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Abstract—In crustaceans, cholesterol is an essential nutrient, which they must
directly obtain from their food or by bioconversion from other dietary sterols.
Eukaryotic phytoplankton contain a great variety of sterols that differ from
cholesterol in having additional substituents or different positions and/or num-
ber of double bonds in the side chain or in the sterol nucleus. In this study,
we investigated to what extent these structural features affect the growth and
reproduction oDaphnia galeatan standardized growth experiments with the
cyanobacteriunSynechococcus elongatsspplemented with single sterols as
food source. The results indicated tik (sitosterol, stigmasterol, desmosterol)
andA®7 (7-dehydrocholesterol, ergosterol) sterols meet the nutritional require-
ments of the daphnids, while the’ sterol lathosterol supports somatic growth
and reproduction to a significantly lower extent than cholesterol. Dihydrocholes-
terol (A% and lanosterol 48) did not improve the growth ob. galeata, and
growth was adversely affected by thé sterol allocholesterol. Sterols seem to
differ in their allocation to somatic growth and reproduction. Thus, structural
differences of dietary sterols have pronounced effects on life-history trdis of
galeata.

Key Words—Food quality, cyanobacteria, dietary sterols, cholest®abhnia
galeata.

INTRODUCTION

The transfer of energy from primary producers to higher trophic levels is an im-
portant factor that determines the trophic structure of aquatic food webs. At the
phytoplankton—zooplankton interface, the efficiency of carbon transfer is highly
variable. This variation can be attributed to the changing nutritional value of phy-
toplankton assemblages. Nutritional inadequacy can be due to toxicity (Lampert,
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1981a,b), digestive resistance (Porter and McDonough, 1984), or mineral (Elser et
al., 2001) or biochemical composition of phytoplankton species, and can result in
a decoupling of primary and secondary production. The biochemical composition
of phytoplankton, in particular the content of polyunsaturated fatty acids (PUFAS),
has been discussed as being potentially limitingDaphniagrowth (Ahlgren et

al., 1990; Muller-Navarra, 1995; Wacker and Von Elert, 2001).

PUFAs are of special importance for freshwater zooplankton nutrition in
lakes dominated by cyanobacteria, as articulated in a correlative study by Muller-
Navarra et al. (2000). Cyanobacteria in general lack long-chain PUFAs (Cobelas
and Lechardo, 1988; Ahlgren etal., 1992), and the well-known low carbon-transfer
efficiency at the cyanobacteria—Daphinigerface has been suggested to be caused
by a deficiency in long-chain PUFAs (Muller-Navarra et al., 2000). Supplemen-
tation of the cyanobacteriurBynechococcus elongatusth a PUFA-rich fish
oil emulsion leads to better growth and reproductiorDafohnia (DeMott and
Muller-Navarra, 1997) and, therefore, supports the correlative evidence. However,
Von Elert and Wolffrom (2001), have found that the absence of a non-PUFA lipid
present in eukaryotic algae constrains assimilation of cyanobacterial carbon. Fish
oil contains other lipids in addition to PUFAs, such as sterols, which are also es-
sential for growth and reproduction of crustaceans (Goad, 1981). Cyanobacteria,
as prokaryotes, lack or contain only traces of sterols (Hai et al., 1996, Volkman,
2003). In a previous study, we have shown that the low carbon-transfer efficiency of
cyanobacteria tDaphnia galeatas caused by the lack of sterols in cyanobacteria
(Von Elert et al., 2003).

