Freshwater Biology (2009) 54, 1843-1855

doi:10.1111/j.1365-2427.2009.02227 .x

The effect of a mixotrophic chrysophyte on toxic and
colony-forming cyanobacteria

ELLEN VAN DONK*, SLAWEK CERBIN*, SUSANNE WILKEN*, NICO R. HELMSING*,
ROBERT PTACNIK" AND ANTONIE M. VERSCHOOR*
*Netherlands Institute of Ecology (NIOO-KNAW), Centre for Limnology, Nieuwersluis, The Netherlands

"Norwegian Institute for Water Research, Oslo, Norway

SUMMARY

1. In order to test the effect of Ochromonas sp., a mixotrophic chrysophyte, on
cyanobacteria, grazing experiments were performed under controlled conditions. We

studied grazing on three Microcystis aeruginosa strains, varying in toxicity and morphology,
as well as on one filamentous cyanobacterium, Pseudanabaena sp. Furthermore, we
analysed the co-occurrence of Ochromonas and Microcystis in natural systems in relation to
various environmental parameters (TP, TN, DOC, temperature, pH), using data from 460
Norwegian lakes.

2. Ochromonas was able to feed on all four cyanobacterial strains tested, and grew quickly
on all of them. The chrysophyte caused net growth reductions in all three Microcystis
strains (the very toxic single-celled strain PCC 7806; the less toxic colony-forming Bear

AC and the less toxic single-celled Spring CJ). The effect of Ochromonas was strongest on the
Spring CJ strain. Although the effect of Ochromonas grazing on the growth of Pseudanabaena
was relatively smaller, it also reduced the net growth of this cyanobacterium significantly.
3. After 4 days of incubation with Ochromonas the total amount of cyanotoxins in the three
Microcystis strains was reduced by 91.1-98.7% compared with the controls.

4. Ochromonas occurred in similar densities across all 460 Norwegian lakes. Microcystis
occurred only at higher TN, TP, temperature and pH values, although its density was often
several orders of magnitude higher than that of Ochromonas. Ochromonas co-occurred in
94% of the samples in which Microcystis was present.

5. From our study it is not clear whether Ochromonas could control Microcystis blooms in
natural lakes. However, our study does demonstrate that Ochromonas usually occurs in
lakes with Microcystis, and our small scale experiments show that Ochromonas can strongly
reduce the biomass of Microcystis and its toxin content.

Keywords: cyanobacterial blooms, microcystin degradation, Microcystis aeruginosa, mixotrophy,
Ochromonas

many aquatic ecosystems due to increases in nutrient

Introduction

Cyanobacteria have increasingly become a nuisance in
aquatic ecosystems due to bloom formation and toxin
production (Chorus & Bartram, 1999). They dominate

Correspondence: Ellen Van Donk, Netherlands Institute of
Ecology (NIOO-KNAW), Centre for Limnology, Rijksstraatweg
6, 3631 AC Nieuwersluis, The Netherlands.

E-mail: e.vandonk@nioo.knaw.nl

© 2009 Blackwell Publishing Ltd

loading, water temperatures, duration of summer
stratification, increased water residence time and
salinisation (Paerl & Huisman, 2008). Cyanobacteria
may cause mass mortality of aquatic organisms in
lakes (e.g. Krienitz et al., 2003) and also human illness
and even death have been linked to toxic cyanobac-
teria (Carmichael ef al., 2001). One of the most
notorious freshwater cyanobacteria that may form
dense surface scums in temperate regions during late
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summer is the colony-forming species Microcystis
aeruginosa.

The first and most crucial step in mitigating
cyanobacterial blooms is to decrease the nutrient load
to the ecosystems. An additional measure may be to
promote the growth of filter-feeders by food-web
manipulation, a strategy known as biomanipulation
(Shapiro & Wright, 1984; Gulati & Van Donk, 2002). In
earlier studies, the emphasis of biomanipulation lay
on taking measures that lead to an increase of the
biomass of large cladocerans like daphniids (Shapiro
& Wright, 1984). However, cyanobacteria may be
difficult for cladocerans to ingest, since their size and
shape interfere with the filtering system of cladocer-
ans (Lampert, 1987). Also the production of micro-
cystins or other cyanotoxins by cyanobacteria
contributes to their inedibility (Rohrlack et al., 1999;
Ghadouani et al., 2004; Hansson et al., 2007). Further-
more, cyanobacteria may lack long-chained polyun-
saturated fatty acids, which are essential for
cladocerans (Miiller-Navarra ef al., 2000, Wacker &
Von Elert, 2001).

