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Thresholds for Sterol-Limited Growth of Daphnia magna:
A Comparative Approach Using 10 Different Sterols

Dominik Martin-Creuzburg - Sarah Oexle -
Alexander Wacker

Abstract Arthropods are incapable of synthesizing sterols de
novo and thus require a dietary source to cover their physio-
logical demands. The most prominent sterol in animal tissues
is cholesterol, which is an indispensable structural component
of cell membranes and serves as precursor for steroid hor-
mones. Instead of cholesterol, plants and algae contain a
variety of different phytosterols. Consequently, herbivorous
arthropods have to metabolize dietary phytosterols to choles-
terol to meet their requirements for growth and reproduction.
Here, we investigated sterol-limited growth responses of the
freshwater herbivore Daphnia magna by supplementing a
sterol-free diet with increasing amounts of 10 different phy-
tosterols and comparing thresholds for sterol-limited growth.
In addition, we analyzed the sterol composition of D. magna
to explore sterol metabolic constraints and bioconversion
capacities. We show that dietary phytosterols strongly differ
in their potential to support somatic growth of D. magna. The
dietary threshold concentrations obtained by supplementing
the different sterols cover a wide range (3.5-34.4 ugmg C ")
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and encompass the one for cholesterol (8.9 pg mg C 1),
indicating that certain phytosterols are more efficient in
supporting somatic growth than cholesterol (e.g., fucosterol,
brassicasterol) while others are less efficient (e.g.,
dihydrocholesterol, lathosterol). The dietary sterol concentra-
tion gradients revealed that the poor quality of particular
sterols can be alleviated partially by increasing dietary con-
centrations, and that qualitative differences among sterols are
most pronounced at low to moderate dietary concentrations.
We infer that the dietary sterol composition has to be consid-
ered in zooplankton nutritional ecology to accurately assess
potential sterol limitations under field conditions.

Keywords Cholesterol - Daphnia - Food quality - Nutrition -
Phytosterols - Sterols

Introduction

Sterols are indispensable structural components of eukaryotic
cell membranes; they are involved in the modulation of im-
portant membrane properties, such as permeability and fluid-
ity, and they interact with various membrane proteins (Haines
2001; Ohvo-Rekild et al. 2002). Moreover, sterols serve as
precursors for steroid hormones, such as the molt-inducing
ecdysteroids in arthropods (Grieneisen 1994), and are required
for developmental patterning of embryonic structures (Porter
et al. 1996). Generally, it is accepted that arthropods require
dietary sterols to satisfy their physiological demands (Behmer
and Nes 2003; Goad 1981; Hassett 2004; Martin-Creuzburg
and von Elert 2009). Moreover, nematodes, rotifers, and cer-
tain bivalves are either incapable of synthesizing sterols de
novo or at least have limited capacities to synthesize sterols
from low molecular weight precursors (Basen et al. 2012;
Entchev and Kurzchalia 2005; Wacker and Martin-
Creuzburg 2012). Thus, sterol auxotrophy appears to be
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widespread among invertebrates. In contrast to animals, which
predominantly contain cholesterol as their main body sterol
(Goad 1981), plants and especially algae contain a great
diversity of phytosterols and little to no cholesterol (Behmer
etal. 2011;Volkman 2003). These phytosterols typically differ
from cholesterol in the number and position of double bonds
in the tetracyclic sterol nucleus or in the side chain or by
having additional substituents, such as methyl or ethyl groups
at C-24 in the side chain (Moreau et al. 2002). Herbivorous
arthropods rely on a dietary source of sterols, and typically
produce cholesterol by converting the phytosterols in their diet
(Ikekawa et al. 1993; Svoboda 1999). Work on insects and
crustaceans has shown that phytosterols can differ substantial-
ly in their potential to support growth and reproduction
(Behmer and Nes 2003; Carvalho et al. 2010; Martin-
Creuzburg and von Elert 2009). Although it has been recog-
nized that many animals rely on an adequate dietary supply of
sterols and other essential biochemicals, dietary threshold
concentrations at which these compounds become limiting
have not been adequately studied, in particular with regard
to non-insect arthropods.

