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ABSTRACT

Nutritional ecology of the aquatic model genus Daphnia has received much attention in past years in
particular with regard to dietary polyunsaturated fatty acids (PUFAs) which are crucial for growth and repro-
duction. Besides their significant role as membrane components, C20 PUFAs serve as precursors for eicosa-
noids, hormone-like mediators of reproduction, immunity and ion transport physiology. In the present
study we investigate transcriptomic changes in Daphnia magna in response to different algal food organisms
substantially differing in their PUFA composition using quantitative real-time PCR and relate them to
concomitantly documented life history data. The selection of target genes includes representatives that have
previously been shown to be responsive to the eicosanoid biosynthesis inhibitor ibuprofen. The beneficial effect
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Eicosanoids of C20 PUFA-rich food on reproduction and population growth rates was accompanied by an increased vitello-
Eicosapentaenoic acid genin (DmagVtgl) gene expression in D. magna. Additionally, genes involved in eicosanoid signaling were
Food quality ) particularly influenced by dietary C20 PUFA availability. For example, the cyclooxygenase gene (Cox), coding
Gene expression for a central enzyme in the eicosanoid pathway, was highly responsive to the food treatments. Our results
\"/‘;:S;g;:nin suggest that dietary PUFAs are fundamental in D. magna physiology as substrate for eicosanoid synthesis and

that these eicosanoids are important for D. magna reproduction.

One of the factors greatly influencing Daphnia's performance is
nutrition. Besides the obvious need to obtain enough food, i.e. the

1. Introduction

Species of the genus Daphnia have become important model organ-
isms in ecology, ecotoxicology and evolutionary biology (Ebert, 2005;
Lampert, 2011). As keystone herbivores in freshwater food webs they
provide a crucial link between primary and secondary production.
Owing to the long history of ecological research, our knowledge of e.g.
life history traits or phenotypic plasticity is vast compared to many
other model organisms. With the fully sequenced genome of Daphnia
pulex another major advantage was given to Daphnia as a model
(Colbourne et al,, 2011; Ebert, 2011). However, our understanding of
the physiological mechanisms involved in coping with environmental
stress situations (e.g. temperature changes, predation, pathogen chal-
lenge, nutrient limitations) is still scarce.
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role of food quantity (Pietrzak et al., 2010), it also proved to be crucial
to consume food of good quality in order to meet the requirements for
optimal growth and reproduction. Even food organisms that are non-
toxic and readily assimilated can be of poor quality (Lampert, 1977),
one reason being the lack of essential elemental or biochemical
nutrients, which impairs the fitness of the consumer. Among the
elements, phosphorus (P) and nitrogen (N) are by far the best-studied
representatives (Sterner and Elser, 2002). Among biochemical food
quality constraints are, for example, essential lipids and amino acids.
Amino acids have been reported recently to affect population growth
and the reproductive mode of daphnids (Koch etal., 2011). As yet, how-
ever, the majority of studies on biochemical food quality constraints
have focused on polyunsaturated fatty acids (PUFAs) and sterols
(Miiller-Navarra et al., 2000; von Elert, 2002; Martin-Creuzburg et al.,
2009). The main sterol in animals is cholesterol. It is an integral part
of membranes where it influences fluidity and permeability and thus
plays a role in temperature acclimation (Mouritsen and Zuckermann,
2004). Furthermore, in arthropods, it serves as precursor for moulting
hormones, the ecdysteroids (Mykles, 2011). The lack of sterols has
been proposed to be a major constraint of energy transfer at the
Daphnia-cyanobacteria interface (Martin-Creuzburg et al., 2008) and
has shown to be one reason for the poor food quality of heterotrophic
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bacteria (Martin-Creuzburg et al., 2011). The role of PUFAs has been in-
vestigated using different approaches. Correlative field studies
suggested limitations by different PUFAs in the field (Miiller-Navarra,
1995; Miiller-Navarra et al.,, 2000; Wacker and Von Elert, 2001) and re-
sults from laboratory growth experiments corroborate the importance
of PUFAs for Daphnia fitness by demonstrating for example a better
performance under temperature stress and revealing allocation
patterns during PUFA deficiencies (Wacker and Martin-Creuzburg,
2007; Masclaux et al.,, 2009; Martin-Creuzburg et al., 2012). However,
there is a lack of knowledge concerning the mechanisms underlying
these beneficial effects as most of the available research merely com-
pares various fitness parameters as a function of the dietary PUFA
content.