Cole & Wynne (1974) were among the first to report
the feeding of Ochromonas danica Pringsheim, a mixo-
trophic chrysophyte, on single-celled Microcystis aeru-
ginosa Kuetz., the toxic content of which was not
measured. They suggested that Ochromonas might
serve as a possible biological control agent against
Microcystis blooms. Recently, we observed a negative
effect of Ochromonas sp. on a bloom of colony-forming
M. aeruginosa. Ochromonas invaded a preliminary
experiment in which we were studying the scum-
layer formation of M. aeruginosa in large-scale labora-
tory mesocosms.

Although mixotrophy among planktonic nanofla-
gellates has been well documented in the literature
(Sanders, 1991; Isaksson, 1998; Jones, 2000), most
studies have been conducted in relation to heterotro-
phic bacteria. Despite several studies that showed the
ability of mixotrophic chrysophytes to graze on
various phytoplankton species (Cole & Wynne, 1974;
Zhang, Watanabe & Inouye, 1996; Zhang & Watanabe,
2001; Zhang et al., 2008), very little attention has been
given to the ecological importance of these organisms
as primary consumers in aquatic systems (but see:
Tittel et al., 2003; Ptacnik et al., 2004).

The genus Ochromonas has been reported from a
broad range of habitats in both marine and fresh
waters (Sanders, 1991). It has been successfully

cultured under autotrophic, mixotrophic and hetero-
trophic conditions (Rothhaupt, 1996; Sanders et al.,
2001). This flexibility in metabolic modes has been
considered adaptive under stressful situations, such
as low nutrient concentrations (Stibor & Sommer,
2003) or low light conditions (e.g. Holen, 1999; Jones,
2000; Floder, Hansen & Ptacnik, 2006). Under such
conditions, mixotrophy may offer a competitive
advantage over specialist autotrophy on the one hand,
and specialist heterotrophy on the other (Katechakis &
Stibor, 2006).

Based on these studies, and our own mesocosm
observations, we conducted laboratory experiments to
analyse the effect of Ochromonas feeding on different
strains of cyanobacteria, varying in toxicity and the
degree of colony formation. Further, very little is
known about the natural occurrence of Ochromonas in
eutrophic lakes, its effects on cyanobacterial blooms
and the mechanisms controlling its abundance and
grazing rates. To see whether there is a possibility for
the interaction between these two organisms to play a
role in natural systems, we also analysed data from
460 lakes in Norway. Microcystis and Ochromonas are
both common in Scandinavian lakes, making the latter
suitable field sites for the study of the coexistence of
Ochromonas and Microcystis under a wide range of
environmental conditions.

Methods
Grazing experiment

Phytoplankton pre-cultures. Four cyanobacterial strains
were used in the grazing experiment (Table 1). We
selected three Microcystis aeruginosa strains that
varied in toxicity and morphology; (i) the very
toxic single-celled strain PCC 7806; (ii) the less toxic
colony-forming Bear AC and (iii) the less toxic
single-celled Spring CJ. We also used in the grazing
experiment the filamentous cyanobacterium, Pseu-
danabaena sp. CCY 9704, which has relatively long
filaments and a low toxin content. The mixotrophic
chrysophyte Ochromonas sp. (probably Ochromonas
globosa Skuja, determined by Dr R. Bijkerk, Koeman
& Bijkerk B.V., Ecological Research and Advice,
Haren, The Netherlands) has been isolated from the
mesocosms, in which it occurs as a contaminant,
using glass pipettes. Stock cultures were maintained
autotrophically in COMBO-medium using ammonia
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Table 1 Cyanobacteria strains used in the

grazing experiments. The mean particle MPV (um?) Microqiitm content
volumes (MPV) of the strains are given in (hg pm™)
pm?, filament }ength of Pseudanabaenu is in Phytoplankton species Mean SD Mean sD
um (average filament diameter 1.2 pm).
The microcystin content of the species is  Microcystis aeruginosa PCC 7806* 8.48 6.87 412 x107° 9.81 x 1077
given in amount per biovolume (ug pm™)  Microcystis aeruginosa Spring CJ' 153 59.9 6.06 x 1077 6.09 x 1078
Microcystis aeruginosa Bear AC' 810 425 9.81 x 1077 5.58 x 1077
Filament length
(um)
Pseudanabaena sp. CCY 9704 78.1 98.0 7.89 x 1078 9.11 x 1077

*Pasteur Culture Collection, Paris, France.
*Strain provided by Prof. Dr Alan Wilson (Auburn University, Auburn, U.S.A.).
fCulture Collection Yerseke, NIOO-Centre for Estuarine and Marine Ecology, Yerseke,

The Netherlands.

as a nitrogen-source. All species were pre-cultured
under experimental conditions in Erlenmeyer flasks
containing 200 mL of COMBO medium.