Here, we investigated the sterol requirements of Daphnia
magna, an important component of freshwater food webs
and well-established model organism in ecology, ecotoxi-
cology, and evolutionary research. It has been shown that a
dietary sterol deficiency has serious consequences for
growth, reproduction and survival of Daphnia species
(Martin-Creuzburg et al. 2005b, 2008, 2011). Dietary
thresholds for sterol-limited growth have been determined
only for cholesterol (Martin-Creuzburg et al. 2009, 2010;
Sperfeld and Wacker 2009). The use of cholesterol to
assess sterol requirements is justified by its physiological
relevance; cholesterol is the predominant body sterol in
Daphnia as in most other animals. However, this approach
neglects the fact that Daphnia primarily feed on algae,
which generally do not contain cholesterol but different
phytosterols (Volkman 2003). It has been shown already
that dietary phytosterols can differ substantially in their
potential to support growth and reproduction of Daphnia
galeata (Martin-Creuzburg and von Elert 2004). However,
quantitative differences in phytosterol requirements have
not yet been explored. Here, we offered various concentra-
tions of ten different sterols as dietary supplements to a
sterol-free food source provided to juvenile D. magna.
Somatic growth rates in response to increasing dietary
sterol concentrations and thresholds for sterol-limited
growth were evaluated. We hypothesized that the sterol-
limited growth responses, and thus the dietary threshold
concentrations for sterol-limited growth are affected by
structural differences among sterols. In addition, the con-
centrations of individual sterols in D. magna tissues were
determined to obtain information on sterol metabolic con-
straints and bioconversion capacities.

Methods and Materials

Cultivation of Organisms and Preparation of Food
Suspensions Stock cultures of a clone of Daphnia magna
Straus, 1820, originally isolated from ‘Grofler Binnensee’,
Germany (Lampert 1991), were raised in filtered lake water
(0.2 wm pore-sized membrane filter) containing saturating
concentrations (2 mg C 1 ') 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 batch cultures as described previously (Martin-
Creuzburg et al. 2008). For the growth experiment, the
cyanobacterium Synechococcus elongatus (SAG 89.79)
was cultivated semi-continuously at a dilution rate of
025d %S elongatus was chosen because it is non-toxic,
phosphorus-rich, and well-assimilated by Daphnia but lacks
sterols (Martin-Creuzburg et al. 2008, and references there-
in). S. elongatus was harvested daily, and food suspensions
were prepared by centrifugation and resuspension in fresh
medium. Carbon concentrations of the cyanobacterial food
suspensions were estimated from photometric light extinc-
tions (800 nm) using a previously established carbon-
extinction regression.

Growth Experiment Second-clutch juveniles of D. magna
born within 12 h were used for the growth experiment. The
experiment was carried out at 20 °C with a 16:8 h L:D cycle in
glass beakers filled with 0.2 1 of filtered lake water (<0.2 pm).
Animals were reared on saturating concentrations of
S. elongatus (2 mg C 1 "). Sterol supplementation was
achieved by adding increasing amounts of sterol-containing
liposomes to the experimental beakers. In this way, seven
sterol concentrations were provided (0, 2.1, 4.1, 8.2, 16.5,
33.0, and 41.2 pg mg C ). S. elongatus is deficient not only
in sterols but also in essential polyunsaturated fatty acids
(PUFA; Martin-Creuzburg et al. 2008). Thus, in addition to
sterol-containing liposomes, each beaker was supplemented
with 20 ul of eicosapentaenoic acid (EPA)-containing lipo-
somes, corresponding to an EPA concentration of (30 pg mg
C Y, to release the animals from a simultaneous PUFA limi-
tation (Martin-Creuzburg et al. 2009; Sperfeld et al. 2012). To
account for the increasing carbon and phosphorus (constitu-
ents of phospholipids) supply via supplementary liposomes,
unloaded (i.e., sterol- and EPA-free) control liposomes were
added so that each beaker was provided in total with 120 pl of
liposomes. Each treatment consisted of three replicates with
six juvenile D. magna per beaker. During the experiment,
daphnids were transferred daily into new beakers with freshly
prepared food suspensions. At the end of the experiment
on day 5, daphnids were stored at —80 °C, freeze-dried,
and weighed (Mettler Toledo XP2U; 0.1 pg). Juvenile
somatic growth rates (g) were determined as the increase
in dry mass from the beginning of the experiment



(My) today 5 (M,) with time (t) expressed as age in days:

g InM, tInM 0 )
Liposome Preparation Liposome stock suspensions were pre-
pared by dissolving 3 mg 1-palmitoyl-2-oleoyl-
phosphatidylglycerol (POPG) and 7 mg 1-palmitoyl-2oleoyl-
phosphatidylcholin (POPC; Lipoid, Germany) in an aliquot of
ethanol. Sterol-containing liposomes were prepared by adding
3.33 mg of sterol stock solutions dissolved in ethanol. The
resulting solutions were dried using a rotary evaporator and
dissolved in 10 ml buffer (20 mmol 1 ' Na phosphate,
150 mmol 1 ' NaCl, pH 7.0). Subsequently, suspensions were
sonicated in an ultrasonic bath. Excess free sterols were re-
moved by washing the liposomes in fresh buffer using an
ultracentrifuge (150,000 g, 90 min, 4 °C). Prior to the addition
of liposomes to the experimental beakers, liposome stock
suspensions were sonicated again (2 min). All sterols were
obtained from Sigma Aldrich (St. Louis, MO, USA).

