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INTRODUCTION

As heterotrophic protists (HP) are ubiquitous and

abundant in all types of habitats, they are important

components of food webs (Sherr & Sherr 2002, Mon-

tagnes et al. 2008). In aquatic environments, the popu-

lations of HP often are diverse, not only in species rich-

ness but also in feeding behavior and ecological roles.

Indeed, HP can feed on a wide size range of prey,

ranging from viruses (Bettarel et al. 2005) to fish
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ABSTRACT: We compared the relative importance of

dietary factors versus de novo synthesis in determin-

ing the polyunsaturated fatty acid (PUFA) composi-

tion of the heterotrophic nanoflagellate Paraphyso-

monas sp. The flagellate was fed with different

mutants of the picocyanobacterial strain Synechocystis

PCC6803, which differ in their capability to synthe-

size specific PUFAs. The desA, desB, and desD genes

of Synechocystis PCC6803 encode lipid desaturases

at the Δ12, Δ15, and Δ6 positions of 18C fatty acids

(FAs), respectively. Thus, the use of desA–, desB–,

desD–, and desA–/des D– mutants of Synechocystis

PCC6803 as food sources permitted us to provide the

heterotrophic flagellate with decreasing levels of

unsaturated FAs. In each treatment, Paraphysomonas

sp. exhibited the same FA composition pattern, i.e.

high levels of 16:0 and 18:1, and significant amounts

of 18C PUFAs and long-chain PUFAs such as 

20:4(n-6), 20:5(n-3), and 22:6(n-3), which indicated

that Paraphysomonas sp. is capable of synthesizing

these PUFAs de novo. Results also showed that

dietary 18C PUFAs seem to be preferentially accu-

mulated in Paraphysomonas sp. lipids. This demon-

strates that heterotrophic protists could play a key

role in transferring essential compounds from pri-

mary producers to metazoan consumers.
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Paraphysomonas vestita, a colourless stramenopile flagellate.

Photo: W. Bourland (see starcentral.mbl.edu/microscope)
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(Burkholder & Glasgow 1997). HP are reported to be a

major source of mortality for both heterotrophic and

autotrophic bacteria (Sherr & Sherr 2002). There is

growing evidence that HP are the major consumers of

primary production in aquatic ecosystems (Calbet &

Landry 2004, Sherr & Sherr 2007). The assimilation of

organic matter by HP leads to substantial losses in car-

bon, which has led to a debate about the quantitative

significance of the transfer of organic matter to higher

trophic levels via HP. However, it has been demon-

strated that HP, as intermediate trophic levels, can

upgrade the quality of their prey for crustacean grazers

(Klein Breteler et al. 1999, Martin-Creuzburg et al.

2005, Bec et al. 2006, Martin-Creuzburg & Von Elert

2009). Of course, energy dissipates rapidly through

trophic transfer processes, so trophic upgrading can-

not ultimately counteract carbon losses. However, in

systems where low quality food resources—such as

prokaryotic organisms or refractory organic matter—

cannot sustain metazoan production, HP constitute a

necessary biosynthetic step and provide essential lipid

compounds for metazoan growth. Indeed, trophic

upgrading of food quality has been shown to be due to

the lipid composition of HP (Klein Breteler et al. 1999,

Martin-Creuzburg et al. 2005, Bec et al. 2006). How-

ever, few data are available on lipids in HP, this is dis-

cussed in several foodweb studies (Bec et al. 2003a,

Boëchat et al. 2007, Chu et al. 2008, 2009). As the avail-

ability of polyunsaturated fatty acids (PUFAs) of the

n-3 series has been suggested to potentially constrain

secondary production in aquatic ecosystems (Müller-

Navarra 1995, Wacker & Von Elert 2001), recent stud-

ies have investigated which factors could determine

HP lipid composition and more particularly the vari-

ability of n-3 PUFAs in HP. The high n-3 content of

algivorous HP has been associated with accumulation

of dietary PUFAs (Boëchat 2005, Boëchat & Adrian

2005, Veloza et al. 2006, Chu et al. 2009). Such accu-

mulation tends to be species specific, as HP species

fed the same diet exhibited biochemical differences

(Boëchat & Adrian 2005). Studies analyzing HP fed 2

different diets suggested that accumulation of dietary

PUFAs by HP is also compound specific (Broglio et al.