Experimental conditions. The grazing experiment was
performed in 250 mL Erlenmeyer flasks filled with
50 mL of cyanobacteria, growing exponentially on
COMBO medium. The Ochromonas treatment flasks
were then inoculated with 50 mL of Ochromonas
culture, while the controls received another 50 mL of
COMBO medium. Initial nutrient concentrations in
both the controls and treatments were high, support-
ing the growth of cyanobacteria without nutrient
limitation.

The initial biovolume of the cyanobacteria was ca.
1.5 x 107 pm® mL™" (M. aeruginosa PCC  7806:
ca. 177 x10° cells mL™'; M. aeruginosa
AC: ca. 1.86x10* colonies mL™'; M. aeruginosa
Spring: ca. 9.82 x 10* cells mL™"; Pseudanabaena sp.
CCY 9704: ca. 1.53 x 10* filaments mL™") and of
Ochromonas ca. 2.4 x10° pm®> mL™" (ca. 2.4 x 10*
cells mL™"). Both the treatments and controls were
performed in triplicates. The flasks were placed in
an incubator on a rotating table (50 rpm) for 4 days
with a 14 h : 10 h light: dark cycle, a light intensity
of 125 umol quanta [PAR] s'm™? and a tempera-
ture of 25 °C. Samples were fixed with glutaralde-
hyde and formaldehyde, final concentrations being
0.025 mass % and 0.0037 mass % respectively. The
changes in cell numbers and biovolumes of the
cyanobacteria and Ochromonas were determined
daily using a Flow Cytometer (MoFlo™ XDP Cell
Sorter; Beckman Coulter, Inc., Fullerton, CA, U.S.A.).
From these measurements, we calculated the growth

Bear
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rates of the cyanobacteria and Ochromonas in the
controls and the treatment flasks over a period of
4 days. Daily specific growth rates (n) for the 4-day
period were calculated for each flask as:

_ In(N}) — In(No)

B t
where N, and N, are the cell densities at the start and
the end. The net growth reductions of the cyanobac-
teria, due to the presence of Ochromonas, were calcu-
lated from the differences in growth rates between
controls and Ochromonas treatments. Changes in size
distribution of the cyanobacteria, due to grazing by
Ochromonas, were studied using an image analyser
connected to an inverted microscope measuring the
greatest linear dimension of 100 cells or colonies in
both control and treatment flasks at the end of the
grazing experiment.

To investigate further whether Ochromonas could
have an impact on Microcystis cell yield and micr-
ocystin concentrations at densities typical of Nor-
wegian lakes, we did a second grazing experiment
with Ochromonas grazing on strain PCC 7806. PCC
7806 was selected for this experiment because this
very toxic strain was found to be less edible. We
inoculated a lower initial biovolume  of
6.2 x 10° um® mL™"  of Microcystis (ca. 2.7 x 10°
cells mL™") and 3.2 x10* pm® mL™" (ca. 3.2 x 10?
cells mL™") of Ochromonas into 500 mL Erlenmeyer
flasks filled with 300 mL COMBO-medium and a
control with Microcystis only. Both treatments were
done in four replicates. The flasks were incubated at
23 °C under 14 h : 10 h light: dark cycle with a light
intensity of 90 umol quanta [PAR] s™'m™. Cell
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densities were determined using a CytoSense flow
cytometer (CytoBuoy BV, Woerden, The Nether-
lands). Sampling and fixation of samples were done
as described for the previous experiment.

