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Abstract

We investigated whether trophic repackaging of autotrophic picoplankton by phagotrophic protists is
associated with an improvement in food quality for the metazooplankton Daphnia magna (i.e., whether trophic
upgrading occurs in this system). The nutritional value of the autotrophic species Microcystis aeruginosa
PCC7806, Synechococcus sp. strain BO8809, Synechococcus elongatus SAG 89.79, and Choricystis minor KR1988/
8, and of the heterotrophic nanoflagellate Paraphysomonas sp. grown on these different picoplanktonic species
was evaluated in standardized growth experiments with D. magna. In order to investigate the functional role of
the flagellate in the simplified autotrophic picoplankton–Daphnia food chain, Paraphysomonas sp. was grown on
the different picoplanktonic organisms and subsequently separated from the food items before being fed to D.
magna. The presence of Paraphysomonas sp. as an intermediary trophic step enhanced somatic growth and
reproduction of D. magna. Supplementation of Synechococcus sp. with lipids from Paraphysomonas sp. (grown on
Synechococcus sp.) revealed that trophic upgrading of autotrophic picoplankton is due to the additional lipids
present in the flagellate. Paraphysomonas sp. synthesized polyunsaturated fatty acids and sterols de novo, which
most likely explains the trophic upgrading. Paraphysomonas sp. also improved the food quality of M. aeruginosa
PCC7806, which is toxic for D. magna. The heterotrophic flagellate Paraphysomonas sp. is capable of trophically
upgrading a poor quality food source not only by producing essential lipids, but also by detoxifying the
cyanobacterial food organism.

The consumption of picoplanktonic organisms (hetero-
trophic bacteria and autotrophic picoplankton) by phago-
trophic protists has been recognized as a major pathway of
carbon flow (Azam et al. 1983). Autotrophic picoplankton
(APP) accounts for the bulk of primary production in large
parts of open oceans and in many oligotrophic lakes
(Weisse 1993; Callieri and Stockner 2002). However, such
picoplankton is largely unavailable to direct consumption
by most crustacean grazers (except cladocerans), whose
grazing apparatus is too coarse to retain picoplanktonic
particles. In contrast, heterotrophic protists are efficiently
grazed by crustacean zooplankton. By repackaging their
picoplanktonic prey into particles accessible for crustacean
grazers, phagotrophic protists represent a crucial link
channeling picoplankton production to higher trophic
levels (Sherr and Sherr 1988; Gifford 1991). The assimila-
tion of picoplankton by protozoa leads to substantial
losses in organic carbon via respiration, which has led to
a debate about the quantitative significance of the transfer
of picoplankton production to higher trophic levels via
protists (Sherr et al. 1987). Especially in systems dominated
by metazoan grazers that are able to feed directly on

picoplankton (i.e., Daphnia), trophic repackaging may be
regarded as a sink of carbon (Stockner and Shortreed
1989). However, zooplankton production is determined not
only by the quantity of the available carbon, but also its
quality. A considerable amount of research has addressed
phytoplankton food quality (Ahlgren et al. 1990), but
surprisingly few studies have focused on the nutritional
value of protozoa for metazoan grazers.

In natural systems, especially in freshwater habitats, the
availability of sestonic phosphorus (Elser et al. 2001) can
determine zooplankton growth. Ciliates and heterotrophic
nanoflagellates (HNFs) are rich in phosphorus (Caron and
Goldman 1990; Sanders et al. 1996) and, therefore, might
be a high-quality food source for zooplankton. However,
elemental content alone is insufficient to predict food
quality; and essential lipids such as the (n-3) series of
polyunsaturated fatty acids (PUFAs) (Von Elert 2002) and
sterols (Von Elert et al. 2003; Martin-Creuzburg and Von
Elert 2004) can limit zooplankton growth.