PUFAs not only are indispensable components of membranes,
where they alter membrane properties and contribute to, e.g., tem-
perature acclimation, three of them also are precursors of a family
of bioactive molecules, the eicosanoids (Stanley, 2000; Guschina
and Harwood, 2006; van Meer et al., 2008). These three precursor
PUFAs are dihomo-y-linolenic acid (DGLA, 20:3n—6), arachidonic
acid (ARA, 20:4n—6), and eicosapentaenoic acid (EPA, 20:5n—3).
They can be metabolized by a cascade of enzymes to prostaglandins,
leukotrienes, and thromboxanes. In mammals, there are three distinct
pathways leading to formation of eicosanoids (Stanley, 2000); bioinfor-
matics data suggests that only two of these pathways are present in
Daphnia (Heckmann et al, 2008b). The genomic structure of the
involved pathway (“arachidonic acid pathway”, termed after the main
substrate ARA) reveals significant expansion and contraction of relevant
gene families in Pancrustacea and the lineage leading to D. pulex
(Colbourne etal.,2011). This gain or loss of genes indicates evolutionary
recent and extensive restructuring of an important metabolic pathway.

Even though there are a considerable number of studies that argue
for the importance of PUFAs in invertebrate physiology, few are able
to conclusively attribute the observed effects to actions exerted by
these essential lipids or their metabolites. In this first attempt to
elucidate mechanisms underlying the beneficial effects of dietary
lipids on Daphnia growth and reproduction, we adopted and modified
the idea of Heckmann et al. (2008a) and related life history parame-
ters to gene expression. Yet, instead of applying a substance interfer-
ing with the pathway of interest we provided food organisms of
different lipid quality. Heckmann et al. (2008a) used ibuprofen, one
of the best-known non-steroidal anti-inflammatory drugs, to find
out if the mode of action of this eicosanoid biosynthesis inhibitor in
D. magna is akin to that in mammals. In mammals, ibuprofen works
by inhibiting the enzyme cyclooxygenase (COX) which comprises,
together with lipoxygenase (LOX), the central part of the eicosanoid
synthesis pathway. The genes examined here are involved in lipid
metabolism and the immune and/or endocrine system, all of which
might be affected by the availability of dietary PUFAs; furthermore,
most of them were responsive to ibuprofen in the study by
Heckmann et al. (2008a). By simultaneously investigating life history
traits and gene expression responses of D. magna we hope to gain first
insights in how important pathways are influenced by PUFA-
mediated food quality and to reveal new avenues that should be
explored in future studies.

2. Material and methods
2.1. Food organisms

We chose three algae differing in their lipid profiles for the growth
experiments: the green alga Scenedesmus obliquus (SAG 276-3a), the
eustigmatophyte Nannochloropsis limnetica (SAG 18.99), and the
cryptophyte Cryptomonas sp. (SAG 26.80). Algae were obtained from
the culture collection of the University of Gottingen (SAG, Germany).

The algae were each cultured semi-continuously in modified Woods
Hole (WC) medium (Guillard, 1975) in aerated 5 L vessels (20 °C;

dilution rate: 0.2d~'; illumination: 100 mmol quanta m~2s™').
Food suspensions were produced by centrifugation of the harvested
algae and resuspension in fresh medium. Carbon concentrations were
estimated from photometric light extinctions (480 nm) and from
previously determined carbon-extinction equations. The carbon-light
extinction regressions were confirmed by subsequent carbon analysis
of the food suspensions.

