper et al. 2005; Nordstrom
et al. 2008). Since most validation studies are performed within the constraints of
captive animal experiments, tested diets are usually composed of only one or afew
prey species, potentialy limiting conclusions drawn. However, two studies have
allowed evauation of QFASA in free-ranging animalsin their natural habitat consum-
ing awide array of prey. Results from a captive validation study of seabirds were
extended to the study of 235 free-ranging murres and kittiwakes by comparing
QFASA diet estimates to those derived from stomach contents in the same individuals.
Although one would not expect results from the two analyses to be identical,
mainly because the two methods integrate diet over different time scales, both
methods indicated the same dominant prey (Fig.12.7a, b) and characterized well-
established differences in the known diets of murres and kittiwakes in the Bering
Sea. In the Northwest Atlantic, free-ranging harbor sedls, fitted with head-mounted
video-cameras, allowed estimates of prey capture, which were then compared with
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Fig. 12.7 Diet estimates of free-ranging murres (COMU, TBMU, see Fig.12.3) and kittiwakes
(RLKI, BLKI) (n = 235) in the Bering Sea using (a) QFASA (modeled on 161 prey representing
15 species) in comparison with (b) stomach contents analysis in the same individuals. Bars are
means of each species estimated in diets and vertical lines are +1 SE. Reproduced from data in
Iverson et a. (2007)
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Fig. 12.8 Individual QFASA diet estimates of the contribution of prey speciesto diets of 23 free-
ranging adult male harbour seals, at Sable Island, Nova Scotia, deployed with an animal-borne
video system (“Crittercam™) and filmed during natural feeding events. Seal signatures were modeled
using a Scotian Shelf prey database of 954 prey representing 28 species. Inset: prey types
consumed in video recordings of these seals, expressed as percent of all 10-min video-sampling
units (VSU) that filmed prey captures and which contained identifiable items (n = 223).
Reproduced from datain Iverson et al. (2004)

the diet estimates in the same individuals obtained using QFASA (Fig. 12.8).
QFASA diet estimates were similar to those recorded on video and were also consistent
with major prey identified in gastric lavage data and fecal analyses (Iverson et al.
2004). On the basis of these studies, QFASA is now being used to address broader
ecosystem-scale processes (Bowen et a. 2006; |verson et al. 2006b, 2007; Beck et al.
2007). The current conclusions drawn from such quantitative studies are that QFASA
is a potentialy powerful tool in ecological research, which has provided new insight
into the foraging patterns and ecology of free-ranging predators that would other-
wise not be discernable. Nevertheless, QFASA must be used with due diligence and
investigators should understand that there are many issues that remain to be
resolved, or need to be further investigated, to improve its reliability.

124 Summary, Conclusions, and the Future

In their very thorough review, Dalsgaard et al. (2003) noted that FA can only
presently be used qualitatively or semiquantitatively and concluded that the state of
theart for using FA astrophic tracers was essentially at the same level described 30
years ago by Sargent (1976): “ At the present state of our knowledge it would appear
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that fatty acid analyses represent a rather blunt tool in defining food chain
inter-relationships. Until further knowledge is accumulated it would appear best to
apply fatty acid analyses as a corroborative method to support prey—predator
relationships already indicated on independent grounds, such as analyses of stomach
contents”. In just afew short years since this review, the field of FA signature ana-
lysis has clearly advanced. With the advent of QFASA at higher trophic levels, we
are now successfully using FA to understand some otherwise entirely intractable
systems and ecosystem processes. Using QFASA, we are beginning to understand
demographic (i.e., sex, age) and individual sources of diet variability in an abundant
marine predator, the grey sea (Halichoerus grypus), and how it uses the North
Atlantic ocean relative to prey abundance and distribution (Bowen et al. 2006; Beck
et al. 2007). We have studied polar bear foraging at continental scales (i.e., across
the entire Canadian Arctic), providing new insight into individual and population
responses to changes in prey distribution and climate (Iverson et al. 2006b).
We have also linked seabird foraging to productivity and prey abundance throughout
the Bering Sea (Iverson et al. 2007). In the tropical NWHIs, we are gaining insights
into the key prey of the critically endangered Hawaiian monk seal (lverson et al.
2006a). Nevertheless, there remains much work before we understand the full
potential and limitations of QFASA. Although we have advanced considerably and
are somewhat beyond the “first-cut” stage, the potential to use QFASA (or other
statistical models or methods) to investigate trophic ecology will continue to be an
areafor fruitful research.

Understanding metabolism effects on FA stored in consumers (which for
simplicity isreferred to as“ calibration”) is extremely important in using FA to study
food webs using any of the methods outlined above, and in QFASA, is also likely
largely tied into choosing the appropriate FA set for modeling. QFASA was obvi-
oudly designed for upper trophic level endothermic vertebrates, but so far little is
known about how this can be applied to ectothermic fish and reptiles, and even less
about its potential application to primary consumers such as zooplankton. Certainly
one way to advance this knowledge would be to conduct more rigorously controlled
long-term studies to estimate calibration in a wide variety of consumers, including
whether the principle of calibration coefficients could be used in lower orders. Even
at the highest trophic levels, coefficients have only been evaluated in one species of
seabird and none have yet been evaluated for cetaceans, polar bears, or sea otters.

A potentialy powerful trophic indicator, which should be further studied and
calibrated is mammalian milk. Given the metabolic dominance of the lactating
mammary gland, ingested FA are directed first into milk over other tissues (Iverson
1993). For example, even though consumption of small amounts of very low-fat
terrestrial vegetation could not be detected in polar bear adipose tissue using either FA
or stable isotope analyses (Hobson and Stirling 1997), it was detected in milk FA
(see Sect. 12.3.2.1). However, QFASA has not yet been adapted to analyses of milk.

Additionally, within higher-predator species, the influence of fat content of the
diet on quantitative calibration has not yet been addressed but should be important,
as higher fat diets are presumably associated with greater fat deposition and lower
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biosynthesis or modification of FA by predators. Similarly, the effects on predator
FA deposition of consumption of prey with widely differing fat contents requires
further evaluation. Future studies should also examine whether the FA composition
of the control diet used to determine calibration affects the eventual modeling with
prey of similar versus widely differing FA compositions. There also needs to be a
better understanding of the quantitative effects of fasting and mobilization on the
composition of predator FA stores, especially in species that routinely fast as part
of their life history. Finally, while it has been demonstrated that QFASA estimates
correctly reflect major components of diet, the ability to identify trace components
may be limited. Careisalso clearly required in interpreting results from prey species
with similar FA signatures, which may cause false positives in estimates (e.g.,
Iverson et al. 2004; Budge et a. 2006; Nordstrom et al. 2008).

In theory, if al the above requirements for using QFASA (see also Sect. 12.3.3)
were met for each consumer in a given ecosystem, one could model diets of each
consumer/predator at each subsequently higher trophic level. Iteration backwards
might allow estimates of ecosystem processes responsible for food web production
and budgets. Whether this could ever be realized remains to be established, but
almost certainly could not be accomplished using FA and QFASA aone. Additional
toolsfor better understanding trophic transfer of FA in general and the performance
of QFASA in particular could make use of advanced and targeted techniques, such
as using radio or stable isotope-labeled FA to trace pathways from diet to deposition
(Budge et a. 2004; Cooper 2004; Cooper et a. 2006). These types of methods
should provide even better insight at all trophic levels but are fairly cost-intensive.
Of course, combining FA and QFASA with other types of corroborative evidence
will always be useful and aid in further validation of using FA as accurate trophic
tracers. One particularly important area that should continue to be explored is
combining FA with stable isotope analyses of tissues or of individual FA (eg.,
Kharlamenko et al. 2001; Hebert et a. 2006). Recently, the convergence of diet
estimates derived from FA and stable isotopes was illustrated by the correlation
between estimates of the trophic position of free-ranging grey seals from QFASA
and 3N values (Tucker et al. 2008). Additionally, the stable carbon isotopic
composition of diatom FA has been used to investigate the contribution of ice algae
to higher trophic levels and shows promise in tracing carbon flow through an Arctic
marine food web (Budge et al. 2008).

In conclusion, while there are many areas of research to pursue and questions to
address, it is clear that FA can be used as powerful trophic tracers of carbon flow,
food webs, predator—prey interactions, and even ecosystem structure and dynamics
within marine and other aquatic ecosystems. FA are particularly useful in that they
are relatively easily measured, sensitive to change and responsive to change in a
predictable manner, and are integrative. The fact that techniques have advanced to
the point of estimating overall species composition of diets of individual predators,
at time scales relevant to the ecological processes affecting survival, is exciting.
Coupled with other information, FA can provide valuable insights about the ecology
of individual species and ecosystem structure and functioning.
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Chapter 13
Essential Fatty Acidsin Aquatic Food Webs

Christopher C. Parrish

13.1 Introduction

Aquatic ecosystems occupy the largest part of the biosphere, and lipids in those
systems provide the densest form of energy. Total lipid energy can be used to predict
features of animal population dynamics such as egg production by fish stocks.
Difficulties in determining the relationship between spawner biomass and the
number of offspring produced (recruitment) have led researchers to look at lipids
(Marshall et al. 1999). A positive association between recruitment and liver weights
in cod prompted an investigation of total lipid energy as a proxy for total egg
production by fish stocks. Marshall et al. (1999) found a highly significant linear
relationship between total egg production and total lipid energy, and they suggested
this approach should be used at other trophic levelstoo. Total lipid content of fish has
also been connected to climate-induced community changes (Litzow et a. 2006).
It is hypothesized that this relates to the dietary availability of just two fatty acids
which were positively correlated with total lipid content.

The study of fatty acids in aquatic food webs has often focussed on their broad
use as biomarkersin trophic transfer studies (e.g. Napolitano 1999; Dalsgaard et al.
2003; Iverson et a. 2004). By contrast the study of fatty acids in aguaculture has
usualy centred on only two or three fatty acids and their importance as essential
dietary nutrients. The focus has been on the long-chain fatty acids, docosahexaenoic
acid (DHA, 22:6n-3), eicosapentaenoic acid (EPA, 20:5n-3) and, to a lesser,
extent arachidonic acid (ARA, 20:4n-6) which are required by organisms for
optima health. These polyunsaturated fatty acids (PUFA) maintain membrane
structure and function and are precursors of bioactive compounds in vertebrates
(Lands — Chap. 14), invertebrates, and plants. In finfish, they are required for
normal somatic growth, survival, neural development, pigmentation, and reproduction
(e.g. Sargent et a. 1999a). Based on adetailed examination of lipid biochemistry, this
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chapter arguesfor acrossover between these two approaches, i.e. abroader examination
of nutritional fatty acids in aguaculture and a more thorough consideration of
nutritional implications in trophic transfer studies.