Chemical Analysis The sterol composition of D. magna
reared at high dietary sterol concentrations (33 pg mg C ')
was determined. For the analysis, freeze-dried and weighed
daphnids were deposited in dichloromethane/methanol (2:1,
v/v), vigorously sonicated, and stored overnight at —20 °C.
On the next day, Sx-cholestane was added as internal stan-
dard (1.000-3.000 ng per sample, depending on the expect-
ed sterol concentrations), and 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 saponified with methano-
lic KOH (0.2 mol 1 !, 70 °C, 1 h). Subsequently, the neutral
lipids were partitioned into iso-hexane:diethylether (9:1,
viv), evaporated to dryness under N, ,and resuspended in
iso-hexane (10-30 pl, depending on the amount of So-
cholestane that was previously added). Sterols were ana-
lyzed and quantified by gas chromatography on an HP
6,890 GC equipped with a flame ionization detector (FID)
and an HP-5 (Agilent, 30 mx0.25 mm IDx0.25 mm film)
capillary column. The following configurations were used:
oven, 150 °C (1 min) to 280 °C at 15 °C min ', then to
320 °C at 2 °C min 1; carrier gas, helium (flow,
1.5 ml min 1; velocity, 38 cm s 1); detector, FID 350 °C;
injector, 350 °C (total run time 30 min sample '). The
injection volume was 1 pl (equivalent to 100 ng S«-
cholestane). Sterols were quantified by comparison to So-
cholestane using multipoint calibration curves generated for
each of the supplementary sterols; the few detected in
D. magna that were not commercially available were quan-
tified as cholesterol-equivalents using the cholesterol cali-
bration curve. Sterols were identified by their retention times
and their mass spectra, which were recorded with a gas
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chromatograph-mass spectrometer (GC-MS) (Agilent Tech-
nologies, 5975C inert MSD) equipped with a fused-silica
capillary column (DB-5MS, Agilent; GC-MS configurations
as described for FID). Sterols were analyzed both in their
free form and as their trimethylsilyl derivatives, which were
prepared by incubating 20 pl of the iso-hexane sterol ex-
tracts with 10 ul of N,O-bis (trimethylsilyl)
trifluoroacetamide (BSTFA) including 1 %
trimethylchlorosilane (TMCS) for 1 h at room temperature.
Spectra were recorded between 50 and 600 Dalton in the
electron impact (EI) ionization mode. The limit for quanti-
tation of sterols was 20 ng. The absolute amount of each
sterol was related to the number/dry mass of the animals.
Sterols in the food/liposome suspensions were related to the
particulate organic carbon content, which was determined
using an eclemental analyser (EuroEA3000, HEKAtech
GmbH, Germany).

Data Analysis Sterol-limited growth responses and dietary
thresholds were estimated based on saturation curve fitting
(Sperfeld and Wacker 2011) using a modified form of the Von
Bertalanfty function (Bertalanffy 1957), which describes so-
matic growth rates (g, d ') in response to dietary nutrient
concentrations (¢, in ug mg C ).
g =80+ (8-—8o) - (1 -exp(-b*c)) (2)
The parameters are: go=somatic growth rate (d ') on
unsupplemented S. elongatus, g,=asymptotic growth rate
(d "), b=Bertalanffy growth coefficient in mg C (ug sterol) '.
To estimate the uncertainty of each sterol threshold depend-
ing on the variability of growth data, we randomly sampled
one out of three replicates for each of the original dietary sterol
concentration levels and used Eq. 2 to fit through the sampled
growth rates using the non-linear least squares method of R
2.11.1. From the fitted curves, we calculated the sterol con-
centrations at which maximum growth rates (g,,) were re-
duced by 25 %, and we defined these concentrations as
thresholds for sterol-limited growth. A growth rate reduction
of 25 % was used because the variability in threshold concen-
trations increases with increasing convergence to g.., 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 g, at infin-
ity (Fig. 1). Thus, we defined a saturation growth level clearly
distinct to g,, on the basis of the maximum growth improve-
ment by dietary sterol supply (Fig. 1). Using this conservative
saturation growth level (reduction of g, by 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 sterol thresholds.
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Fig.1 Somatic growth rates of Daphnia magna inresponse to increasing
dietary sterol concentrations. The growth response curves were recorded
for cholesterol (open triangles) and nine other sterols (black triangles; a i);
the growth response curve for cholesterol is plotted in each graph for

By repeating this procedure 1,000 times, a parameter distri-
bution around a median threshold was generated and used for
further statistical comparison of thresholds among treatments.