Little is known about the lipid composition of hetero-
trophic protists. The scarce data available suggest that the
lipid composition of protozoa depends on the synthetic
capacities particular to each species and also on the
biochemical composition of their food (Desvilettes et al.
1997; Véra et al. 2001). This might explain the extreme
variability in the observed food quality of protozoa for
metazoan grazers (Sanders and Wickham 1993). Several
studies have reported that heterotrophic protists as the sole
food source are of low quality for zooplankton (Sanders et
al. 1996; Bec et al. 2003a), whereas others have argued that
HNFs feeding on microalgae are a high-quality food for
zooplankton (Klein Breteler et al. 1999; Tang et al. 2001;
Bec et al. 2003b). These latter studies have also shown that
HNFs as an intermediary trophic step enhance the
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tätsstrasse 30, University of Bayreuth, 95440 Bayreuth, Germany.

Acknowledgments
This work was supported by a postdoctoral fellowship to A.B.

from the Conseil Régional d’Auvergne, France, and by project
grant DFG El 179/4-2to E.v.E. from the German Research
Foundation.

Limnol. Oceanogr., 51(4), 2006, 1699–1707

E 2006, by the American Society of Limnology and Oceanography, Inc.

1699



nutritional value of their microalgal diet for zooplankton.
This trophic upgrading of microalgal food (Klein Breteler
et al. 1999; Bec et al. 2003b) has been suggested to be due to
new lipid compounds synthesized by the HNFs, but this
hypothesis has not yet been tested.

In the present study, we investigated whether trophic
repackaging of APP is associated with an improvement in
food quality for metazooplankton. We used three strains of
cyanobacteria (Microcystis aeruginosa, Synechococcus sp.,
and Synechococcus elongatus) and one picoeukaryotic alga
(Choricystis minor) as model APP organisms. Using
a simplified food chain from APP to metazooplankton,
we examined whether the presence of an intermediary
trophic step (the HNF Paraphysomonas sp.) enhanced the
development and reproduction of the metazoan grazer
Daphnia magna. Lipid analyses (fatty acids, sterols) were
combined with dietary supplementation of lipids to test
whether trophic upgrading by the heterotrophic flagellate
was due to the synthesis of additional lipids.

Materials and methods

Cultures and food suspensions of autotrophic organisms—
Synechococcus sp. strain BO8809, S. elongatus SAG 89.79,
and M. aeruginosa PCC7806 were grown in Cyano medium
(Von Elert and Wolffrom 2001) at 20uC with illumination
at 60 mmol m22 s21. Cryptomonas sp. strain SAG 26.80
and C. minor KR1988/8 were grown in modified WC
medium with vitamins (Von Elert and Wolffrom 2001) at
20uC with illumination at 120 mmol m22 s21. The cyano-
bacteria and the algae were cultured semicontinuously at
a dilution rate of 0.25 d21 using aerated 5-liter vessels.
Stock solutions of the different autotrophic organisms for
the D. magna growth experiments were prepared by
centrifugation and resuspension of the cultured cells in
WC lacking vitamins. The carbon concentrations of the
autotrophic food suspensions were estimated from photo-
metric light extinction (800 nm) and from carbon-extinc-
tion regressions determined previously.

Cultures and food suspensions of Paraphysomonas sp.—
The chrysomonad Paraphysomonas sp. was obtained from
the culture collection of the Limnological Institute (Uni-
versity of Konstanz, Germany). Paraphysomonas sp. was
cultivated on different food organisms (M. aeruginosa,
Synechococcus sp., S. elongatus, C. minor). These Para-
physomonas sp. cultures were grown semicontinuously in
300 mL of WC medium with vitamins in 500-mL flasks at
20uC. Each of the four different food organisms was fed to
the flagellate by replacing 10% of the culture volume with
WC medium with vitamins and the food organism every
12 h. Every other day, the Paraphysomonas sp. cultures
were transferred into clean flasks. Two days before the
Paraphysomonas sp. cultures were harvested for the D.
magna growth experiments, the supply of medium and food
was stopped to allow Paraphysomonas sp. to reduce the
concentration of autotrophic picoplankton in the flagellate
cultures. However, at the end of this 2-d period, pico-
planktonic cells were still observed in the culture medium
and in the Paraphysomonas sp. food vacuoles. For the