13.2 Definition of Essential Fatty Acids

In 1930, linoleic acid (LIN, 18:2n-6) was termed an ‘essential fatty acid’ because
it could eliminate acute deficiency states in rats that had been fed fat-free diets
(Burr and Burr 1930). The ensuing search for fatty acids with essential fatty acid
activity revealed a variety of polyunsaturated fatty acids which had the first double
bond in the n-6 position. Later it was also shown that o-linolenic acid (ALA, 18:3n-3)
could remove deficiency symptoms (Gurr and Harwood 1991), and now we know
there to be anumber of n-3 fatty acids with carbon numbersranging fromC ,to C_
that qualify as essential fatty acids (Cunnane 2000). In fact there are 23 PUFA in
which the first double bond starts either 3 or 6 carbons from the methyl end that
have essential fatty acid activity, some of which are shown in Figs. 13.1 and 13.2
In the synthesis of unsaturated fatty acids, the first double bond is usualy
inserted near the middle of the molecule in al organisms, for example in the n-9
position in stearic acid (18:0) to create oleic acid (18:1n-9). In animals, subsequent

Fig. 13.1 Structures of some n-3 polyunsaturated fatty acids present in aquatic samples. Hexadeca-
trienoic acid (16:3n-3), a-linolenic acid (ALA, 18:3n-3), eicosapentaenoic acid (EPA, 20:5n-3),
n-3 docosapentaenoic acid (n-3DPA, 22:5n-3), and docosahexaenoic acid (DHA, 22:6n-3) are all
related biochemically because of the location of the first double bond 3 carbons from the methyl
end of the chain
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Fig. 13.2 Structures of some n-6 polyunsaturated fatty acids present in aguatic samples.
Hexadecadienoic acid (16:2n-6), linoleic acid (LIN, 18:2n-6), arachidonic acid (ARA, 20:4n-6),
and n-6 docosapentaenoic acid (n-6DPA, 22:5n-6) are al related biochemically because of the
location of the first double bond 6 carbons from the methyl end of the chain

double bonds are introduced between an existing double bond and the carboxy! end
of the molecule, while plants normally introduce a second double bond between the
existing position and the terminal methyl group. The inability of animals to insert
adouble bond between the first one and the methyl end, combined with arequirement
for fatty acids with thefirst double bond in the n-3 or n-6 position for disease preven-
tion, is the basis of the essentiality of n-3 and n-6 fatty acids. When provided with
sufficient n-3 and n-6 fatty acids in the diet, most animals can make other n-3 and
n-6 fatty acids by desaturation and elongation or by retroconversion to shorter-chain
fatty acids, but the n-3 and n-6 series are not interconvertible in vertebrates and
most other animals except in the case of transgenic animals (Kang et a. 2004).
The extent to which a given species can convert one n-3 fatty acid to another or one
n-6 fatty acid to another leads to degrees of essentiality.

It is generally believed that ARA, EPA, and DHA are the most important
long-chain (C,, — C,,) PUFA in mammals (Simopoulos 2002; Ruxton et al. 2004,
Shahidi and Miraliakbari 2004; Wijendran and Hayes 2004) and fish (Sargent et al.
19994, b; Montero et al. 2003, 2004). They have to be supplied to animals in their
diet, although some animals can synthesize at least some of them when sufficient
quantities of the LIN and ALA precursors are available. Many freshwater fish can
synthesize these long-chain PUFA by a series of desaturations and elongations,
although pollution decreases the ahility of whitefish, Coregonus lavaretus to convert
LIN to ARA by a factor of twofold to threefold (Toivonen et al. 2001). However,
marine fish appesar to have lost the ability to express akey elongase and/or desaturase
gene (Sargent et al. 1999a, 2002; Tocher 2003). Gurr and Harwood (1991) make a
distinction between ‘essential metabolites’ and ‘essential nutrients’, so that using
this terminology, LIN and ALA would be considered to be essential nutrients in
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freshwater fish, while the long-chain products would be essential metabolites.
In marine fish, ARA, EPA, and DHA would be essential nutrients. Similarly, rats
and humans have some ability to synthesize LIN and ALA from 16:2n-6 and
16:3n-3 in green vegetables (Cunnane and Likhodii 1996), so that the essential
nature of LIN and ALA depends on availability of precursors as well as the amount
of these fatty acids in storage. These two short-chain PUFA (Figs. 13.1 and 13.2)
also commonly occur in microalgae (e.g. Dunstan et al. 1992; Viso and Marty 1993;
Nanton and Castell 1998). Borrowing terminology used in the amino acid literature,
Cunnane (1996) suggested essential fatty acids should be divided into ‘indispensable
or ‘conditionally dispensable’ fatty acids where requirements may change according
to amountsin storage, age, or availability of other precursors. He subsequently modified
the two categories to ‘ conditionally indispensable’ and ‘ conditionally dispensable’
fatty acids on the basis that there is insufficient evidence that any single PUFA is
absolutely indispensable through the lifespan (Cunnane 2000).

While the mammalian literature recognizes 23 fatty acids having essential fatty
acid activity, for the most part, the aguatic literature recognizes only two: EPA and
DHA (e.g. Klein Breteler et al. 1999; Anderson and Pond 2000; Muller-Navarraet a.
2000, 2004; Arts et a. 2001; Tang and Taal 2005; Litzow et al. 2006; but see Kainz
et al. 2004; Ahlgren et al. — Chap. 7). This despite the fact that ARA is now known
to be an essential fatty acid during early development of marine finfish, abeit at
lower concentrations (reviewed by Sargent et al. 1999b; 1zquierdo et al. 2000).

In the aquatic literature, EPA and DHA are termed ‘essential fatty acids' without
qualification, but generally appear to be assumed to be essential nutrients, essential
metabolites and indispensable, using the terminology of Gurr and Harwood (1991)
and Cunnane (1996). It is clearly time for an examination of whether two fatty acids
are enough to describe essential fatty acid status in aquatic food webs and to start
to examine the degree of essentiaity of these and other PUFA.

13.3 Effectsof Essential Fatty Acids

Public awareness of n-3 fatty acids has increased dramatically over recent years
(Lands — Chap. 14). Consumption of EPA and DHA has beneficia effects on plasma
lipids and lipoproteins (Harris 19974, b), cardiovascular disease (Kris-Etherton et al.
2002), cancer (Shahidi and Miraiakbari 2004), inflammatory and autoimmune
diseases (Simopoul os 2002), brain development and function (Ruxton et al. 2004), and
even adipose tissue hypertrophy (Parrish et d. 1990). For the most part, meta-analyses
have confirmed these observations (He et a. 2004; Balk et al. 2006; Mozaffarian and
Rimm 2006), athough one recent one has not (Hooper et al. 2006). Nonetheless,
Hooper et al. state that their findings ‘do not rule out an important effect of omega 3
fats on total mortality’ and they advise consumption of more oily fish.

There are marked differencesin the effects of dietary fish oils on plasmalipid and
lipoprotein concentrations in experimental animals and in humans. Harris (1997a)
reviewed studies of seven species of experimental animals and compared them with



13 Essentia Fatty Acidsin Aquatic Food Webs 313

human trials (Harris 1997b). The n-3 fatty acids consistently lowered serum triacylg-
lyceral concentrations in humans but not in most species of experimental animals.
Conversely there was a marked reduction in high-density lipoprotein-cholesterol
concentrations in experimental animals, which is ailmost never seen in humans.
Harris suggests these differences result not only from species differences but also
from feeding experimental animals much larger concentrations of n-3 acids.

Many people know that EPA and DHA are recommended by the American Heart
Association, for example, and that they are derived from fish. However, few people
realize that the main source of these fatty acidsisthe aguatic food web, and they have
to be acquired directly or indirectly by fish themselvesthrough their diets (Gladyshev
et a. - Chap. 8; Lands - Chap. 14). Even fewer know that EPA and DHA are actualy
very important at various trophic levelsin the food web. In finfish, EPA and DHA are
important in growth, immunity, and stress resistance. In sea bream, a 75% reduction
in EPA + DHA resulted in a 13% reduction in growth, an increase in erythrocyte
fragility, and alterationsin cellular immunity and in renal morphology including renal
tube degeneration (Montero et al. 2004). In another experiment a 50% reduction in
dietary EPA + DHA, but with replacement thistime with ALA, significantly affected
stress response in sea bream (Montero et al. 2003). Plasma cortisol concentrations
were significantly higher after net chasing or overcrowding.

DHA done, which isespecialy richin vertebrate neural tissue, is needed for finfish
eye development and schooling behaviour. Phospholipidsin the excitable membranes
of the central nervous system are uniquely enriched in DHA. This n-3 fatty acid is
contained in the phospholipids of the membrane hilayer, where it may produce an
optimal acyl-chain packing array for the functioning of transmembrane proteins
involved in the excitatory response. Animals deprived of n-3 fatty acids show reduced
levels of DHA inthe brain and retinaand concomitant impairmentsin retinal function
and learning ability (e.g. Moriguchi et al. 2000). DHA-deficient yellowtail, Seriola
quinqueradiata, do not show schooling behaviour (Masuda and Tsukamoto 1999), and
dietary DHA wasimportant in terms of survival, eye devel opment, and pigmentation
in halibut larvae (Shields et al. 1999). Pigmentation may require signa transmission
viathe visual system to the brain which controls melanin synthesis.

Dietary DHA is also needed in invertebrates, for example for successful
hatching in copepods (Arendt et al. 2005) and for somatic growth in shellfish. The
growth of zebra mussel larvae was enhanced by DHA supplementation and not
by EPA supplementation (Wacker et al. 2002), while in postlarval sea scallops the
lowest growth rate occurred with the diet containing the lowest DHA concentrations
(Milke et al. 2004).

In marine organisms, ARA, is another equally important fatty acid even though
itispresent in low proportions, except in echinoderms (Copeman and Parrish 2003).
This n-6 acid has received extensive attention in the mammalian literature, and it is
well established that ARA actsin concert with EPA to control physiological properties.
Much attention has been paid to the role of these C,; compounds as precursors of a
wide variety of short-lived hormone-like substances called eicosanoids (Lands —
Chap. 14), which are a large group of cyclized compounds found in protozoa and
al major animal phyla (Stanley and Howard 1998). ARA isimportant in seaurchin
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and finfish eggs (Ciapa et a. 1995; Pickova et al. 1997) and is needed for finfish
growth, survival, and stress resistance (Bell and Sargent 2003).

13.4 Mechanisms of the Effects of Dietary Essential
Fatty Acids

The competition among dietary fatty acids for key enzymes is central to our
understanding of theimportance of essential fatty acids in aguatic food webs. There
is a fundamental biological difference between lipid nutrition and carbohydrate
and protein nutrition (Sargent et al. 2002). The enzyme-substrate interaction in
carbohydrate and protein metabolism depends mainly on strong ionic and hydrogen
bond interactions resulting in high specificities in enzyme-catalysed reactions.
Enzyme-substrate interaction in lipid metabolism depends much more on weak
hydrophobic interactions (such as van der Waals and dispersion forces) resulting in
lower specificities in enzyme-catalysed reactions. Thus, the fatty acid composition
in animals depends on the low specificity of incorporation of dietary fatty acidsinto
lipids (Sargent et al. 2002). It is for this reason that recent work in aquaculture
nutrition has focussed on dietary fatty acid ratios, especially the DHA to EPA ratio
(Ahlgren et a. — Chap. 7).

A multitude of studies have been undertaken on the mechanisms associated with
the health effects of dietary fish oilsin mammals. It appears that membrane phos-
pholipids may be central to many of the mechanisms postulated for their effects.
One way in which they exert their influence is through their effects on membrane
structure. Phospholipids are by far the major lipid components of most membranes,
and fatty acids are in most cases the principal determinants of amembrane’sinternal
physical state (Thompson 1992). Highly unsaturated fatty acids have specific effects
on thelipid bilayer and its dynamics, with potential influences on membrane protein
functioning. Reduction in plasmatriacylglycerol concentrations was one factor that
early studies suggested might improve human health by reducing atherosclerosis.
Now, however, the preferred mechanism for reduction in cardiovascular mortality
is an antiarrhythmic effect arising from modulation of calcium ion flux (Hallag and
Leaf 1992; Goodnight 1996). High concentrations or high fluxes are believed to
cause ventricular arrhythmias by producing a strong current, but in rat myocytes
n-3 fatty acids reduce calcium flux into the cells. Thereason for this effect isthought
to be an alteration of calcium channel structure or function through inclusion of n-3
fatty acids in the plasma membrane.

