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Sex-specific differences in nutritional requirements may crucially influence the
performances of the sexes, which may have implications for sexual reproduction and thus
is of great ecological and evolutionary interest. In the freshwater model species Daphnia
magna, essential lipid requirements have been extensively studied. Dietary deficiencies
in sterols and polyunsaturated fatty acids (PUFA) have been shown to constrain
somatic growth and parthenogenetic reproduction of female Daphnia. In contrast,
nutrient requirements of male Daphnia have not been studied yet. Supplementation
experiments were conducted to investigate differences in sterol (cholesterol) and PUFA
(eicosapentaencic acid, EPA) requirements between female and male D. magna.
Thresholds for sterol-limited juvenile growth were higher in females than in males,
suggesting that females are more susceptible to dietary sterol deficiencies than males.
Sex-specific differences in maximum somatic growth rates were evident primarily in the
presence of dietary EPA; females could not exploit their generally higher growth potential
in the absence of dietary PUFA. However, the thresholds for EPA-limited growth did not
differ between sexes, suggesting that both sexes have similar dietary EPA requirements
during juvenile growth. During a life history experiment, the gain in body dry mass was
higher in females than in males, irrespective of food treatment. In both sexes, the gain
in body dry mass increased significantly upon EPA supplementation, indicating that both
sexes benefited from dietary EPA supply also later in life. However, the positive effects
of EPA supplementation were most pronounced for female reproduction-related traits
(i.e., clutch sizes, egg dry masses, and total dry mass investment in reproduction). The
high maternal investment in reproduction resulted in a depletion of nutrients in female
somata. In contrast, the comparatively low paternal investment in reproduction allowed
for the accumulation of nutrients in male somata. We conclude that males are generally
less susceptible to dietary nutrient deficiencies than females, because they can rely
more on internal body stores. Our data suggest that the performances of the sexes are
differentially influenced by lipid-mediated food quality, which may have consequences
for sexual reproduction and thus the production of resting eggs and the maintenance of
Daphnia populations.

Keywords: allocation, cholesterol, eicosapentaenoic acid, food quality, male Daphnia, polyunsaturated fatty acids,
sterols, lipid limitation thresholds
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INTRODUCTION

The sexes of gonochorous animal species are subject to different
reproduction-related selection pressures. Divergent selection
provides the basis for more or less distinct sexual dimorphisms
in morphological, physiological or behavioral traits. Adaptive
divergence can involve sex-specific differences in the molecular
metabolic machinery, nutritional requirements, and feeding
behavior (Lee et al., 2008; Maklakov et al., 2008; Hoffman et al.,
2014; Camus et al., 2017). In some insect species, females have
been shown to require higher dietary protein concentrations than
males, while males seem to rely more on an adequate dietary
supply with carbohydrates (Maklakov et al., 2008; Reddiex
et al., 2013; Jensen et al., 2015; Camus et al., 2017). Sex-
specific differences in macronutrient requirements have been
attributed to the different reproductive roles of the sexes. The
maternal investment in reproduction is generally much larger
than the paternal investment, primarily because females invest
heavily in the biochemical composition of eggs, which can
make up a large fraction of the female’s body mass and thus
are metabolically expensive (Trivers, 1972). Eggs contain high
amounts of energy storage molecules and building material,
especially lipids and lipoproteins (yolk), which are required
for embryonic development. In insects, high dietary protein
concentrations translate into a higher number of viable eggs
and thus increased female fitness (Terashima and Bownes, 2004;
Bowman and Tatar, 2016). Female fitness has been proposed to be
strongly limited by the rate at which resources can be converted
into egg biomass (Andersson, 1994). In contrast, male investment
in reproduction is commonly considered to be negligible, because
sperm and seminal fluids are inexpensive to produce and lack any
nutritive component (Trivers, 1972). However, recent evidence
suggests that macronutrient balance and caloric restriction can
exert significant paternal effects (Bonduriansky and Runagall-
McNaull, 2016; Polak et al., 2017). In cockroaches, the dietary
protein to carbohydrate ratio has been reported to affect sperm
number but not sperm viability (Bunning et al., 2015). A diet rich
in carbohydrates has been suggested to aid males in pursuing and
courting females, resulting in a higher number of mating events
and thus increased male fitness (South et al., 2011; Morimoto
and Wigby, 2016). In general, however, it appears that females
are more susceptible to inadequate nutrition, both in terms of
quantity and quality, due to their higher reproductive investment.

Besides macronutrients, many animals rely on an adequate
dietary supply with essential biochemicals, such as sterols and
polyunsaturated fatty acids (PUFA). Dietary deficiencies in these
essential lipids crucially impair growth and reproduction of
zooplankton (Ahlgren et al., 1990; Miiller-Navarra, 1995; Becker
and Boersma, 2003; Martin-Creuzburg et al., 2009; Wacker and
Martin-Creuzburg, 2012) and thus are assumed to play import
roles in aquatic food web processes (Miiller-Navarra et al., 2000;
Wacker and von Elert, 2001; von Elert et al., 2003; Hartwich et al.,
2012).

Sterol auxotrophy is widespread among invertebrates and
it is generally accepted that all arthropods require a dietary
source of sterols to cover their physiological demands (Goad,
1981; Behmer and Nes, 2003; Martin-Creuzburg et al., 2014).

Sterols are indispensable structural components of eukaryotic
cell membranes and are involved in the regulation of various
membrane properties, such as permeability and fluidity (Haines,
2001; Ohvo-Rekild et al., 2002). Cholesterol, the predominant
body sterol of animals, serves as precursor for steroid hormones,
such as the molt-inducing ecdysteroids in arthropods. In
addition, ecdysteroids are involved in the regulation of arthropod
reproduction and embryogenesis (Subramoniam, 2000; Brown
et al., 2009; Mykles, 2011). Moreover, cholesterol itself has been
shown to modify signaling proteins involved in the patterning
of embryonic structures during development (Porter et al.,
1996). Sex-specific differences in the functional role of sterols in
invertebrate physiology are poorly understood.

Like sterols, PUFA are important structural components of
cell membranes and are involved in the modulation of a variety
of vital membrane properties (Valentine and Valentine, 2004).