Microcystin analyses

The effect of Ochromonas on the microcystin concen-
trations (both dissolved and particulate microcystin)
in the treatment as well as in the control flasks was
measured at the end of the grazing experiments
(day 4). For measuring the microcystin content of
the four different cyanobacteria strains, samples of
the cultures were filtered through glass fibre filters
(Whatman GF/F; pressure 10 kPa) to separate the
cyanobacteria cells from the medium. The remaining
filtrate was used for analysis of extracellular micro-
cystins. The GE/F filters were freeze-dried and cell-
bound microcystin on these filters was extracted in
75% methanol, using three extraction rounds as
described in Fastner, Flieger & Neumann (1998),
with an extra step for grinding of the filters with
0.5 mm silica beads in a Mini Bead beater (BioSpec
Products Inc., Bartlesville, OK, U.S.A.) (Tonk et al.,
2005). The extracts were blow-dried with N, at
40 °C and then re-dissolved in 50% methanol for
analysis of microcystin, using an HPLC with pho-
todiode array detection (Kontron Instruments Ltd.,
Bletchley, U.K.). Successively, the extracts were
separated wusing a LiChrospher 100 ODS 5 pm
LiChorCART 250-4 cartridge system (Merck, Darms-
tadt, Germany) and a 30-70% gradient of acetoni-
trile with 0.05% trifluoroacetic acid at a flow rate of
1 mL min~". The different microcystin variants were
identified on the basis of their characteristic UV
spectra and were quantified by means of microcy-
stin-LR and microcystin-RR gravimetric standards
(provided by Prof. G.A. Codd, University of Dun-
dee, U.K.). The concentration of extracellular micro-
cystins and the microcystin concentration in the
second grazing experiment, with densities of Ochro-
monas as found in the Norwegian lakes, were
detected and quantified using an enzyme-linked
immunosorbent assay (ELISA), according to the
protocol of a Microcystin Plate Kit (SDI Enviro-
Gard®, Portland, ME, U.S.A.). To extract the cellular
microcystins for ELISA-quantification, cells were

subjected to three freeze-and-thaw cycles each

followed by sonification (Gustafsson, Rengefors &
Hansson, 2005).

Statistical analyses

Most statistical analyses were carried out with the
STATISTICA data analysis software system (StatSoft,
Inc., 2007, version 8.0. http://www.statsoft.com).
Data were first tested for homoscedasticity (Levene’s
test for ANOVA). Net growth rates reductions and
growth rates of Ochromonas on different cyanobacteria
were compared by one-way ANOVA, followed by post
hoc comparisons (Tukey HSD test). Because of their
heteroscedasticity, the data of the final biovolumes
and cyanobacteria sizes were analysed using the
nonparametric Mann-Whitney U-test. The data on
microcystin concentrations (particulate, dissolved and
total) were also heteroscedastic, even after transfor-
mation. Therefore, the interactive effects of strain
identity and Ochromonas treatment on microcystin
concentrations were analysed manually using a
spreadsheet to perform the Scheirer-Ray-Hare exten-
sion of the Kruskal-Wallis test (Sokal & Rohlf, 1995),
followed by pair-wise comparisons within strains
using the Mann-Whitney U-test.

Field data analysis

For the analysis of field data, we used data from a
total of 1395 phytoplankton summer samples col-
lected in 460 Norwegian lakes between 1988 and
2000 (Moe, Dudley & Ptacnik, 2008). Phytoplankton
composition and biovolume were analysed by light
microscopy and physical and chemical parameters
by standard methods (Moe et al., 2008). Microcystis
and Ochromonas were identified to genus (identifi-
cation to species was not possible in the preserved
lake samples). Data on water temperature were not
available, thus we derived estimates of local air
temperature from a grid of long-year averages
(Mitchell & Jones, 2005). We compared the biovo-
lume concentrations of Microcystis and Ochromonas
along several environmental gradients: total phos-
phorus (TP), total nitrogen (TN), TN: TP ratio,
temperature, dissolved organic carbon (DOC: colour
mg Pt L' was used as measure for the DOC
concentration), pH and total phytoplankton biovo-
lume concentration.

© 2009 Blackwell Publishing Ltd, Freshwater Biology, 54, 18431855



Results
Grazing experiment

Ochromonas caused a net biovolume reduction within
all strains (all strains: Mann-Whitney U-test:
Zagj = 1964, P =0.0495, n=2x3: Fig. 1a). Within
the different Microcystis strains this reduction was
strongest for the less toxic single-celled strain (Spring
CJ: 99.8%), whereas the influence on the other two
strains of Microcystis (the more toxic PCC 7806; and
the one building colonies, Bear AC) was less strong
(98.6% and 96.5% respectively). The effect of Ochro-
monas on the biovolume of Pseudanabaena was rela-
tively weaker, although still substantial (92.2%).