Similarly, the mechanism for the dietary regulation of the activity of lipogenic
enzymes (Herzberg 1989; Herzberg and Rogerson 1989) and of tumour devel opment
(Jiang et al. 1997) may relate to the fatty acid profile of the nuclear envelope
phospholipids (Clandinin et al. 1992). Transport of RNA occurs only through
nuclear pore complexes with lipid clustering modulating their opening and closing.
Enzymes providing energy for trandocation of RNA also occur near these complexes.
In addition, the nuclear envel ope possesses hinding sites for hormones. These processes
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may all be affected by diet-induced changes in membrane structure. Changes in
adipocyte size and function following dietary supplementation with fish oil may
also relate to the modification of membrane lipid structure (Parrish et al. 1997). Inrat
adipocyte plasma membranes, the ratio of phosphatidylcholine to sphingomyelin
was found to be increased as was the proportion of molecular species with PUFA.
Changes in physicochemical properties of plasma membranes are known to affect
hormone receptors and the specific activities of enzymes. As might be expected,
there are studies where increased membrane fluidity can apparently be ruled out as
the mechanism of the metabolic effect of fish oil feeding. For example, Dulloo et al.
(1994) demonstrated suppression in calcium-dependent heat production in muscles
by fish ail feeding, which is the opposite of that which would be expected if there
was an increase in membrane fluidity. However, they did not refer to other waysin
which membrane lipids can regulate cellular processes.

In addition to exerting their effects through their physicochemical properties,
membrane phospholipids are also a source of bioactive compounds or messengers
(Arts and Kohler - Chap. 10: Lands - Chap. 14). ARA at position sn-2 of phosphati-
dylcholine and phosphatidylethanolamine is released by phospholipase A, to gener-
ate eicosanoids. Minute quantities of eicosanoids have potent physiological effects
(e.g. Gurr and Harwood 1991). One group of eicosanoids, the leucotrienes, are
generated by the action of lipoxygenase and are powerful mediators of the inflam-
matory process (e.g. Goodnight 1996). Ancther group of eicosanoids, the prostaglan-
dins and thromboxanes, are generated by the action of cyclooxygenase. They are
involved in reproduction, blood clotting, the circulation, kidney function, pain and
stress reactions, protection of the gut from self-digestion, and regulation of immuno-
logical responses (e.g. Urich 1994; Goodnight 1996). Competition between ARA
and EPA for these enzymes results in the production of different types of pros-
taglandins, thromboxanes and leucotrienes in varying quantities. The action of
cyclooxygenase on ARA gives rise to the series 2 cascade with two double bonds in
the molecules; EPA gives the series 3. These compounds are involved in regulating
many types of actions aswell asinflammation. Aspirin is a cyclooxygenase inhibi-
tor that decreases the synthesis of prostaglandins.

Together, prostaglandins and leucotrienes constitute a group of extracellular
mediator molecules that are part of an organism’s defence system (Arts and Kohler
— Chap. 10); however, reports on the effect of n-3 and n-6 fatty acids on immune
response in fish are not conclusive and often contradictory, probably because of
other physiological and environmental factors (Lall 2000). For example, although
the feeding of vegetable oil to salmon reduced nonspecific immune parameters,
there was no increase in mortality when chalenged by a pathogen (Bell and Sargent
2003). Nonetheless, given that eicosanoids are clearly involved in mammalian and
invertebrate immunity (Stanley and Howard 1998), further research with fish should
produce a direct connection. The importance of ARA for finfish growth, survival,
and stress resistance is already much clearer (Bell and Sargent 2003).

Not only are the fatty acids important in messenger formation, but different types
of phospholipidsareinvolved in different ways aswell. The enzymesknown as protein
kinase C require the phospholipid phosphatidylserine for their activity. Protein kinase
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C play acentral role in a system of signal transduction through the membrane that
acts on another membrane lipid: phosphatidylinositol-4,5, biphosphate (e.g. Urich
1994). These enzymes become active on hinding to alipid bilayer and in turn are
influenced by the level of polyunsaturation in that bilayer (Stubbs 1992).

Although it has long been known that dietary fatty acids can alter membrane
phospholipid composition (e.g. Gurr and Harwood 1991), the fact that different
types of membrane phospholipids are affected differently (e.g. Aukema and Holub
1989; Zsigmond et al. 1990; Parrish et al. 1997) islesswell known. Thisis because
it is analytically more challenging to perform molecular species analyses than a
simple total fatty acid profile. The importance of studying molecular species for
determination of physical properties is underlined by the work of Fodor et al.
(1995) who showed that changes in overall membrane fluidity in carp livers could
be related to just a few molecular species (Arts and Kohler — Chap. 10).

A membrane can contain well over 100 different molecular species. The glycero-
phospholipids among them consist of complex mixtures of diacyl- (e.g. Fig.13.3),
alkenylacyl-, and alkylacyl-glycerol derivatives. Not only does fish oil feeding
replace some of the ARA in these molecular species (Aukema and Holub 1989;
Careaga-Houck and Sprecher 1989), but there is also a preference for incorporation
of n-3 fatty acids in ethanolamine glycerophospholipids (Yeo et al. 1989; Parrish
et al. 1997), especially alkenylacyl ethanolamine glycerophospholipids (Aukema
and Holub 1989). For example, after feeding rats a diet supplemented with 21%
EPA + DHA, the proportion of these fatty acids in phosphatidyl ethanolamine was
also 21%, more than twice the proportion in other phospholipid classes (Parrish
et a. 1997). It is also interesting that dietary fish oil can create several molecular
species that do not exist without it, while for the most part preserving those that do
exist without fish oil feeding (Parrish et a. 1997). As well, fish oil feeding can
cause adramatic increase in the C,, monoenoic acid, nervonic acid, in sphingomy-
elin which contains no PUFA (Parrish et a. 1997). Bettger (1998) indicates that
there is a neutraceutical benefit to this increase in nervonic acid in sphingomyelin
which isinvolved in a cell signalling cascade leading to cell division or apoptosis
(death). Theincrease in nervonic acid was not observed when an n-6 fatty acid diet
was fed (Zsigmond et al. 1990).

(0]
VAVERAVER VNV VRV an Ve

HC —O0 —C
3 o

\ G+ i |
CH;—N—CH,—CH;—0—P —O0—CH,

CH

CH, o

Fig. 13.3 Structure of an important phospholipid molecular species present in aguatic samples:
1-oleoyl, 2-docosahexaenoyl phosphatidyl choline
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Thus, it is strongly recommended that molecular species analyses are performed
in order to help define the mechanisms of the effects of essential fatty acids. However,
simply cataloguing changes in molecular species distributions in membranes is aso
not enough: if the mechanism is believed to involve changes in physicochemical
properties then fluidity determinations (Muriana and Ruiz-Gutierrez 1992; Hall
et al. 2002) should be made concurrently, while phospholipase A, activity (Evans
et al. 1998) should be determined if the effect involves eicosanoids. Therate-limiting
step in the biosynthetic pathway of the eicosanoids is the release of a PUFA by
phospholipase A, (e.9. Gurr and Harwood 1991; Urich 1994). This enzyme becomes
active on binding to a membrane bilayer, and it may in turn be influenced by the
level of polyunsaturation in that bilayer (Stubbs 1992). Aswell, it isinteresting that
phospholipase A, is also needed to produce another type of biologically active
lipid: platelet-activating factor (Gurr and Harwood 1991).

Theinfluence of dietary fatty acids on an organism’slipid composition provides
achallenge for membranes since their physical characteristics are a key determinant
of membrane structure and function. Although the fatty acidsin phospholipids respond
readily to changesin dietary content, membrane lipid composition isregulated. In fact,
organisms which inhabit variable environments exploit the considerable chemical
diversity among membrane lipid constituents so that lipids of appropriate physical
properties are matched to the prevailing environmental conditions (Hazel and
Williams 1990). If essential fatty acids are missing, animals will modify their own
metabolic pathways to try and compensate, but physiological abnormalities may
result (Thomson 1992).

Ectothermic animals increase the membrane content of unsaturated fatty acids
in response to cold (Arts and Kohler — Chap. 10) in order to counteract the ordering
effects of reduced temperature. This defence of membrane fluidity in ectotherms
following thermal challenge, termed homeoviscous adaptation, was first described
by Sinensky (1974) for Escherichia coli. Finfish membranes have high levels of
sn-1 monoenoic, sn-2 polyenoic phospholipid molecular species (e.g. 18:1n-9/
DHA, Fig.13.3) with cold adaptation, rendering the membranes less packed (Farkas
et al. 2001). During winter, this adaptation may have to be performed at a time
when lipid levels are low. Lipid depletion during overwintering is quite common in
finfish (e.g. Arctic charr: Jorgensen et al. 1997; Jobling et al. 1998; Atlantic
salmon: Morgan et al. 2002; and perch: Eckmann 2004).

Although phospholipid molecular species containing DHA are important in
controlling finfish membrane fluidity, a direct correlation with DHA has not been
found. In contrast, Hall et al. (2002) found a simple but very strong relationship
between fluidity and a single polyunsaturated fatty acid, EPA, in gill membranes
from the scallop Placopecten magellanicus. This suggests a possible dual function
for this fatty acid in scallops as EPA’s hiological importance is usually associated
withitsrole asan eicosanoid precursor. DHA, with its exceptiona flexibility resulting
from the electronic structure of the polyunsaturated chain (Eldho et al. 2003) has
been thought to have mainly a structural function in membranes. However, it too
may play adual role asit has recently been found to be the precursor of bioactive
compounds in rainbow trout brain cells (Hong et al. 2005).
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13.5 AreN-6 PUFA Essential Fatty Acids
in Aquatic Food Webs?

The importance of ARA for marine finfish in culture is becoming well established,
but there is also evidence for the importance of ARA and LIN in crustaceans,
suggesting a wider ecological role for ARA as well as other n-6 fatty acids. ARA
was the most efficiently accumulated PUFA in planktonic food webs in oligotrophic
lakes (Kainz et al. 2004), and suboptimal levels of ARA were implicated in the
decline of copepods in a Baltic Sea mesocosm experiment (Ahlgren et al. 2005).
ARA andto alesser extent, LIN, improved survival, moulting frequency, and growth
rate in the Chinese prawn (Penaeus chinensis: Xu et al. 1994). On the other hand,
it was LIN that was highly correlated with field estimates of egg viability in the
copepod, Calanus helgolandicus (Pond et a. 1996). However, principal components
analysis also indicated that ARA content in the food and in the eggs was a potential
factor involved in hatching success.

While EPA, DHA, and to alesser extent ARA are often quantitatively dominant
among the long-chain PUFA, there are a number of n-3 and n-6 long-chain PUFA
that are commonly found in lipid extracts, especially from aquatic food webs, which
may be nutritionally important too. For this type of investigation, fish larvae are
particularly attractive because they are small and grow very quickly. In fact, fish
larvae can be among the smallest of &ll vertebrates and they can have the highest growth
rates of all vertebrates. In addition, lipid nutrition of larvaeisrecognized as one of the
bottlenecks for mass production of many species, and the effects of essential fatty acids
on growth, survival, and stress resistance of marine larvae have received increasing
attention in the last decade (Sargent et al. 1999b; 1zquierdo et al. 2000).

Parrish et al. (2007) took advantage of an unusual molecular and isotopic
composition of athraustochytrid protist (Schizochytrium) to follow n-6 docosapen-
taenoic acid (n-6DPA, 22:5n-6) in a short food chain leading to cod larvae. Using
mass spectrometry (MS) they showed that n-6DPA had the properties of an essential
fatty acid allowing them to postulate that it acts in concert with DHA, and also to
test the hypothesis put forward by Metz et al. (2001) that EFA synthesized by an
unusua biochemical pathway in bacteria and protists may be transferred to fish.