In addition, C20 PUFA, such as arachidonic acid (ARA,
20:4n-6) and eicosapentaenoic acid (EPA, 20:5n-3), serve as
precursors for eicosanoids, which play important roles in
reproduction, ion transport, and immunity in vertebrates and
invertebrates (Stanley, 2000). In a number of insect species,
eicosanoids have been shown to induce egg-laying behavior
and to influence ovarian protein uptake (Stanley, 2006). In
invertebrates, sex-specific differences in eicosanoid-mediated
physiological processes remain largely unclear. Mammalian
spermatozoa are characterized by a high proportion of long-chain
PUFA, mostly docosahexaenoic acid (DHA, 22:6n-3), which are
believed to play crucial roles in fertilization (Esmaeili et al.,
2015). In guppies, dietary restriction in n-3 PUFA has been
linked to a depression in sperm competitiveness (Rahman et al.,
2014). To the best of our knowledge, lipid profiles of invertebrate
spermatozoa have not been studied yet, and male reproductive
traits have not been linked to the dietary PUFA supply.

In the freshwater crustacean Daphnia, reproduction is
characterized by an environmentally triggered alteration between
asexual and sexual reproduction (cyclical parthenogenesis).
Female and male offspring are produced asexually prior to sexual
reproduction and thus are genetically identical (Nong et al.,
2017), which allows minimizing confounding effects of genetic
variation within the sexes in laboratory experiments. Sexual
reproduction involves the production of resting eggs, which need
to be fertilized before they are enclosed in a protective shell called
an ephippium. Ephippia allow survival even during long periods
of adverse environmental conditions and thus are essential to the
maintenance of Daphnia populations (Decaestecker et al., 2009).
The sexual dimorphism in Daphnia is primarily manifested in
differences in body size, with adult females being much larger
than males (Liirling and Beekman, 2006). Other morphological
characteristics of male Daphnia include the longer first antennae
as well as modifications at the ventral opening of the carapace.

Lipid profiles of female Daphnia have been extensively
studied and related to changes in environmental conditions
(Schlechtriem et al., 2006; Ravet et al., 2010; Hartwich et al.,
2013). In contrast, lipid profiles of male Daphnia have not
yet been studied. Sex-specific differences in lipid profiles have
been found already in Drosophila (Parisi et al., 2011). The data
revealed differences between sexes in saturation state in two lipid
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class fractions, the cholesterol ester and lysophosphatidylcholine
fraction, with males containing higher amounts of saturated fatty
acids and females containing higher amounts of mono- and
polyunsaturated fatty acids (Parisi et al.,, 2011). The fatty acid
composition of female Daphnia strongly reflects that of its food
(Brett et al., 2006). Female Daphnia rapidly take up, accumulate
and retain especially the physiologically important C20 PUFA
(Taipale et al, 2011). In contrast, dietary phytosterols are
mostly converted into cholesterol, the predominant body sterols
in Daphnia (Martin-Creuzburg et al., 2014). Female Daphnia
allocate substantial amounts of dietary PUFA into asexually
and sexually produced eggs (Abrusan et al., 2007; Wacker and
Martin-Creuzburg, 2007; Schlotz et al., 2013; Putman et al,
2015). Cholesterol is also allocated into the eggs but seems to
be retained to a higher degree in somatic tissues (Wacker and
Martin-Creuzburg, 2007).

Here, we studied sex-specific differences in essential lipid
requirements in the freshwater model species Daphnia magna to
improve our understanding of the effects of diet on sex-specific
fitness traits. We reared female and male juvenile D. magna on
dietary cholesterol and EPA gradients and compared thresholds
for sterol- and PUFA-limited growth between the sexes. In
addition, a life table experiment was conducted to assess the
maternal dry mass and lipid investment in egg production
on cholesterol and PUFA supplemented diets. In Daphnia, the
paternal investment in reproduction is difficult to determine.
Although there have been attempts to dissect testes and to
quantify spermatozoa of male D. magna (Duneau et al., 2012;
Gomez et al, 2016), it is quite difficult to obtain sufficient
material for quantitative dry mass determination and subsequent
biochemical analyses. A straightforward estimation of the
paternal investment in reproduction-related tissues arises from
comparing the total investment in male body tissues with the
maternal investment in body tissues and eggs. To acquire lipid
profiles of female and male somatic tissues, we dissected eggs
from female brood chambers and analyzed the lipid profiles
of eggs and female somata separately. We hypothesized that
lipid profiles differ between sexes, especially between males
and egg-bearing females. Considering that female Daphnia
allocate substantial amounts of PUFA into their eggs but rather
retain cholesterol in their somatic tissues (Wacker and Martin-
Creuzburg, 2007), we hypothesized that female somata contain
lower proportions of PUFA but higher proportions of cholesterol
than their male counterparts, and that this translates into sex-
specific differences in essential lipid requirements.

MATERIAL AND METHODS

Cultivation and Preparation of Organisms

Cohorts of a clone of Daphnia magna, originally isolated from a
rock pool in Southern Finland (OER 3-3; Dieter Ebert, University
of Basel), were raised in 1-L jars at 20°C in filtered lake water
(0.2 um pore-sized membrane filter) containing 2mg C 17! of
the green alga Scenedesmus obliquus (Culture Collection of Algae,
University of Gottingen, Germany, SAG 276-3a). S. obliquus
was grown at 20°C in 5-L batch cultures in Cyano medium
(Juttner et al., 1983) and harvested in the late-exponential growth