To statistically evaluate potential differences among the
thresholds obtained for the different sterols, we randomly
drew the same number of replicates as in the original exper-
iment (N=3) from the distribution of the 1,000 thresholds.
This was done for each sterol treatment; the resulting repli-
cates were compared using analysis of variance followed by
Tukey’s multiple comparison test. Following the

comparison (seven dietary sterol concentrations, N=3 each). Vertical lines
show the dietary threshold concentrations for sterol limited growth (de
fined as a growth rate reduction of g, by 25 %) for cholesterol (grey
dashed lines) and for the other sterols (black solid lines)

recommendation of Bolker (2008), this procedure was repeat-
ed 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). According to an in R implemented algorithm
based on Piepho (2004), we used these critical P-values to
identify homogenous groups among treatments. The total



body sterol content of D. magna was analysed using ANOVA.
To account for inhomogeneity of variances, the raw data were
transformed by taking the 4-th root. Treatment effects were
analyzed using Tukey’s HSD post hoc test.

Results

Sterol limited Growth Responses of D. magna The sterols
used for supplementation were selected because they are
either frequently detected in phytoplankton samples (i.e.,
fucosterol, brassicasterol, ergosterol, stigmasterol, sitosterol),
important in Daphnia physiology (i.e., cholesterol, 7-
dehydrocholesterol), or represent structural properties (addi-
tional double bonds, alkyl substituents) that may help to
elucidate metabolic pathways and sterol metabolic constraints
(Table 1). Juvenile somatic growth rates (g) of D. magna fed
unsupplemented S. elongatus were low, but increased consid-
erably with increasing dietary sterol concentrations (Fig. 1).
The sterol-limited growth responses obtained by increasing
the availability of different dietary sterols varied in their initial
slopes and their maximum obtained growth rates, resulting in
different threshold levels at which sterol saturated growth
passed into sterol limited growth (defined as a reduction of
2., by 25 %; Fig. 1). The highest thresholds for sterol-limited
growth (indicating large amounts of dietary sterols required)
were obtained with lathosterol, dihydrocholesterol, and 7-
dehydrocholesterol (Figs. 1, 2). At the highest dietary concen-
tration, somatic growth rates obtained with cholesterol or 7-
dehydrocholesterol supplementation were similar (Fig. 1).
Supplementation with desmosterol or sitosterol also re-
vealed higher thresholds for sterol limited growth than were
obtained with cholesterol supplementation. At high dietary
concentrations, desmosterol or sitosterol supported slightly
higher growth rates than cholesterol, resulting in an intersec-
tion of the growth curves (Fig. 1). The growth response curves
obtained by supplementation with stigmasterol or cholesterol
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were rather similar and did not reveal significant differences in
dietary threshold concentrations (Fig. 2). The growth curves
obtained by supplementation with fucosterol, brassicasterol,
or ergosterol revealed significantly lower thresholds for sterol
limited growth than the growth curve obtained with choles-
terol supplementation (Figs. 1, 2). The dietary threshold con-
centrations for sterol limited growth ranged between 3.5
(fucosterol) and 34.3 ug mg C ' (7-dehydrocholesterol); the
threshold for cholesterol was 8.9 g mg C ' (Fig. 2).

Sterol Content and Composition of D. magna The total body
sterol content of D. magna was significantly affected by the
dietary sterol supply (ANOVA, Fy;,3=215.7, P<0.001).
When reared on unsupplemented (i.e., sterol-free)
S. elongatus, the total body sterol content did not differ from
that of animals subsampled at the start of the experiment
(Fig. 3; Tukey’s HSD, P=0.99). The total body sterol content
increased considerably upon dietary sterol supplementation.
Animals reared on diets containing high concentrations
(33 ug mg C ) of dihydrocholesterol or 7-dehydro-
cholesterol, i.e., the two sterols that had the highest dietary
threshold concentrations had the lowest total body sterol con-
tent (Fig. 3). Animals reared on diets containing high concen-
trations of fucosterol, the sterol that had the lowest dietary
threshold concentration, had the highest total body sterol
content. A regression analysis revealed a weak positive corre-
lation between somatic growth rates at high dietary sterol
concentrations (33 pg mg C ') and total body sterol concen-
trations (+*=0.61, P<0.001,  (27)=6.54).

In all animals, cholesterol was the predominant body sterol,
representing between 69.6 (ergosterol treatment) and 92.5 %
(cholesterol treatment) of total body sterols (Fig. 4; Table Al,
suppl. material). The only treatment in which cholesterol was
less prominent in the animals (42.0 %) was the treatment in
which the animals were reared on a diet supplemented with
dihydrocholesterol. This treatment was characterized by a high
percentage of the supplementary and presumably unprocessed
dihydrocholesterol (37.4 %). In all other treatments, the

Table 1 Sterols used for supple

mentation. Numbers in the A no Trivial name

TUPAC name

Formula A notation/C24 alkylation

tation indicate the position of

double bonds in the sterol mole dihydrocholesterol
cule; C 24 alkylation refers to the cholesterol
presence of alkyl substituents at sitosterol
C24 in the side chain (cf. Fig. 5)

lathosterol

7 dehydrocholesterol

Sa cholestan 33 ol
cholest 5 en 35 ol
stigmast 5 en 303 ol
Sa cholest 7 en 33 ol
cholesta 5,7 dien 303 ol