Known pathways of PUFA synthesisinvolve the processing of the saturated 16:0
or 18:0 by elongation and desaturation so that the synthesis of DHA from acetyl-CoA
requires nearly 70 reactions. Polyketide synthase systems conduct the same reactions
but in an abbreviated sequence. This route is found in some marine bacteria and
primitive eucaryotes like the thraustochytrid protist Schizochytrium (Metz et al.
2001). This abbreviated pathway is thought to be responsible for providing an unusual
fatty acid isotopic signature in Algamac® (Parrish et al. 2007) which consists
entirely of spray-dried Schizochytrium sp. To determine this signature, fatty acid stable
carbon isotope ratios (6*°C, %o0) were measured after combustion, by continuous flow —
isotope ratio MS. Compound-specific carbon isotope determinations are a refine-
ment of bulk isotope measurements commonly used in food web studies (e.g. Canuel
et al. 1995; Stapp et al. 1999; Vander Zanden et a. 1999; Post et al. 2000).
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Algamac is also unusual in that it has high proportions of n-6DPA (9%) which
larval cod take up rapidly when it is made available in the diet (Parrish et al. 2007).
This fatty acid is al'so present in a few species of microalgae (Nanton and Castell
1998; Milke et al. 2004, 2006) and especially in Paviova sp. whereit can reach levels
similar to those found in Algamac (Pernet et al. 2005). Exceptionally high amounts
can be found in labyrinthulids, another type of marine microorganism which is
related to the thraustochytrids. One isolate produces n-6DPA as its sole PUFA,
amounting to 48% of total fatty acids (Kumon et a. 2003). Extensive bioaccumulation
of this C,, fatty acid has been linked to improved growth in different scall op species
and at different life stages (Milke et al. 2004, 2006; Pernet et a. 2005) as well as
in cod larvae (Garcia et al. 2005, 2008). In sea scallop (Placopecten magellanicus)
early veligers, the initia proportion of n-6DPA was well below dietary amounts
(<2%: Pernet et a. 2005), but it increased markedly during ontongeny to become a
major component (up to 20%). Marked accumulation of n-6DPA was observed in
sea scallop larvae irrespective of diet and life stage: late veliger, pediveliger, or
postlarvae. This fatty acid may be important in later stages as well. Alkanani et al.
(2007) tested 140 variables to predict the growth of mussels starting at 2-cm length
in the field. N-6DPA was among only four that were found to be significant.

Thefatty acid n-6DPA may play an important structural role in membranes and/
or may be a precursor of bioactive compounds. Despite the similarity in chemical
structure and some physical properties, DHA and n-6DPA chains do pack differently
in bilayers (Eldho et a. 2003). The DHA chain, with one additional double bond,
ismore flexible which would likely have an impact on membrane proteins and their
functions. Rats fed n-3-deficient diets appear to try and maintain an overal C,,
PUFA level in brain phospholipids by replacing DHA with n-6DPA, but their
behaviour is affected (Moriguchi et al. 2000).

In animals, eicosanoid bioactive compounds are derived from 20-carbon precursors
(eicosais Greek for 20), but 18-carbon compounds are also used in algae, for which
the term *oxylipin’ is applied (Gerwick 1994). Recently the C,, DHA has been
found to be a precursor of bioactive compounds termed ‘docosanoids’ (docosa is
Greek for 22) generated via enzymatic oxygenations (Hong et al. 2003, 2005).
The same enzymes could work on the C,, n-6DPA to form a parallel series of
competitive products as found with the C,, eicosanoid precursors, EPA and ARA.

13.6 Ratiosand Groups of Essential Fatty Acidsin Food Webs

The balance required in dietary fatty acids and in membrane fatty acids has led to
afocus on dietary fatty acid ratios in aguaculture nutrition (and see Ahlgren et al.
—Chap. 7). A DHA:EPA ratio of 2:1 has been promoted, based on theratio in finfish
egos (Sargent 1995; Sargent et al. 1999a; Bell et a. 2003). Most marine fish larvae
feed on copepod eggs and nauplii during the first weeks after the onset of exogenous
feeding and 2:1 is aso theratio found in early life stages of some copepod species
(e.0. Eurytemora velox: Shields et al. 1999). However, Copeman et al. (2002)
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demonstrated a relationship between unusually high DHA:EPA ratios and
increased growth and survival in cultured yellowtail flounder, calling into question
the assumption in agquaculture nutrition that ‘nature knows best’. Using dietary
DHA:EPA ratios ranging from 1 to 8, a strong positive correlation was obtained
between theratio inthe diet and larval size and survival. High DHA:EPA ratios may
be amore general requirement for cold water marine finfish larvae since Park et al.
(2006) found cod larvae fed dietary ratios between 9 and 10 had the best growth
and survival. It is interesting that high DHA:EPA ratios may be important for
copepods themselves. Higher dietary ratios improve survival, time to maturity,
maturation rate, egg production, hatching success, and female length in some
copepod species (Acartia tonsa: Jonasdottir and Kiorboe 1996; Gladioferens
imparipes: Payne and Rippingale 2000; Temora longicornis. Arendt et a. 2005)
with values ranging from ~0.0 to 52.3. It isalso interesting that the DHA:EPA ratio
has been used as a bioindicator to distinguish dinoflagellate from diatom containing
natural samples, with ratios >1 signalling the dominance of dinoflagellates (Budge
and Parrish 1998; Dalsgaard et al. 2003). One implication from this could be that
dinoflagellate-based food webs would provide more favourable essential fatty acid
ratios; however, some marine protozoa (e.g. Oxyrrhis marina: Klein Breteler et al.
1999) and some copepods (e.g. Eucyclops serrulatus: Desvilleteset d. 1997; Tishe p.:
Nanton and Castell 1998) can make DHA from short-chain precursors, e.g. ALA.
In the first example, though, we are still talking about a dinoflagellate, albeit a
heterotrophic dinoflagellate.

Other fatty acid ratios of interest include Zn-3PUFA: Xn-6PUFA (e.g. Sargent
1995; Milke et al. 2004), EPA:ARA (e.g. Sargent et a. 1999a; Milke et al. 2004),
n-6DPA:DHA (e.g. Moriguchi et a. 2000), n-6DPA:ARA (e.g. Milke et al. 2004;
Garciaet al. 2008), and DHA:ARA (Ahlgren et a. 2005). A statistical relationship
with a ratio implies that the two fatty acids are not interchangeable and that they
compete with each other biochemically. If a unique value of the ratio is important
it indicates that the fatty acids within the organism should be present in a certain
proportion for optimal structure and/or function.

Another approach to examining the importance of essential fatty acidsisto treat
them as groups and to look both at group corréelations and variability. Thisis akin
to assuming fatty acid interconversion by consumers before use, or an unlimited
substitution in their functional roles (Anderson and Pond 2000). By taking groups
of biochemically related fatty acids the possibilities of elongation and desaturation
and/or retroconversion are implied. Egg-hatching success in the calanoid copepod
Acartia tonsa, for example, wasrelated to the sum of ALA, EPA, and DHA (Broglio
et a. 2003). An examination of PUFA of the same chain length may revea amainly
structural function. For example, looking at the stability in the sum of n-6DPA and
DHA proportionsisaway of seeing if these two C,, PUFA are substituting for each
other (Moriguchi et al. 2000; Pernet et al. 2005). It is also possible to broaden this
approach, for example by investigating the sum of LIN, ALA, ARA, EPA, and
DHA (Kainz et a. 2004) which may reveal the importance and interchangeablity
of n-3and n-6 PUFA. In afield study of mussel growth, the sum of ARA, EPA, and
DHA was significantly correlated with growth, while DHA and ARA individualy
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were not (Alkanani et al. 2007), suggesting interchangeablity of C, and C,, PUFA,
presumably in a structural role.

13.7 Conclusions

Aquatic organisms need certain n-3 and n-6 fatty acids to support optimal health.
An absolute requirement for these PUFA in the diet will occur only if thereis not a
sufficient amount already in storage, if they cannot be made from other compounds,
or if they cannot be replaced by other compounds. There are probably several fatty
acids in aquatic food webs with essential fatty acid activity, but these will depend on
the organism, its life stage, and on environmental conditions. It is important to
investigate al n-3 and n-6 PUFA, the rel ationships among them, and whether they may
be essential nutrients or metabolites and conditionally dispensable or indispensable.
Essential fatty acid activity is expressed physiologically (e.g. in terms of growth
response) and biochemically (e.g. in terms of membrane fatty acid composition).

Membrane phospholipids may be central to many of the mechanisms of the
health effects of essential fatty acids. Incorporation of n-3 and n-6 fatty acids in
membranes affects their physicochemical characteristics altering cellular functions
including the properties of certain membrane-bound enzymes and binding to receptors.
Dietary PUFA also exert their influence by changing the availability of substrate
fatty acids in the membrane that are used as sources of bioactive compounds or
messengers. The importance of different fatty acids and phospholipids with different
head groups in regulation of cellular processes, together with the fact that fluidity
may be controlled by just afew compounds, suggests that molecular species analyses
should be more widespread in this field. This type of analysis, together with
determinations of membrane fluidity and phospholipase A, activity, might go a
long way to defining the essentiality of individual fatty acids.
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Chapter 14
Human Life: Caught in the Food Web

William E. M. Lands

14.1 Lifeintheweb

14.1.1 Connections Make Complexity

Ecology develops awareness of dynamic interacting parts (whether enzymes and
substrates, consumers and autotrophs, or predators and prey) which transfer energy,
biomass, and information along chains of cause-and-effect connected events. This
review will focus on polyunsaturated lipids that act in sequential steps that link
cause to consequence, including some of the crosslinks that weave the chains into
a complex web of interactions within habitats. In coastal areas, humans eat abundant
supplies of finfish and shellfish that contain polyunsaturated fatty acids (PUFA)
that originated from other life-forms. The PUFA are predominantly synthesized by
phytoplankton. Phytoplankton production is mostly consumed by zooplankton or
benthic invertebrates such as shellfish which are, in turn, consumed by fish and
ultimately by humans when they eat fish.

In marine and freshwater systems, thousands of gene-defined organisms interact
with a highly dynamic aquatic environment. Each species, cell, or enzyme transfers
energy, biomass, and information into new forms consumed by other species, cells,
or enzymes. Most animals survive by eating other life-forms that have already
succeeded in gathering needed energy and biomass (minerals, vitamins, carbon,
nitrogen, etc.). The chain of events connecting food supply to each species’ survival
involves enzyme-catalyzed molecular transformations within the cells of each
participating organism. This in turn, depends, on DNA-defined proteins catalyzing
and signaling different processes at different times in environment-triggered responses.
The space and time occupied by each transient event differs greatly in terms of
energy, biomass, or information. This review summarizes some information on the
health consequences of these molecular events to build understanding that may
change future human eating behaviors.
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Complex organisms develop their differentiated functions over time, accumulating
long-term consequences from earlier short-term adaptations. Timing is vital because
of limited storage ability at every stage of life. Each link in the chain of events depends
on the arrival of supplies that influence the processes and consequences that lead to
the next-step supplies. Whenever a species lacks metabolic machinery to make an
essential component, this affects its nutritional physiology. Cumulative effects of
successful or failed food transfers over time, both in quantity and/or in quality, can
cause very different cognitive and physical health states in individuals with common
genetic blueprints. For example, we see evidence linking essential PUFA and its
critical subset of 20- and 22-carbon chain (C,, and C,)) highly unsaturated fatty
acids (HUFA) with healthy cognitive functioning in the humans caught in a complex
food web. There are harmful consequences in turning away from the aquatic foodstuffs
that facilitated the transformation of hominids to Homo sapiens (Walter et al. 2000;
Marean et al. 2007). We need researchers to carefully evaluate the past 100,000
years of adaptations in light of the food web that now supports human needs.