2003, Bec et al. 2003b). In some cases, an inability to

extract some PUFAs from the diet has been suggested

(Broglio et al. 2003). Another point is that dietary

PUFAs could serve as precursors and then be con-

verted by elongation/desaturation processes (Bec et al.

2003b). Thus bioconversion and differential accumula-

tion of dietary PUFAs have been hypothesized to be

the main factors explaining differences in fatty acid

(FA) composition between HP and their diet. These

studies have not excluded the importance of de novo

synthesis in determining HP PUFA composition. (Chu

et al. 2002, Lund et al. 2008)

In this context, we aimed to characterize more

clearly the relative importance of dietary factors versus

de novo synthesis in determining HP PUFA composi-

tion. The heterotrophic flagellate Paraphysomonas sp.

was cultivated on 4 diets only differing in their PUFA

contents, i.e. desA–, desB–, desD–, and desA–/desD–

mutants of the picocyanobacterial strain Synechocystis

PCC6803. The desA, desB, and desD genes of Syne-

chocystis PCC6803 encode lipid desaturases at the

Δ12, Δ15, and Δ6 positions of 18C FAs, respectively.

The mutation of these genes by insertion of an antibi-

otic resistance gene cartridge completely eliminated

the corresponding desaturation reaction (see Tasaka et

al. 1996). Thus, the use of desA–, desB–, desD–, and

desA–/des D– mutants of Synechocystis PCC6803 as

food sources permitted us to provide decreasing levels

of unsaturated FAs. At the same time, potential biases

in using different diet species such as different shape,

size, and motility were minimized.

MATERIALS AND METHODS

The desA, desB, and desD genes of Synechocystis

PCC6803 encode lipid desaturases at the Δ12, Δ15, and

Δ6 positions of 18C FAs, respectively. The desA–, desB–,

desD– and desA–/des D– mutants of the picocyano-

bacterial strain Synechocystis PCC6803 were kindly

provided by Z. Gombos (Biological Research Center,

Hungarian Academy of Sciences) and were batch cul-

tivated in Cyano medium (Jüttner et al. 1983).

Paraphysomonas sp. was obtained from the culture

collection of the Limnological Institute (University of

Constance, Germany). In order to obtain FA composi-

tions comparable to those used in Bec et al. (2006),

who reported PUFA compositions of the same Para-

physomonas strain fed with 4 other picophytoplankton

species, we followed the same protocol (cultures, sam-

pling, lipid analysis). Depending on the food supply,

different Paraphysomonas sp. cultures were obtained:

Paraphysomonas sp. grown on desA–, desB–, desD–,

and desA–/des D– mutants of the picocyanobacterial

strain Synechocystis PCC6803.

At the beginning of the experiment, these Paraphyso-

monas sp. cultures were grown semi-continuously at 20°C

in 50 ml flasks by replacing 10% of the culture volume

with new WC medium (Guillard 1975) with vitamins and

food every 12 h. To increase the culture volume, 10% of

the culture volume was then replaced by 20% of new

WC medium and food every 12 h over 12 d. Every other

day, the Paraphysomonas sp. cultures were gently

transferred into new clean flasks to get rid of sedimented

particles. This way, we obtained 6 flasks (500 ml each)

per treatment (2 flasks per replicate). Two days before

the Paraphysomonas sp. cultures were harvested for
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lipid analyses, the exchange of medium was stopped.