phase (illumination at 120 wmol quanta m~2 s~!). The animals
were transferred into new jars containing freshly prepared food
every other day. Male production was induced by enhancing the
number of females per jar from 12 to 20 L™! and by switching
the day-night cycle from 16 h:8h to 8 h:16h (light:dark).
During this time, daphnids were transferred to new jars 2 days
after birth and then every 4 days until they released their
third-clutch offspring. Experiments were conducted with third-
clutch offspring born within 12h. The sex of the offspring was
determined by inspecting the length of the first antennae using
a stereo-microscope. In neonatal Daphnia, the first antennae
are already longer in males than in females. The sexes were
gathered separately in beakers containing filtered lake water
and 2mg C L™! of the cyanobacterium Synechococcus elongatus
(juvenile growth experiments) or the green alga S. obliquus (life
history experiment) from which they were randomly transferred
to the experimental beakers (200 ml). S. elongatus (SAG 89.79)
was used as food in the juvenile growth experiments because it
is non-toxic and well-assimilated by Daphnia but lacks sterols
and PUFA, resulting in a co-limitation of Daphnia by sterols
and long-chain PUFA (Martin-Creuzburg et al., 2009; Sperfeld
et al., 2012). S. elongatus was cultivated semi-continuously at a
dilution rate of 0.25 d~! in 5-L bottles containing Cyano medium
(illumination at 80 pmol quanta m~2 s~1). S. obliquus was used
as food in the life history experiment because it lacks long-
chain PUFA (i.e., PUFA with more than 18 carbon atoms) but
contains several phytosterols and is of moderate food quality for
Daphnia (von Elert, 2002; Martin-Creuzburg and Merkel, 2016).
The fecundity of Daphnia is generally higher on S. obliquus than
on cholesterol- and EPA-supplemented S. elongatus; sufficient
egg production was a prerequisite for the third experiment in
which the lipid composition of eggs was analyzed. For the third
experiment, S. obliquus was cultivated semi-continuously at a
dilution rate of 0.25 d~! in 5-L bottles containing Cyano medium
(illumination at 120 wmol quanta m~2 s~!). Food suspensions
were prepared by centrifugation and resuspension in fresh
medium. Carbon concentrations of the food suspensions were
estimated from photometric light extinctions using previously
established carbon-extinction regressions. All experiments were
carried out at 20°C and a 16:8 h light:dark cycle in glass beakers
filled with 0.21 of filtered lake water (<0.2 um) and saturating
concentrations (2mg C 17!) of S. elongatus or S. obliquus,
respectively. Liposomes were prepared as described in Martin-
Creuzburg et al. (2009).

Juvenile Growth Experiments

In a first experiment, female and male neonates were reared
separately on a dietary sterol gradient which was established by
adding increasing amounts of cholesterol-containing liposomes
to the experimental beakers (200 ml). Seven dietary cholesterol
concentrations were provided (0, 1.9, 3.8, 7.5, 15.0, 30.0, and
37.6 pg mg C1), either in the absence or in the presence of
saturating amounts of EPA (14 treatments in total). Simultaneous
EPA supplementation was achieved by adding EPA-containing
liposomes to the experimental beakers, corresponding to an EPA
concentration of 27 ug mg C~! (Figure S1).
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In a second experiment, a dietary EPA gradient was
established by adding increasing amounts of EPA-containing
liposomes to the experimental beakers. Seven dietary EPA
concentrations were provided (0, 0.5, 1.4, 2.5, 4.9, 10.2, and 20.3
g mg C1). In addition, to release the animals from sterol
limitation, each beaker (including the control) was supplemented
with cholesterol-containing liposomes, corresponding to a
saturating dietary cholesterol concentration of 30 pg mg C~!
(Figure S1; Martin-Creuzburg et al., 2009).

To account for the increasing carbon and phosphorus
(constituents of phospholipids) supply via cholesterol- or EPA-
containing liposomes, unloaded (i.e., sterol- and EPA-free)
control liposomes were added so that each beaker was provided
in total with the same volume of liposome suspension. Each
treatment consisted of six beakers (replicates), each containing
five juvenile female or male D. magna. During the experiment,
daphnids were transferred daily into new beakers with freshly
prepared food suspensions. At day six, daphnids were removed
from the beakers, rinsed with ultra-pure water, transferred into
pre-weighed aluminum boats, and stored at —80°C until they
were freeze-dried and weighed (Mettler Toledo XP2U; =£0.1
ng) for dry mass determination. Mass-specific juvenile somatic
growth rates (g) were determined as the increase in dry mass from
the beginning (M) until the end (day six) of the experiment (M)
with time (t) expressed as age in days:

. In M; — In M,

; (1)

8

Life History Experiment

In the third experiment, female and male neonates were
reared separately in 200ml beakers on the following three
food treatments: S. obliquus supplemented with 50 pl of
the control liposome suspension (henceforth referred to as
“Scen”), S. obliquus supplemented with 30 pl of the EPA-
containing liposome suspension (corresponding to a dietary EPA
concentration of 16.2 ug mg C~') and 20 wl of the control
liposome suspension, and S. obliquus supplemented with 50 1 of
the cholesterol-containing liposome suspension (corresponding
to a dietary cholesterol concentration of 18.8 pg mg C!). In
total, all beakers were supplemented with 50 pl of liposome
suspension. S. obliquus (2mg C L™!) and the limiting nutrients
EPA and cholesterol were provided at saturating concentrations
(Figure S1). During the experiment, daphnids were transferred
daily into new beakers with freshly prepared food suspensions.
Initially, each food treatment consisted of 24 beakers each
containing five female neonates and 24 beakers each containing
five male neonates. At day four of the experiment and as soon as
the female Daphnia deposited their first, second, and third clutch
eggs, respectively, into their brood chambers, six beakers per
treatment and sex were subsampled. The daphnids were removed
from the beakers, rinsed with ultra-pure water and photographed
for subsequent determination of body lengths using image
processing software. Males were directly transferred into pre-
weighed aluminum boats and stored at —80°C. Eggs from five
egg-bearing females were collected under a stereomicroscope
by gently flushing them out of the brood chamber with a

lengthened glass Pasteur pipette (Wacker and Martin-Creuzburg,
2007; Schlotz et al., 2013). The eggs and the soma of the five
egg-bearing females were rinsed again with ultra-pure water
and then transferred separately into pre-weighed aluminum
boats and stored at —80°C. At least 50 eggs were collected per
sample; they were all in the first egg stage and did not show
any morphological differentiation. All samples were freeze-dried,
weighed for dry mass determination, and subsequently prepared
for lipid extraction (as described below). Juvenile somatic growth
rates (g) were determined from the increase in dry mass until day
four of the experiment, as described above (Equation 1). Size-
specific juvenile somatic growth rates were determined as the
increase in body length from the beginning until day four of the
experiment. Body length was defined as the distance from the
mid-point of the compound eye to the base of the spina.