2.1.1. Biochemical analyses

Fatty acids — for the analysis of fatty acids approximately 1 mg
particulate organic carbon (POC) was filtered separately onto
precombusted GF/F filters (Whatman, 25 mm). Total lipids were
extracted three times from filters with dichloromethane/methanol
(2:1, v/v). Pooled cell-free extracts were evaporated to dryness
under a nitrogen stream. The lipid extracts were transesterified
with 3 M methanolic HCI (60 °C, 20 min). Subsequently, fatty acid
methyl esters (FAMEs) were extracted three times with 2 mL of
iso-hexane. The lipid-containing fraction was evaporated to dryness
under nitrogen and resuspended in a volume of 20 pL iso-hexane.
Lipids were analyzed by gas chromatography on a HP 6890 GC
equipped with a flame ionization detector (FID) and a DB-225 (J&W
Scientific, 30 mx 0.25 mm ID x 0.25 mm film) capillary column to an-
alyze FAMEs. Details of GC configurations for the analysis of FAMEs
are given elsewhere (Martin-Creuzburg et al., 2010). FAMEs were
quantified by comparison with the internal standard (C23:0 ME) of
known concentration, considering response factors determined pre-
viously with lipid standards (Sigma-Aldrich). FAMEs were identified
by their retention times and their mass spectra, which were recorded
with a gas chromatograph-mass spectrometer (Agilent Technologies,
5975C) equipped with a fused-silica capillary column (DB-225MS,
J&W). Spectra were recorded between 50 and 600 Da in the electron
impact ionization mode. The limit for quantitation of fatty acids was
20 ng. The absolute amount of each lipid was related to the POC.

Elemental composition — aliquots of food suspensions were fil-
tered onto precombusted glass fiber filters (Whatman GF/F, 25 mm
diameter) and analyzed for POC and nitrogen using an EuroEA3000
elemental analyzer (HEKAtech GmbH, Wegberg, Germany). For the
determination of particulate phosphorus, aliquots were collected on
acid-rinsed polysulfone filters (HT-200; Pall, Ann Arbor, MI, USA)
and digested with a solution of 10% potassium peroxodisulfate and
1.5% sodium hydroxide for 60 min at 121 °C. Soluble reactive phos-
phorus was determined using the molybdate-ascorbic acid method
(Greenberg et al., 1985).

2.2. Experimental design

For all experiments the same clone of D. magna (HO,, originally
isolated in Hungary) was used. Stock cultures were cultivated in artifi-
cial medium (Aachener Daphnien Medium (ADaM)), modified after
Kliittgen et al. (1994) and fed with saturating amounts of S. obliquus.
All experiments were conducted with third-clutch neonates born
within 12 h at 20 °C.

2.2.1. Life history experiment

Animals were kept individually in 80 mL ADaM. They were ran-
domly assigned to one of the three food regimes: S. obliquus (Scen),
N. limnetica (Nanno), and Cryptomonas sp. (Crypto). Every other
day, they were transferred to fresh medium and received algal food
suspensions corresponding to 3 mg carbon per litre. During the ex-
periment mortality and reproduction were recorded.

Population growth rates were estimated from the Euler-Lotka
equation

n
1=y L™
x=0



where I, is the age-specific survivorship; my is the age-specific fecun-
dity (number of neonates per individual); and x is the age at repro-
duction (in days).

2.2.2. Gene expression experiment

Simultaneously to the life history experiment we raised animals for
the gene expression study; treatments consisted of the same three
algae S. obliquus, N. limnetica, and Cryptomonas sp. Animals were raised
in 1.5 L beakers each containing 20 individuals. Cultivation, frequency
of transfer and amounts of food were as described for the life history
experiment. After releasing their second clutch offspring daphnids
were sampled using a “cylindrical sieve system” (Heckmann et al.,
2007) and stored at —80 °C in 400 pL RNAlater® (Ambion) for subse-
quent RNA extraction.