growth experiments Paraphysomonas sp. cells were sepa-
rated from their food source by repeated centrifugation
(4 min at 2,000 3 g) and resuspension in fresh medium,
taking advantage of their negative geotaxis. Subsequently,
the flagellate suspensions were slowly filtered through a 5-
mm membrane filter without vacuum, and cells retained on
the filter were immediately resuspended in WC without
vitamins to obtain protist stock suspensions for the D.
magna growth experiments. Cell concentrations of Para-
physomonas sp. were determined with an electronic particle
counter, and Paraphysomonas sp. carbon concentrations
offered to daphnids were estimated using the carbon
conversion factor proposed by Menden-Deuer and Lessard
(2000). Contamination of the flagellate suspensions with
heterotrophic bacteria and autotrophic cells was deter-
mined using to the method described by Porter and Feig
(1980). The carbon contributions of heterotrophic bacteria
and cyanobacteria were calculated using the conversion
factors proposed by Bratbak (1985) and Verity et al. (1992).
The carbon concentration of Paraphysomonas sp. ranged
from 0.7 to 1.5 mg C L21 and comprised 92–98% of the
total carbon concentration of the food suspensions. The
contamination with autotrophic particles never exceeded
4% of the total carbon of either of the Synechococcus
strains and 6.8% of M. aeruginosa and C. minor; the
contamination with heterotrophic bacteria was negligible in
all treatments (,2% of the total carbon).

Daphnia growth experiments—Growth experiments were
conducted with third-clutch juveniles (born within 10 h) of
a clone of D. magna. The experiments were carried out at
20uC and an illumination of 60 mmol m22 s21 in glass
beakers filled with 200 mL of filtered lake water (0.45 mm
pore-sized membrane filter). Each treatment consisted of
three replicates with seven animals each. Somatic growth
rates (g) were determined as the increase in dry weight (W)
during the experiments using the equation:

g ~ ln Wt { ln W0ð Þ=t

Subsamples of the experimental animals consisting of
seven individuals were taken at the beginning (W0) and at
the end (Wt) of an experiment. After 24 h in a drying
chamber, subsamples were weighed on an electronic
balance (Mettler UMT 2; 6 0.1 mg). Growth rates were
calculated as means for each treatment (n 5 3).

In the first set of growth experiments, we investigated the
nutritional value for D. magna of the autotrophic species
M. aeruginosa, Synechococcus sp., S. elongatus, and C.
minor and of Paraphysomonas sp. grown on each of these
autotrophic species. Starved daphnids and daphnids
fed high-quality food (Cryptomonas sp.) served as refer-
ences. The food suspensions, containing 1.5 mg C L21 of
the autotrophic species and 0.7–1.5 mg C L21 of Para-
physomonas sp., were renewed daily during the 6-d experi-
ments.

A second set of growth experiments was designed to test
whether lipids synthesized by Paraphysomonas sp. were
involved in the trophic upgrading of picocyanobacteria. D.
magna was reared on Synechococcus sp., Synechococcus sp.
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supplemented with Paraphysomonas sp. lipids, and Syne-
chococcus sp. supplemented with its own lipids. Because
bovine serum albumin (BSA) was used for the lipid
amendment, Synechococcus sp. was also supplemented
with BSA without additional lipids to exclude possible
effects of BSA on the growth of D. magna.

Extraction and supplementation of lipids—Twenty micro-
grams of particulate organic carbon (POC) of Paraphyso-
monas sp. (grown on Synechococcus sp.) or of Synecho-
coccus sp. were loaded onto precombusted GF/F filters
(Whatman) and extracted three times with a mixture of
dichloromethane/methanol (2 : 1, v/v). The pooled cell-free
extracts were evaporated with nitrogen to dryness, weighed
to the nearest 0.1 mg, and resuspended in ethanol
(2.5 mg mL21). To enrich Synechococcus sp. with lipids
of Paraphysomonas sp. or with its own lipids, 15 mg of BSA
was dissolved in 1 mL of ultrapure water, and 300 mL of
the lipid stock solution was added. After addition of 1 mg
POC of Synechococcus sp., the volume was brought to
10 mL with Cyano medium. The resulting suspension was
incubated on a rotary shaker (100 revolutions per minute
min21) for 4 h. Surplus lipids and BSA were removed by
washing the cells three times in 10 mL of fresh medium
using to the method described by Von Elert (2002). The
resulting Synechococcus sp. suspensions were used as food
in the D. magna growth experiments.