Like all arthropods, crustaceans are incapable of synthesizing sterols de novo
and, therefore, must acquire these essential nutrients from their diet (Goad, 1981).
Crustaceans generally have a simple sterol composition with characteristic high
cholesterol levels (Teshima and Kanazawa, 1971a; Yasuda, 1973). Cholesterol is
an indispensable structural component of cell membranes and serves as a pre-
cursor for many bioactive molecules, such as ecdysteroids, which are involved
in the process of molting (Goad, 1981; Harrison, 1990). However, the herbivo-
rous cladoceraBaphnia, unlike carnivorous crustaceans, cannot rely on a dietary
source of cholesterol because only trace amounts are found in many phytoplank-
ton species (Nes and McKean, 1977). Eukaryotic phytoplankton contain a great
variety of plant sterols (Nes and McKean, 1977; Volkman, 2003), which can be
distinguished from cholesterol by their chemical structure. These phytosterols are
often characterized by additional substituents or by the position and/or number of
double bonds in the side chain or in the sterol nucleus (Piironen et al., 2000). The
crustaceans examined to date are capable of converting dietary sterols to choles-
terol (Teshima, 1971; Teshima and Kanazawa, 1971b; Ikekawa, 1985; Harvey
et al., 1987), but not all sterols are suitable precursors for the synthesis of choles-
terol (Teshima et al., 1983).
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Under field conditions, the diet of the nonselectively suspension-fe&aling
galeatais complex. The diet usually consists of phytoplankton, protozoa, bac-
teria, and detritus in varying ratios. Depending on the composition of their diet,
the cladocerans are provided with a large variety of sterols in different quanti-
ties. De Lange and Arts (1999) correlated biochemical variables of natural seston
with Daphniagrowth rates and found that the sterol content is a useful tool to
predictDaphniagrowth. However, growth of the herbivorous zooplankton might
not only be limited by the total sterol content itself, but also by the absence of
sterols that are suitable precursors of cholesterol. In periods when phytoplankton
assemblages are dominated by species with an unsuitable sterol pattern, growth
and reproduction oDaphniacould be constrained by the low availability of suit-
able sterols. The first evidence that structural differences of dietary sterols can have
pronounced effects on life-history traits of arthropods has been found in terrestrial
systems. Behmer and Grebenok (1998) pointed out that growth and fecundity of
the mothPlutella xylostellawas affected by dietary sterols. Further on, it was
recently demonstrated that sterols with double bonds’aind/orA?? (Figure 1)
failed to support development of different grasshopper species and that survival of
the grasshoppeschistocerca americanaas constrained by the ratio of suitable
to unsuitable sterols in their diet (Behmer and Elias, 2000). Consistently, the de-
velopment of marine copepods was negatively affected bgterols, whereaa®
sterols allowed a rapid development of the copepods (Klein Breteler et al., 1999).
Comparable investigations on the structural requirements of freshwater zooplank-
ton with regard to sterols are missing to date.

The aim of this study was to investigate to what extent structural features of
sterols, such as the alkylation of the side chain or the presence or absence of dou-
ble bonds, affect the nutritional value of single sterolsDaphnia. Standardized
growth experiments ob. galeatawith the cyanobacteriur. elongatusupple-
mented with single sterols as food source were condu&edlongatuss well
assimilated byDaphnia (Lampert, 1977a,b) and does not contain any sterols.
Thus, the cyanobacterium is a convenient source of carbon and a useful “transfer
vehicle” for delivering sterols to the daphnids.

METHODS AND MATERIALS

Cultures and Growth Experimentkaboratory growth experiments were
conducted with a clone dbaphnia galeata, which was originally isolated from
Lake Constance (Stich and Lampert, 1984). The greensigaedesmus obliquus
(SAG 276-3a, Sammlung von Algenkulturen Gottingen, Germany) was grown
in batch culture and harvested in the late-exponential phase. It was used as the
food source for the stock culture Bf galeataand for the newborn experimental
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FiG. 1. Structural requirements for the conversion of dietary sterols to cholest&apim

nia galeata. Sterols on the left are suitable precursors for the synthesis of cholesterol,
whereas sterols on the right are not. Potential intermediates in sterol metabolism are not
shown.

animals, which were cultured to the age of 48 hr in a flow-through system prior
to the growth experiments. elongatugSAG 89.79) was grown in chemostats

at a dilution rate of 0.25 d according to Von Elert and Wolffrom (2001%.
elongatusand S. obliquuswere grown in Cyano medium (Jittner et al., 1983).
Chemostat-grown cells were concentrated by centrifugation and resuspended in
fresh medium. Carbon concentrations of the cyanobacterial suspensions were
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estimated from photometric light extinction (800 nm) using carbon-extinction
equationsS. elongatusiad a molar C:N:P ratio of 121:23:1. Growth experiments
were carried out at 2C in glass beakers filled with 0.5 | of filtered lake water
(0.45 um pore-sized membrane filter) containing 2 mg¢€ §. elongatus. The
48-hr-old juveniles (released from the third clutch within 10 hr) were transferred
from the flow-through system into these beakers. The food suspensions were re-
newed daily within the 4 d of thexperimental period. Somatic growth ratep (

were determined as the increase in dry weidM) during the experiments using

the equation:

_InV\/t—InWO
_f.