CyHio  A°
CyHiO A7
CaoHsoO A/ethyl
CyHiO A
Cy7H40 A7

brassicasterol (22E) ergosta 5,22 dien 343 ol CygHy6O A3 ’zz/methyl
stigmasterol (22E) stigmasta 5,22 dien 3.3 ol CaoHug0 A>/ethyl
desmosterol cholesta 5,24 dien 3.3 ol C,7H440 A>

fucosterol (24E) stigmasta 5,24(28) dien 3/ ol CyoH40 A5’24(28)/ethylidene
ergosterol (22E) ergosta 5,7,22 trien 33 ol CysHysO A>"?/methyl
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supplementary sterols also were detected in the animals, but in
considerably lower concentrations, representing between 7.6
(ergosterol) and 15.1 % (sitosterol) of total body sterols
(Fig. 4). Besides cholesterol and the respective supplementary
sterol, low to moderate concentrations of other sterols were
detected in the animals (Fig. 4; Table A1, suppl. material). In
animals reared on diets supplemented with stigmasterol,
lathosterol, sitosterol, dihydrocholesterol, or ergosterol, respec-
tively, these additional sterols represented 14.4-22.8 % of total
body sterols (in ascending order). In all other treatments
(fucosterol, brassicasterol, cholesterol, desmosterol), less than
7.5 % of total body sterols were represented by other sterols

(Fig. 4). Animals reared on the 7-dehydrocholesterol supple-
mented diet were the only animals in which only cholesterol
and the supplemented sterol (i.e., 7-dehydrocholesterol) were
detected (Table Al, suppl. material).

Discussion

The sterol-limited growth responses revealed significant dif-
ferences among the supplementary sterols. Differences in the
shape of the saturation growth curves resulted in different
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threshold concentrations at which sterol-saturated growth
passed into sterol-limited growth. The sterol-limited growth
response obtained by experimentally increasing the availabil-
ity of dietary cholesterol, the most relevant sterol in animal
physiology, suggests that 8.9 pug mg C ' of cholesterol is
required to release D. magna from sterol limitation. This
corroborates previous supplementation experiments, which
suggested threshold concentrations for cholesterol between
7-13 pg mg C ' (Martin-Creuzburg et al. 2009, 2010;
Sperfeld and Wacker 2009). The dietary threshold concentra-
tions obtained by supplementing different sterols ranged be-
tween 3.5-34.3 ug mg C '. Supplementation with fucosterol,
brassicasterol, ergosterol, and potentially stigmasterol resulted
in lower thresholds for sterol-limited growth than supplemen-
tation with cholesterol, suggesting that these sterols are more
efficient in supporting somatic growth than cholesterol, and
that lower dietary concentrations are required to obtain the
same growth response as with cholesterol. This partially cor-
roborates previous findings showing that ergosterol and stig-
masterol are more efficient than cholesterol in supporting
somatic growth of D. galeata (Martin-Creuzburg and von
Elert 2004).

Considering the high physiological relevance of cholester-
ol and the fact that cholesterol is the predominant sterol in
animal tissues, one may expect that sterol assimilation mech-
anisms are optimized and acquire dietary cholesterol rather
than phytosterols, which first have to be metabolized to cho-
lesterol. However, our data suggest that D. magna is adapted
to take up and use certain phytosterols more efficiently than
cholesterol, possibly because cholesterol is hardly represented
in its algal diet. Appreciable amounts of cholesterol can be
found only in certain algae, such as the eustigmatophyte
Nannochloropsis limnetica (Martin-Creuzburg et al. 2009).
Significant concentrations of fucosterol/isofucosterol (E/Z
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isomers), stigmasterol/poriferasterol (C-24 epimers), and/or
brassicasterol/epibrassicasterol (C-24 epimers) have been
found in some freshwater algae, such as Cryptomonas spp.
and N. limnetica, and in the heterotrophic nanoflagellate
Paraphysomonas sp., which are all high quality food sources
for Daphnia (Bec et al. 2006; Martin-Creuzburg et al. 2005a,
2009; Piepho et al. 2010). Ergosterol is the predominant sterol
in fungi, but significant concentrations also can be found in
some freshwater green algae, such as Chlamydomonas spp.
(Bec et al. 2006; Piepho et al. 2010; Thompson 1996). It
should be noted, however, that high dietary concentrations
of these sterols resulted in similar (fucosterol, ergosterol,
stigmasterol) or only slightly higher (brassicasterol) growth
rates than cholesterol. Thus, the differences in growth re-
sponses were due primarily to differences in the initial slope
and the curvature of the growth curves, suggesting that qual-
itative differences among sterols are particularly important at
low to moderate and thus potentially limiting dietary sterol
concentrations.

