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ABSTRACT: To investigate the potential for heterotrophic
organisms to upgrade the food quality of seston, we per-
formed decay experiments using a non-toxic Microcystis
aeruginosa (cyanobacteria) monoculture. The experiment
was performed in darkness with aeration using a microbial
inoculum collected from a hypereutrophic pond. Chlorophyll
a concentrations decreased throughout the decay experiment.
In contrast, eicosapentaenoic acid (EPA, 20:5w3) and docosa-
hexaenoic acid (DHA, 22:6w3) concentrations increased and
peaked on Day 5, while a-linolenic acid (a-LA, 18:3w3) and
stearidonic acid (18:4w3) gradually decreased, suggesting
that EPA and DHA might be converted from a-LA and steari-
donic acid. Microscopic examination revealed that a hetero-
trophic nanoflagellate (HNF) and the ciliate Vorticella sp.
dominated the biological community during this experiment.
Further examination using scanning electron microscopy
(SEM) identified the HNF as Paraphysomonas vestita ssp.
vestita, whose biovolume was very strongly correlated with
EPA concentrations. Size-fractionized fatty acid determina-
tions carried out on Day 6 showed that approximately two-
thirds of the seston's total EPA content was in the <5 pm size
fraction, which corresponded to the P. vestita size fraction.
This size fraction also had a fatty acid content (relative to car-
bon content) 3 times higher than the 5 to 10 or >10 pm seston
size fractions.
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The traditional paradigm envisions most energy flow
occurring through the classic food chain (i.e. phyto-
plankton, zooplankton, and =zooplanktivorous fish)
with the microbial food web playing its most important
role via nutrient regeneration (Lampert & Sommer
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1993). The flow of energy between phytoplankton and
zooplankton (i.e. the plant-animal interface in plank-
tonic systems) is highly variable, as phytoplankton
food quality for zooplankton ranges from very low to
very high. Recently, the factors determining seston
(suspended particles in the natural water including
phytoplankton, ciliates, heterotrophic nanoflagellates
[HNF], bacteria, and detritus) food quality for herbivo-
rous zooplankton have been intensively studied (see
Brett & Miiller-Navarra 1997 and Sterner & Shulz 1998
for reviews), and seston essential fatty acid (Miuller-
Navarra 1995) and phosphorus (Urabe & Watanabe
1992) content were found to explain variation in seston
food quality. In the past, microbial food webs have
been regarded as a link between macrozooplankton
with detrital food sources through ‘trophic repackag-
ing' (Gifford 1991), i.e. packing smaller particles into
larger more easily ingestable particles. However,
changes in the biochemical composition of these parti-
cles were not considered. More recently, it has been
suggested that organisms of the microbial food
web such as heterotrophic dinoflagellates contribute
w3-polyunsaturated fatty acids (w3-PUFA) to marine
planktonic systems by converting low food quality fatty
acids to w3-PUFA. This ‘trophic upgrading’ scenario
(Klein Breteler et al. 1999) suggests that overall food
quality of seston can be enhanced even though low
quality phytoplankton, such as cyanobacteria, are at
the base of the food chain. Furthermore, several stud-
ies report that decaying cyanobacteria such as Micro-
cystis and Oscillatoria may be higher quality food for
freshwater cladocerans than these same cultures in
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their healthy state (Hanazato 1991, Repka et al. 1998).
Here, we report that a HNF appeared to enhance the
food quality of decaying Microcystis aeruginosa for
herbivorous zooplankton by upgrading w3-PUFA.
Materials and methods. For the experiment, we used
the Microcystis aeruginosa strain UTEX 2386, a unicel-
lular strain that does not form colonies when healthy.
M. aeruginosa were batch cultured using the synthetic
medium L16 (Lindstrom 1983) modified with vitamins
(Byo, biotin and thiamin), and potting soil extract. For
the decaying procedure, we aerated 3 1 of M. aerugi-
nosa in 4 1 Erlenmeyer flasks that were wrapped com-
pletely with aluminum foil and incubated in the dark
according to Hanazato & Yasuno (1987). At the start of
the experiment, 100 ml of water from hypereutrophic
Lake Spafford on the University of California-Davis
campus was used as a microbial food web inoculum
(hereafter designated the microbial inoculum). We
used 4 flasks for each experiment. Three flasks re-
ceived this microbial inoculum and one (the control)
did not. The experiment lasted 7 d and was carried out
in a temperature-controlled room at 20°C. On Day 6,
we collected approximately 500 ml from each flask
except for the control for fractionization of fatty acid
and carbon quantity with 5 and 10 um screen (Nitex®
nylon bolt cloth). We collected samples for the enumer-
ation and measurement of phytoplankton/ciliates/HNF
and quantification of fatty acids, particulate carbon
and chlorophyll a (chl a). Phytoplankton/ciliate/HNF
samples were preserved in 1% Lugol's solution,
counted and measured with an inverted microscope
using the Utermohl technique (Utermohl 1958). The
total biovolumes of these organisms were converted
into carbon using the following allometric equation:
carbon (pg) = a x cell volume (um?®), where a = 0.11 for
ciliates and 0.22 for HNF (Gaedke 1992). Phytoplank-
ton (M. aeruginosa) carbon was estimated from the
relationship between particulate carbon and chl a con-
centrations in samples from Day 0 and in the control
samples without a microbial inoculum. For chl a deter-
mination, 10 ml of the sample was filtered through
glass fiber filters (Whatman GF/C), and measured
using the fluorometric method with acid correction
after methanol extraction (Marker et al. 1980). For fatty
acid analyses, 250 ml was filtered onto precombusted
Whatman GF/C filters, which were then stored at
<-80°C until extraction. Extraction and methylation
were performed according to Kattner & Fricke (1986).
We used 10 pl of heneicosanoic acid (21:0, 1 mg ml™?)
as an internal standard, which was added to the
freeze-dried samples immediately prior to the extrac-
tion process. These samples were analyzed with a gas
chromatograph (HP6890) with a Programmable-Tem-
perature-Vaporizer and a Flame-Ionization-Detector.
Fatty acids were quantified by comparing the area