Subsamples of the experimental animals were taken at the beginiiguid at

the end W) of an experiment. The subsamples consisting d6 juveniles were

dried for 12 hr and weighed on an electronic balance (Mettler UME@1 1.Q).

Each treatment consisted of three replicates with 15 animals each, and growth rates
were calculated as means for each treatment.

Supplementation of SterolSterols used for supplementation are given in
Table 1, they were selected according to their chemical structure and their natural
occurrence. To enrics. elongatusith sterols, 10 mg bovine serum albumin
(BSA) was dissolved in 5 ml of ultra-pure water, and 2000f an ethanolic
stock solution of the free sterol (2.5 mg ™) were added. Subsequently, 4 mg
particulate organic carbon (POC) of tBe elongatustock solution were added
to each solution, and the volume was brought to 40 ml with Cyano medium. The
resulting suspension was incubated on a rotary shaker (100 revolution¥) fioin
4 hr. Surplus BSA and free sterols were removed by washing the cells three times
in 10 ml fresh medium according to Von Elert (2002). The resulBnglongatus
suspension was used as food in the growth experiments.

TABLE 1. NOMENCLATURE OF STEROLS SUPPLEMENTED TO THEDaphnia galeatd=0oD
SOURCE, Synechococcus elongatus

Trivial name IUPAC name Formula ~ Commercial source
Cholesterol Cholest-5-en-38l Co7H460 Sigma C-8667
Stigmasterol Stigmasta-5,22-dien-8B Co9H4g0 Sigma S-2424
Sitosterol Stigmast-5-en-3gl CogH500 Sigma S-1270
Ergosterol (22E)-Ergosta-5,7,22-trien-8B  CogH440 Sigma E-6510
Lathosterol 5aCholest-7-en-3l Co7H460 Sigma C-3652
Dihydrocholesterol &-Cholestan-3ol Co7H480 Sigma D-6128
Lanosterol S5al.anosta-8,24-en-36| C3oHs500 Sigma L-1504
Allocholesterol Cholest-4-en-3g6l Co7H460 Steraloids C6100
7-Dehydrocholesterol Cholesta-5,7-die-8l Co7H440 Steraloids C3000

Desmosterol Cholesta-5,24-dien-8B Co7H440 Steraloids C3150
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Analyses.Sterols were analyzed from approximately 0.5 mg POC of the
food suspensions filtered on precombusted GF/F filters or from 60 to 80 ani-
mals washed twice with ultra-pure water. Lipids were extracted three times with
dichloromethane:methanol (2:1 (v/v)). After saponification with 0.2 mdl |
methanolic KOH (70C, 1 hr) and addition of ultra-pure water, the neutral lipids
(sterols) were partitioned intso-hexane:diethyl ether (9:1 (v/v)). The sterols were
analyzed as free sterols with a gas chromatograph (HP 6890) equipped with an
HP-5 capillary column (Agilent) and a flame ionization detector. The carrier gas
(helium; purity 5.0) had a flow rate of 1.5 ml mih The temperature was raised
from 150 to 280C at 15C min~! and increased to 338G at 2C min~. The
final temperature was held for 5 min. Sterols were quantified by comparison to
5a-cholestan, which was used as an internal standard and identified using a gas
chromatograph—mass spectrometer (Finnigan MAT GCQ) equipped with a fused
silica capillary column (DB-5MS, J&W). Spectra were recorded between 60 and
400 amu in the El ionization mode. POC was determined with an NCS-2500
analyzer (Carlo Erba Instruments).

Data Analysis.All data were analyzed using one-way analysis of variance
(ANOVA). For growth rates and clutch sizes, raw data met the assumption of
homogeneity of variance; values of the supplemented sterols and cholest2rol in
galeatawere logg-transformed to meet assumptions for ANOVA. The effects of
single treatments were tested by Tukey’s HSD post hoc tests. A significance level
of P = 0.05 was applied to all statistical analyses.