In contrast to the sterols discussed above, supplementation
with desmosterol, sitosterol, lathosterol, dihydrocholesterol,
and 7-dehydrocholesterol revealed higher thresholds for
sterol-limited growth than supplementation with cholesterol.
The data suggest that these sterols are less efficient in
supporting somatic growth than cholesterol and are required
in higher concentrations than cholesterol to obtain the same
growth response. At high dietary concentrations (>33 pg mg
C "), however, supplementation with desmosterol and sitos-
terol revealed similar or even slightly higher growth rates than
supplementation with cholesterol, resulting in an intersection
of the growth curves. The growth response obtained by sup-
plementation with 7-dehydrocholesterol revealed a similar
trend. The curvature of the growth curve obtained with 7-
dehydrocholesterol was far less pronounced than the
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curvatures obtained with the other sterols, resulting in the
highest threshold among all sterols tested. At high dietary
concentration, however, growth rates obtained with 7-
dehydrocholesterol and cholesterol did not differ. These find-
ings indicate that, for some sterols, poor quality can potential-
ly be alleviated by increasing its dietary concentration.

Somatic growth rates also increased upon supplementation
with lathosterol and dihydrocholesterol. However, the obtain-
ed growth curves were characterized by lower initial slopes
and higher threshold concentrations than the growth curves
obtained with cholesterol supplementation. At all dietary con-
centrations, even at the highest concentration, growth rates
obtained with lathosterol and dihydrocholesterol supplemen-
tation were lower than those obtained with cholesterol sup-
plementation, indicating that these sterols are less suitable for
D. magna than cholesterol and the other phytosterols investi-
gated here. Similarly, lathosterol and dihydrocholesterol have
been shown to be less efficient in supporting somatic growth
of D. galeata (Martin-Creuzburg and von Elert 2004).

It should be noted that the determination of threshold
concentrations for sterol-limited growth is affected by the
curvature of the growth curves. This might be relevant for
growth curves with low initial slopes, such as the curves
obtained with dihydrocholesterol or 7-dehydrocholesterol,
which did not clearly converge to the maximum growth rates
obtained by supplementation. To evaluate a potential overes-
timation due to the methods employed, the thresholds were re-
calculated. By assuming the highest sterol concentrations to
be at 100 instead of 41 pg mg C ' and the corresponding
growth rates to be equal to the ones obtained by supplemen-
tation with 41 ug mg C '. For 7-dehydrocholesterol,
dihydrocholesterol, lathosterol, and sitosterol, the addition of
these higher imaginary sterol concentrations resulted in slight-
ly more pronounced curvatures of the growth curves and thus
lower thresholds for sterol-limited growth (7-
dehydrocholesterol: 22.8 instead of 34.4 pug mg C ';
dihydrocholesterol: 19.6 instead of 24.7 ug mg C '; sitosterol:
17.4 instead of 19.4 pg mg C '; lathosterol: 17.0 instead of
18.9 ug mg C ). Hence, the thresholds reported for these
sterols are potentially somewhat overestimated. For all other
sterols, the shifts in thresholds obtained by adding the higher
imaginary sterol concentration were negligible (<5 %).

It remains to be established if Daphnia are capable of
adjusting the intake of dietary sterols to cover their physiolog-
ical demands. In a generalist grasshopper, it has been reported
that the intake of unsuitable dietary sterols is regulated by
post-ingestive feedback mechanisms and associative learning
(Behmer et al. 1999a). In contrast to many terrestrial herbi-
vores, daphnids are unselective filter feeders, and thus, pre-
sumably unable to equilibrate a dietary mismatch by compen-
satory feeding or selection of complementary food sources.
However, it has been proposed that daphnids are capable of
regulating the intake of elemental and essential biochemical

nutrients via mechanisms operating post-ingestively in the gut
(Anderson et al. 2005; Lukas and Wacker 2014).

To assess metabolic constraints potentially associated with
the dietary sterol supply, we analyzed the sterol composition
of animals reared on diets containing high concentrations
(33 ug mg C ") of the different sterols. In animals reared on
the cholesterol supplemented diet, 92.5 % of total body sterols
were represented by cholesterol and 7.5 % by 7-
dehydrocholesterol. In arthropods, 7-dehydrocholesterol
(A>") is an intermediate in the biosynthesis of the molt-
inducing ecdysteroids (Grieneisen 1994). In prothoracic
glands of Bombyx mori, 7-dehydrocholesterol levels have
been found to fluctuate with the molting cycle (Sakurai et al.
1986). Molt-related fluctuations may at least partially explain
the varying concentrations of 7-dehydrocholesterol we found
in D. magna (see Table A1, suppl. material). Animals feeding
on the 7-dehydrocholesterol supplemented diet contained high
amounts of cholesterol, indicating that D. magna is capable of
converting dietary 7-dehydrocholesterol to cholesterol. A pos-
sible explanation for the restrained growth responses at low to
moderate dietary concentrations of 7-dehydrocholesterol
could be that the conversion of 7-dehydrocholesterol to cho-
lesterol is rather inefficient and requires high substrate (i.e. 7-
dehydrocholesterol) concentrations. Daphnia magna provid-
ed with high dietary concentrations of 7-dehydrocholesterol
achieved high growth rates and did not show any morpholog-
ical abnormalities, suggesting that the incorporation of 7-
dehydrocholesterol did not interfere with ecdysteroid
production.