ratios of samples to the internal standard. Response
factors for the single fatty acid standards were
obtained by comparing quantitative fatty acid stan-
dards with the internal standard. The differences
between estimated fatty acid concentrations from the
internal standard and quantitative standards were
smaller than 5%. For particulate carbon analyses,
50 ml was filtered onto 13 mm Whatman GF/C filters.
These filters were dried at 60°C for 2 d, wrapped with
aluminum foil, and then analyzed using an automatic
carbon and nitrogen analyzer (ANCA-GSL and 20-20
mass spectrometer, Europa Scientific).

For scanning electron microscope (SEM) examina-
tion, live HNF were harvested on Day 5 using a 10 pm
screen (Nitex®) and 3 pm polycarbonate membrane
filter (Nucleopore) in an independent decay experi-
ment where we followed the same experimental proto-
col. This HNF species appeared to be identical under a
light microscope at x600 to the HNF in the experiment
described above. In preparation for the SEM, the
sample was fixed in 2.5% glutaraldehyde and 2%
paraformaldehyde in a 0.1 M phosphate buffer, pH 7.4,
rinsed in the same phosphate buffer and quickly trans-
ferred to 100 % ethanol with 2 changes before placing
it in the critical point drier (Pelco Model CPD-2). Dry-
ing was carried out using bone-dry grade CO,. Speci-
mens were then positioned on aluminum stubs using
silver paint as the adhesive. Once thoroughly air-dried,
they were sputter-coated with gold (Pelco Model
SC-7). Samples were viewed in a SEM (Philips XL 30)
operated at 10 kV.

Results. In the control treatment, chl a concentra-
tions increased from 107 pg 1! on Day 0 to 177 ug 1! on
Day 2, but remained fairly constant for the remainder
of the experiment (Fig. 1A). This suggests that Micro-
cystis aeruginosa did not decompose in the absence of
inoculum. There were no major changes in the PUFA
concentrations observed in this treatment (Fig. 1A).