RESULTS

Growth ExperimentsGrowth of D. galeataon unsupplemente®. elon-
gatuswas in general poor (growth ratg,= 0.07 d!). Supplementation o8.
elongatuswith sterols affected somatic growth bf galeata(ANOVA, Fig 22 =
389; P < 0.001; Figure 2). Growth rates on cyanobacteria supplemented with
stigmasterolg = 0.30 d™1), sitosterol ¢ = 0.32 d), ergosterolg = 0.32 d1),
and 7-dehydrocholesterad & 0.30 d™1) were highest and significantly different
from growth rates with the other treatments (Tukey’s H¥D«< 0.05). Supple-
mentation with desmosterol also led to a high growth rgte:(0.28 d*1), but was
significantly lower than the growth rates obtained with sitosterol, ergosterol, and
7-dehydrocholesterol. Supplementation with cholesterol had a less-pronounced
effect on growth § = 0.24 d™1) than supplementation with the sterols mentioned
above. Dihydrocholesterotj(= 0.09 d*) and lanosterold = 0.08 d™1) did not
improve growth, compared to growth of animals reared on unsupplem@ndésh-
gatus(dihydrocholesterolP = 0.92; lanosterolP = 1). Negative growth rates
were observed after supplementation with allocholesteyet (-0.03 d1).
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Fic. 2. Somatic growth oDaphnia galeatareared onSynechococcus elongatuasup-
plemented and supplemented with single sterols. Data are means of three replicates per
treatment; error bars indicate SD. Bars labeled with the same letters are not significantly
different (Tukey’s HSDP < 0.05 following ANOVA).

Clutch sizes exhibited almost the same pattern as the growth rates (Figure 3).
However, supplementation with 7-dehydrocholesterol led to the highest clutch size
of 2.4 eggs per individual, whereas the growth rate obtained with
7-dehydrocholesterol did not differ from those obtained after supplementation
with stigmasterol, sitosterol, and ergostefdlgaleatafed onS. elongatusupple-
mented with stigmasterol produced 1.5 eggs per individual, which is significantly
less than animals fe8. elongatusupplemented with sitosterol and ergosterol
(Tukey’s HSD,P < 0.05 following ANOVA, F7 16 = 106; P < 0.001). Although
dihydrocholesterol did not improve growtB, galeatadid produce eggs in this
treatment, with a clutch size of 0.2 eggs per individual. Animals kept on a diet
supplemented with lanosterol or allocholesterol and animals fedse®ngatus
did not produce eggs within the 4-d experiment.

Sterol AnalysisNo sterols other than the supplemented sterols were de-
tected inS. elongatus, which indicated that the supplemented sterols were not
metabolically converted in the cyanobacterium. After feedingyaleata4 d on
supplemente&. elongatus, all supplemented sterols could be detected in the an-
imals (Figure 4), but the amounts per individual differed (ANOVA,»0 = 45.5;



490

Clutch size (eggs ind")

Fic. 3. Number of eggs of the first clutch Bfaphnia galeatgeeding onSynechococcus
elongatusunsupplemented and supplemented with single sterols. Data are means of three
replicates per treatment; error bars indicate SD. Bars labeled with the same letters are not
significantly different (Tukey’'s HSDP < 0.05 following ANOVA).

P < 0.001). Cholesterol was the main sterol foun®irgaleatain all experimen-

tal treatmentsD. galeatafed onS. elongatusupplemented with cholesterol had

a higher cholesterol content than animals grown on unsupplem8ntddngatus
(Figure 4). The amounts of supplemented sitosterol, dihydrocholesterol, lanos-
terol, and 7-dehydrocholesterol . galeatawere higher than the amounts of
supplemented stigmasterol, ergosterol, and allocholesterol in the animals. Only
small amounts of lathosterol and desmosterol were detecteddaleatareared

on food supplemented with these sterols.

Immediately prior to the experiments, newborn animals were raised for 2 d
on the green alg&cenedesmus obliquus. In addition to cholesterol, small amounts
of the three major phytosterols &. obliquus(Von Elert et al., 2003) were de-
tected in these animals. Although no cholesterol was found.inbliquus, the
cholesterol content ob. galeataincreased after growth for an additional 4 d
on the green alga (Table 2), which indicated that the phytosterols pres&nt in
obliquuswere converted to cholesterol. In contrast, the cholesterol contéht of
galeatadecreased when the 2 d-old animals were fed an additibuakon the



491

A

_»_-\35' T

E

2 30+

K}

S 25

S

Q

g ¥

E s

8 15 4

w

=

£ B,D

o 10 1

=) e

8 g

[=3 L

] [ ’{_H—I_‘

Z £

O

0 L) L] I--I
Q\'\, o « @ o ,\ @ @
I A g 6\;0 f,@ DR g2 &
Fot? & o & &0\56@@0
SO IV NS IO S PN S S T
Sl ST TN

FiG. 4. Sterol content iaphnia galeatagrown onSynechococcus elongatussupple-
mented and supplemented with single sterols. At the end of the experiment animals were
analyzed for the content of the supplemented sterol. For animals grown on unsupplemented
S. elongatusthe cholesterol content is given. Data are means of three replicates per treat-
ment; error bars indicate SD. Bars labeled with the same letters are not significantly different
(Tukey’'s HSD,P < 0.05 following ANOVA, Fg 50 = 45.5;P < 0.001).