2.3. Gene expression analysis

2.3.1. RNA extraction and DNA synthesis

Total RNA was extracted using the RNeasyMini kit with on-column
DNase treatment (Qiagen) according to the manufacturer's instructions.
RNA concentrations were determined using a NanoDrop™ spectropho-
tometer (NanoDrop Technologies). Agarose (1.5%) gel electrophoresis
was used to verify the quality of RNA. cDNA was synthesized from
4 pg total RNA using the First Strand cDNA Synthesis Kit (Fermentas)
following the manufacturer's instructions. Subsequently, cDNA was di-
luted 50-fold to a concentration equivalent to 4 ng total RNA uL.~ ' and
stored at —20 °C.

2.3.2. Relative expression of mRNA

Analysis comprised eight genes: Cox (cyclooxygenase), Gpx (gluta-
thione peroxidase), Clect (C-type lectin like), Lth4dh (leukotriene B4
12-hydroxydehydrogenase), DmagVtg1 (vitellogenin 1), Jhe (juvenile
hormone esterase), Lip (triacylglycerol lipase), Fabp3 (fatty acid bind-
ing protein 3). Primer sequences were taken from Heckmann et al.
(2008a) (additional data files 3, 8); primers were synthesized by
biomers.net (Ulm, Germany). Real-time quantitative polymerase
chain reactions (qPCR) were conducted on a Stratagene MX3005P
(AH Diagnostics) using Stratagene Brilliant® II SYBR® Green qPCR
Mastermix (AH Diagnostics). Each reaction was run in duplicate and
contained 5L of cDNA template (equivalent to 20 ng total RNA)
along with 900 nM primers in a final volume of 15 pL. The amplification
was performed under the following conditions: 95 °C for 10 min to
activate the DNA polymerase, then 40 cycles of 95°C for 10s and
60 °C for 60 s. Melting curves were visually inspected to verify a single
amplification product with no primer-dimers. No inconsistencies were
detected in the present data set.

2.4. Data analysis and statistics

Raw gPCR data were analyzed using Data Analysis for Real-Time
PCR (DART-PCR) (Peirson et al., 2003). The calculated reaction efficien-
cies verified the expected amplification of around 2-fold for all genes.
The few outliers detected were removed. The associated melting curves
were inspected to verify the presence of a single and specific amplicon.
The resulting data set was normalized by NORMA-Gene (Heckmann et
al,, 2011). Differences in relative normalized expression of the target
genes among treatments were assessed using one-way analysis of
variance (ANOVA) if assumptions of normality and homogeneity of var-
iances were met. If assumptions were violated, Kruskal-Wallis one-way
ANOVA on ranks was performed. For illustration, gene expressions of
animals fed N. limnetica or Cryptomonas sp. were calibrated to those of
animals fed S. obliquus, i.e. the relative expression for the S. obliquus
treatment was fixed to 1. All statistics were carried out using Sigmaplot
(v 12.0, Systat Software) or Statistica (v 6.0, StatSoft).
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3. Results
3.1. Elemental stoichiometry and lipid composition of food organism

The elemental composition of the food organisms was character-
ized by high contents of nitrogen and phosphorus and low C:N and
C:P ratios (means4-s.d.; S. obliquus: C:N 17.240.6, C:P 201.34+9.7;
N. limnetica: C:N 10.543.6, C:P 129.545.1; Cryptomonas sp.: C:N
5.440.1, C:P 145.6 +:8.7). A limitation of D. magna by N or P could
therefore be excluded.