In contrast, Microcystis aeruginosa continued to de-
compose in the treatment with the microbial inoculum.
This was indicated by a decrease in chl a concentra-
tion and the formation of aggregated and deformed
colonies. PUFA such as eicosapentaenoic acid (EPA,
20:5w3), docosahexaenoic acid (DHA, 22:6w3), and
arachidonic acid (AA, 20:4w6) concentrations increa-
sed and peaked on Day 5, while a-linolenic acid (a-LA,
18:3w3) and stearidonic acid (18:4w3) concentrations
decreased gradually from Day 3 through the remain-
der of the experiment (Fig. 1B). Chl a concentrations
declined to 15.5% of the initial value by Day 7
(Fig. 1C). Microscopic examination revealed that a
HNF and the ciliate Vorticella sp. dominated the bio-
logical community (Fig. 1C). Further examination
using a SEM revealed that the HNF was Paraphyso-
monas vestita ssp. vestita (Preisig & Hibberd 1982a,b)
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Fig. 1. Major changes in polyunsaturated fatty acid concen-
tration (A) without decomposer inoculum and (B) with decom-
poser inoculum, and (C) biological change during the experi-
ment. Error bars in (B) and (C) indicate mean + SE (n = 3).
Panel (A) does not have standard error bar because there
were no replications (n = 1). In (B), left y-axis is for a-linolenic
acid (a-LA) and stearidonic acid (18:4w3) while right y-axis is
for eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA)
and arachidonic acid (AA)

(Fig. 2). The longest dimension for the P. vestita was on
average 6.4 = 0.9 pym (mean + SD, n = 52) while the
longest dimension for Vorticella sp. was on average
35.5 £+ 4.3 pm (mean + SD, n = 51). The sum of carbon
estimated from the respective biovolume for P. vestita,
Vorticella sp. and M. aeruginosa was collectively
129% (Day 5), 106 % (Day 6), and 78 % (Day 7) of the
measured total particulate carbon. The biovolume of P.
vestita in these experiments was very strongly corre-

EPA (ug FA I)

lated with EPA concentrations (r2 = 0.86; Fig. 3). Size
fractionization of Day 6 fatty acid samples revealed
that the <5 pm size fraction comprised approximately
two-thirds of total PUFA (Fig. 4A). In addition, the
<5 pm size fraction had a relative fatty acid content
(normalized to carbon biomass) 3 times higher on
average than did the 5 to 10 or >10 pm size fractions
(Fig. 4B).

Fig. 2. Paraphysomonas vestita ssp. vestita. Scanning electron
microscopy (SEM) image of the heterotrophic nanoflagellate
at x7600
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Fig. 3. Paraphysomona vestita. Relationship between biovolume
of the heterotrophic nanoflagellate and the EPA concentration
during the experiment. The P. vestita biovolumes and EPA
concentrations were log-transformed to normalize their distri-
butions. Equation for the regression line is as follows: EPA =
1.819 x Paraphysomonas®®® (n = 17, r? = 0.86). FA: fatty acid
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Fig. 4. (A) Relative fatty acid (FA) concentrations compared to
the raw (unscreened) concentrations and (B) FA content on
Day 6. Error bars indicate mean + SE (n = 3)

Discussion. Our results show that the microbial
decay of Microcystis aeruginosa by a microbial inocu-
lum from the field was accompanied by increases in
the concentrations of the highly unsaturated fatty acids
EPA and DHA. Since the M. aeruginosa culture in our
experiment contained very little EPA or DHA to begin
with, these EPA and DHA increases can be attributed
to protozoans in the pond water inoculum. The
extremely high correlation between EPA concentra-
tions and Paraphysomonas vestita biovolume suggests
that this HNF caused the increase of EPA and DHA
during the experiment. P. vestita appeared to contain
the majority of the EPA and DHA on Day 6, assuming
that most P. vestita cells passed through the 5 pm mesh
screen due to their flexible cell morphology and pres-
sure from the vacuum pump and that M. aeruginosa,
Vorticella sp., and P. vestita contributed almost all
seston carbon. Bacteria are generally thought not to
produce PUFA (Napotalino 1999).