unsupplemented cyanobacteri@rnelongatugTable 2). With the assumption that
cholesterol irD. galeataarises from the conversion of dietary sterols, the sterol-
free cyanobacteriur. elongatusvas supplemented with single sterols, and the
effect of the supplemented sterols on the cholesterol contebt ghleatawas

TABLE 2. CHOLESTEROLCONTENT OFDaphnia galeataxT THE AGE OF2

AND 6 DAYS
Food regime Cholesterol content (ng ind) + SD
2 days orScenedesmus obliquus 22.55+ 0.57
6 days orScenedesmus obliquus 54.52+ 9.44
2 days orScenedesmus obliquus/ 10.96+ 1.30

4 days orSynechococcus elongatus

aThe animals either were reared continuouslySmenedesmus obliquaswere fed
with Synechococcus elongatafter the second day.

All cholesterol contents were significantly different (Tukey’s HSD following ANOVA
F2.6 = 132;P < 0.001). Means values of three replicates per treatment are given.
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FiG. 5. Cholesterol content dbaphnia galeatareared onSynechococcus elongatus-
supplemented and supplemented with single sterols. Data are means of three replicates per
treatment; error bars indicate SD. Bars labeled with the same letters are not significantly
different (Tukey’'s HSDP < 0.05 following ANOVA, Fy5,, = 30.6;P < 0.001).

examined (Figure 5). Animals fe8l. elongatusupplemented with ergosterol had

a tenfold higher cholesterol content (109 ngifdthan animals grown on un-
supplemente®. elongatugl1 ng ind ). Supplementation of cyanobacteria with
ergosterol or stigmasterol led to a higher content of cholesterol in the daphnids
than supplementation with cholesterol itself. Supplementation of the cyanobacte-
rial food with sitosterol, lathosterol, dinydrocholesterol, 7-dehydrocholesterol, or
desmosterol also increased the cholesterol contebt galeata, which indicated

that these sterols were also converted to cholesterol. Supplementation with lanos-
terol and allocholesterol, on the other hand, did not affect the cholesterol content
of the daphnids, which suggested that neither of these sterols could be used as a
cholesterol precursor by the animals.

DISCUSSION

The crustaceans examined to date are incapable of synthesizing sterols de
novo—they require a dietary source of sterols to meet their basic physiological
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demands. In a recently published study, we have shown that poor somatic growth
of Daphnia galeataon Synechococcus elongatissdue to the lack of sterols in

the cyanobacterium (Von Elert et al., 2003). Supplementati@ efongatusvith
cholesterol improved the growth of the animals, which indicates that grovizh of
galeatawas limited by cholesterol. Since herbivorous crustaceans do not find suf-
ficient amounts of cholesterol in their diet, they need to assimilate available dietary
sterols and convert them to cholesterol (Ikekawa, 1985). Eukaryotic phytoplank-
ton usually contain a variety of sterols that can be distinguished from cholesterol
by their chemical structure. These sterols are often characterized by additional
substituents or by the position and/or number of double bonds in the side chain or
in the sterol nucleus (Piironen et al., 2000).

All supplemented sterols were detecteddingaleata,which indicates that
they were assimilated by the animals. Although single sterols were found in rela-
tively small amounts irD. galeata, the amounts were too high to be exclusively
derived from ingeste®. elongatusn the gut of the animals. In cases in which
only small amounts of a single supplemented sterol were foulld galeata,an
increased cholesterol content of the animals was observed. In contrast, when a
supplemented sterol was found in higher amounts in the animals, the cholesterol
content was not affected. These two patterns provide evidence for which of the
supplemented sterols can be converted to cholesterl yaleata.