The three food organisms differed notably in their PUFA composi-
tion (Table 1). S. obliquus contained linoleic acid (LIN, 18:2n—6),
y-linolenic acid (GLA, 18:3n—6), a-linolenic acid (ALA, 18:3n—3),
and stearidonic acid (SDA, 18:4n—3), but no PUFAs with more than
18 carbon atoms were detected. N. limnetica contained LIN and the
C20 PUFAs ARA and EPA, the latter in exceptionally high amounts. In
Cryptomonas sp., we found LIN, ALA, SDA, EPA and docosahexaenoic
acid (DHA, 22:6n—3). The amounts of total saturated fatty acids
(SAFAs) and total monounsaturated fatty acids (MUFAs) were highest
in N. limnetica; S. obliquus and Cryptomonas sp. were comparable con-
cerning the total amount of SAFAs, but Cryptomonas sp. contained less
MUFAs. The total PUFA content was generally higher than the SAFA or
MUFA content in all three algae. Cryptomonas sp. contained the highest
amounts of total PUFA followed by N. limnetica; both algae contained
more PUFAs than S. obliquus. Only N. limnetica and Cryptomonas sp. con-
tained C20 PUFAs, the amount in N. limnetica being almost four times
that in Cryptomonas sp.

3.2. Reproduction and population growth rates

Cumulative numbers of viable offspring produced within the first
three reproduction cycles and the estimated population growth
rates increased significantly from animals fed S. obliquus to animals
fed N. limnetica and again to those fed Cryptomonas sp. (Fig. 1a and
b). The differences in cumulative offspring numbers caused by differ-
ent algal diets were already apparent in the first clutch, where both
N. limnetica and Cryptomonas sp. as diet for D. magna led to significantly
larger clutch sizes compared to a S. obliquus diet, but they were most
pronounced after three reproduction cycles (Fig. 1a).

3.3. Expression of target genes

The expression of all examined genes was influenced by the food
treatments (Fig. 2), only two were not significantly affected (DmagVtg1,
p=0.156; Ltb4dh, p=0.228).

The most prominent changes in gene expressions were observed
for Cox, Fabp3, and Clect. Cox was up-regulated ~3-fold in both the
N. limnetica and Cryptomonas sp. treatment. Fabp3, in contrast, was
down-regulated ~4-fold when N. limnetica or Cryptomonas sp. was used

Table 1
Fatty acid composition of S. obliquus, N. limnetica and Cryptomonas sp. Data are means
of three replicates + s.d. expressed in pg mg C~' (n.d. = not detectable).

S. obliquus N. limnetica Cryptomonas sp.
18:2n—6 (LIN) 39.1:4£13 6.0+08 237407
18:3n—6 (GLA) 3.040.1 n.d. n.d.
18:3n—3 (ALA) 60.1+09 n.d. 68.542.1
18:4n—3 (STA) 8.240.1 nd. 213406
20:4n—6 (ARA) n.d. 241425 nd.
20:5n—3 (EPA) n.d. 1244 +124 364407
22:6n—3 (DHA) n.d. n.d. 44400
Total SAFAs 46.6 +-2.4 73.6+6.0 422403
Total MUFAs 829479 125.7+2.6 34+0.1
Total PUFAs 1104422 1454+ 1.7 1544428
Total C20 PUFAs n.d. 1398416 36.4+0.7
Total FA 2398+9.1 3447 +6.0 200.0+2.4
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Fig. 1. Cumulative numbers of viable neonates produced per individual (a) and esti-
mated population growth rates (b) of D. magna raised on S. obliquus (Scen), N. limnetica
(Nanno) or Cryptomonas sp. (Crypto). Data are means of 16 replicates = s.e. Symbols or
bars labelled with the same letters are not significantly different (Tukey's HSD test,
p<0.05 following ANOVA). Comparisons were carried out within each clutch.

as food. Similarly, Clect was down-regulated ~3- and 4-fold with
N. limnetica and Cryptomonas sp. as food, respectively.