Microscopic observations revealed that Paraphysomonas

sp. cell concentrations subsequently increased, and con-

sequently, the concentration of picocyanobacteria de-

creased. However, at the end of this 2 d period, pico-

cyanobacterial cells were still observed as free cells in

the culture medium and in the Paraphysomonas food

vacuoles. Heterotrophic nanoflagellate cells were sepa-

rated from their food source by repeated centrifugations

(2000 × g, 4 min) and subsequent resuspension in fresh

medium. The resulting concentrated supernatant was

then screened with a 5 µm mesh-size filter. The retained

particles were resuspended in WC medium without vit-

amins, and subsequently filtered on precombusted GF/F

filters (Whatman, 25 mm diameter). Particulate organic

carbon (POC) was measured using a NCS-2500 analyzer

(Carlo Erba Instruments). Microscopic counting of sub-

samples following the protocol of Porter & Feig (1980)

indicated that carbon contribution of heterotrophic

bacteria and cyanobacteria never exceeded 6%. The

contamination with autotrophic particles ranged from

2.8% (Paraphysomonas fed desA–) to 4.1% (Paraphyso-

monas fed desD–) of total carbon. The contamination

with heterotrophic bacteria ranged from 0.6% (Para-

physomonas fed desA–/desD–) to 1.8% (Paraphysomonas

fed desD–) of total carbon.

The total lipids were extracted with dichloromethane/

methanol (2:1, v/v) and evaporated to dryness with nitro-

gen. The lipid extracts were transesterified with 3 mol l–1

methanolic HCl (60°C, 15 min) for the analysis of FAs.

Subsequently, FA methyl esters (FAMEs) were extracted

3 times with 2 ml of iso-hexane. The iso-hexane lipid

fractions were evaporated to dryness under nitrogen and

redissolved in 10 to 20 µl of iso-hexane. FAs were ana-

lyzed by gas chromatography on an HP 6890 gas chro-

matograph equipped with a flame ionization detector

and a DB-225 (J&W Scientific) capillary column. FAs

were quantified by comparison to internal standards

(C17:0 and C23:0 methyl esters) and identified by

their retention times and their mass spectra, which were

recorded with a GC-MS (Finnigan MAT GCQ) equipped

with a fused-silica capillary column (DB-225MS, J&W).

The limit of detection was 20 ng of FA.

Effects of food treatments on FA content of Para-

physomonas sp. were analyzed by 1-way ANOVAs

(1 for each FA). Percent data were divided by 100 (pro-

portions) and arcsine of the square-root transformed as

described by Underwood (1997). ANOVAs were car-

ried out using the general linear model module of Sta-

tistica 6.0 (StatSoft). Raw data met the assumption of

homogeneity of variance; treatment effects were tested

by Unequal N HSD post hoc tests. Bonferroni adjust-

ment of significance levels of multiple tests according

to Rice (1989) did not affect the detection of statistical

differences between treatments.

RESULTS AND DISCUSSION

The 4 desA–, desB–, desD–, and desA–/desD– mutants

of the picocyanobacterial strain Synechocystis PCC-

6803 exhibited different PUFA compositions (Fig. 1).

The desA–/desD– mutant contained no PUFA, as de-

saturation reactions at the Δ12 and Δ6 positions have

been eliminated by mutagenesis (Tasaka et al. 1996).

Similarly, desA– cells exhibited no PUFA except

18:2(n-9). Inactivation of the desB gene resulted in

complete elimination of n-3 PUFA. However, desB–

cells contained n-6 18C PUFAs such as 18:2(n-6) and

18:3(n-6). The desD– cells did not contain any FA with

double bonds at the Δ6 positions (namely 18:3(n-6) or 

18:2(n-9)) but could synthesize 18:2(n-6) and 18:3(n-3)

PUFAs. These differences are clearly reflected in Para-

physomonas lipids indicating a dietary influence on its

PUFA composition (Fig. 1).