The net growth reductions were significantly dif-
ferent among the different strains (one-way ANOVA,
F9=29.397, P =0.0001) (Fig. 1b). The highest net
growth reduction was found for the less toxic single-
celled strain Microcystis aeruginosa Spring CJ (Ap =
1.71 + 0.22 day ™), followed by the very toxic single-
celled Microcystis PCC 7806 (Ap = 1.07 + 0.11 day ™),
the colony-forming Microcystis Bear AC (Ap = 0.834 =
0.11 day_l) and, finally, Pseudanabaena (Ap = 0.648 +
0.12 day™'). The growth rates of Ochromonas, feeding
on different cyanobacterial prey strains, varied
between 0.19 = 0.025 and 047 +0.012 day™'. The
growth rate was significantly lower on Pseudanabaena
(one-way ANOVA, F,o = 10.218, P = 0.0041) (Fig. 10).

Ochromonas feeding on cyanobacteria 1847

The size distribution of the small Microcystis
PCC7806 (2.35 um mean cell diameter; Fig. 2) did
not differ significantly between treatments. However,
for the larger Microcystis strains and for Pseudanabaena,
the mean greatest linear dimensions of the cells and
colonies increased in the Ochromonas treatment
(Fig. 2). In the presence of Ochromonas, for the aver-
age-sized Microcystis Spring CJ, the mean particle
diameter changed from 6.7 to 7.4 um (Mann—-Whitney
U-test: U = 8736.5, P = 0.0008, n = 2 x 150), and for
the larger Microcystis Bear AC, from 12.7 to 13.2 pm
(U =16862.5, P = 0.0026, n = 2 x 202). For Pseudan-
abaena the difference was the greatest, with the mean
filament length increasing from 78.1 to 192.8 pum in the
presence of Ochromonas (U = 26574.5, P < 0.0001,
n = 2 x 300). Visual observations showed that Ochro-
monas seemed to prefer the more readily ingestible
smaller filaments, even though it also attacked the
ends of larger filaments.

For all Microcystis strains, we observed a dramatic
decrease in total microcystin content in the presence
of Ochromonas (Fig. 3). We did not find differences
between strains, but did find a significant Ochro-
monas treatment effect on total microcystin content
(Scheirer-Ray-Hare extension of Kruskal-Wallis
ANOVA, (Hjps =12.40, P < 0.001). This was mainly
due to the cell-bound (particulate) microcystins,
which decreased significantly in concentration due
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Fig. 1 Growth parameters of the phytoplankton species used in the grazing experiments: (a) biovolume concentrations of the different
cyanobacteria on day 4 in the absence (black bars) or presence (grey bars) of Ochromonas. Asterisks indicate significant differences
between Ochromonas treatments and controls within the different strains. Note the logarithmic ordinate; (b) net growth reduction
of the different cyanobacteria due to the presence of Ochromonas; (c) growth rate of Ochromonas when cultured with different
cyanobacteria. Letters above columns (a,b,c) indicate homogeneous groups, i.e. groups that do not differ significantly after
nonparametric multiple comparisons. Cyanobacteria strain codes: Ps = Pseudanabaena sp. CCY 9704; M-Sp = Microcystis aeruginosa,
Spring CJ; M-Be = Microcystis aeruginosa, Bear AC; M-PCC = Microcystis aeruginosa, PCC 7806. Error bars indicate + 1SD.
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Total and particulate microcystin concentration in
the treatments with the weakly toxic Pseudanabaena
did not decrease significantly. However, for all
Microcystis strains, microcystin content decreased
significantly due to Ochromonas grazing (all Micro-

P =0.0495, n = 2 x 3). For the dissolved microcystins
we also found a significant strain effect
(H3p4 = 13.07, P =0.0045) and a significant treat-
ment effect (Hjp4 =4.81, P =0.028), but no signifi-
cant interaction.
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In the second grazing experiment, with abundances
of Ochromonas as found in the Norwegian lakes, there
remained a significant negative effect of Ochromonas
on Microcystis biovolume concentration on day 4
(t =26.53, d.f. =6, P <0.0001) and microcystin con-
centration (t = 8.42, d.f. = 6, P < 0.001). While the net
growth reduction of Microcystis due to Ochromonas
was 0.28 day_l (66%), the total microcystin concen-
tration had been reduced by 42% compared to that in
the control on day 4 (Fig. 4).