Changes in the expression of Lip, Gpx, and Jhe were less distinct.
While Lip was clearly up-regulated in the N. limnetica treatment
(~3.5-fold), this was less pronounced in the Cryptomonas sp. treat-
ment (~2-fold). The expression of Gpx did not differ in animals fed
S. obliquus and N. limnetica, but was slightly reduced in animals fed
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Fig. 2. Relative expression of eight selected genes of D. magna raised on S. obliquus (Scen),
N. limnetica (Nanno) or Cryptomonas sp. (Crypto). For graphic presentation, expression
levels are related to gene expression observed on a S. obliquus diet (= calibrator).
Shown are mean relative expressions (N=3+s.e.). Bars labelled with the same letters
are not significantly different (Tukey's HSD test, p<0.05 following ANOVA or Kruskal-
Wallis). N.S. = not significant.

Cryptomonas sp. (~2-fold). Jhe-expression differed in animals feeding
on N. limnetica and Cryptomonas sp., but both treatments did not dif-
fer significantly from the expression level obtained with S. obliquus as
food.

Although not significant, the expression levels of Lth4dh as well as
DmagVtg1 were clearly affected by the food sources. Lth4dh expression
was almost halved in animals feeding on N. limnetica or Cryptomonas sp.
whereas DmagVtg1 displayed the opposite trend, i.e. its expression was
up-regulated 2- and 3-fold in animals fed N. limnetica and Cryptomonas
sp., respectively, compared to animals fed S. obliquus.

4. Discussion

As a first approach to link biochemical nutrient availabilities to
gene expression, we raised Daphnia magna on food sources differing
in their PUFA composition and assessed associated changes in the ex-
pression of selected candidate genes. We found all of these candidate
genes to be responsive to the different food sources and propose that
the observed effects on gene expression can be mainly attributed to
differences in the availability of dietary fatty acids. Differences in
fatty acid profiles among the three algae used as food for D. magna
are substantial and are expected to be responsible for the superior
food quality of N. limnetica and Cryptomonas sp. as was observed in
the concomitantly performed life history experiment where both
algae rich in PUFAs (>18 C) yielded higher offspring numbers and
population growth rates than S. obliquus. Although the elemental nu-
trient ratios (C:P and C:N) found in the three algae differed slightly,
both N and P are present in a supply far from what is thought to be
limiting for Daphnia (Sterner and Elser, 2002).

In contrast to S. obliquus, N. limnetica and Cryptomonas sp. contain
C20 PUFAs which in Daphnia can serve as precursors for eicosanoid
biosynthesis. Only N. limnetica contains ARA, the main substrate for
this biosynthesis. In addition, the amounts of EPA found in this alga
are exceptionally high. Genes examined here included representatives
of different pathways possibly influenced by changing dietary PUFA
availabilities, as indicated by their response to the eicosanoid biosyn-
thesis inhibitor ibuprofen (Heckmann et al, 2008a). Hayashi et al.
(2008) reported that reproduction of daphnids is impaired upon expo-
sure to ibuprofen, which is in line with the finding that dietary C20
PUFAs, i.e. eicosanoid precursors, increase the reproductive success of
daphnids (Martin-Creuzburg et al., 2010). Vitellogenin, a lipoprotein
and precursor of the major egg yolk protein vitellin, is indispensable
for oogenesis and thus reproduction (Bownes, 1986). Therefore, one
would expect that a higher egg number is accompanied by an increase
in the expression of DmagVtg1. Although the increase in transcription
of DmagVtg1 from S. obliquus to N. limnetica and further to Cryptomonas
sp. was not significant due to the comparatively large within-treatment
variance, this increase nicely reflects the increasing reproductive out-
put of animals feeding on these diets.