Paraphysomonas vestita is a heterotrophic hetero-
kont flagellate (a flagellate with 2 different flagella)
and is closely related to heterokonts with chloroplasts
such as autotrophic chrysophytes (Preisig et al. 1991).
Very few studies have examined the fatty acid compo-
sition of chrysophyte algae or heterotrophic heterokont
flagellates in particular. Cranwell et al. (1988) reported
that some freshwater chrysophytes contained consid-
erable amounts of w3-PUFA (14 to 42% of total fatty
acids). In addition, the heterotrophic marine flagellate

Bodo sp. was reported to be capable of synthesizing
PUFA, especially DHA (Zhukova & Kharlamenko
1999). However, Véra et al. (2001) reported that cul-
tures of the heterotrophic flagellates P. vestita and
Spumella pudica did not contain significant amounts
of w3-PUFA (2% of total fatty acids by weight) when
grown on bacteria and growth medium enriched with
organic matter. Due to the sparse information avail-
able on fatty acid metabolism in heterotrophic flagel-
lates, it is unclear how P. vestita in the present study
produced EPA and DHA. Since Microcystis aerugi-
nosa contained a considerable amount of a-LA and
18:4w3, we hypothesize that P. vestita converted a-LA
and 18:4w3 into EPA and DHA in the present study.
This is supported by the strong decline in a-LA and
18:4w3 concentrations (Fig. 1B) that occurred at the
same time that EPA and DHA concentrations
increased in this experiment. As P. vestita was previ-
ously reported not to contain significant amounts of
w3-PUFA (Véra et al. 2001, Bec et al. 2003a), we con-
sider that P. vestita might produce EPA and DHA only
when precursors such as 0-LA and 18:4w3 are avail-
able.

There are several possible mechanisms through
which Paraphysomonas vestita may obtain a-LA and
18:4w3 for conversion to EPA and DHA: P. vestita
obtains a-LA and 18:4w3 (1) directly from feeding on
live Microcystis aeruginosa, (2) from feeding on dead
M. aeruginosa or bacteria, or (3) directly from the
water after they have been released from M. aerugi-
nosa through the decay process. We favor the second
possibility since our results showed that EPA and DHA
production took place only after chl a began to decline
(i.e. M. aeruginosa began to decay) and P. vestita are
known to be phagotrophic (Moestrup & Anderson
1991). However, we cannot exclude the possibility that
P. vestita feed on live M. aeruginosa (cell diameter:
5 pm) since it has been reported that P. vestita selec-
tively feed on chroococcoid cyanobacteria (Syne-
chococcus sp.) and nanoflagellates (Spumella sp.) over
bacteria (Miller 1996) and Paraphysomonas feed on
phytoplankton of similar size (Sherr & Sherr 1994).

Our results may have important implications, as past
research which has shown that phytoplankton of high
food quality tend to have high EPA concentrations
(Ahlgren et al. 1990) and that daphnid growth can be
predicted by the EPA content of their seston food
(Miller-Navarra 1995, Brett & Miiller-Navarra 1997,
Miiller-Navarra et al. 2000). In addition, Ravet et al.
(2003) demonstrated that supplementing cyanobacte-
ria of low food quality with the single fatty acid EPA
significantly enhanced Daphnia pulex growth and
reproduction and accounted for 37 % of the difference
in food quality between cyanobacteria and crypto-
phytes of high food quality. Supplementing cyano-
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bacteria with 5 fatty acids (including EPA, DHA, a-LA
and 18:4w3) that are abundant in cryptophytes but
nearly absent in cyanophytes accounted for about 55 %
of the difference in food quality between these phyto-
plankton groups.

Our results suggest that the food quality of decaying
Microcystis aeruginosa is enhanced by the activities of
microbial food web organisms with increased EPA and
DHA concentrations, supporting a recent report that
heterotrophic flagellates upgraded the biochemical
composition of its algal food sources (Bec et al. 2003b).
This subsidy to the classical food web by the microbial
food web might increase the biomass transfer between
seston and consumers such as zooplankton and zoo-
benthos in freshwater ecosystems.
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