Field data analysis

Ochromonas occurred in 1377 out of 1395 lake samples
(99%). Microcystis was found in 97 samples (7%), of
which 91 also contained Ochromonas (94% of the
Microcystis locations). Ochromonas occurs in almost all
Norwegian lakes, while the distribution of Microcystis
is restricted to lowland lakes in the more densely
populated southern Norway, where nutrients, tem-
perature and pH are generally higher than in northern
and central Norway (Fig. 5). Ochromonas had more or
less similar biovolume concentrations (within one
order of magnitude) across a wide range of nutrient
concentrations (phosphorus, nitrogen) and ratios
(N : P), temperature, dissolved organic carbon and
pH (Fig. 5). In contrast, Microcystis biovolumes varied
over five orders of magnitude, having higher abun-
dance at higher nutrient concentrations, and temper-
atures, and at neutral to alkaline pH (Fig. 5). The fact
that Microcystis and Ochromonas were identified only
to genus may explain the wide distribution of both in
relation to the environmental variables. Because of the
relatively similar biovolume concentration of Ochro-

70 x 108 +
60 x 10°
Fig. 4 Results of the grazing experiment 50 x 10°1
with densities of Ochromonas similar to
those found in Norwegian lakes. Black
bars show controls and grey bars Ochro-
monas treatments. Left panel: biovolume
concentrations of Microcystis PCC 7806 on
day 4; right panel: total microcystin
concentration on day 4. Asterisks indicate

40 x 10° A
30 x 10°
20 x 10°

10 x 10°
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monas over a wide range of nutrient concentrations,
and the increasing total phytoplankton concentration
with increasing nutrient concentration, the relative
abundance of Ochromonas decreased with increasing
total phytoplankton biovolume concentration (Fig. 6).

Discussion
Effect of Ochromonas on growth rates of cyanobacteria

An important observation of this study is that Ochro-
monas can feed on all Microcystis strains tested,
including the very toxic Microcystis PCC 7806 and
the colony-forming Microcystis Bear AC. Moreover,
Ochromonas achieved similar growth rates in the
presence of all the Microcystis strains. The reduction
in net growth rate caused by Ochromonas in Microcystis
was strongest for the less toxic strain Spring CJ of
Microcystis, while even the impact on the other two
Microcystis strains was also high. Even if Ochromonas
was inoculated in concentrations more comparable to
natural concentrations, it caused a significant reduc-
tion in net growth of the toxic strain PCC 7806.
Although the effect of Ochromonas on Pseudanabaena
was less than on Microcystis, the effects on biovolume
and growth were still substantial (Fig. 1a,b).

Since we did not have a treatment with only the
filtrate of an Ochromonas culture added, we can not
completely rule out a negative effect of chemicals
released by Ochromonas. However, in experiments
performed recently to study the impact of substances
excreted by Ochromonas, we observed no significant
effects of filtrates from Ochromonas cultures on the
growth and toxin production of these cyanobacteria
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- 20

Biovolume concentration (um® mL™")

significant differences between
treatments. Error bars indicate +1SD.
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(Wilken, pers. comm). The per capita clearance rates of
Ochromonas ranged from 23 + 3.1 nL cell ™' day™" for
M. aeruginosa Bear AC as prey, to 47 + 12 nL cell™" -
day ™! for M. aeruginosa Spring. These rates are similar
to those of 29-418 nL cell ' day ™' for Ochromonas sp.
grazing on Synechococcus (Boenigk et al., 2001), and
24 nL cell™! day ™! for O. minima in a Norwegian Fjord
(Nygaard & Hessen, 1990). It seems likely, therefore,
that the negative effect of Ochromonas on cyanobacte-
rial growth in our experiment is mainly due to
grazing and not by other interactions like allelopathy.

temperature (d), water colour (e) and
pH pH ®.

Effect of Ochromonas on microcystin concentrations

After 4 days of incubation with Ochromonas, the total
microcystin content in the cultures with Microcystis
was reduced by 91.1-98.7% compared with those in
the controls (Fig. 3). These reductions can mainly be
attributed to the decrease in particulate microcystin,
which declined by 95.4-98.8% compared with the
controls and is within the same range as the reduction
in biovolume. The decrease seems to be caused by
both the degradation of ingested microcystins by
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Fig. 6 Abundance of Ochromonas (grey) and Microcystis (black) in Norwegian lakes in relation to the total phytoplankton biovolume.
Left panel: biovolume concentrations of the two species; right panel: proportion of total phytoplankton biovolume of the two species.