In animals that are capable of synthesizing cholesterol de novo, the cycliza-
tion of squalene leads to lanosterol. Lanosterol differs from cholesterol by having
additional C-4 dimethyl and C-14 methyl substituents and by the location of the
double bond A8) in the sterol nucleus (Figure 1). Supplementation of cyanobac-
teria with lanosterol did not affect growth rates and clutch sizeB.afaleata.
Furthermore, no increase in the cholesterol content of the animals was observed.
The biochemical conversion of lanosterol to cholesterol involves the loss of the
methyl groups, the removal of tae® double bond, and the introduction of a double
bond atA®. The above findings demonstrate tBatgaleatalacks the enzymatic
ability to convertA® sterols to cholesterol. Notwithstanding our findings, the con-
version ofA® sterols to cholesterol was hypothesized by Harvey et al. (1987) in the
marine copepo@alanus. This suggests taxon specific differences in the structural
requirements of dietary sterols for crustaceans.

The phytosterols sitosterol and stigmasterol differ from cholesterol in having
an ethyl group at C-24, and stigmasterol has an additional double bonéf at
in the side chain (Figure 1). Sitosterol and stigmasterol are commonly found in
higher plants and are also present in a number of microalgae (Volkman, 2003).
The synthesis of cholesterol from these sterols requires a dealkylation at C-24.
An efficient phytosterol C-24-dealkylating system is found in various crustacea
(Ikekawa, 1985). Teshima (1971) has described the bioconversion of sitosterol
to cholesterol in the prawRenaeus japonicussing1*C-labeled sitosterol. Our
findings that food supplemented with sitosterol or stigmasterol led to an increased
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cholesterol content of the animals indicates that a 24-dealkylation also oc@urs in
galeata. Furthermord). galeataseems to be capable of saturating the additional
A?2 bond of stigmasterol during its transformation to cholesterol. However, sitos-
terol and stigmasterol improved growth more efficiently than cholesterol, which
might indicate thaD. galeatais also able to use these sterols directly without the
circuitous synthesis of cholesterol and that these sterols play a yet unknown role
in the metabolism ob. galeata.

Supplementation of cyanobacteria with desmosterol stimulated growth and
egg production ob. galeataand increased the cholesterol content of the animals,
which demonstrates that the ability to transform desmosterol to cholesterol is also
present inD. galeata. TheA®>?* diene desmosterol (Figure 1) is the terminal
intermediate in the conversion of plant sterols (e.g., sitosterol and stigmasterol)
to cholesterol in insects (Svoboda and Thompson, 198%)?#Asterol reductase
that reduces the double bond in the side chain, thereby converting desmosterol to
cholesterol, has been found in the tobacco hornwdfisnduca sextgSvoboda
and Thompson, 1985). Experiments with labeled sterols have shown that the prawn
P. japonicusalso possesses the ability to use desmosterol as a precursor for the
synthesis of cholesterol (Teshima and Kanazawa, 1973).

D. galeatais able to converi\®>7 sterols toA® sterols, as evidenced by the
large increase in the cholesterol content of the animals after supplementation of
the food with 7-dehydrocholesterahf’). 7-Dehyrocholesterol is found in the
hemolymph and in particular in Y-organs of crustaceans, where molting hormones
are synthesized (Lachaise et al., 1989; Rudolph et al., 1992). In many insects,
7-dehydrocholesterol is an intermediate in the transformation of cholesterol to
ecdysteroids (Rees, 1985). Several studies suggest that 7-dehydrocholesterol is
formed irreversibly from cholesterol in isolated prothoracic glands (Grieneisen,
1994). Here, we showed that a transformation of 7-dehydrocholesterol to choles-
terol occursinthe cladocerén galeata Assuming that cholesterol is the key sterol
in crustaceans, it is surprising that 7-dehydrocholesterol improved the growth of
the daphnids more efficiently than cholesterol. Synthesis of ecdysteroids from
cholesterol requires the introduction ofAd bond into the sterol nucleus, which
is not necessary in the direct conversion of 7-dehydrocholesterol to ecdysteroids.
The conversion of labeled 7-dehydrocholesterol to labeled ecdysteroids has been
demonstrated by injection experiments with various insect species (see Grieneisen,
1994) and by incubation of fractionated Y-organs of the dfi@nippe mercenaria
with the sterol (Rudolph and Spaziani, 1992). Presumdblygaleatais also
capable of utilizing 7-dehydrocholesterol as a direct precursor of ecdysteroids. In-
creased clutch sizes relative to the growth rates showed that 7-dehydrocholesterol
effectively supported egg production. Although it is generally assumed that effects
of food quantity on somatic growth and on reproduction are highly correlated in
juvenileDaphnia(Lampert and Trubetskova, 1996), it has been suggested that lim-
itation by food quality might affect somatic growth and reproduction differently.
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This has been shown for mineral (Urabe and Sterner, 2001) and biochemical
(Becker and Boersma, 2003) aspects of food limitation. In accordance with these
findings, sterols seem to differ in their allocation to somatic growth or reproduc-
tion. Further detailed investigations of sterol effects on life history are needed to
reveal how these differences in allocation lead to differences in effects on fitness.