Analysis of fatty acids and sterols—To analyze fatty acids
and sterols, the food suspensions (sampled on Day 6) were
filtered on precombusted GF/F filters (Whatman, 25 mm
diameter). POC was measured using an NCS-2500 analyzer
(Carlo Erba Instruments). The total lipids were extracted
with dichloromethane/methanol as described above and
evaporated to dryness with nitrogen. The lipid extracts
were transesterified with 3 mol L21 methanolic HCl (60uC,
15 min) for the analysis of fatty acids or saponified with
0.2 mol L21 methanolic KOH (70uC, 1 h) for the analysis
of sterols. Subsequently, fatty acid methyl esters (FAMEs)
were extracted three times with 2 mL of isohexane; the
neutral lipids (sterols) were extracted with isohexane :
diethyl ether (9 : 1, v/v). The isohexane lipid fractions were
evaporated to dryness under nitrogen and resuspended in
10–20 mL of isohexane. Lipids were analyzed by gas
chromatography on an HP 6890 GC equipped with a flame
ionization detector; a DB-225 (J&W Scientific) capillary
column was used to analyze fatty acids (Von Elert 2002)
and an HP-5 (Agilent) capillary column was used to
analyze sterols (Martin-Creuzburg and Von Elert 2004).
Lipids were quantified by comparison to internal standards
(C17 : 0 and C23 : 0 methyl esters; 5a-cholestan) and
identified by their retention times and their mass spectra,
which were recorded with a gas chromatograph–mass
spectrometer (Finnigan MAT GCQ) equipped with
a fused-silica capillary column (DB-225MS, J&W for
FAMEs; DB-5MS, Agilent for sterols). Sterols were
analyzed as free sterols and as their acetate derivatives.
Spectra were recorded between 50 and 600 amu (atomic
mass units) in the EI ionization mode. Mass spectra were
identified by comparison with mass spectra of reference

substances (purchased from Sigma, Supelco, or Steraloids)
or spectra found in the literature. The C24 epimers
poriferasterol/stigmasterol and the cis/trans isomers iso-
fucosterol/fucosterol could not be identified with certainty.
The absolute amount of each lipid was related to the POC,
which was determined from another aliquot of the food
suspensions used for lipid analysis.

Data analysis—Growth rates and clutch sizes were
analyzed by one-way analyses of variance (ANOVA) and
post-hoc comparisons (Tukey’s HSD, a 5 0.05). Raw data
met the assumption of homogeneity of variance (Levene’s
test).

Results

Growth of D. magna—Juvenile somatic growth rates (g)
of D. magna were significantly affected by the food
supplied in the growth experiments (ANOVA, F8,18 5
649, p , 0.001; Fig. 1). Growth rates of D. magna ranged
from 20.06 d21 (starving) to 0.51 d21 (Cryptomonas sp.).
Somatic growth of D. magna on both Synechococcus strains
was poor. However, when Paraphysomonas sp. was in-
troduced as an intermediary trophic level between the
picocyanobacterial strains and the metazoan grazer,
growth of D. magna was increased sevenfold to eightfold,
which indicated a significant improvement in cyanobacter-
ial food quality by the HNF (Tukey’s honestly significant
difference [HSD], p , 0.05). Daphnids fed on the toxic M.
aeruginosa did not survive the 6-d experiment. In contrast,
daphnids fed on Paraphysomonas sp. and grown on M.
aeruginosa survived and grew relatively well. Growth of D.
magna on C. minor was substantially higher than it was on
picocyanobacteria (Tukey’s HSD, p , 0.05; Fig. 1), but did
not increase when the HNF was interposed as intermediary
grazer (Tukey’s HSD, p 5 0.10).

Clutch sizes of D. magna—D. magna did not produce
eggs when grown on Synechococcus sp., S. elongatus, or
Paraphysomonas sp. fed with M. aeruginosa (Fig. 2).
In contrast, when the HNF was interposed between
either of the Synechococcus strains and D. magna, the
daphnids produced 3.4–4.6 eggs per individual. Daphnids
fed on C. minor produced comparatively small clutches
(Fig. 2). When Paraphysomonas sp. was introduced as an
intermediary grazer, clutch sizes increased threefold to
fourfold (Fig. 2; Tukey’s HSD, p , 0.05 following
ANOVA, F4,10 5 87.9, p , 0.001). The largest clutch
sizes were produced when Cryptomonas sp. was offered as
food.