Lipid Analyses

For the analysis of fatty acids and sterols in the food
suspensions, approximately 1mg particulate organic carbon
(POC) was filtered separately onto precombusted GF/F filters
(Whatman; 25mm). Filters and freeze-dried daphnids and
eggs (along with the aluminum boats) were deposited in
dichloromethane:methanol (2:1, v:v), vigorously sonicated and
stored overnight at —20°C. On the next day, C23:0 methyl
ester or 5a-cholestane was added as internal standards for
fatty acid or sterol analysis, respectively. Total lipids were
extracted using two washes with dichloromethane:methanol (2:1,
v:v). The pooled cell-free lipid extracts were evaporated to
dryness under N-atmosphere and transesterified with 3 mol L~!
methanolic HCI (60°C, 15min) for the analysis of fatty acids
or saponified with 0.2 mol L~ methanolic KOH (70°C, 1h)
for the analysis of sterols. Subsequently, fatty acid methyl esters
(FAME) were extracted three times with 2 mL of iso-hexane; the
neutral lipids were partitioned into iso-hexane:diethyl ether (9:1,
v:v). The lipid-containing fraction was evaporated to dryness
under nitrogen and resuspended in iso-hexane (10-20 WL).
Fatty acids and sterols were analyzed and quantified by gas
chromatography (GC) on a HP 6890 equipped with a flame
ionization detector (FID) and a DB-225 (J&W Scientific, 30 m
x 0.25mm inner diameter [ID] x 0.25pum film) capillary
column to analyze FAME, or with a HP-5 (Agilent, 30m
x 0.25mm ID x 0.25pm film) capillary column to analyse
sterols. Details of GC configurations are given elsewhere (Martin-
Creuzburg et al., 2010; Martin-Creuzburg and Merkel, 2016).
Fatty acids and sterols were quantified by comparison to internal
standards (C23:0 methyl ester or 5a-cholestane) using multipoint
calibration curves generated with lipid standards (Sigma). Fatty
acids and sterols were identified by their retention times and their
mass spectra, which were recorded with a gas chromatograph-
mass spectrometer (GC-MS) (Agilent Technologies, 5975C inert
MSD) equipped with a fused-silica capillary column (DB-5MS,
Agilent; GC-MS configurations as for FID). Sterols were analyzed
both in their free form and as their trimethylsilyl derivatives,
which were prepared by incubating the iso-hexane sterol extracts
with 10 pl of N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA)
including 1% trimethylchlorosilane (TMCS) for 1h at room
temperature. Spectra were recorded between 50 and 600 Dalton
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in the electron impact (EI) ionization mode. The limit for
quantitation of fatty acids and sterols was 10 ng. The absolute
amount of each lipid was related to the dry mass of the
animals or eggs. Lipids in the food suspensions were related to
the particulate organic carbon content, which was determined
using an elemental analyser (EuroEA3000, HEKAtech GmbH,
Germany).

Data Analyses

Sterol- and EPA-limited growth responses and dietary thresholds
were estimated based on saturation curve fitting (Sperfeld and
Wacker, 2011) using a modified form of the Von Bertalanffy
function (Von Bertalanffy, 1957) which describes somatic growth
rates (g, d 1) in response to dietary nutrient concentrations (c, in

ugmg C71).
g =90+ (goo —g0) - (1 — y7%) (2)

The parameters are: go = somatic growth rate (@1 on
unsupplemented S. elongatus, goo = asymptotic growth rate
(d~1), b = exponential Bertalanffy growth coefficient in mg C (jug
cholesterol or EPA) ! with y = 4.

To estimate the uncertainty of each threshold depending
on the variability of growth data we randomly sampled one
out of six replicates for each of the original dietary sterol or
EPA concentration levels and used Equation (2) to fit through
the sampled growth rates using the non-linear least squares
method of R 3.4.0. From the fitted curves we calculated the
sterol and EPA concentrations at which maximum growth rates
(goo) were reduced by 25% and defined these concentrations
as thresholds for sterol- or EPA limited growth, respectively. A
growth rate reduction of 25% was used because the variability in
threshold concentrations increases with increasing convergence
to goo and this may compromise further evaluations (Sperfeld
and Wacker, 2011). The value for g, cannot be used as
estimation for growth saturation because saturation curves reach
goo at infinity (Figure 1). Thus, we defined a saturation growth
level clearly distinct to g, on the basis of the maximum
growth improvement by dietary sterol or EPA supply (Figure 1).
Using this conservative saturation growth level (reduction of
goo Dy 25%) may result in a reduced sensitivity to detect
growth limitations. However, this procedure clearly avoids biased
threshold estimations due to neglecting some bootstrapped
regression curves that do not intersect with the line of the defined
saturation growth level, and allows for an unbiased comparison
of threshold concentrations. By repeating this procedure 1,000
times, a parameter distribution around a median threshold
was generated and used for further statistical comparison of
thresholds among treatments.

To statistically evaluate potential differences among
thresholds, we randomly drew the same number of replicates as
in the original experiment (n = 6) from the distribution of the
1,000 thresholds. This was done for each sex and treatment; the
resulting replicates were compared using analysis of variance.
Following the recommendation of Bolker (2008), this procedure
was repeated 400 times. The proportion of significant tests, i.e.,
with P < 0.05 for each comparison, reflected the probability

and power to detect significant differences among treatments.
We searched for the critical P-value necessary to exceed an 80%
proportion of significant tests (= 80% percentile) to hold for a
statistical power of 0.8 (or a type two error of 0.2, respectively).

Mass- and size-specific juvenile somatic growth rates were
analyzed using one-way analyses of variance (ANOVA). Data
met the assumption of homogeneity of variance; treatment effects
were analyzed using Tukey’s HSD post-hoc tests. Clutch sizes, egg
dry masses, and maternal dry mass investments were analyzed
in a two-factorial ANOVA design, with clutch and food as
factors and permitting their interaction. A two-factorial ANOVA
design was also used to analyse differences in dry mass and
lipid content between sexes and food treatments. Raw data were
log-transformed, if necessary, to account for inhomogeneity of
variances and non-normal distribution of residues. To account
for multiple comparisons, rejection criteria were adjusted using
the Holm-Bonferroni method. Treatment effects were analyzed
using Tukey’s HSD post-hoc tests.