Ochromonas and the reduction in net growth of
Microcystis. In the second grazing experiment, with
abundances of Ochromonas similar to those found in
the Norwegian lakes, the net growth reduction of
Microcystis due to Ochromonas was 66% and the total
microcystin concentration had been reduced by 42%
compared to that in the control. Only for Pseudanaba-
ena was the particulate microcystin concentration not
reduced significantly, probably because Ochromonas
grazes less efficiently on this species. Even though the
calculation of microcystins per unit biomass resulted
in slightly higher values at the end than at the start of
the experiment (data not shown), we cannot draw any
conclusion about an increased intracellular concen-
tration of microcystins in the cyanobacteria, because
we did not distinguish between microcystins in the
cyanaobacteria and microcystins in Ochromonas .
Degradation of microcystin from ingested single-
celled Microcystis PCC 7806 has recently also been
found for the closely related chrysophyte Poterioochro-
monas sp. (Zhang et al., 2008). In contrast to the results
of Zhang et al. (2008), we also found a reduction in
dissolved microcystin concentrations in the grazing
treatments. This again could have been caused indi-
rectly by the reduction in biovolume of the cyanobac-
teria, resulting in a lower amount of cyanobacterial
cells that may release microcystins due to lysis.
Moreover, the reduction could have partly been
caused by the uptake and degradation of dissolved
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microcystins by Ochromonas, as the degradation of
dissolved microcystins has been described in Poterioo-
chromonas (Ou et al., 2005). Regardless of which
mechanism is more important in reducing microcystin
concentrations, we show that the amount of total
microcystins present can be reduced by Ochromonas,
even when Ochromonas is present in low densities. By
detoxifying the ingested microcystins, it might even
make the cyanobacterial carbon available to other
grazers, which are not able to graze directly on
cyanobacteria that produce microcystin.

Size of particles ingested

The mean colony volume of the largest Microcystis
strain (Microcystis Bear AC) was around 810 pm’
(Table 1) and these colonies could apparently still be
ingested easily. These results agree with those of
Zhang et al. (1996), who found that the volume of
particles ingested by a closely related mixotrophic
chrysophyte Poterioochromonas malhamensis Prings-
heim, to range from about 0.52 ums (bacteria) to
3178 um?’ [the chlorophyte Carteria inversa (Korshikov)
Bourrelly]. The wide range of particle sizes ingested
by Ochromonas in our experiments might be explained
by the fact that it encloses its prey by pseudopodia
(Boenigk & Arndt, 2000), rather than by engulfing
food particles by invagination of its cell surface, as do
many other phagotrophs. Even though Ochromonas
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grazed efficiently on all Microcystis strains tested, it
caused a small but significant shift in size distribution
to larger sizes for the strains Spring CJ and Bear AC,
whereas this did not occur for the smaller strain
PCC7806 (Fig. 2). Thus Ochromonas seems to select the
smaller particles over the larger ones. This agrees with
the results of Pfandl, Posch & Boenigk (2004), who
showed a food-size preference in Ochromonas sp. for
particles between 0.9 and 1.2 um. Although Ochro-
monas grazed on the filamentous cyanobacteria Pseu-
danabaena, it grew more slowly on this alga than on
Microcystis. Ochromonas fed mainly on the Pseudan-
abaena filaments <50 pm long, thereby skewing the
filament length distribution of Pseudanabaena towards
longer filaments. Similar shifts in length distribution
as those shown for Pseudanabaena have been reported
by Wu, Boenigk & Hahn (2004) for Ochromonas
grazing on the filamentous bacterium Spirochaeta
aurantinc WQM4 ranging from 5 to 30 um in filament
length. Because Pseudanabaena has a smaller mean
particle volume than, for example, the readily ingest-
ible Microcystis Spring CJ, it seems that the greatest
linear dimension of a particle, rather than its volume,
determines whether a particle can still be ingested.
The mean diameter of the Microcystis colonies used in
our study lies within the range of filament lengths that
can be ingested by Ochromonas [Correction added
after online publication 7 April 2009: Pseudanabaena
corrected to Ochromonas].