Effects of lipid supplementation on growth of D. magna—
The supplementation of Synechococcus sp. with BSA did
not affect D. magna growth (Fig. 3; Tukey’s HSD
following ANOVA, F4,10 5 361, p , 0.001). Similarly,
supplementation of Synechococcus sp. with its own lipids
did not improve growth of the grazer, which indicates that
the food quality of Synechococcus sp. was not due to
a general shortage of lipids. When Synechococcus sp. was
supplemented with lipids from Paraphysomonas sp. growth
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of D. magna increased (Fig. 3; Tukey’s HSD, p , 0.05),
which indicates that the low food quality of Synechococcus
sp. was due to the absence of a lipid that is present in the
flagellate.

Sterol compositions—No sterols were detected in any of
the cyanobacterial strains. Stigmasterol (24a-ethylcholesta-
5,22-dien-3b-ol) and epibrassicasterol (24a-methylcholesta-
5,22-dien-3GBb-ol) were the principal sterols in Cryptomo-
nas sp. (Table 1). Epibrassicasterol, the 24a-epimer of
brassicasterol, occurs in cryptophycean algae such as
Cryptomonas and Rhodomonas (Goad et al. 1983). Al-
though we did not determine the side-chain stereochemistry
at C-24, the presence of epibrassicasterol rather than
brassicasterol in the Cryptomonas sp. strain used here was
assumed. Three major sterols were detected in the green
alga C. minor: fungisterol (24b-methylcholesta-7-en-3b-ol);
ergosterol (24b-methylcholesta-5,7,22-trien-3b-ol); and
chondrillasterol (24b-ethylcholesta-7,22-dien-3b-ol), all of
which are common in chlorophycean species (Cranwell et
al. 1990).

The major sterol of the chrysomonad Paraphysomonas
sp. was 24-ethylcholesta-5,22-dien-3b-ol. The two C-24
epimers of 24-ethylcholesta-5,22-dien-3b-ol—poriferasterol

(24b) and stigmasterol (24a)—could not be fully separated
on the gas chromatograph–flame ionization detector and
gas chromatograph–mass spectrometer systems used;
therefore, the stereochemistry of the ethyl group at C-24
was not defined. The presence of poriferasterol in the
related chrysomonad Ochromonas (Gershengorn et al.
1968) suggests that the 24b configuration of 24-ethylcho-
lesta-5,22-dien-3b-ol is also present in Paraphysomonas sp.
Another sterol found in Paraphysomonas sp. was 24-
ethylidenecholesta-5,24(28)-dien-3b-ol. To assess the con-
figuration of the C-24 ethylidene group, which can either be
cis (24Z, isofucosterol) or trans (24E, fucosterol), sterols
were analyzed as their steryl acetates. The mass spectra of
the acetates showed a dominant m/z 296 ion and a much
less abundant m/z 394 ion, which indicates the presence of
isofucosterol rather than fucosterol (Knights and Brooks
1969).

The sterol composition of the HNF did not change with
its food source (i.e., Paraphysomonas sp. grown on a sterol-
free cyanobacterial diet exhibited the same sterol pattern as
Paraphysomonas sp. grown on the sterol-containing green
alga C. minor [Table 1]). Only trace amounts of the sterols
found in C. minor were detected in Paraphysomonas sp.
grown on this eukaryotic alga. These traces could be

Fig. 1. Juvenile somatic growth rates of D. magna grown on M. aeruginosa, Synechococcus
sp., S. elongatus, C. minor, and on the HNF Paraphysomonas sp. fed with one of these
autotrophic species. Growth without food supply (starving) and growth on Cryptomonas sp. are
shown for comparison. Daphnids grown on the toxic M. aeruginosa did not survive the 6-
d experiment (indicated by an asterisk). Data are means of n 5 3; error bars indicate significant
difference. Bars labeled with the same letters are not significantly different (Tukey’s HSD, p ,
0.05 following ANOVA).
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attributed to the slight contamination of the flagellate
suspensions with C. minor cells, or to undigested material in
the HNF food vacuoles, or both. The total sterol content of
Paraphysomonas sp. was generally higher than the total
sterol content of C. minor and Cryptomonas sp. (Table 1).