Supplementation of cyanobacteria with ergosterol resulted in a tenfold higher
cholesterol content db. galeatathan in animals fed unsupplemented fo@d.
galeatais, therefore, capable of converting dietary ergosterol to cholesterol. Er-
gosterol, aA>7-?? sterol, is found in most fungi, yeast, and in some species of
green algae (Nes and McKean, 1977; Akihisa et al., 1992; Petkov and Kim, 1999).
Ergosterol differs from 7-dehydrocholesterol in having an additional double bond
at A?? in the side chain (Figure 1). Growth rates on food supplemented with
ergosterol were as high as the growth rates reached with 7-dehydrocholesterol,
sitosterol, and stigmasterol. The conversion of ergosterol to cholesterol requires
the saturation ah” in the sterol nucleus, as described for 7-dehydrocholesterol, as
well as saturation ak?2in the side chain, as described for stigmasterol. Only smalll
amounts of ergosterol were detected in animals reared on ergosterol-supplemented
food, which points to high metabolic transformation rates. Teshima and Kanazawa
(1971b) have described the bioconversion of ergosterol to cholestekalemia
salinafed on'“C-labeledEuglena gracilis. The ability to saturate t® bond of
a A%’ diene, as discussed for 7-dehydrocholesterol, might also enable the direct
conversion of ergosterol to ecdysteroids.

Supplementation with dihydrocholesterol, a completely saturated molecule
(A9), did not affect somatic growth db. galeata,as compared with unsupple-
mented cyanobacteria, which indicates that a double bond in ring B is required for
the conversion of dietary sterols to cholesterol (Figure 1). In contrast to somatic
growth, egg production of the daphnids was positively affected by supplementa-
tion with dihydrocholesterol, which indicated the potential significance of sterols
for reproduction. We are aware of only one example of the oxidation &f a
sterol to aA® sterol in arthropods: the firebrathermobia domestica, is capable of
synthesizing cholesterol from dihydrocholesterol (Svoboda and Thompson, 1985).
Harvey et al. (1987) documented that ring-saturated stanols are poorly assimilated
and that they pass unaltered through the gut of the marine cogggladus. In
this study, we found significant amounts of the supplemented dihydrocholesterol
in daphnid tissues, which indicates the assimilation of this stanol.

Allocholesterol and lathosterol differ from cholesterol in the position of the
double bond in the sterol nucleus (Figure 1). Somatic growth.ajaleatawas
negatively affected by the supplementation with allocholesterol. A relocation of
a double bond frorn\* to A5, as required for the conversion of allocholesterol
to cholesterol, seems improbable; however, we cannot exclude that a toxic effect
of allocholesterol masked the enzymatic abilities of the animals. Supplementation
with lathosterol increased the cholesterol content of the animals, which indicated
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that lathosterol was converted to cholesterol. The conversion of lathosterol to
cholesterol requires a shift of a double bond frarfito A%, possibly via aA>7 in-
termediate, as work with mammals has shown (Nes and McKean, 1977). Prahl et al.
(1984) found that, compared with® and A>7 sterols,A” sterols were not readily
removed during passage through the gut of the cop&adahus. They speculated

that dietaryA’ sterols can be used as precursors of ecdysteroids and that the poor
assimilation of these sterols provides a mechanism to avoid a haphazard production
of molting hormones. Alternatively, Prahl et al. (1984) suggestediak@nussim-

ply lacks the ability to converh” to AS7 sterols and, therefore, tit¢ components

are only poorly assimilated. The results of this study indicate thanthsterol
lathosterol was assimilated . galeataand converted to cholesterol. However,

the observed growth rates were lower than those reached with food supplemented
with cholesterol. The step’ to A>7 involves the introduction of a double bond at

A5, which might be costly in terms of energy and, therefore, might be responsible
for the lower growth rates as compared to those reached with supplementation with
cholesterol.