Choice of food consumed often seems based on proximity, convenience, taste/
odor, and ingestability rather than on specific nutritional requirements. Similarly,
enzyme catalysts seem unlikely to sense a need for the substrates they consume or
the products they produce. Rather, most life events seem sustained by whatever food
is available. Life thrives, survives, or dies within a changing web of energy, biomass,
and information transfers where changed supplies can cause new patterns. Survivors fit
in complex webs of interdependencies from which few on earth can be “independent.”
To avoid unintended outcomes that follow unrecognized causes, this review informs
readers about the PUFA and HUFA they eat (examples in Table 14.1) and the resulting
outcomes on human health. This transferred information may alter readers’ perception
and understanding of the importance of PUFA and HUFA in the aquatic and human
food web and the future choices people may make as a species with respect to how
to manage aquatic resources and how to select food.

14.1.2 Transfer of Essential Fatty Acids

The phytoplankton drifting in marine and freshwaters have genes that define
molecular machinery to make and use chlorophyll, which uses solar energy to break
water’s H-O bonds and form molecular oxygen. The relocated energy-rich electrons
move through various molecular intermediates in multistep pathways catalyzed by
enzymes that couple this energy to permit the fixation of CO, into carbohydrate
biomass. From this beginning, other steps couple the transfer of energy into new
amino acids, proteins, nucleic acids, lipids, and specific cellular structures. Bacteria
and both plant and animal eukaryotes convert metabolic fragments into energy-rich
saturated and monoenoic fatty acids (see Table 14.1). In addition, some cyanobacteria
(and eukaryotes containing chloroplasts with related DNA; Clegg et al. 1994) have
gene-defined enzymes that create n-3 and n-6 PUFA structures from monoenoic
acids. However, animals lack the DNA-encoded enzymes that permit the manufacture
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of these structures, and they therefore must obtain PUFA by eating plants (or
herbivorous animals). Because the n-3 and n-6 PUFA and the HUFA have important
consequences for the healthy development of animals, they are termed dietary essential
fatty acids (EFA; see also Parrish — Chap. 13). The supply of EFA, especially the
C,,and C,, HUFA, in the food web and its link to human health is the primary focus
of this review.

Examples of suppliers and consumers of PUFA and HUFA are listed in Table
14.1. For example, different species of Synechococcus form and accumulate
linoleate (18:2n-6) ranging from 0 to 18% of cellular fatty acids with no 20 or 22
carbon acids. On the other hand, diatoms (e.g., in the genus Nitzschia) form and
accumulate appreciable amounts of HUFA, mostly with the n-3 structure. Veloza et al.
(2006) showed transfer and accumulation of PUFA and HUFA when they fed the
crustacean copepod, Acartia tonsa, with protist dinoflagellates (Oxyrrhis marina)
that had eaten algae (Dunaliella or Rhodomonas). Oxyrrhis elongated and desaturated
the PUFA 18:3n-3, abundant in Dunali€lla, accumulating the HUFA 22:6n-3. It also
accumulated PUFA and HUFA obtained from Rhodomonas. In turn, the A. tonsa
accumulated PUFA and HUFA obtained from eating Oxyrrhis. In these cases, n-3
forms predominated in HUFA, and n-6 HUFA were less than 1% of the accumulated
HUFA (although n-6 HUFA are abundant in some algae (Bigogno et al. 2002)).
Shields et al. (1999) fed brine shrimp (Artemia salina) grown with the marine algae
(Schizochytrium sp.) or calanoid copepods (Eurytemora velox) to halibut larvae
(Hippoglossus hippoglossus), which then accumulated the PUFA and HUFA that
they could not make from simple metabolic fragments.

When Persson and Vrede (2006) compared PUFA and HUFA in herbivorous and
carnivorous zooplankton genera of Daphnia, Bosmina, Holopedium, Bythotrephes,
Arctodiaptomus, and Heterocope, the accumulated HUFA ranged from 7 to 35% of
total fatty acids with 8-27% n-6 in HUFA. Other collections of the small crustacean
genus, Daphnia, contained 8-71% n-6 in HUFA depending on their local food
supplies (Hessen and Leu 2006; Barata et al. 2005). In studying eutrophication
with a cyanobacterial bloom, Miiller-Navarra et al. (2000) suggested that an
undesirable reduction in growth of Daphnia could be due to a relative deficit of
diatoms and their 20:5n-3. In a similar way, reproductive success of the calanoid
copepod, Temora longicornis, was related to availability of n-3 HUFA in the food
web (Arendt et al. 2005). Different critical life events may require different specific
EFA, and negative effects may come from either too little supply or too much supply.
Researchers can productively examine mechanisms by which the just-noted impact
of HUFA supply on crustacean success has parallels for vertebrate, mammal, and
human success.

Table 14.1 shows about half of the fatty acids in diverse living systems are
saturated and monoenoic acids, whereas HUFA can be from 0 to 40% of tissue fatty
acids. Transfers of PUFA and HUFA along food chains and around the food web
likely affect how different animal species thrive or survive. Human life in coastal
regions has been well supported by easy access to crustacean and molluskan shellfish
and abundant, oil-rich fish such as herrings, salmonids, and tunas. We need to know
how important zooplankton HUFA are in sustaining harvests of these species.
The HUFA in marine species are predominately n-3 HUFA (see Table 14.1), with



14  Human Life: Caught in the Food Web 333

somewhat higher proportions of n-6 HUFA in some freshwater species (e.g., smelt
and alewife). For optimally sustaining pike (Esox lucius), access to adequate levels
of both n-3 and n-6 HUFA is required (Engstrom-Ost et al. 2005). Optimal conditions
for sustaining humans (Lands 2003c; Hibbeln et al. 2006a) and crustaceans seem
to require about 20-40% n-6 HUFA in the total HUFA. However, biomass transfers
to Homo sapiens from the worldwide food web currently lead to different ethnic
populations having anywhere from 20% to more than 80% n-6 in HUFA (see
Table 14.1). These differences in HUFA proportions are not as much determined by
different genes as by culture-oriented food choices with little attention to n-3 or n-6
contents. The differences are also clear from the composition of fatty acids in
human mother’s milk, which varies worldwide and is influenced by diet composition
(Kuipers et al. 2005, 2007) Thus, humans are caught in a food web that has serious
outcomes. Evidence from observational and interventional studies indicates that
low dietary intakes of marine foods and their 20- and 22-carbon n-3 HUFA are
associated with serious human disabilities worldwide.

14.1.3 Prevalent Problems for Humans

The consequences of moving vitamin-like essential fatty acids along the food web
that supports human health will be discussed in later sections. They can viewed in
the context of the two most prevalent human disabilities worldwide, cardiovascular
disease and major depression (Murray and Lopez 1997a, b). These may account
for 23% of disability-adjusted life years (DALY) among developed nations
(Table 14.2). Additionally, cancers, traffic accidents, alcohol abuse, osteoarthritis,

Table 14.2 The most abundant forms of human disability

Worldwide Developed nations
Rank Disease or Injury DALYs Cum. (%) Disease or Injury DALYs Cum. (%)
All causes 1,389 6 All causes 161

1 Ischemic Heart 82 12 Ischemic Heart 18 11
disease disease

2 Unipolar major 79 17 Cerebrovascular 10 17
depression disease

3 Road traffic 71 21 Unipolar major 10 23
accidents depression

4 Cerebrovascular 61 25 Lung and throat 7 28
disease cancers

5 Chronic pulmonary 58 28 Road traffic 7 32
disease accidents

6 Lower respiratory 43 31 Alcohol abuse 6 36
infections

7 Tuberculosis 43 34 Osteoarthritis 5 40

8 War injuries 41 37 Dementia & CNS 5 43

disorders
9 Diarrheal diseases 37 40 Chronic pulmonary 5 46
disease
10 HIV-AIDS 36 Self-inflicted injuries 4 48

The disability-adjusted life years (DALY were calculated by Murray and Lopez (1997a, b)
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dementia and central nervous system (CNS) disorders, chronic pulmonary disease,
and self-inflicted injuries account for another 25% of DALY, and these events may
also have important associations to food selections. We need more research to
identify the chains of molecular events causing these consequences so that we can
design effective preventive interventions.

14.2 Evidence of Impaired Neural Development

Low intakes of n-3 HUFA in foods are associated with low levels in tissues and
with impaired development of healthy neurobehavioral acts in humans. For exam-
ple, results from thousands of subjects in the Avon Longitudinal Study of
Parents and Children (ALSPAC) show maternal seafood intakes of more than
340 g per week have beneficial effects on child development, suggesting that
advice to limit seafood consumption may be detrimental (Hibbeln et al. 2007).
Seafood intake less than 340 g per week during pregnancy was associated with
higher risk of children being in the lowest quartile for verbal intelligence quo-
tient (1Q) (overall trend, p = 0.004), and with higher risk of suboptimum score
for prosocial behavior, fine motor, communication, and social development.
Unfortunately, the US Environmental Protection Agency currently advises preg-
nant women to limit their seafood intake to 12 ounces (i.e., ~340 g per week; US
2004). Careful revision of that advice intended to decrease exposure to mercury
is now needed.

14.2.1 Stress, Corticotrophins, and Aggression

Fear and anxiety, components of defensive and violent behaviors, accompany elevated
levels of corticotrophin-releasing hormone in the cortical-hippocampal-amygdala
pathway. A small observational study correlated higher levels of cerebrospinal fluid
corticotrophin-releasing hormone with lower percentage of docosahexaenoic acid
(DHA; 22:6n-3) in total plasma fatty acids (Hibbeln et al. 2004a). Placebo-controlled
trials may determine if dietary omega-3 fatty acid interventions can reduce excessive
corticotrophin-releasing hormone levels and psychiatric illnesses. One pilot study
of psychiatric patients with alcoholism, depression, or both, showed lower n-3
HUFA status was associated with higher concentrations of neuroactive steroids
(Nieminen et al. 2006).

Deficiencies in DHA and eicosapentaenoic acid (EPA, 20:5n-3) at critical periods
of neurodevelopment may lower serotonin levels and result in a cascade of suboptimal
development of neurotransmitter systems, limiting regulation of the limbic system
by the frontal cortex (Hibbeln et al. 2006b). Maladaptations to transient environ-
mental stress and elevated corticoids in young animals can lead to “glucocorticoid
programming” and altered neurophysiological and neuropathological status of
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adult laboratory animals and humans (Seckl and Meaney 2006). Accumulated
effects of earlier transient trauma may give permanent disorders of depression,
aggression, and hostility in adults. More data are needed to distinguish influences
of diet on long-term accumulated neurodevelopmental defects from short-term
reversible influences on adult pathology (e.g., Gesch et al. 2002).

In a sample of 3,581 urban white and black young adults (Iribarren et al.
2004), the multivariate odds ratios of scoring in the upper quartile of hostility were
significantly associated (0.90; p = 0.02) with one standard deviation decrease in
DHA intake. Prior consumption of any fish rich in n-3 fatty acids was independently
associated with lower odds of high hostility (0.82; p = 0.02). Also, aggressive cocaine
addicts (Buydens-Branchey et al. 2003) had significantly lower levels of DHA and the
n-6 HUFA docosapentaenoic acid (DPA; 22:5n-6). Finally, the shifts that occurred
in HUFA contents of those people during therapy support considering possible
links between aggression in humans and a deficit in n-3 relative to n-6 nutrients.