Fatty acid compositions—Both Synechococcus strains
had high amounts of 16:0 and 16:1(n-7) fatty acids and
lacked PUFAs (Table 2). In contrast, M. aeruginosa was
characterized by significant amounts of (n-6) PUFAs,
primarily represented by 18:2(n-6) and 18:3(n-6). Like other
Chlorophyceae (Ahlgren et al. 1992), C. minor had
significant amounts of 16:3(n-3), 18:2(n-6), and 18:3(n-3)
fatty acids. Cryptomonas sp. was characterized by a clear
dominance of (n-3) series PUFAs, primarily 18:3(n-3),
18:4(n-3), and 20:5(n-3).

Paraphysomonas sp. grown on the different autotrophic
species had substantial amounts of 20:4(n-6), 20:5(n-3), and
22:6(n-3) fatty acids. Both Synechococcus strains lack (n-3)
PUFAs, which demonstrated that Paraphysomonas sp. is
able to synthesize these long-chain PUFAs de novo. The
fatty acid composition of the HNF was furthermore
influenced by its diet. Like C. minor, Paraphysomonas sp.
grown on this picoeukaryotic alga is characterized by
significant amounts of 16:3(n-3), 18:2(n-6), and 18:3(n-3)

fatty acids. This result is in good agreement with a previous
study that reported that the HNF Aulacomonas submarina
accumulates C16 and C18 PUFAs when fed the chlorophy-
cea Chlorogonium elongatum (Bec et al. 2003b). C. minor
showed a higher content of 18:2(n-6) than of 18:3(n-3)
(Table 2). However, this ratio is reversed in Paraphysomo-
nas sp. when feeding on C. minor, which indicates
a preferential assimilation of 18:3(n-3) by the HNF.

Discussion

APP is the major primary producer in many oligotrophic
to mesotrophic marine and freshwater systems. In marine
systems, where copepods are the major metazoan grazers,
this production becomes available only after assimilation
by protozoa as an intermediate trophic level. This trophic
situation differs from that of freshwater systems, where in
many cases the major metazoan grazers are representatives
of the genus Daphnia rather than copepods. Daphnids can
either feed directly on APP or gain indirect access to APP
production when they consume protists feeding on
picoplankton. Here we experimentally investigated these
two contrasting situations for D. magna in simplified
bitrophic and tritrophic food chains. When Paraphysomo-
nas sp. fed on the different autotrophic picoplanktonic

Fig. 2. Clutch sizes of D. magna grown on M. aeruginosa, Synechococcus sp., S. elongatus,
C. minor, and on the HNF Paraphysomonas sp. fed with one of these autotrophic species. The
clutch size of D. magna grown on Cryptomonas sp. is shown for comparison. Daphnids grown on
the toxic M. aeruginosa did not survive the 6-d experiment (indicated by an asterisk). Data are
means of n 5 3; error bars indicate significant difference. Bars labeled with the same letters are
not significantly different (Tukey’s HSD, p , 0.05 following ANOVA).
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organisms, the dietary carbon provided to daphnids
consisted primarily of the HNF. Contamination of
picoplanktonic cells never exceeded 10% carbon and
ranged between 2% and 8%, which allowed us to clearly
identify the effects on growth of D. magna of the various
Paraphysomonas sp. food suspensions. Even though
daphnids were offered a lower quantity of food when fed
the different preparations of the Paraphysomonas sp. than
when they were directly fed the different autotrophic
species, the food quantity was well above the incipient
limiting level that is reported to be approximately 0.5 mg
of carbon per liter (Lampert 1978). Therefore, we could
interpret differences in growth and reproduction of D.
magna as an effect of food quality and not of food quantity.

Growth rates and clutch sizes of D. magna fed on
prokaryotic APP were low, which is in accordance with the
well-known low food quality of cyanobacteria for daphnids
(Von Elert and Wolffrom 2001; Von Elert et al. 2003). The
introduction of Paraphysomonas sp. as an intermediary
trophic level led to a sevenfold to eightfold increase in
somatic growth of D. magna and to increased clutch sizes.
Hence, the HNF Paraphysomonas sp. clearly upgraded the
food quality of autotrophic picocyanobacteria.