Saturated and monounsaturated FAs are the major

FAs found in Paraphysomonas lipids. When feeding

on Synechocystis that was lacking n-3 and n-6

PUFAs (desA–/desD–, desA–), the flagellate exhibited

higher relative amounts of 18C monounsaturated FA 

(18:(1n-7)/18:(1n-9); Unequal N HSD, p < 0.05 follow-

ing ANOVA, F3,7 = 883.24, p < 0.001), which suggests

that monounsaturated FAs could compensate to a cer-

tain degree the unavailability of dietary PUFA. Treat-

ments in which no dietary PUFAs were provided also

showed that the flagellate can de novo synthesize 18C

PUFAs and highly unsaturated FAs (HUFAs) such as

20:4(n-6), 20:5(n-3), and 22:6(n-3).

Except for Paraphysomonas fed desA–, the other

treatments also showed that the flagellate exhibited

significant amounts of 18:2(n-6). The picocyanobac-

terial strain desA– contained no 18:2(n-6) but provided

Paraphysomonas with 18:2(n-9). As this compound is

accumulated in the flagellate lipids, we hypothesized

that 18:2(n-9) could replace 18:2(n-6). Other dietary

lipids have been shown to functionally replace other

lipids (e.g. cholesterol versus tetrahymanol in ciliate

lipids, see Conner et al. 1982, Martin-Creuzburg et al.

2006). The desB– and desD– treatments revealed that

dietary n-6 and n-3 18C PUFAs were also accumulated

in Paraphysomonas lipids. Paraphysomonas fed on

desB– exhibited high percentages of 18:2(n-6) and

18:3(n-6) (Unequal N HSD, p < 0.05 following ANOVAs,

F3,7 = 558.76, p < 0.001 and F3,7 = 675.75, p < 0.001,

respectively), whereas Paraphysomonas fed on desD–

contained high levels of 18:2(n-6) and 18:3(n-3)

(Unequal N HSD, p < 0.05 following ANOVAs, F3,7 =

558.76, p < 0.001 and F2,5 = 464.15, p < 0.001, respec-

tively). These 18C PUFAs are known to be precursors

of long-chain HUFAs such as 20:4(n-6), 20:5(n-3),

and 22:6(n-3) (Von Elert 2002). Surprisingly, the

HUFA content of Paraphysomonas fed on 18C PUFA-
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containing food sources was similar or even tended to

be lower than for Paraphysomonas grown on a source

lacking PUFA. Indeed, Paraphysomonas fed desA–/

desD– exhibited the highest contents in 20:4(n-6),

20:5(n-3), and 22:6(n-3) (Unequal N HSD, p < 0.05 fol-

lowing ANOVAs, F3,7 = 27.07, p < 0.001 for 20:4(n-6),

F3,7 = 68.39, p < 0.001 for 20:5(n-3), and F3,7 = 51.59, p <

0.001 for 22:6(n-3), respectively). This indicates that

the dietary influence is not the main factor determining

the PUFA composition of this flagellate. This point

could be linked to previous studies that have analyzed

the FA composition of HP fed 2 different diets. Bec et

al. (2003b) observed similar ratios between some major

PUFAs, which tended to be maintained by active

metabolic processes. Broglio et al. (2003) suggested

that ‘individual HP species may tend to maintain a

certain stoichiometry in the FA composition regardless

of diet’.

Our results corroborate those obtained by Bec et al.

(2006) and show that Paraphysomonas fed 8 different

picophytoplankton strains exhibited the same FA com-

position pattern, i.e. high levels of 16:0 and 18:1 and

significant amounts of 18C PUFAs and of long-chain

HUFAs (20:4(n-6), 20:5(n-3) and 22:6(n-3)). Our results

also show that the chrysomonad Paraphysomonas sp.