14.2.2 How Food Helps

Food provides the n-3 PUFA precursors as well as the fully formed HUFA, DHA,
which uniquely promotes neurite growth in hippocampal neurons, and its deficiency
may contribute to cognitive dysfunction (Calderon and Kim 2004). Deficiency of
DHA during development accompanies impaired learning and memory.
Supplementing with DHA increased the population of neurons with longer neurite
length per neuron and with higher number of branches, whereas added oleic (18:1n-9),
arachidonic (20:4n-6), or n-6 DPA did not. DHA may promote neuronal integrity
by facilitating membrane translocation/activation of Akt! while increasing phos-
phatidylserine (PS) in cell membranes (Akbar et al. 2005). The n-6 DPA which
replaces DHA during n-3 fatty acid deficiency is less effective in accumulating
PS, in translocating Akt and in preventing loss of neurons.

Depletion of DHA from neuronal tissues may also have a compounding effect
on Raf-12 translocation in growth factor signaling (Kim et al. 2003). G protein-
coupled signaling is impaired when a deficiency of n-3 EFA causes replacement of
tissue n-3 DHA with n-6 DPA and gives suboptimal function in learning, memory,
olfactory-based discrimination, spatial learning, and visual acuity (Niu et al. 2004).
Replacement of n-3 by n-6 HUFA is correlated with desensitization of visual
signaling in rod outer segments as evidenced by reduced rhodopsin activation,
rhodopsin-transducin (G(t)) coupling, cGMP phosphodiesterase activity, and slower
formation of metarhodopsin 11 (MII) and the MII-G(t) complex relative to rod outer

LAkt or protein kinase B (PKB) is an important molecule in mammalian cellular signaling. The
name Akt does not refer to its function. Presumably, the “Ak” in Akt was a temporary classification
name for a mouse strain developing spontaneous thymic lymphomas. The “t” stands for “transform-
ing” the letter was added when a transforming retrovirus was isolated from the Ak strain.

2Raf-1 is a serine/threonine-specific kinase.
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segments of n-3 FA-adequate animals. Reduced amplitude and delayed response of
the electro-retinogram a-wave observed during n-3 EFA deficiency is attributed to
impaired signal transduction by G protein-coupled receptors. Thus, adequate transfer
of visual information from the environment to an individual depends on prior trans-
fer of n-3 biomass to support optimal retinal function.

Neural cells exposed to ethanol accumulated considerably less phosphatidyl
serine (PS) in response to the DHA enrichment and were less effective at phospho-
rylating Akt and suppressing caspase-3 activity (Akbar et al. 2006). Reduction of
PS and a resulting neuronal cell death are undesirably enhanced by ethanol exposure
during fetal development. These impairments may contribute to the long-recognized
cumulative impairments that characterize fetal alcohol syndrome. The impairments
illustrate the importance of maintaining adequate supplies of the essential n-3
HUFA in neural and retinal tissues. Levels of PS were consistently reduced in brain
cortices of pups from ethanol-exposed dams, mainly due to the depletion of the n-3
PS18:0/22:6 species (Wen and Kim 2007).

14.2.3 Fish Also have Neural Development

Castel et al. (1972) reported that feeding rainbow trout (Oncorhynchus mykiss)
the n-3 alpha-linolenic acid (ALA; 18:3n-3) at 0.5% or more of dietary calories
prevented poor growth, fin erosion, heart myopathy, and a shock syndrome seen
with PUFA-deficient diets. That report contrasted with many others that assigned
an essential role only to n-6 linoleic acid (LIN; 18:2n-6) for man and other ani-
mals (e.g., Holman 1958) while denying assignment of n-3 nutrients as “essen-
tial.” Rejecting an essential role for n-3 acids was then based on the limited view
that n-3 acids provide no more benefit than n-6 acids (Tinoco et al. 1971).
However, in trout, neuropathological shock symptoms (Sinnhuber 1969) began
to appear 4 weeks to 3 months after feeding a PUFA-deficient diet, depending
upon the age of the fish when the diet was started. Eating 1% LIN made this
symptom appear sooner and more severely than any other diet tested. The shock
syndrome resembles transportation shock reported as a “common experience of
the fish culturist” (Black and Barrett 1957). In those times, commercial trout
feed was usually high in LIN and low in n-3 fatty acids (Sinnhuber 1969). Such
proportions in the food supply are often controlled by financial priorities of sup-
pliers rather than physiologic outcomes of consumers.

Trout had highly variable individual somatic growth responses when fed LIN
(compare photos in Fig. 3, Castel et al. 1972) suggesting diverse individual
responses to transient environmental stimuli had accumulated during develop-
ment (which did not occur when diets contained n-3 EFA). Maladaptations to
transient environmental stress and elevated corticoids in young individuals can
lead to altered neurophysiological and neuropathological status of adult laboratory
animals and humans (Seckl and Meaney 2006). Such nongenetic developmental
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differences are well known for individual response levels of corticotrophin-
releasing hormone and plasma corticosteroids, biomarkers related to aggression,
homicide, suicide, and other serious human disorders. Readers might wonder if
cumulative maladaptations of corticoid responses will occur in mammals with
less frequency or intensity when daily food during development has higher pro-
portions of n-3 EFA.

Because so many life-forms share related DNA-determined events, the ability of
a dietary balance in n-3 and n-6 EFA to diminish or prevent maladaptations during
development could be important for many species in our food web. We may wonder
how n-3 and n-6 EFA affect developmental stages of zooplankton or other crustacea,
which also carry echoes of our shared DNA-defined responses. Constructive research
can determine how HUFA imbalances in the food web exacerbate developmental
maladaptations (see Arts and Kohler — Chap. 10) and whether accumulated outcomes
in adults can be reversed.

14.2.4 Self-Harm is a Depressing Adaptation

Depression, impulsivity, and suicidal intent were measured in patients with self-
harm and matched controls, together with plasma lipids and EFA. Patients pre-
senting with self-harm had more pathology on psychometric measures of
depression, impulsivity, and suicidal intent than did controls (Garland et al.
2007). They also had lower mean total EFA levels (88 vs. 106 pg ml™?, p = <
0.001), total n-3 and n-6 EFA levels, and a higher %n-6 in HUFA (73% vs.
66%). Impulsivity and depression scores were inversely correlated with both n-6
and n-3 EFA. Supplementation with n-3 HUFA for 12 weeks led to substantial
reductions in surrogate markers of suicidal behavior and to improvements in
well-being for patients recruited after acts of repeated self-harm (Hallahan et al.
2007). Low levels of DHA (22:6n-3) and elevated ratios of n-6/n-3 acids are
associated with major depression and, possibly, suicidal behavior (Sublette et al.
2006). A lower DHA percentage in plasma PUFA and a higher n-6/n-3 ratio
predicted suicide attempt over a 2-year period.

Higher concentrations of DHA in mothers” milk (r = -0.84, p < 0.0001, n = 16
countries) and greater seafood consumption (r = —=0.81, p < 0.0001, n = 22 countries)
both predicted lower prevalence rates of postpartum depression (Hibbeln 2002).
However, ARA and EPA contents of mothers’ milk were unrelated to postpartum
depression prevalence. To test the efficacy of supplemental n-3 fat, subjects received 0.5
gday® (n=6), 1.4gday? (n=3),0or 28 gday* (n=7)in an 8-week trial. Across
groups, pretreatment Edinburgh Postnatal Depression Scale (EPDS) and Hamilton
Rating Scale for Depression (HRSD) mean scores were 18.1 and 19.1, respectively;
post-treatment mean scores were 9.3 and 10.0 (Freeman et al. 2006a). Percent decreases
on the EPDS and HRSD were 51.5% and 48.8%, respectively; changes from baseline
were significant within each group and when combining groups. However, groups did
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not significantly differ in pre- or post-test scores, or change in scores. Nevertheless,
greater seafood consumption predicted lower lifetime prevalence rates of bipolar I dis-
order, bipolar 1l disorder, and bipolar spectrum disorder (Noaghiul and Hibbeln 2003).
Bipolar 1l disorder and bipolar spectrum disorder had an apparent vulnerability thresh-
old below 50 Ib year™ (i.e., ~430 g week™) of seafood/person.

14.2.5 Recognizing Cognitive Benefits from Seafood

Recently, the American Psychiatric Association appointed a subcommittee to pre-
pare a report that was reviewed and approved by its Committee on Research on
Psychiatric Treatments, Council on Research, and Joint Reference Committee
(Freeman et al. 2006b). The report concluded that the preponderance of epide-
miologic and tissue compositional studies supports a protective effect on mood
disorders of n-3 EFA intake, particularly EPA and DHA. Randomized controlled
trials showed EPA and DHA appear to have negligible risks and statistically
significant benefit in unipolar and bipolar depression (p = 0.02). A recent litera-
ture survey regarded fish as a food with unique psychotropic properties (Reis
and Hibbeln. 2006). It described how fish have been culturally labeled as sym-
bols of emotional well-being and social healing in religious and medical prac-
tices among independent cultures for at least six millennia. Recent reports about
dietary HUFA preventing cognitive decline in older adults (Connor and Connor
2007; Baydoun et al. 2007; vanGelder et al. 2007) continue the transfer of hope-
ful healing information.

14.3 Evidence of Impaired Cardiovascular Development

Evidence of vascular injury developing progressively in young Americans has
been documented repeatedly over the past 50 years (Enos et al. 1953; Newman
et al. 1986; Rainwater et al. 1999; Zieske et al. 2002), but prevention of its primary
dietary causes remains neglected. Risk scores predict advanced coronary artery
atherosclerosis in middle-aged persons as well as youth (McMahan et al. 2007).
Thus, each generation follows earlier ones in a tragic chain of preventable, cumu-
lative errors that cause disability and death of adults. As with psychiatric disorders
that have cumulative effects on individuals during development, clinical cardiovas-
cular disease has cumulative maladaptations that eventually become recognized
long after the time when they were reversible. A recent epidemiological study
(Robhinson and Stone 2006) noted that lifetimes of eating n-3 HUFA showed more
consistent cardiovascular benefit than did clinical intervention trials with limited
times of eating n-3 HUFA. Primary prevention of coronary heart disease (CHD)
needs to begin in childhood.
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Heart damage starts in childhood
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Fig. 14.1 Evidence of CHD pathology begins in childhood. Results of progressive vascular injury
from the Pathobiological Determinants of Atherosclerosis in the Youth (PDAY Research Group
1990) program are in many reports, including (McGill et al. 2000; McMahan et al. 2007;
Rainwater et al. 1999.)

From a US perspective, greater awareness of worldwide human living con-
ditions developed after 1946 when the USA transferred energy and attention
from war to new biomedical research programs at the National Institutes of
Health. The Seven Countries Study introduced researchers to different mor-
tality rates for CHD among different populations with different food habits.
Epidemiologists at the time associated death with ingesting saturated fats and
total fat energy, but said little about seafood or n-3 HUFA. Subsequently,
much attention went to the hypothesis that cholesterol in the diet and the
bloodstream of individuals may cause CHD death, but a molecular mecha-
nism was never proved.

Wilber and Levine (1950) noted a near absence of cardiovascular disease
among Alaskan Inuits who had consistently high serum cholesterol. Other
reports showed clearly that dietary cholesterol was NOT causing death,
although elevated cholesterol in the blood was associated with death in the
USA. In 1984, an appointed committee substituted political consensus for
rigorous logic and asserted that elevated plasma cholesterol was a cause of
death (Consensus 1985). This assertion was also accompanied by stern advice
to lower caloric imbalances in daily life. Unfortunately, the advice about food
energy was not effectively transferred or implemented in primary prevention
programs, and an epidemic of obesity developed over the next twenty years.