Fig. 3. Juvenile somatic growth rates of D. magna grown on
Synechococcus sp. and on Synechococcus sp. supplemented with
BSA, a total lipid extract gained from Synechococcus sp., and
a total lipid extract gained from the HNF Paraphysomonas sp.
that previously fed on Synechococcus sp. Growth without food
supply (starving) is shown for comparison. Data are means of n 5
3; error bars indicate significant difference. Bars labeled with the
same letters are not significantly different (Tukey’s HSD, p , 0.05
following ANOVA).
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The effects of an additional intermediary trophic level on
growth and reproduction of D. magna differed when the
picoalga C. minor was supplied as food: Paraphysomonas
sp. raised on C. minor did not affect the somatic growth of
D. magna, but led to an increase in reproduction. It is
generally assumed that effects of food quantity on somatic
growth and on reproduction are highly correlated in
juvenile Daphnia (Lampert and Trubetskova 1996). How-
ever, it has been shown that mineral and biochemical food
quality affect somatic growth and reproduction differently
(Becker and Boersma 2003; Martin-Creuzburg and Von
Elert 2004).

Growth and reproduction of D. magna differed when it
was fed the different Paraphysomonas sp. preparations,
which indicates that the nutritional value of the HNF varies
with its picoplanktonic prey. Hence, the high quality of
dietary Paraphysomonas sp. for D. magna is primarily due
to the ability of Paraphysomonas sp. to upgrade its diet of
APP, and to a smaller extent, the food quality of this HNF
is determined by the respective APP species on which it fed.

Trophic upgrading of microalgae has been hypothesized
to be due to the lipid composition of the considered HNFs
(Klein Breteler et al. 1999; Bec et al. 2003b), but this had
not yet been tested. In the present study, Synechococcus sp.
was supplemented with its own lipids and with lipids of
Paraphysomonas sp. (grown on Synechococcus sp.), which
clearly demonstrated that trophic upgrading is due to
additional lipids present in the HNF.

Sterols are involved in a wide range of physiological
processes in arthropods. However, arthropods are in-
capable of synthesizing sterols de novo and, therefore,
must obtain these essential compounds from their diet. In
contrast to Paraphysomonas sp., the three cyanobacterial
strains used here do not contain sterols. It has recently been
shown that the absence of sterols in cyanobacteria is
a major food quality constraint for daphnids (Von Elert et
al. 2003; Martin-Creuzburg and Von Elert 2004). In line
with these findings, we now argue that the presence of
sterols in Paraphysomonas sp. lipids is a primary explana-
tion for the trophic upgrading of picocyanobacterial food.
This hypothesis is supported by the high quantities of
sterols in the HNF ranging from 8.6 mg mg C21 (Para-
physomonas sp. grown on C. minor) to 12.6 mg mg C21

(Paraphysomonas sp. grown on S. elongatus), which exceed
even those of eukaryotic algae (Cryptomonas sp., C. minor).
Moreover, Paraphysomonas sp. sterols are predominantly
D5 sterols, which when supplemented to S. elongatus,
support somatic growth and reproduction of daphnids
(Martin-Creuzburg and Von Elert 2004).

However, cyanobacteria not only lack sterols, but most
of them are also a poor source of PUFAs. Like sterols, (n-
3) PUFAs are of particular physiological importance for
metazoans and are considered essential for zooplankton
(Arts 1998). Several studies have underlined the importance
of (n-3) PUFAs and especially of long-chain PUFAs (e.g.,
20:5(n-3)), for growth and reproduction of cladocerans
(Ahlgren et al. 1990; Brett and Müller-Navarra 1997; Von
Elert 2002). In this regard, Von Elert et al. (2003) have
previously shown that daphnids feeding on cyanobacteria
are limited primarily by the absence of sterols, and when
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this dietary deficiency is fully compensated by supplemen-
tary sterols, growth and reproduction of daphnids become
limited by the availability of PUFAs. Because Paraphyso-
monas sp. differed from its picocyanobacterial prey by
having both sterols and PUFAs, it is tempting to speculate
that the high sterol content of Paraphysomonas sp.
fully compensated this cyanobacterial deficiency and
that the PUFAs in the lipids of Paraphysomonas sp.
further contributed to the trophic upgrading of picocya-
nobacteria.