A principal component analysis (PCA) was applied to
compare the fatty acid profiles of egg-bearing females and males
reared on the different food treatments and at the different
sampling events. The PCA was calculated using proportions of
total fatty acids. Proportions were used because we expected
sex-specific changes in fatty acid profiles with age. The use of
proportions allowed to explore relative changes in fatty acid
profiles and to account for the general increase in the total fatty
acid content with age in both sexes. For females, the sum of fatty
acids detected in somatic tissue and eggs of the respective clutch
was used. To avoid any bias, EPA was not considered in the PCA
because it was detected only after supplementation in rather low
concentrations.

All statistical calculations were carried out using the software
package R (R Core Team, 2013).

RESULTS

Juvenile Growth Experiments

Juvenile somatic growth rates (g) of female and male D. magna
reared on unsupplemented S. elongatus were low, but increased
considerably with increasing dietary cholesterol concentrations
(Figure 1A). The sterol-limited growth responses of both sexes
were even more pronounced in the presence of dietary EPA,
resulting in significantly higher maximum growth rates than in
the absence of dietary EPA (Figure 1B). Thresholds for sterol-
limited growth (defined as a reduction of goo by 25%; Figure 1)
were significantly higher in females than in males, but were
not affected by additional EPA supplementation (Figure 2A,
Table S1).

Juvenile somatic growth rates of female and male D. magna
reared on S. elongatus supplemented with increasing amounts of
EPA and saturating amounts of cholesterol increased significantly
with dietary EPA concentration (Figure 1C). The EPA-limited
growth responses of females and males differed in their
maximum growth rates, but did not reveal sex-specific differences
in threshold concentrations for EPA-limited somatic growth
(Figure 2B, Table S1).
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FIGURE 1 | Juvenile somatic growth responses of female and male D. magna reared on a sterol- and PUFA-free food (Synechococcus elongatus) supplemented with
increasing amounts of cholesterol, either in the absence (A) or presence of saturating amounts of EPA (B), or increasing amounts of EPA in the presence of saturating
amounts of cholesterol (C). Vertical lines show dietary threshold concentrations defined as a growth rate reduction of geo by 25 %.
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FIGURE 2 | Dietary threshold concentrations (defined as 25% reduction of
Joo) for sterol- and EPA-limited juvenile somatic growth of female (F) and male
(M) D. magna. Juveniles were raised either on a dietary cholesterol gradient, in
the absence and presence of saturating amount of dietary EPA (A), or on a
dietary EPA gradient in presence of saturating amounts of cholesterol (B). Data
are presented as medians, quartiles (box), 10 and 90% percentiles (whiskers),
and 95% confidence intervals (circles). Data labeled with the same letters are
not significantly different (A, sex: P < 0.01, EPA supplementation: P = 0.73,
sex x EPA: P =0.71; B, sex: P = 0.74).

Life History Experiment

Mass-specific juvenile somatic growth rates of D. magna reared
on the green alga S. obliquus differed significantly among food
treatments but not between sexes and did not reveal a significant
interaction between sex and food [two-factorial ANOVA; sex:
F(1’30) = 005, P = 083, fOOdZ F(2’30) = 822, P < 0001, sex
x food: F30) = 1.04, P = 0.36]. Mass-specific growth rates
increased significantly upon EPA supplementation but were not
affected by cholesterol supplementation (Tukey’s HSD, P < 0.05;
Figure 3). In contrast, size-specific somatic growth rates differed
significantly also between sexes [two-factorial ANOVA; sex:
F30) = 25.1, P < 0.001; food: F(530) = 23.3, P < 0.001; sex x
food: F(, 30y = 2.85, P = 0.07; Figure S2], which was due to the fact
that females achieved significantly higher size-specific growth
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FIGURE 3 | Mass-specific juvenile somatic growth rates of female and male
D. magna reared on S. obliquus and S. obliquus supplemented with
cholesterol or EPA. Growth rates were calculated from the increase in body dry
mass up to day four of the experiment. Data represent means of n = 6 +
standard deviation (SD). Bars labeled with the same letters are not significantly
different (Tukey’s HSD, P < 0.05, following ANOVA).

rates on the EPA-supplemented diet (Tukey’s HSD, P < 0.05;
Figure S2).

Starting with a similar dry mass at birth [ANOVA,
Fa4) = 342, P = 0.14], females gained significantly more
body dry mass than males until the end of the experiment.
This is indicated by the slopes of the dry mass-time regressions
(Figure 4), which were always significantly higher for female
than for male growth responses, irrespective of food treatment
(non-overlapping 95% confidence intervals; Figures 4D-F).
Differences in slopes were most pronounced between males and
egg-bearing females but were evident also when considering
somata of males and females only. The dry mass-time
regressions also revealed a significantly higher dry mass
investment in egg production upon EPA supplementation
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FIGURE 4 | Dry mass increase of female and male D. magna reared on S. obliquus (A) and S. obliquus supplemented with cholesterol (B) or EPA (C). Females and
males were subsampled at birth, at day four of the experiment, and when females deposited the first-, second-, and third-clutch eggs in their brood chambers. For
dry mass determination and subsequent lipid analyses, eggs were removed from the brood chambers and female somata and eggs were weighed and analyzed
separately. Clutch data represent the total female dry mass investment in egg production in the first, second and third reproduction cycle, respectively. The total dry
mass of females was calculated by adding up soma and clutch dry mass (soma+clutch). Data in (A-C) represent means of n = 6 + SD. The slopes of the linear
regressions were used to assess sex-specific differences in dry mass increase (D=F). Error bars in (D-F) show 95% confidence intervals (Cl). Non-overlapping Cls
indicate significant differences.

(Figures 4D,F). Cholesterol supplementation did not affect the
gain in body dry mass or the investment in egg production
(Figures 4D,E). The dry mass investment of females in egg
production in each of the first three reproduction cycles roughly
matched the total body dry mass of males sampled at the
same time/age (Figures4A-C). Females and males also did
not differ in body size at birth [ANOVA, F( ;5 = 0.79,
P = 0.39]. However, females were almost twice as large as
males at the end of the experiment in all food treatments
(Figure S3).