can exhibit its specific PUFA pattern exclusively by de

novo synthesis. Pigmented chrysomonads are known

to produce long-chain PUFAs in high quantities

(Ahlgren et al. 1992), which suggests that the capacity

of Paraphysomonas sp. to synthesize PUFAs de novo

could be attributed to its phylogenetic origin (see

Desvilettes & Bec 2009 for further details). Inter-

estingly, Véra et al. (2001) reported that P. vestita

cultivated on heterotrophic bacteria exhibited only

very low amounts of n-3 series PUFA. Nevertheless,

Zhukova & Kharlamenko (1999) showed that the fla-

gellate Bodo sp. exhibited great variations in its n-3

PUFA content when fed on rice- or starch-grown bac-

teria. Environmental factors (such as temperature, O2,

salinity, auto-, mixo-, or heterotrophic nutrition) have
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Fig. 1. Fatty acid composition (%) of desA–, desB–,

desD–, and desA–/desD– mutants of the pico-

cyanobacterial strain Synechocystis PCC6803

and of Paraphysomonas sp. cultivated on these

different food sources. Data are means of 3 repli-
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also been shown to profoundly alter the FA composi-

tion of protists (Avery et al. 1994, 1996, Lund et al.

2004, Poerschmann et al. 2004, Boëchat et al. 2007).

Indeed, it has been shown that HP must rapidly

adjust the PUFA composition of their membranes in

response to environmental temperature changes (No-

zawa & Thompson 1979). As the degree of desaturation

has also been linked to membrane functioning and

phagotrophic activity, adjusting the membrane lipid

composition is a necessary HP adaptation to keep

on growing and feeding in a changing environment

(Avery et al. 1995). We therefore suggest that the spe-

cific FA pattern of our cultivated flagellate fed differ-

ent picophytoplanktonic diets is mainly due to environ-

mental parameters (here culture conditions and/or

food type). However, this specific pattern can sig-

nificantly be altered by dietary inputs. Here, dietary

18C PUFAs seem to be preferentially accumulated in

Paraphysomonas lipids. 18C PUFAs are considered as

essential compounds for crustacean grazers (Von Elert

2002). This indicates that HP can transfer essential

compounds from primary producers to metazoan

consumers. However, the accumulation efficiency of

dietary PUFAs by HP should be investigated more

thoroughly.

LITERATURE CITED

Ahlgren G, Gustafsson IB, Boberg M (1992) Fatty acid content

and chemical composition of freshwater microalgae.

J Phycol 28:37–50

Avery SV, Lloyd D, Harwood J (1994) Changes in membrane

fatty acid composition and Δ12-desaturase activity during

growth of Acanthamoeba castellanii in batch culture.

J Eukaryot Microbiol 41:396–401

Avery SV, Lloyd D, Harwood J (1995) Temperature depen-

dent changes in the plasma lipid order and the phago-

cytotic activity of the amoeba Acanthamoeba castellanii

are closely correlated. Biochem J 312:811–816

Avery SV, Harwood J, Rutter AJ, Lloyd D, Harwood J (1996)

Oxygen dependent low temperature composition and Δ12

(n6)-desaturase induction and alteration of fatty acid com-

position in Acanthamoeba castellanii in batch culture.

Microbiology 142:2213–2221

Bec A, Desvilettes C, Vera A, Fontvielle D, Bourdier G (2003a)

Nutritional value of different food sources for the benthic

Daphnidae Simocephalus vetulus: role of fatty acids. Arch

Hydrobiol 156:145–163

Bec A, Desvilettes C, Vera A, Lemarchand C, Fontvielle D,

Bourdier G (2003b) Nutritional quality of a freshwater het-

erotrophic flagellate: trophic upgrading of its microalgal

diet for Daphnia hyalina. Aquat Microb Ecol 32:203–207

Bec A, Martin-Creuzburg D, Von Elert E (2006) Trophic

upgrading of autotrophic picoplankton by the heterotro-

phic flagellate Paraphysomonas sp. Limnol Oceanogr 51:

1699–1707

Bettarel Y, Sime-Ngando T, Amblard C, Bouvy M (2005) Low

consumption of virus-sized particles by heterotrophic

nanoflagellates in two lakes of the French Massif Central.