A similar scenario to that described above for 7-
dehydrocholesterol can be applied to the A7 sterol lathosterol.
Dietary A sterols have been shown previously to constrain
growth and/or development of several arthropod species
(Behmer et al. 1999b; Klein Breteler et al. 1999; Martin-
Creuzburg and von Elert 2004). Moreover, it has been report-
ed that C28 and C29 sterols containing double bonds at A° or
A7 are selectively removed from the diet during passage
through the gut of a marine copepod, while A’ sterols are
released unchanged as fecal lipids, suggesting that copepods
possess mechanisms that avoid the assimilation of dietary A’
sterols (Prahl et al. 1984). We show here that lathosterol is
assimilated by D. magna and used as cholesterol precursor.
Besides lathosterol (A7) and cholesterol (A®), significant
amounts of 7-dehydrocholesterol (A>") were detected in an-
imals reared on lathosterol supplemented diets, suggesting
that cholesterol was synthesized from lathosterol via 7-
dehydrocholesterol (A”— A>’— A; Fig. 5). The restrained
growth responses observed upon lathosterol supplementation
suggest that D. magna is inefficient in assimilating dietary
lathosterol and/or in metabolizing lathosterol to cholesterol.
These findings imply that crustacean zooplankton has limited
capacities to use dietary A sterols. Sterols containing the A’
unsaturation predominate in certain green algae, such as
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Fig. 5 Proposed routes of dietary sterol conversion in Daphnia magna.
The different conversions may involve additional intermediate products
not shown here. For instance, the conversion of C28 sterols, such as 22

dihydrobrassicasterol, to desmosterol presumably involves the formation
of a A**@® double bond to yield 24 methylenecholesterol and subse

quently the formation of an epoxide prior to the loss of the C24 methyl
group as it is found in various insects and decapod crustaceans (Cham

berlain et al. 2004; Ikekawa et al. 1993; Kanazawa 2001; Svoboda 1999).
Likewise, epoxidation prior to the actual dealkylation process is expected
to be involved in the conversion of C29 sterols, such as stigmasterol or

Scenedesmus spp. (Klein Breteler et al. 1999; Martin-
Creuzburg et al. 2012; Piepho et al. 2010).

Similar to A’ sterols, ring-saturated sterols were found to
pass quantitatively through the gut of copepods (Harvey et al.
1987). In our study, high proportions of dihydrocholesterol
(37.4 %) were recorded in D. magna reared on the
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sitosterol, to desmosterol. This conversion presumably also involves the
formation of fucosterol/isofucosterol (£/Z isomers), proposed intermedi
ates in the conversion of sitosterol to desmosterol in insects and decapods
(Ikekawa et al. 1993; Kanazawa 2001; Svoboda 1999). The carbon atoms
are numbered according to IUPAC recommendations; capitals indicate
the four rings (A, B, C, D) of the sterol nucleus. Numbers in the A
notation indicate the position of double bonds in the sterol molecule; C 24
alkylation refers to the presence of alkyl substituents at C24 in the side
chain (cf. Table 1)

dihydrocholesterol supplemented diet. Combined with the
low proportion of cholesterol (42.1 %) detected in D. magna
and the most restrained growth response among all sterols
tested, this suggests limited capacities to assimilate and/or
convert ring-saturated dietary sterols to cholesterol. Besides
dihydrocholesterol (A°) and cholesterol (A®), comparatively
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large amounts of lathosterol (A”) and 7-dehydrocholesterol
(A%7) were detected in animals reared on the
dihydrocholesterol supplemented diet, suggesting that choles-
terol was synthesized from dihydrocholesterol via these inter-
mediate products (A°— A’ — A>7— A®; Fig. 5). The finding
that dihydrocholesterol and lathosterol are inefficient in
supporting growth of D. magna corroborates previous results
obtained with D. galeata (Martin-Creuzburg and von Elert
2004). In contrast to the previous study, however, in which
only one sterol concentration was tested, we show here that
the poor quality of dihydrocholesterol and lathosterol can be
partially alleviated by increasing their dietary concentrations.
Nevertheless, both studies show that dihydrocholesterol and
lathosterol are less suitable for Daphnia than sterols contain-
ing the A° unsaturation.