Clutch size, egg dry mass, and total maternal dry mass
investment significantly increased with each reproduction
cycle and also differed significantly among food treatments
(Figure 5, Table S2). At each of the first three reproduction
cycles, clutch size, egg dry mass, and total maternal dry
mass investment was significantly higher on the EPA-
supplemented diet (Tukey’s HSD, P < 0.05). Cholesterol

supplementation did not affect female reproduction-related
traits (Figure 5).

The dry mass and lipid content of male and female somata
(without eggs) at the end of the experiment, when females
deposited their third clutch eggs in their brood chambers,
differed significantly between sexes and among food treatments
(Figure 6, Table S3). While female somata were characterized
by a higher dry mass on all food treatments and higher
cholesterol content on the unsupplemented and the cholesterol-
supplemented food, male somata contained higher amounts of
total fatty acids, linoleic acid (LIN; 18:2n-6), a-linolenic acid
(ALA: 18:3n-3), and EPA (Figure 6). This finding was even more
evident when the data were related to the body dry mass (Figure
S4). Male somata contained much higher concentrations of LIN
and ALA than female somata, while the concentrations of EPA
and cholesterol did not differ significantly between sexes. The
concentrations of LIN and ALA were significantly higher in eggs
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FIGURE 5 | Clutch size (A), egg dry mass (B), and total maternal dry mass investment (C) in the first three reproduction cycles of D. magna reared on S. obliquus and
S. obliquus supplemented with cholesterol or EPA. Data represent means of n = 6 £+ SD. Data points labeled with the same letters are not significantly different
(Tukey's HSD, P < 0.05, following ANOVA; Table S2).
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FIGURE 6 | Dry mass (A), total fatty acid (B), linoleic acid (LIN; C), a-linolenic acid (ALA; D), eicosapentaenoic acid (EPA; E), and cholesterol (F) content (g
individual’1) of male and female somata of D. magna reared on S. obliquus (Scen) and S. obliquus supplemented with cholesterol or EPA until females deposited their
third-clutch eggs into their brood chambers. Female somata and eggs produced in the first three reproduction cycles were analyzed separately to assess biomass
and lipid allocation into female reproduction. Light gray bars (soma + eggs) represent the dry mass and lipid content of female somata at the end of the experiment
figured up with the cumulative dry mass and lipid content of eggs produced within the first three reproduction cycles. Dry mass data represent means of n = 6 &+ SD;
lipid data represent means of n = 3 + SD. Data points labeled with the same letters are not significantly different (Tukey’s HSD, P < 0.05, following ANOVA; Table S3).

than in female somata, while EPA and cholesterol concentrations ~ mass and lipid investment in egg production was determined
did not differ between eggs and female somata (Figure S4, and figured up with the dry mass and lipid content of female
Table S4). somata at the end of the experiment (light gray bars in Figure 6).

To assess the total biomass and lipid acquisition in females  The dry mass of somatic tissues was 1.6-1.9-times higher in
during the first three reproduction cycles, the cumulative dry ~ females (soma without eggs) than in males and the total dry
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mass acquisition, considering eggs produced in the first three
reproduction cycles, was 3.4-3.9-times higher in females (soma
+ eggs) than in males, depending on the food treatment. The
cumulative female dry mass investment in eggs of the first
three reproduction cycles was 1.8-2.3-times higher than the
total body dry mass of one male at the end of the experiment.
The total PUFA content (primarily represented by LIN and
ALA) of somatic tissues was 1.6-2.4-times higher in males
than in females (soma without eggs; Figure 6) while the total
PUFA acquisition was 1.8-2.8-times higher in females (soma +
eggs) than in males. The cumulative PUFA allocation by one
female in eggs of the first three reproduction cycles was 1.3—
2.3-times higher than the total body PUFA content of one male
at the end of the experiment. Similar allocation patterns were
observed for single PUFA. EPA could be detected in somatic
tissues and eggs only after supplementation (Figure 6E). The
EPA content of somatic tissues was 1.3-times higher in males
than in females while the total PUFA acquisition was 2.7-times
higher in females (soma + eggs) than in males (Figure 6E). The
cumulative EPA allocation by one female in eggs of the first
three reproduction cycles was 1.9-times higher than the total
body EPA content of one male at the end of the experiment.
Cholesterol was also substantially allocated into the eggs but
seemed to be more retained in female somata than fatty acids
(Figure 6F).

The PCA of the fatty acid profiles of egg-bearing females
and males projected most of the variance of the multivariate
fatty acid data set on the first three principal component
axes (PCl1-3; Figure7). PCl explained 39.7% of variation,
primarily separated the different sampling events, and revealed
an increase in the proportion of ALA with age in both
sexes. PC2 explained 21.4% of variation and revealed slightly
higher proportions of 16:0 and 18:1n-9 in females than in
males. PC3 explained 11.9% of variation and revealed a lower
proportion of LIN in females than in males, with the exception
of the EPA treatment. EPA supplementation resulted in a
higher proportion of LIN in females but not in males. The
increase in the proportion of LIN upon EPA supplementation
was most pronounced in the third reproduction cycle, where
the proportion of LIN was similar to the one found in
males.

DISCUSSION

We show here that dietary sterol requirements of female and male
D. magna differ during juvenile somatic growth, as indicated by
sex-specific differences in dietary threshold concentrations for
sterol-limited growth. The thresholds for sterol-limited growth
were significantly higher in females than in males, suggesting
that females are more susceptible to dietary sterol deficiencies
than males. The growth response obtained by supplementing
increasing amounts of cholesterol suggests that 9.6 pg mg
C~! of cholesterol is required to release female juveniles from
sterol limitation, which corroborates previous supplementation
experiments (Martin-Creuzburg et al., 2009, 2014; Sperfeld and
Wacker, 2009). In the presence of dietary EPA, the threshold

for sterol-limited growth was somewhat lower (8.2 pg mg
C~!) than in the absence of dietary EPA. Although this effect
was not statistically significant it nevertheless supports previous
findings showing lower thresholds for sterol-limited growth in
the presence of dietary PUFA (Martin-Creuzburg et al., 2010;
Sperfeld and Wacker, 2011). The threshold for sterol-limited
growth of male juveniles was not affected by additional EPA
supplementation (6.2 and 6.4 pg mg C~! with and without
EPA, respectively). Sex-specific differences in maximum somatic
growth rates were evident primarily in the presence of dietary
EPA, i.e., the generally higher growth potential of females did not
come into play in the absence of dietary PUFA.