Although this study shows that certain dietary sterols improve the somatic
growth of D. galeata, there must be other factors that become limiting for the
growth and reproduction of the herbivore, when the animals are released from
sterol limitation. The maximal growth rates on sterol-supplemeyedchococcus
(g =0.32 d*) were below the almost maximal possible growth rate<0.5 d1)
of D. galeatafed on the green algacenedesmus obliqu(Wacker and Von Elert,
2001). Von Elert et al. (2003) already showed that the growth on cholesterol-
supplemente&ynechococcugas further improved by additional supplementation
with PUFAs. Beside sterols and PUFAs there might be additional factors that
determine the nutritional value of this coccal cyanobacterium to a lower extent.

Results derived from laboratory experiments are indispensable for determin-
ing the requirements of zooplankton species for single biochemical compounds,
such as sterols, and provide a first step toward assessing the ecological relevance
of these compounds under field conditions. During cyanobacterial blooms, the
sterol content of the food will be low since only traces of sterols are found in
prokaryotes (Hai et al., 1996; Volkman, 2003). This is corroborated by the obser-
vation that the total lipid levels (with sterols as a dominant lipid clas§)agfhnia
pulex from a hypereutrophic lake are at their lowest concentration during the
height of the yearlyAphanizomenon flos-aquddoom (Arts et al., 1992). In a
previous laboratory study, we have shown that the absence of sterols constrains
the carbon transfer between cyanobacteriaurghleata(Von Elert et al., 2003).
Compared to cyanobacteria, which do not provide sterols in sufficient amounts, eu-
karyotic phytoplankton contain a large variety of sterols (Nes and McKean, 1977;
Volkman, 2003). However, specific phytoplankton classes or even single species
could still be deficient in sterols suitable for supporting zooplankton growth.
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If such species dominate the phytoplankton, sterol limitation of growibagth-

nia is possible. Thus, high levels of unsuitable sterols could adversely affect
growth and reproduction ddaphnia, and can, therefore, be responsible for re-
duced fecundity and, projected at the population level, for reduced population
growth.

In the field, sterols of phytoplankton can be subjected to transformation prior
to their ingestion by the herbivorous crustaceans. Klein Breteler et al. (1999) have
suggested that the poor quality of the chlorophyd@analiella for the develop-
ment of marine copepods is due to a sterol deficiency of the alga. Furthermore, they
have demonstrated that the chlorophycean food is biochemically upgraded by the
heterotrophic dinoflagellat®xyrrhis marinato high-quality copepod food. This
trophic upgrading of food quality by an intermediary protozoan is attributed to
sterol production in the dinoflagellate. Th€ sterols present iBunaliellado not
support development of the copepods, whereas a rapid development of the cope-
pods to the adult stage is observed when fe@®agrrhis marina, which contains
primarily A® sterols. This example shows that unsuitable sterols in eukaryotic algae
can constrain the development of herbivorous crustaceans. Intermediary grazers,
such as protozoa, might biochemically upgrade such unsuitable phytoplankton
species by adding more suitable sterols to the dietary carbon, thus determining
the transfer efficiency of carbon from the microbial loop to metazoan grazers in
natural systems.

In summary, this study provides evidence that sterols are essential dietary
compounds that significantly affect growth and reproductioDd ofjaleata. Fur-
thermore, the results showed tEatgaleatais capable of converting dietary sterols
to cholesterol, depending on their chemical structure. Particulaflyand AS7
sterols met the nutritional requirements of the animals, whilexthsterol lathos-
terol supported growth to a significantly lower extent than cholesterol. Dihydroc-
holesterol (&) and lanosterol (&) did not improve the growth db. galeata,and
growth was adversely affected by the sterol allocholesterol. Hence, structural
features, particularly the configuration of the sterol nucleus, determine the nutri-
tional value of dietary sterols. In insects, the pattern of sterol metabolism is by
no means ubiquitous, and the nutritional dependency on specific sterols described
for D. galeatamight not be valid for crustaceans in general. In order to assess
the ecological significance of certain sterols as potentially limiting biochemical
resources, further detailed studies are required to reveal pathways and potential
intermediates of sterol synthesis with regard to the nutritional requirements of
freshwater zooplankton species. Von Elert et al. (2003) have already suggested
that sterols could play a key role in determining carbon transfer efficiency from
primary producers to herbivorous zooplankton. Here, we suggest that, in addition
to low dietary sterol levels, the quality of dietary sterols could strongly affect the
assimilation of dietary carbon.
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