Aquat Microb Ecol 39:205–209

Boëchat IG (2005) Biochemical composition of protists: depen-

dence on diet and trophic mode and consequences for

their nutritional quality. PhD thesis, Humboldt Universität

zu Berlin

Boëchat IG, Adrian R (2005) Biochemical composition of

algivorous freshwater ciliates: you are not what you eat.

FEMS Microbiol Ecol 53:393–400

Boëchat IG, Weithoff G, Krüger A, Gücker B, Adrian R (2007)

A biochemical explanation for the success of mixotrophy

in the flagellate Ochromonas sp. Limnol Oceanogr 52:

1624–1632

Broglio E, Jonasdottir SH, Calbet A, Jakobsen HH, Saiz E

(2003) Effect of heterotrophic versus autotrophic food on

feeding and reproduction of the calanoid copepod Acartia

tonsa: relationship with prey fatty acid composition. Aquat

Microb Ecol 31:267–278

Burkholder JM, Glasgow HBJ (1997) Pfiesteria piscicida and

other Pfiesteria-like dinoflagellates: behavior, impacts, and

environmental controls. Limnol Oceanogr 42:1052–1075

Calbet A, Landry MR (2004) Phytoplankton growth, micro-

zooplankton grazing, and carbon cycling in marine sys-

tems. Limnol Oceanogr 49:51–57

Chu FLE, Lund E, Soudant P, Harvey E (2002) De novo arachi-

donic acid synthesis in Perkinsus marinus, a protozoan

parasite of the eastern oyster Crassostrea virginica. Mol

Biochem Parasitol 119:179–190

Chu FLE, Lund ED, Podbesek JA (2008) Quantitative signifi-

cance of n-3 essential fatty acid contribution by heterotro-

phic protists in marine pelagic food webs. Mar Ecol Prog

Ser 354:85–95

Chu FLE, Lund ED, Littreal PR, Ruck KE, Harvey E (2009)

Species-specific differences in long-chain n-3 essential

fatty acid, sterol, and steroidal ketone production in six

heterotrophic protist species. Aquat Biol 6:159–172

Conner RL, Landrey JR, Czarkowski N (1982) The effect of

specific sterols on cell size and fatty acid composition of

Terahymena pyriformis W. J Protozool 29:105–109

Desvilettes C, Bec A (2009) Formation and transfer of fatty

acids in aquatic microbial food webs – role of heterotro-

phic protists In: Arts MT, Brett M, Kainz M (eds) Lipids in

aquatic ecosystems. Springer, New York, NY, p 25–42

Guillard RR (1975) Cultures of phytoplankton for feeding of

marine invertebrates. In: Smith WL, Chanley MH (eds)

Culture of marine invertebrate animals. Plenum Press,

New York, NY, p 26–60

Jüttner F, Leonhardt J, Möhren S (1983) Environmental fac-

tors affecting the formation of mesityloxid, dimethylallylic

alcohol and other volatile compounds excreted by Ana-

baena cylindrica. J Gen Microbiol 129:407–412

Klein Breteler WCM, Schogt N, Baas M, Schouten S, Kraay

GW (1999) Trophic upgrading of food quality by proto-

zoans enhancing copepod growth: role of essential lipids.

Mar Biol 135:191–198

Lund ED, Chu FLE, Harvey E (2004) Effects of temperature

and salinity on fatty acid synthesis in the oyster protozoan

parasite Perkinsus marinus. J Exp Mar Biol Ecol 307:

111–126

Lund ED, Chu FLE, Harvey E, Adlof R (2008) Mechanism(s) of

long chain n-3 essential fatty acid production in two spe-

cies of heterotrophic protists: Oxyrrhis marina and Gyro-

dinium dominans. Mar Biol 155:23–36

Martin-Creuzburg D, Von Elert E (2009) Ecological signifi-

cance of sterols in aquatic food webs. In: Arts MT, Brett M,

Kainz M (eds) Lipids in aquatic ecosystems. Springer, New

York, NY, p 43–64

Martin-Creuzburg D, Bec A, Von Elert E (2005) Trophic

upgrading of picocyanobacterial carbon by ciliates for

111

➤

➤

➤

➤

➤

➤

➤

➤➤

➤

➤➤

➤

➤

➤

➤

➤

➤



Aquat Biol 9: 107–112, 2010

nutrition of Daphnia magna. Aquat Microb Ecol 41:271–280

Martin-Creuzburg D, Bec A, Von Elert E (2006) Supplementa-

tion with sterols improves food quality of a ciliate for

Daphnia magna. Protist 157:477–486

Montagnes DJS, Barbosa AB, Boenigk J, Davidson K and

others (2008) Selective feeding behaviour of free-living

protists: avenues for continued study. Aquat Microb Ecol

53:83–98

Müller-Navarra DC (1995) Evidence that a highly unsatu-

rated fatty-acid limits Daphnia growth in nature. Arch

Hydrobiol 132:297–307

Nozawa Y, Thompson GA (1979) Lipids and membrane orga-

nization in Tetrahymena. In: Levandowski M, Hutner SH

(eds) Biochemistry and physiology of protozoa. Academic

Press, New York, NY, p 276–335

Poerschmann J, Spijkerman E, Langer U (2004) Fatty acid

patterns in Chlamydomonas sp. as a marker for nutritional

regimes and temperature under extremely acidic condi-

tions. Microb Ecol 48:78–89

Porter KG, Feig YS (1980) The use of DAPI for identifying

and counting aquatic microflora. Limnol Oceanogr 25:

943–948

Rice WR (1989) Analyzing tables of statistical tests. Evolution

43:223–225

Sherr EB, Sherr BF (2002) Significance of predation by pro-

tists in aquatic microbial food webs. Antonie Leeuwen-

hoek 81:293–308

Sherr EB, Sherr BF (2007) Heterotrophic dinoflagellates: a

significant component of microzooplankton biomass and

major grazers of diatoms in the sea. Mar Ecol Prog Ser

352:187–197

Tasaka Y, Gombos Z, Nishiyama Y, Mohanty P, Ohba T, Ohki

K, Murata N (1996) Targeted mutagenesis of acyl-lipid

desaturases in Synechocystis: evidence for the important

roles of polyunsaturated membrane lipids in growth, res-

piration and photosynthesis. EMBO J 15:6416–6425

Underwood AJ (1997) Experiments in ecology: their logical

design and interpretation using analysis of variance. Uni-

versity Press, Cambridge

Veloza AJ, Chu FLE, Tang KW (2006) Trophic modification of

essential fatty acids by heterotrophic protists and its

effects on the fatty acid composition of the copepod Acartia

tonsa. Mar Biol 148:779–788

Véra A, Desvilettes C, Bec A, Bourdier G (2001) Fatty acid

composition of freshwater heterotrophic flagellates: an

experimental study. Aquat Microb Ecol 25:271–279

Von Elert E (2002) Determination of limiting polyunsaturated

fatty acids in Daphnia galeata using a new method to

enrich food algae with single fatty acids. Limnol Oceanogr

47:1764–1773

Wacker A, Von Elert E (2001) Polyunsaturated fatty acids:

evidence for non-substitutable biochemical resources in

Daphnia galeata. Ecology 82:2507–2520

Zhukova NV, Kharlamenko VI (1999) Sources of essential

fatty acids in the marine microbial loop. Aquat Microb Ecol

17:153–157

112

Editorial responsibility: Hans Heinrich Janssen,

Oldendorf/Luhe, Germany

Submitted: October 7, 2009; Accepted: March 3, 2010

Proofs received from author(s): March 25, 2010

➤➤

➤

➤

➤

➤

➤

➤

➤