At saturating dietary sterol concentrations, juvenile somatic
growth rates of both sexes increased with increasing dietary
EPA concentrations. The maximum growth response upon
EPA supplementation was significantly higher in females than
in males, but the thresholds for EPA-limited growth did not
differ between sexes. The obtained thresholds are comparable to
previously published thresholds for EPA-limited juvenile growth
of female D. magna (Sperfeld and Wacker, 2011). Thus, females
achieve higher maximum somatic growth rates than males when
released from dietary EPA limitation, due to their generally
higher growth potential, but the sexes do not differ in their
susceptibility to dietary EPA limitation during juvenile somatic
growth.

The results discussed above were obtained by rearing Daphnia
on a sterol- and PUFA-deficient diet, the cyanobacterium
S. elongatus. Daphnia feeding on S. elongatus are simultaneously
limited by sterols and PUFA (Martin-Creuzburg et al., 2009;
Sperfeld et al., 2012), which makes it possible to study the sterol-
and PUFA-requirements of Daphnia by supplementing single
sterols and/or PUFA. Although simultaneous supplementation of
S. elongatus with both resources, i.e., sterols and PUFA, results
in rather high somatic and population growth rates (Martin-
Creuzburgetal., 2009, 2010), fecundity is typically still lower than
on eukaryotic algal diets. Thus, to study sex-specific differences
in lipid requirements and allocation in mature animals, we used
the green alga Scenedesmus obliquus as the experimental diet.
S. obliquus is of moderate food quality for Daphnia, primarily
because of a deficiency in long-chain (>C20) PUFA (von Elert,
2002) and possibly because of its high content of A7-sterols,
which may be less efficiently used by Daphnia than the more
common Ab5-sterols (Martin-Creuzburg et al., 2014; Martin-
Creuzburg and Merkel, 2016). The use of S. obliquus resulted in
higher egg production, which was a precondition for subsequent
lipid analyses, but still allowed for testing lipid-mediated food
quality effects.

Mass-specific juvenile somatic growth rates of female and
male D. magna reared on S. obliquus increased significantly
upon EPA supplementation, while cholesterol supplementation
had no effect. Our data suggest that both sexes benefit equally
from dietary EPA supplementation during juvenile somatic
growth. Conversely, the deficiency in A5-sterols in S. obliquus
did not impair juvenile somatic growth rates. In contrast,
differences between sexes were observed for size-specific somatic
growth rates, which only in females increased significantly
upon EPA supplementation. Thus, the dietary EPA supply
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FIGURE 7 | Principal component analysis (PCA) of the fatty acid profiles of egg-bearing female (filled circles) and male (triangles) D. magna reared on S. obliquus
(Scen) supplemented with cholesterol- (Chol) or EPA-containing liposomes (EPA). PC1, PC2 (A), and PC3 (B) explained 39.7, 21.4, and 11.9% of variation,
respectively. The PCA was calculated using fatty acid proportions of total fatty acids without considering EPA, which was detected only after supplementation in low
concentrations. Female data represent fatty acids detected in somatic tissue and eggs of the respective clutch. The four consecutive sampling events are exemplified
by increasing symbol sizes, i.e., the first sampling at day four is represented by the smallest symbols and the last sampling at the third reproduction cycle is
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may differently affect the allocation of resources toward
size- and mass-specific somatic growth in female and male
Daphnia.

To assess the maternal investment in reproduction, we
analyzed female somata and eggs separately in each of the first
three reproduction cycles. Males were subsampled at the same
time the females deposited the first-, second-, and third-clutch
egg in their brood chambers. The gain in body dry mass during
the experiment was significantly higher in females than in males,
irrespective of food treatment, as indicated by the higher slopes
of the dry mass-time regressions (Figures 4D-F). Differences
in slopes were most pronounced between males and egg-
bearing females but were evident also between male and female
somata (without eggs). Thus, despite the substantial investment
in egg production during the first three reproduction cycles,
the gain in somatic dry mass (without eggs) was significantly
higher in females than in males. In each of the first three
reproduction cycles, the dry mass investment of females in
egg production roughly matched the total body dry mass of
males sampled at the same time (Figures4A-C), i.e., each
female invested the dry mass equivalent of one age-matched
male in each reproduction cycle. The dry mass-time regressions
also revealed a significant increase in dry mass investment
in egg production upon EPA supplementation (Figures 4D-F),
which supports previous findings showing that the dietary
EPA supply strongly improves parthenogenetic reproduction
(Becker and Boersma, 2005; Martin-Creuzburg et al., 2009).
In each of the first three reproduction cycles, clutch sizes,
egg dry masses, and total maternal dry mass investments were
significantly higher on the EPA-supplemented diet. Larger eggs

may result in larger body size at first reproduction and thus
may increase offspring fecundity (Guisande and Gliwicz, 1992;
Lampert, 1993). It has been shown already that the dietary EPA
supply is associated with strong maternal effects, which are most
likely mediated by the allocation of dietary EPA into the eggs
(Schlotz et al., 2013; Sperfeld and Wacker, 2015). However, our
data suggest that the positive effects of EPA supplementation
on female reproduction are multifaceted, involving traits not
directly related to EPA allocation, resulting in higher egg dry
mass. It should be noted, however, that the gain in body
dry mass increased significantly upon EPA supplementation in
both sexes, indicating that both sexes benefited from dietary
EPA supply (Figure 8). Cholesterol supplementation did not
affect the gain in body dry mass in both sexes or the
investment in egg production, suggesting that both sexes were
sufficiently supplied with sterols while growing on the green alga
S. obliquus.