The sterol profiles of animals raised on diets supplemented
with fucosterol or brassicasterol were characterized by high
proportions of cholesterol. Supplementation with these sterols
resulted in high somatic growth rates and low thresholds for
sterol-limited growth, suggesting that they were efficiently
assimilated and converted to cholesterol. Conversion of
fucosterol (A>**@®/ethylidene) and brassicasterol (A%
methyl) to cholesterol (A®) requires dealkylation at C24 in
the side chain and saturation of the C24 or C22 double bond,
respectively. The detection of desmosterol in animals reared
on the fucosterol and brassicasterol supplemented diets sug-
gests that cholesterol is synthesized from these dietary precur-
sors via desmosterol (A>*%) (Fig. 5). In insects and decapod
crustaceans, desmosterol has been identified as an intermedi-
ate in the metabolic pathway from C28 and C29 phytosterols
to cholesterol (Ikekawa et al. 1993; Kanazawa 2001; Svoboda
1999), implying that similar pathways are active in D. magna.

Animals reared on diets supplemented with ergosterol or
stigmasterol contained moderate concentrations of cholesterol
and significant amounts of other non-supplementary sterols,
yet showed growth responses similar to the animals raised on
the cholesterol supplemented diet. The low thresholds for
sterol-limited growth obtained with the ergosterol and stig-
masterol supplemented diets indicate that these sterols are also
highly effective in supporting somatic growth of D. magna.
The sterol profile of animals reared on the ergosterol supple-
mented diet implies that cholesterol (A®) was synthesized
from ergosterol (A%>7*/methyl) via brassicasterol (A>2%/
methyl) and 22-dihydrobrassicasterol (A>/methyl), requiring
the consecutive saturation of two double bonds and the re-
moval of the C24 methyl substituent (Fig. 5), a mechanism
already proposed for decapod crustaceans (Kanazawa 2001).
Animals reared on the stigmasterol (A>**/ethyl) supplement-
ed diet contained small amounts of sitosterol (A>/ethyl), sug-
gesting that stigmasterol is first saturated at A** to yield
sitosterol and then dealkylated at C24 to yield cholesterol
(Fig. 5). Isofucosterol and desmosterol, which both have been
identified as intermediates in the conversion of sitosterol to

cholesterol in insects and decapod crustaceans (Ikekawa et al.
1993; Kanazawa 2001), were undetectable in D. magna reared
on the stigmasterol or sitosterol supplemented diets. We hy-
pothesize, however, that the concentrations of isofucosterol
and desmosterol in these animals were simply too low to be
detectable and that the bioconversion of sitosterol to choles-
terol in D. magna involves the same reactions as proposed for
insects and decapod crustaceans (Fig. 5) (Grieneisen 1994;
Ikekawa et al. 1993; Kanazawa 2001). Interestingly, supple-
mentation with desmosterol or sitosterol resulted in signifi-
cantly higher thresholds for sterol-limited growth than supple-
mentation with cholesterol, indicating that at moderate dietary
concentrations, desmosterol and sitosterol are less efficient in
supporting somatic growth of D. magna. Considering that
D. magna is capable of dealkylating dietary C28 and C29
phytosterols (e.g., sitosterol) to yield cholesterol and that
desmosterol is an intermediate in this dealkylation process,
this finding is surprising and thus should be subjected to
further investigation.

As argued above, the different suitabilities of various die-
tary sterols to support animal growth may be due to differ-
ences in assimilation efficiencies or capacities to serve as
cholesterol precursors. Moreover, the accumulation of unsuit-
able sterols within the body may interfere with physiological
processes (e.g., ecdysteroid biosynthesis), and the incorpora-
tion of unsuitable sterols in cell membranes may have detri-
mental effects on various membrane properties (Haines 2001).
In our study, the growth-promoting effects observed upon
dietary sterol supplementation combined with the analysis of
body sterols indicated that all supplemented sterols were to
some extent assimilated. However, the concentrations of the
supplemented sterols in D. magna and the obtained growth
rates differed significantly among treatments, indicating
strong differences in the efficiencies with which these dietary
sterols were assimilated and further processed within the body.
It also should be considered that dietary sterols may be mod-
ified by gut symbiotic microorganisms prior to assimilation
(Clayton 1960; Nasir and Noda 2003). In contrast to other
studies in which certain sterols were found to be highly
detrimental for consumers (Behmer et al. 2011; Giner et al.
2003; Martin-Creuzburg and von Elert 2004), the supplemen-
tary sterols used in our study did not impose severe harmful or
toxic effects on D. magna.

We show here that dietary phytosterols significantly differ
in their potential to support somatic growth of D. magna,
suggesting that the dietary sterol composition has to be con-
sidered in food quality studies to accurately assess a potential
sterol limitation of crustacean zooplankton in the field.
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