Food-web relationships

Mixotrophic nanoflagellates are important members
of planktonic food webs in both marine and freshwa-
ter systems (Sanders, 1991; Isaksson, 1998; Tittel et al.,
2003). Phagotrophy by predominantly autotrophic
mixotrophs is an important mechanism for obtaining
energy and nutrients, and it gives mixotrophs a
competitive advantage over autotrophs during nutri-
ent-limiting conditions. Similarly, predominantly het-
erotrophic mixotrophs have an advantage over purely
heterotrophic organisms because they can use light as
an energy source when prey abundance is low (Jones,
2000). In both cases, mixotrophs will be favoured by
oligotrophic conditions and they are traditionally
thought to be inferior competitors in eutrophic
systems, because of the higher energy costs of main-
taining both nutritional metabolisms (Raven, 1997).
However, the predominantly mixotrophic genus

Poterioochromonas has been shown to achieve growth
rates comparable with those of heterotrophic nanofla-
gellates (Palsson & Daniel, 2004), and should therefore
be able to compete with the flagellates even under
eutrophic conditions. Although mixotrophs in general
are important grazers in oligotrophic lakes (Bergstrom
et al., 2003), and can also dominate the plankton
community during the winter (Wiedner & Nixdorf,
1998), their role in eutrophic lakes during summer is
largely unknown (Tittel ef al., 2003). This does not
necessarily mean that they are not important in those
systems, as many investigations distinguish only
between pigmented and non-pigmented flagellates,
and mixotrophs are likely to be mistaken for auto-
trophs in those studies. Therefore we tested data from
460 Norwegian lakes for the co-occurrence of Micro-
cystis and Ochromonas. The data show that Ochromonas
occurred in 94% of the samples in which Microcystis
was present, and the interaction of both species might
therefore be important in natural systems. Ochromonas
is abundant over a broad range of phosphorus and
nitrogen concentrations in Norwegian lakes, includ-
ing the higher concentrations under which also
Microcystis becomes more important. While the total
abundance of Ochromonas is generally low, and
seemed to be unaffected by the environmental factors
tested, its relative contribution to the plankton com-
munity decreased with increasing nutrient load and
pH. Our data confirm that Ochromonas is a good
competitor, especially under nutrient poor conditions,
and that it may tolerate low pH, but it also shows that
Ochromonas occurs over a wide gradient of environ-
mental conditions, including eutrophic lakes (Figs 5 &
6). Under meso- to eutrophic conditions, Ochromonas
could potentially be controlled by grazers, e.g. daph-
niids. Arvola & Salonen (2001) showed that the
abundance of Ochromonas and other flagellates in-
creases after removal of daphniids from a natural
zooplankton community. On the other hand the
closely related Poterioochromonas has been shown to
be toxic to rotifers and daphniids in laboratory
experiments (Boxhorn, Holen & Boraas, 1998; Boenigk
& Stadler, 2004). Even though competition with
specialists and grazing on Ochromonas might play a
role in reducing the abundance of Ochromonas in
eutrophic lakes, this chrysophyte can maintain pop-
ulation densities similar to those seen under oligo-
trophic conditions (Fig. 5). Due to its high grazing
rates, Ochromonas may have a strong impact on the
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phytoplankton composition and abundance even
when its density is lower than other grazer species.

Because mixotrophs can sustain relatively high
abundances by photosynthesis, they do not rely soley
on the abundance of their prey and are therefore less
prone to strong fluctuations in population densities.
Hammer & Pitchford (2005) showed theoretically that
a system in which a small fraction of the herbivorous
plankton is capable of photosynthesis, as for e.g.
Ochromonas, is less likely to show strong oscillations
or to exhibit phytoplankton blooms. By this mecha-
nism the presence of Ochromonas might decrease the
chance of a Microcystis bloom formation.

From our study it is not clear whether Ochromonas
can control Microcystis blooms in natural lakes. Yet
our study does demonstrate that Ochromonas can
strongly reduce the Microcystis biomass and toxins in
small-scale experiments. This study also shows that
Ochromonas occurs in lakes where Microcystis is
present. However, more work is needed on the
natural occurrence of Ochromonas and its trophic
relationships in eutrophic lakes. Light intensity,
nutrients and organic matter concentration, bacterial
and picophytoplankton abundance, as well as grazing
on Ochromonas are potentially important factors reg-
ulating its natural abundance. More field work is
therefore needed to clarify which of these factors
drives the distribution and seasonal dynamics of
Ochromonas in nature.
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