Besides DmagVigl, Jhe expression should be considered when
looking at oogenesis as the encoded esterase cleaves the active juvenile
hormone thereby rendering it inactive and as a consequence releases
vitellogenin from the suppressive influence of juvenile hormone
(Tokishita et al., 2006). If an increase in DmagVtg1 expression would
require a synchronous increase in JHE, we would expect to find a
similar expression pattern for both genes. However, we were examin-
ing mature, reproducing animals and as increased levels of juvenile
hormone may be disruptive of reproduction we would not expect to
find any differences in Jhe expression among the three algae. Methyl
farnesoate, the crustacean juvenile hormone, has been shown to induce
male production in D. magna (Olmstead and Leblanc, 2002) and hence
should be suppressed under favourable standard experimental condi-
tions. In this study, all experimental animals reproduced parthenoge-
netically, i.e. no males were observed, and the expression of Jhe in
animals raised on N. limnetica or Cryptomonas sp. was not significantly
different from that in animals raised on S. obliquus. Hence, one might



argue against a connection between vitellogenesis and juvenile
hormone synthesis and, therefore, against a role for PUFAs in juvenile
hormone signalling.

Lip codes for a triacylglycerol lipase and hence is directly involved in
lipid metabolism, particularly in the glycerolipid metabolism (Prentki
and Madiraju, 2008). Lip was up-regulated in animals feeding on
N. limnetica, and also to a smaller extend in animals feeding on
Cryptomonas sp. The strong increase in Lip expression in animals
feeding on N. limnetica is most likely a general response to the high
SAFA and/or total fatty acid content of N. limnetica rather than a spe-
cific, PUFA-related response. LIP presumably is a secreted protein as
suggested by the presence of a predicted signal sequence; hence, the
observed increase in Lip expression might indicate an increased lipid
assimilation process, in which available fatty acids in the diet are re-
leased from triacylglycerides in the gut through the activity of lipases,
absorbed through the epithelium, and subsequently processed and
stored in lipid droplets (Mu and Hoy, 2004; Lass et al., 2011).

Lectins act as recognition molecules within the immune system
and are, through their ability to bind glucoproteins and glycolipids
and to mediate e.g. endocytosis, important modules of pathogen
defence (Kilpatrick, 2002). Clect expression was down-regulated in
both N. limnetica and Cryptomonas sp. consuming animals. This pattern
may represent a trade-off situation between immune response and
reproductive output, i.e. an increased allocation of resources toward
reproduction in animals fed N. limnetica or Cryptomonas sp. might
lead to a reduced investment in components of the immune system. In-
dications for a trade-off of immunity for other fitness parameters have
been described in many organisms (Zuk and Stoehr, 2002; Allen and
Little, 2011). Rono et al. (2010) observed interference of vitellogenin
with the immune response to an invading pathogen in Anopheles
gambiae.

Another group of genes can be associated directly with eicosanoid
metabolism as they are coding for the required enzymes: COX, one of
the central enzymes in the biosynthesis of eicosanoids and LTB4DH, an
enzyme responsible for rendering some eicosanoids inactive (Stanley,
2000); GPX provides protection against toxic oxygen derivatives and is
able to reduce lipid hydroperoxides formed during eicosanoid synthesis
(Schoene, 1985; Arthur, 2000).

As key enzyme within the eicosanoid biosynthesis pathway, we
expected the Cox gene to be highly responsive to changes in substrate
availability, i.e. the availability of the three relevant C20 PUFAs. In
both the N. limnetica and Cryptomonas sp. treatment, where these
C20 precursors are present, gene expression levels were clearly
elevated compared to S. obliquus. This might reflect an induction of
the Cox gene by the presence of the substrate (ARA or EPA) of the
encoded enzyme and would thus indicate a higher rate of eicosanoid
synthesis. Supporting this possibility is the concomitantly slightly
lowered Lth4dh expression in animals fed N. limnetica or Cryptomonas
sp., as the enzyme encoded by this gene is, at least in vertebrates, re-
sponsible for the inactivation of eicosanoids. Moreover, leukotriene B4
(LTB4) has been shown to play a role in yolk formation during oogen-
esis in insects (Medeiros et al., 2004). As Ltb4dh expression is down-
regulated in animals raised on a N. limnetica or Cryptomonas sp. diet,
there should be more LTB, present, which in turn -would (according
to Medeiros et al.) support yolk formation. Together with the increased
expression of the vitellogenin gene DmagVtg1 in animals fed the C20
PUFA-rich diets in our experiment, this argues for a similar role of
LTB, in insect and Daphnia reproduction.