Trophic upgrading by Paraphysomonas sp. was also
observed for the picoalga C. minor, although this effect was
detected only for reproduction and not for somatic growth
of D. magna. C. minor and Paraphysomonas sp. had similar
amounts, but a different composition of sterols. Such
qualitative differences may result in different degrees of
utilization of sterols by the daphnids (Martin-Creuzburg
and Von Elert 2004). However, reproduction is less
sensitive than somatic growth to sterol limitation (Mar-
tin-Creuzburg et al. 2005), and hence the trophic upgrading
is probably due to the presence of long-chain PUFAs in
Paraphysomonas sp. that are absent in C. minor. In C.
minor no PUFAs longer than C18 were found, whereas
Paraphysomonas sp. feeding on C. minor contained six
different C20 and C22 long-chain PUFAs. Hence, trophic
upgrading of picochlorophyceae may be assigned to the
synthesis of long-chain PUFAs only, whereas the amelio-
ration of picocyanobacterial carbon by Paraphysomonas
sp. involves the synthesis of both sterols and (n-3) PUFAs.
More generally, trophic upgrading of APP by this HNF
can be attributed to its lipid metabolism, which implies
not only de novo synthesis, but also accumulation and
bioconversion of dietary compounds. Indeed, the PUFA
content of Paraphysomonas sp. had a marked dietary
influence, which could largely explain the variability of the
HNF nutritive value.

The effects of feeding M. aeruginosa to the intermediary
Paraphysomonas sp. compared with direct feeding to
daphnids point to factors other than lipid metabolism that
should be considered. M. aeruginosa PCC7806 was toxic
for Daphnia when D. magna fed directly on M. aeruginosa;
however, when daphnids fed on Paraphysomonas sp. that
had been raised on M. aeruginosa, no mortality was
observed, and the daphnids exhibited higher growth rates
than those fed nontoxic cyanobacteria. Growth of the HNF
was not affected by M. aeruginosa toxicity. Several
phagotrophic protists graze and grow efficiently on toxic
phytoplankton species (Stoecker et al. 2002), and it has
been suggested that some reduce the toxicity of their prey
for copepods (Jeong et al. 2003). In accordance with these
findings, we showed here that Paraphysomonas sp. as an
intermediary trophic step reduces M. aeruginosa toxicity
for D. magna. However, the growth and clutch size of
daphnids fed on Paraphysomonas sp. that had been raised
on M. aeruginosa were significantly lower than when fed
Paraphysomonas sp. that had been raised on nontoxic
picocyanobacteria. This might be attributed to residual
toxicity caused by incomplete removal of M. aeruginosa
cells in the daphnids’ diet or to undigested material
contained in the food vacuoles of the HNF.

In conclusion, we showed that HNFs can trophically
upgrade prokaryotic and eukaryotic picoplankton for
metazoan grazers by producing sterols and fatty acids.
We furthermore provided evidence that the HNF Para-
physomonas sp. is capable of detoxifying cyanobacterial
food for D. magna. Hence, phagotrophic protists should
not only be considered as a link that repackages their prey
into accessible particles for metazoans, but also as a bio-
synthetic step that can potentially improve the nutritional
value of picoplankton. Evidently, having an intermediary
trophic level of phagotrophic protists still leads to a carbon
loss. However, little is known about the assimilation
efficiency of picoplankton by phagotrophic protists (Po-
meroy 2000). Note that another consequence of protistan
grazing is the release of dissolved organic matter and
inorganic nutrients (Caron and Goldman 1990), which
might enhance picoplankton productivity in oligotrophic
systems. Thus, the phagotrophic protist sink as well as the
protozoan nutritional value for metazoans should be more
precisely estimated. In this regard, further investigations
are needed to explore the lipid metabolism of phagotrophic
protists and the trophic transfers of essential compounds in
microbial food webs.
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