With our experimental set-up it was not possible to separate
the effects of EPA supplementation on the development of
somatic and reproductive tissues, because we did not dissect
ovaries and testes prior to analysis. Although there have been
attempts to dissect testes and to quantify spermatozoa of male
D. magna (Duneau et al., 2012; Gémez et al., 2016), it appears
impossible to obtain sufficient material for quantitative dry
mass determination and lipid analysis. Moreover, even if it
would be possible to quantitatively dissect ovaries and testes
it would be difficult to preserve the remaining body tissues
for separate analyses. Thus, to assess sex-specific differences
in nutrient acquisition, we analyzed the dry mass and lipid
content of female (somata and eggs separately) and male
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FIGURE 8 | Female and male D. magna reared on S. obliquus and S. obliquus
supplemented with EPA. The photographs were taken at the end of the life
history experiment when females deposited their third clutch eggs in their
brood chambers (day 16.7 without EPA, day 13.6 with EPA). Both sexes
benefited from dietary EPA supplementation but the effects of EPA enrichment
were most pronounced regarding female reproduction.

D. magna in each of the first three female reproduction
cycles.

At the end of the experiment, when females deposited their
third clutch of eggs into their brood chambers, the dry mass and
lipid content of female and male somata differed significantly
between sexes and among food treatments. According to their
generally higher growth potential, female somata (without eggs)
were characterized by a higher dry mass, irrespective of food
treatment. Nevertheless, male somata contained higher amounts
of total fatty acids, LIN, ALA, and EPA than female somata on
all supplemented diets. These findings were even more evident
when the data were related to the body dry mass (Figure S4).
The concentrations of LIN and ALA were much higher in
male than in female somata; LIN and ALA were also more
concentrated in eggs than in female somata. In contrast, the
concentrations of EPA and cholesterol were comparable in all
tissues. We have shown previously that female Daphnia allocate
substantial amounts of PUFA into the eggs, while cholesterol is
retained more in somatic tissues (Wacker and Martin-Creuzburg,
2007). The lower content of total fatty acids and PUFA in
female than male somata most likely resulted from the females’
substantial allocation of nutrients into the eggs produced during
the first three reproduction cycles. Especially LIN and ALA,

which were sufficiently provided through the green algal diet,
were allocated in high amounts into the eggs. EPA was available
in much lower dietary concentrations than LIN and ALA,
potentially resulting in a higher retention of EPA in female
somata and thus similar EPA concentrations in female and male
somata. Overall, however, the dry mass and lipid acquisition
until the end of the experiment was significantly higher in
females (incl. eggs of 1.-3. clutch) than in males. Thus, the
high maternal investment in reproduction leads to a depletion
of nutrients in female somata, while the comparatively low
paternal investment in reproduction allows for the accumulation
of nutrients in male somata. This suggests that males are less
susceptible to dietary deficiencies than females, because they
can rely more on internal body stores. When nutrients are
scarce, females may retain higher amounts of nutrients in
somatic tissues, potentially at the expense of a lower reproductive
output.

In Daphnia, sex-specific differences in lipid profiles have
not been studied yet. We applied a principal component
analysis (PCA) to compare fatty acid profiles of egg-bearing
females (somata with eggs) and males reared on the different
food treatments. The PCA was calculated using proportions
of total fatty acids, which made it possible to compare the
relative changes in fatty acid profiles between sexes, among food
treatments and with age. The PCA revealed that the fatty acid
profiles of egg-bearing females and males primarily changed
with age; both sexes revealed a temporal increase in the relative
proportion of ALA. The proportion of LIN was lower in females
than in males, although the proportion in females approached the
one in males after EPA supplementation. EPA supplementation
resulted in higher egg production and in the allocation of
EPA into the eggs, which was accompanied by a generally
higher allocation of dietary n-3 and n-6 PUFA (primarily ALA
and LIN) into the eggs. The increased acquisition of dietary
LIN in response to EPA supplementation may represent a
mechanism by which egg-bearing females balance the allocation
of n-3 and n-6 PUFA into their eggs. This finding, however,
should be subjected to further investigations. Overall, fatty
acid profiles changed primarily with age while the effects of
food and sex were less distinct. In Drosophila, differences
between sexes have been found in the fatty acid saturation
state but only within two lipid class fractions, the cholesterol
ester and lysophosphatidylcholine fraction, with females
containing higher amounts of mono- and polyunsaturated
fatty acids (Parisi et al, 2011). Our data suggest that, in
Daphnia, sex-specific differences in fatty acid profiles are
qualitatively rather low and primarily manifested in quantitative

differences that are mediated by sex-specific allocation
patterns.
CONCLUSION

The sex-specific differences in dietary threshold concentrations
for sterol-limited juvenile growth suggest that females are more
susceptible to dietary sterol deficiencies than males, presumably
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due to their generally higher growth potential. Sex-specific
differences in maximum somatic growth rates were evident
primarily in the presence of dietary EPA; females did not exploit
their higher growth potential in the absence of dietary PUFA.
However, the thresholds for EPA-limited growth did not differ
between sexes, suggesting that both sexes have similar dietary
EPA requirements during juvenile growth. The gain in body
dry mass during the life history experiment was significantly
higher in females (with and without eggs) than in males,
irrespective of food treatment. In both sexes, the gain in body
dry mass increased significantly upon EPA supplementation,
indicating both sexes benefited from dietary EPA supply also
later in life. EPA supplementation resulted in an increased
maternal investment in reproduction, primarily reflected in
larger clutch sizes and egg dry masses. The increased maternal
investment in reproduction was accompanied by a depletion
of nutrients in female somata, while the comparatively low
paternal investment in reproduction resulted in the accumulation
of nutrients (including PUFA) in male somata. This suggests
that males are generally less susceptible to dietary nutrient
deficiencies than females, because they can rely more on internal
body stores. We propose that the performances of the sexes
are differentially influenced by food quality, which may have
consequences for sexual reproduction and, consequently, the
formation of resting eggs and the maintenance of Daphnia
populations. Studying sex-specific differences in nutritional traits
may help to understand the patterns of sexual reproduction
in Daphnia populations and thus is of great ecological and
evolutionary interest.
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