Glutathione peroxidases reduce the hydroperoxides formed by ARA
metabolism during eicosanoid synthesis. Although eicosanoids exert
crucial biological activities their peroxide nature can also cause severe
damage to membranes. Hence, one would expect a more pronounced
expression of Gpx in animals that are able to extensively synthesize
eicosanoids, i.e. in our case, in animals feeding on the C20 PUFA-rich
algae N. limnetica or Cryptomonas sp. Yet, we did not find the expected
up-regulation of Gpx expression. While Gpx expression levels did not
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differ between animals fed S. obliquus and N. limnetica, they were
slightly lower in the Cryptomonas sp. treatment. Whether or not ani-
mals feeding on Cryptomonas sp. are in fact exposed to lower
hydroperoxide-mediated stress than animals feeding on S. obliquus
and N. limnetica remains unclear and has to be re-assessed in future
studies.

Another gene closely related to the eicosanoid pathway is Fabp3.
Fatty acid binding proteins (FABPs) are involved in signalling processes
of vertebrates and invertebrates as intracellular carrier proteins for
fatty acids, eicosanoids and other lipophilic substances (Zimmerman
and Veerkamp, 2002; Esteves and Ehrlich, 2006). Possible destinations
for both free fatty acids and eicosanoids bound to FABPs can be
peroxisome proliferator-activated receptors (PPARs). These nuclear re-
ceptors dimerize upon ligand binding (i.e. activation) with the retinoid
X receptor (RXR) and the resulting complex consequently binds to the
promoter region of target genes (Berger and Moller, 2002). In our
study, the expression pattern of Fabp3 in animals fed the different
food sources was similar to the expression pattern of Ltb4dh, but
reversed to that of Cox, which implies a connection to eicosanoid
signalling. However, the reason for the significant down-regulation of
Fabp3 in animals feeding on the C20 PUFA-containing algae N. limnetica
and Cryptomonas sp. requires further investigation, in which receptors
involved in the above described signaling cascade, e.g. PPAR or RXR, are
considered. Also, as for all genes examined, it remains to be tested if the
observed changes in gene expression are reflected in changes in the
functional protein.

Eicosanoids play an important role in reproduction and immunity
of many invertebrates (Stanley, 2000). So far there are only few hints
as to their significance in Daphnia. Hayashi et al. (2008) used the
eicosanoid synthesis inhibitor ibuprofen to assess its toxicity for D.
magna and found strong concentration dependent effects on reproduc-
tion. Here, we demonstrated effects of food quality on reproduction in
a life history experiment and hypothesized that PUFAs, as one of the
major factors distinguishing the employed algae, exert their influence
on offspring production in part through eicosanoid actions. As the
relevance of PUFAs for Daphnia reproduction is well-established (e.g.
Martin-Creuzburg et al., 2010) and the necessary enzymatic machinery
for eicosanoid synthesis exists in Daphnia (Heckmann et al., 2008b;
Colbourne et al., 2011), we are directing future studies along this line
of thought. To elucidate the role of PUFAs in eicosanoid production
further studies are required in which the dietary PUFA supply is exper-
imentally modified by specific PUFA supplementation. It also has to be
considered that the activity of COX is potentially influenced by other
dietary substances, such as carotenoids (Reddy et al.,, 2005). With this
approach we hope to get further insights in how PUFAs act in Daphnia
physiology and to establish a link between dietary PUFA availability
and eicosanoid synthesis.
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