The HUFA proportions for diverse human populations in Table 14.1 illustrate
diverse impacts of the food web on various human groups. A lower incidence of
CHD deaths among people eating more marine food (with higher n-3 HUFA con-
tents) is illustrated in Fig. 14.2.
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Fig. 14.2 Higher proportions of n-6 in HUFA predict higher CHD mortality rates. The figure is
derived from an earlier version (Lands 2003a). Squares indicate quintiles in the MRFIT Study in the
USA, where 80% individuals clustered closely

14.4 Which DNA-Coded Proteins Discriminate
N-3 and N-6 Structures?

14.4.1 Putting EFA into Triacylglycerols and Phospholipids

Many enzymes are like animal species that consume readily available food without
regard to downstream consequences. They are promiscuous and relatively indiscrimi-
nate in handling fatty acids with different structural features. Enzymes converting
nonesterified fatty acids (NEFA) of 14-24 carbons to acyl-CoA esters consume
whatever fatty acids are supplied without appreciably selecting for chain length or
for numbers and locations of double bonds. Nevertheless, a selective transfer of
palmitic acid (16:0) from its CoA ester to the 1-position of glycerol-3-phosphate
begins the “de novo” lipid pathway that includes transfer to the 2-position of readily
available unsaturated 16- or 18-carbon acids (e.g., palmitoleate (16:1n-7), oleate
(18:1n-9), or linoleate (18:2n-6)). This leads to diacylglycerols with a saturated
acid at the 1-position and an unsaturated acid at the 2-position (Hill et al. 1968).
Enzymes converting diacylglycerols (DAG) to triacylglycerols (TAG) consume
acyl-CoA mostly in accord with supply abundance and not with chain length or
number and location of double bonds. The nonessential saturated and monoenoic
acids are steadily maintained in their CoA esters by synthesis and transport. However,
a greater daily dietary supply of an EFA gives linearly greater amounts of EFA
accumulated in tissue acyl-CoA and TAG. Rearrangements occur as lipases cleave
TAG to DAG and provide mixtures of diverse DAG that can be acylated to TAG
with little specificity for acyl-CoA structure or for the acyl content of the DAG
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(Slakey and Lands 1968). Thus, tissue TAG provides a flexible, nonselective
expandable storage pool of unlimited size. Its energy-rich biomass contains mainly
whatever is accessible in the local microenvironment. Little selectivity for n-3 or n-6
acyl structures occurs when forming or cleaving triacylglycerols. The 18-carbon
PUFA, 18:2n-6 and 18:3n-3, accumulate in tissue TAG in linear response to their
percent abundance in daily dietary calories (Lands et al. 1990; Lands et al. 1992).

Cellular 1,2-diacylglycerols are reversibly transformed into phospholipids by
enzymes that attach phosphate derivatives to the 3-position. These enzymes also
seem fairly promiscuous and able to form diverse molecular species that reflect the
DAG units available (although transfer of ethanolamine phosphate slightly favors
DAG units with 22-carbon HUFA at the 2-position). Subsequent transacylase and
acyltransferase actions “retailor” phospholipids with acyl chains available from
acyl-CoA esters. Highly specific selections occur when placing acyl chains into
phospholipids (Lands 2000, 2005b). The DNA-coded selectivities favor accumulation
of HUFA at the 2-position of phospholipids. However, the number of enzymes
involved and the precise acyl group interactions of each remain unknown. The resulting
accumulated phospholipids retain a dominant pattern of saturated acids at the 1-position
and unsaturated acids at the 2-position. These diacylglycerol units of phospholipids
can form DAG (by reversible actions of enzymes like CDPcholine:DAG cholinephos-
photransferase) that are acylated and accumulate nonselectively in tissue TAG.
The proportions of n-3 and n-6 in HUFA of all accumulated tissue glycerolipids
show little evidence of an ability of acyl-CoA transferases to discriminate between
n-3 and n-6 structures.

The mixture of acyl groups in cellular acyl-CoA esters includes newly synthesized
and newly imported acids plus those released from TAG and phospholipids by
hydrolases. Dietary PUFA that enter the acyl-CoA mixture compete with each other
when interacting with enzymes catalyzing the elongation:desaturation reactions
that form longer and more highly unsaturated acyl-CoA esters. The paths involve
18:2n-6 > 18:3n-6 > 20:3n-6 > 20:4n-6 > 22:4n-6 > 24:4n-6 > 24:5n-6 > 22:5n-6
and 18:3n-3 > 18:4n-3 > 20:4n-3 > 20:5n-3 > 22:5n-3 > 24:5n-3 > 24:6n-3 > 22:6n-3.
The n-3 and n-6 acids compete for the enzymes more effectively than n-7 and n-9
acids, and some transient intermediates (e.g., 20:4n-3 and 24:5n-6) do not accumulate
appreciably in glycerolipids. The limited conversion rates through this multistep
system make dynamic handling of 18-carbon PUFA differ appreciably from that for
the derived 20- and 22-carbon HUFA.

Limited space and time become evident whenever discriminating “consumer”
enzymes rapidly transform only preferred supply items into next-step supplies, while
nondiscriminating “consumers” transform all supply items in proportion to their abun-
dance to next-step supplies. Also, limited space for next-step supplies allows only
rapidly formed product items to accumulate, whereas unlimited space for next-step
supplies allows all product items to accumulate indiscriminately. Quantitative studies
related accumulated tissue HUFA to amounts of competing PUFA supplied in daily
food (Mohrhauer and Holman 1963a, b; Lands et al. 1990), giving an empirical
competitive, hyperbolic “saturable” equation (Lands et al. 1992). Revised constants
(see http://efaeducation.nih.gov/sig/hufacalc.html) fit later data sets (Lands 2003b)
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and better predict diet:tissue outcomes. The equation predicts the nonlinear hyperbolic
impact of dietary EFA abundance on the proportions of n-6 in HUFA accumulated
competitively in mammalian tissues (Mus, Rattus, Canis, Homo) and allows
rational interpretations of the impact of food choices on health.

14.4.2 Hormone-Like Signaling By N-3 and N-6 Eicosanoids

HUFA-mediated adaptive responses to environmental stimuli have many steps.
Activation of cellular phospholipase A, (PLA,) increases release of HUFA from the
2-position of phospholipids where they accumulate in relatively high amounts. Although
PLA, appears to interact with 20-carbon HUFA better than with 18-carbon PUFA,
it discriminates little between n-3 and n-6 structures when producing nonesterified
HUFA. Fatty acid oxygenases (cyclooxygenase and lipoxygenase) act on nonesterified
n-3 and n-6 HUFA to form hydroperoxide derivatives that stimulate faster oxygenation.
Producing the hydroperoxide activator gives explosive formation of eicosanoids in
response to stimuli. Predatory cellular peroxidases remove the hydroperoxide and
slow this amplifying step during synthesis of prostaglandin H and leukotriene A.
Although peroxidases and lipoxygenase discriminate little between n-3 and n-6
structures, the cyclooxygenase activity of PGH synthase forms hydroperoxide product
several times faster with n-6 than n-3 HUFA (Kulmacz et al. 1994; Chen et al. 1999;
Laneuville et al. 1995). This is one of the few DNA-coded protein-catalyzed events
known to discriminate between n-3 and n-6 acids. One consequence of the faster
explosive positive feedback in formation of n-6 eicosanoids, PGG, and PGH,, is
that levels of peroxidase activity that remove enough n-3 product/activator (PGG,)
to prevent its explosive positive feedback do not appreciably hinder the faster n-6
amplified actions. This dynamic difference gives more vigorous overall formation and
action of n-6 than n-3 prostaglandins (Lands 2005a; Smith 2005; Liu et al. 2006).
As a result, the proportion of n-6 in HUFA of tissues, a biomarker that predicts
likelihood of CHD mortality (see Fig. 14.2), also predicts the likely intensity of n-6
eicosanoid-mediated events. A strong preference of trout PGH synthase for n-6
over n-3 structures allows even small proportions of n-6 arachidonate in fish HUFA
to form sufficient active n-6 hormone (Liu et al. 2006). However, that preference
may also cause a too-intense eicosanoid action during the earlier-noted “transportation
shock™ in rainbow trout (when imbalanced diets had much more n-6 than n-3 fats).
Isomerases form active hormone-like prostaglandins (PGD, PGE, PGF, PGl,
TXA) from the intermediate PGH, and PGH, formed by PGH synthase. We still
know little of the selectivity of these isomerizing enzymes for n-3 and n-6 structures.
Slow formation of transient active hormone can allow continual degradation by
predatory dehydrogenases to inactivate slowly formed eicosanoids. In this situation,
significant amounts of active hormone may be formed during a 24-h period but
never accumulate sufficiently at tissue receptors at any point in time to give significant
signals. For thromboxane, TXA (which mediates thrombosis), the active hormone
spontaneously decomposes to inert TXB within seconds. Thus, TP receptors will
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give appreciable signals only when a very rapid pulse of TXA is being formed to
create the needed local abundance.

At this time, we know little of the n-3:n-6 selectivity of the diverse cellular
receptors that bind active eicosanoid and stimulate inside the cell signaling actions
by kinases and phosphatases that regulate cell physiology. A slower receptor
response to a bound hormone could allow the continual removal of transient signal
mediators to dissipate the signal and prevent sufficient response. Although little
selectivity is known for many leukotriene-mediated events, an important selective
response by the leukotriene B (LTB) receptor provides much greater chemotactic
signaling with the n-6 LTB, than for the n-3 analog, LTB,. This produces more
vigorous inflammatory events with n-6 than n-3 mediators. Wherever cellular sys-
tems respond differently to n-3 and n-6 eicosanoid signals, we can begin understand-
ing the chain of events by which the food web impacts human health. Important
insights were recently provided by Wada et al. (2007), confirming that many DNA-
coded proteins act more vigorously in n-6 eicosanoid signaling than in n-3 eicosa-
noid-mediated events. Over-reactions mediated by n-6 eicosanoids are targets for
inhibition by highly profitable therapeutic patented drugs. Perhaps primary pre-
vention with greater proportions of n-3 in HUFA might decrease the need for such
medication.

14.4.3 How Food Hurts

When humans eat food, the carbohydrates, proteins, and nucleic acids are hydro-
lyzed (digested) in the gut to simple sugars, amino acids, and nucleosides that
diffuse during the next hour into intestinal cells. They then enter portal blood flowing
to the liver and onward to the general bloodstream flowing throughout the body.
Hydrolyzed fats are reassembled in intestinal cells and secreted into lymph as
lipoprotein complexes which enter the general bloodstream during the next few
hours. In this way, each meal (like a frequent periodic flood) provides the bloodstream
and associated tissues with more energy and biomass than can be fully metabolized
to CO, as it arrives. The transient postprandial surplus of energy-rich biomass is
handled by different tissues in different ways: forming CO,, forming fat, forming
isoprenoids, and forming eicosanoids. In the process, transient oxidant stress creates
temporary tissue insults that mostly reverse over time, but occasionally become the
long-lasting vascular injuries noted in Fig. 14.3.

Within cells, the carbon and electrons of fats, carbohydrates, and proteins readily
transform in multistep paths to acetyl-CoA (Fig. 14.3), CO, plus cofactor-carried
electrons. The limited capacity to store electrons is met in part by transferring them
to oxygen, forming water. This transfer is strongly coupled with formation of
energy-transmitting ATP from ADP. However, without coupled work returning ATP
to ADP, the stalled system cannot form much CO, and “leaks” some of the flood of
electrons to oxygen, forming reactive molecules that cause transient oxidative
stress and amplifies it into harmful inflammatory tissue insults (Lands 2003c).
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Fig. 14.3 Pathways to morbidity and death. Associated biomarkers are not always causal mediators.
Transient inputs of food energy and biomass move to plasma lipids and are stored for later useful
work. However, transient postprandial inflammatory states are amplified by n-6 eicosanoids.

In cells unable to convert the transient flood of metabolites to CO,, excess
acetyl-CoA forms malonyl-CoA (which polymerizes in combination with excess
electrons in multistep paths that form energy-rich fats) and some hydroxymethyl
glutaryl-CoA (which forms mevalonate and polymerizes in multistep paths that that
form diverse isoprenoid products). Many transient intermediates (e.g., eicosanoids,
prenylated proteins, and NEFA) do not accumulate in large amounts, but have
important roles in mediating overall pathophysiology (Lands 2003c). Figure 14.3
shows how the transient postprandial flood of biomass “pushes” acetyl-CoA
through steps that increase plasma NEFA and cellular prenylated proteins, which
lead to oxidant stress and inflammation. These transient conditions can be amplified
by n-6 eicosanoid actions and accumulate long-term inflammatory vessel wall
plaques. Thus, two food imbalances act together to create chronic conditions that
ultimately cause CHD death: imbalances in food energy which are then amplified
by elevated n-6 eicosanoid-mediated inflammation, thrombosis, and arrhythmia
(Fig. 14.3). Elevated plasma TAG and cholesterol are indicators of transient food
energy imbalance, and the % n-6 in HUFA of plasma indicates imbalances in
intakes of n-3 and n-6 fats.

The much-discussed clinical indicator of CHD risk, plasma total cholesterol
(TC), poorly predicted the absolute death rates observed in a 25-year follow-up of
the Seven Countries Study (Verschuren et al. 1995). In fact, it had no clear ability
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Fig. 14.4 Food energy impact on mevalonate products is fatal only to the degree that n-6 exceeds
n-3 in HUFA. Deaths (as % of subjects studied) reported by Verschuren et al. (1995) are predicted
quantitatively using mg total cholesterol (TC) per deciliter plasma and %n-6 in HUFA: death from
CHD =3 + 3 x (%n-6 in HUFA - 40) x (TC - 100)/1,000.

to predict death in Japan. However, the observed CHD mortality was well predicted
when the likely proportion of n-6 in HUFA for the different populations was
combined in the following way: CHD death = 3 + 3 x (%n-6 in HUFA — 40) x (TC
- 100)/1,000. Figure 14.4 shows that higher values for total cholesterol (TC)
predicted higher death rates only to the degree that the %n-6 exceeded the %n-3 in
HUFA. This result suggests that higher tissue proportions of n-3 HUFA may
diminish vigorous inflammatory and thrombotic signals of n-6 eicosanoids and
prevent the transient food energy-induced increases in NEFA and isoprenoids
(for which TC is a biomarker) from being amplified into fatal outcomes. In this
way, the toxicity of food energy imbalances depends on the context of ambient
tissue n-3 HUFA.

14.4.4 Choosing Healthy Foods

Most transfers of fatty acids among individual organisms, cells, or enzymes are
somewhat indifferent to n-3 or n-6 structures, allowing both to compete with each
other for many processes. However, when physiologically important events
discriminate n-3 from n-6 structures, the relative abundance of these two forms in
food supplies may cause unintended consequences. The wide range of disorders
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linked to imbalances in n-3 and n-6 are discussed in detail in Lands (2005a).
Humans may eat indiscriminately whatever is available, much like most species do
in the food web within which they survive. However, the high proportion of n-3
in the food web of estuaries is not matched by food in the current commercial
agriculture-based food web for Americans. Financial and marketing priorities that
are controlling the supply of the food web may depend more on aspects of storage,
transport, and profits rather than biological sustainability, nutrient content, or
human physiology (Nestle 2002). Humans and their companion animals now are in
a web of widely publicized and marketed foods that gives little information or
interpretation of the PUFA and HUFA content.

One possible unintended consequence might be the higher rates of homicide
(Hibbeln et al. 2004b) that are correlated with a greater apparent consumption of
n-6 linoleic acid over a 20-fold range (0.51-10.2/100,000) for the years 1961-2000
in Argentina, Australia, Canada, the United Kingdom, and the United States (r = 0.94,
p < 0.00001). The apparent linoleic acid intake from seed oil sources ranged from
0.29 en% (percentage of daily food energy) (Australia in 1962) to 8.3 en% (US in
1990s). This supply may be seen, in hindsight, to be an oversupply. Scientists have
long known that an adequate intake of linoleate for humans may be less than 0.5%
of daily food energy (Cuthbertson 1976; see http://efaeducation.nih.gov/sig/dril.
html). However, multibillion dollar profits from selling vegetable oils rich in n-6
fats help fund marketing messages that inform the public of benefits from replacing
saturated with unsaturated fats, but fail to describe clinical conditions linked to
excessive n-6 eicosanoid actions. The public could benefit from wider distribution
of balanced information from which to make food choices, but it provides few
financial incentives to fund such distribution.

To estimate a healthy dietary allowance for n-3 HUFA that would meet nutrient
requirements for 97-98% of the world’s population, a deficiency in n-3 HUFA was
defined as attributable risk from 13 morbidity and mortality outcomes (Hibbeln
et al. 2006a). The outcomes included death from all causes, coronary heart disease,
stroke, cardiovascular disease, homicide, bipolar disorder, and major and postpartum
depressions. The potential attributable burden of disease ranged from 20.8% (all-cause
mortality in men) to 99.9% (bipolar disorder). The n-3 HUFA intake for Japan
(0.37% of energy, or 750 mg/d) met criteria for uniformly protecting > 98% of the
populations worldwide.

Table 14.3 provides information on average PUFA and HUFA intakes for some
countries in the context of how much n-3HUFA would be needed daily to balance
the other EFA and maintain a tissue biomarker level of 40% n-6 in HUFA. The low
intake of linoleate in the Philippines would need only small intakes of n-3 HUFA
to sustain that tissue biomarker level. With the current US food web, a healthy
dietary allowance for n-3 HUFA was estimated to be 3.5 g/d for a 2,000-kcal diet.
Because of the well-established competition between n-3 and n-6 structures in lipid
metabolism (Mohrhauer and Holman 1963b, Lands et al. 1992), this allowance can
likely be lowered to one-tenth of that amount by consuming fewer n-6 fats.

Interactive computer software (http://efaeducation.nih.gov/sig/kim.html) informs
users of n-3, n-6 and caloric contents of nearly 12,000 different servings of food.
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Table 14.3 PUFA and HUFA in the food web

n-3 HUFA needed for

Current avg dietary intake (en%) 40% n-6 in HUFA
Country LIN ALA ARA (en%) (mg/d)
Philippines 0.80 0.08 0.06 0.125 278
Denmark 2.23 0.33 0.09 0.45 1,000
Iceland 2.48 0.33 0.10 0.54 1,200
Colombia 321 0.24 0.04 0.51 1,133
Ireland 3.57 0.42 0.06 0.62 1,378
UK 391 0.77 0.07 0.72 1,600
Netherlands 4.23 0.28 0.08 0.88 1,956
Australia 4.71 0.49 0.07 0.90 2,000
Italy 5.40 0.51 0.06 0.95 2,111
Germany 5.57 0.62 0.06 1.00 2,222
Bulgaria 7.02 0.06 0.05 1.25 2,778
Israel 7.79 0.67 0.07 1.45 3,222
USA 8.91 1.06 0.08 1.65 3,667

The results were provided by Hibbeln et al. 2006a,b. The major dietary PUFA are: LIN
=18:2n-6, ALA = 18:3n-3, and the major dietary n-6 HUFA is ARA = 20:4n-6. The
daily intake of n-3 HUFA predicted to maintain tissue biomarker value of 40% n-6 in
HUFA (an average value for Japan) is indicated in the two right-hand columns as percent
of daily food energy (en%) and mg d™*

It predicts the calorie balance and likely tissue proportions of n-6 in HUFA that
result from eating the servings. The freely available information allows people to
plan individual daily menu plans to meet their personalized sense of taste and risk
aversion. Examples of PUFA and HUFA contents of various types of food and of
diverse daily menu plans can be found in Lands (2005a).

145 Making a Better Future

Human interactions with the food web have shifted from hunter-gatherer to domestic
farmer to functional food fabricator. Hunters ate species that carried genes permitting
survival in the competitive food web of nature, whereas farmers selectively bred species
that carried genes permitting optimal financial profits. Now, functional foods may
come from mixing gene products of diverse species or transferring genes to provide
new species with previously unknown mixtures of nutrients. Human concerns for
sustainability involve questions of quality of life for individuals and their environment.
Biomedical research thrived with the transfer of information about the homology of
DNA coding patterns among genera of bacteria (Escherichia and Cyanobacteria),
simple eukaryotes (Saccharomyces), and more complex plants (Arabidopsis) and
animals (Caenorabditis, Drosophila, Danio, Mus and Homo). The research provided
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deep insight into molecular events that cause health and disease. Converting that
information into daily practice has been vigorously pursued by biomedical corporations
to develop profitable treatments for wealthy people in distress with evident disease.
Unfortunately, a sense of need or will to use that information to prevent disease and
avoid too expensive treatments is not rewarded by current market forces and is in
little demand.

Sustaining the diverse food web that once provided humans with foods needed for
good health and quality of life will be a challenge. Hopefully, efforts to provide those
supplies will carefully avoid the unintended consequences noted in this review.

The simplicity of management effort favors “monoculture” agricultural programs
that return well-recognized profits and contrast sharply with the priority ecological
programs that sustain diverse species and are supported by no traditionally defined
profits. The interdependence of diverse life-forms that evolved over time led to some
species thriving and some vanishing. The genus Homo continues to increase in abun-
dance and adds greater pressure on existing supplies in the estuarine (and aquatic in
general) food web. The current commercial food web in which Homo sapiens is
currently “trapped” depends much upon easily stored grains, cereals, and nuts that
contain much n-6 PUFA and little or no n-3 HUFA. Ironically, Vigna mungo (black
gram), rich in n-3 PUFA, provides major food energy and biomass to poor people in
India and southeast Asia. However, Vigna radiata (green gram) commercially devel-
oped in richer nations has much more n-6 than n-3 PUFA. Awareness of the contents
of PUFA and HUFA may some day be a priority in efforts to sustain a healthy food
web for humans. Rational selections of food can be aided with the interactive plan-
ning software noted earlier (http://efaeducation.nih.gov/sig/kim.html). However, the
future food web will need more items containing more n-3 PUFA and HUFA if
humans are to sustain healthy proportions of tissue HUFA.

Current experiments in gene transfer are considering ways to “short-circuit” the
historic stepwise transfer of PUFA and HUFA through diverse species of phyto-
plankton, crustaceans, mollusks, and fish to humans. Inserting DNA-coded machin-
ery into domesticated plant and animal species (Lai et al. 2006) may increase their
tissue contents of n-3 PUFA and HUFA and help humans thrive with less food from
estuarine food webs. This domestic agricultural alternative of mixing genes among
previously wild species may compensate for the greatly increased human consump-
tion of the species that have survived till now in an estuarine food web that supplied
so much n-3 HUFA for human health. The diverse chapters in this book may further
help readers better understand what can be done to improve human life caught in the
food web.
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29-30
prokaryotic pathway, 30
invertebrates, metabolism, 219
trace el ements, 93
Predator diet, FA signatures. See also Food
web tracing, FA and lipids
16:2n-4 and 16:4n-1 FA, 289-290
20:1 and 22:1 FA isomers, 290
Atlantic cod, 292—293
captive seabird, 293-294
Hawaiian monk seal, 294295
MANOVA test and DFA, 296-297
marine-based and 18:3n-3 FA, 291
multivariate analysis, 295-296
odd and branched 14-18C FA, 291-292
quantitative FA signature analysis (QFASA)
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algal toxins, 67
cell membranes, 238
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taxonomic differences, 118
temperature impacts, 139
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guasi-homeostatic response, 135-136
reproductive investment, 137-138
starvation impacts, 140
taxonomic differences
copepods and cladoceran,
118-119
discriminant function analysis,
121-122
mean FA composition, 119-121
wax ester synthesis, 118
temperature impacts, 139-140
vs. marine and freshwater dietary, 117





