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2University of South Bohemia, Faculty of Science, Branišovská 31, 370 05 České Budějovice, Czech Republic
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ABSTRACT

Heterotrophic nanoflagellates (HNF) are considered as major planktonic bacterivores, however, larger HNF taxa can also be
important predators of eukaryotes. To examine this trophic cascading, natural protistan communities from a freshwater
reservoir were released from grazing pressure by zooplankton via filtration through 10- and 5-μm filters, yielding microbial
food webs of different complexity. Protistan growth was stimulated by amendments of five Limnohabitans strains, thus
yielding five prey-specific treatments distinctly modulating protistan communities in 10- versus 5-μm fractions. HNF
dynamics was tracked by applying five eukaryotic fluorescence in situ hybridization probes covering 55–90% of total
flagellates. During the first experimental part, mainly small bacterivorous Cryptophyceae prevailed, with significantly
higher abundances in 5-μm treatments. Larger predatory flagellates affiliating with Katablepharidacea and one Cercozoan
lineage (increasing to up to 28% of total HNF) proliferated towards the experimental endpoint, having obviously small
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phagocytized HNF in their food vacuoles. These predatory flagellates reached higher abundances in 10-μm treatments,
where small ciliate predators and flagellate hunters also (Urotricha spp., Balanion planctonicum) dominated the ciliate
assemblage. Overall, our study reports pronounced cascading effects from bacteria to bacterivorous HNF, predatory HNF
and ciliates in highly treatment-specific fashions, defined by both prey-food characteristics and feeding modes of
predominating protists.

Keywords: freshwater microbial food webs; bacterivorous and predatory flagellates; Cryptophyceae; Katablepharidacea;
Cercozoa; ciliates

INTRODUCTION

Heterotrophic nanoflagellates (HNF) represent an extremely
diverse polyphyletic group of mostly uncultured representatives
belonging to a heterogeneous functional guild. The small HNF
are considered as key bacterivores in pelagic systems (Berninger,
Finlay and Kuuppo-Leinikki 1991; Pernthaler 2005), whereas the
larger ones are omnivorous, or likely predators of small bacteriv-
orous flagellates (Arndt et al. 2000 and references therein, Piwosz
and Pernthaler 2010). However, the term ‘omnivorous protists’
is still not as clearly defined. This topic gets even more com-
plex in view of current discussions about adequate terminol-
ogy describing feeding modes of planktonic protists in general
(Kiǿrboe 2011; Weisse 2017). A strict categorization of protistan
species as ‘algivores’ and ‘predators’ may be valid only for a
few distinct taxa, however, this terminology probably does not
reflect the breadth of ingested food particles for the majority of
protistan grazers (Weisse et al. 2016). In our study, we use the
term omnivory as a synonym for a flagellate feeding mode where
both prokaryotic and eukaryotic food items are ingested.

Apart from the bacterivory mode, which has frequently been
studied using surrogates of bacterial prey in various plank-
tonic systems (e.g. Sherr et al. 1987; Boenigk and Arndt 2002;
Unrein et al. 2014; Beisner, Grossart and Gasol 2019), consider-
ably less is known about other feeding modes of larger plank-
tonic HNF (Arndt et al. 2000; Domaizon et al. 2003; Jeuck and
Arndt 2013). The importance of omnivorous or predatory flagel-
lates has rarely been studied under in situ conditions, except for
their role as algivores, which can be detected via the chlorophyll
autofluorescence of ingested prey. Thus, assigning a functional
role to these understudied flagellates remains a critical issue.

Two major problems severely constrain progress in studies
of flagellate ecology: lack of morphological features allowing for
reliable taxonomic identification of larger, supposedly predatory
HNF using microscopy (Jeuck and Arndt 2013; Adl et al. 2019) and
the very limited ability to visualize and characterize the ingested
prey of natural flagellate communities if prey organisms do not
contain recognizable organelles such as chloroplasts. Conse-
quently, we miss information on the feeding modes of larger
HNF (mostly 5–15μm in size), which may act as an efficient inter-
mediate trophic link in the carbon flow from small bacterivo-
rous HNF to omnivorous or carnivorous ciliates (Arndt et al. 2000;
Posch et al. 2015).

Currently at least some of these limitations can be overcome
with the increasing use of amplicon or metagenomic sequenc-
ing. For instance, 18S rRNA gene sequences of natural eukary-
otic communities can be used for designing novel eukaryotic
fluorescence in situ hybridization (FISH)-probes, targeting the
major players in a given aquatic environment (e.g. Massana
et al. 2009; Grujčić et al. 2018, Piwosz 2019). Thus, taxa with
otherwise poor morphological distinguishability can be identi-
fied by a strong fluorescence signal and prevailing food items in
their food vacuoles can be examined. The double-hybridization

technique provides even higher resolution by allowing simul-
taneous phylogenetic identification of both predator and prey
(Grujčić et al. 2018). These cumbersome single-cell approaches
have recently revealed novel findings on the importance of var-
ious flagellate taxa in marine and freshwater pelagic food webs.
For instance, tiny flagellated stramenopiles from the MAST-1
and MAST-4 lineages have been identified as important bac-
terivores in marine systems (Massana et al. 2009). Likewise,
small aplastidic representatives of cryptophytes (mostly known
as chloroplast-bearing autotrophs) and therein the Cry1 lineage
can be the core bacterivores with high cell-specific bacterial
uptake rates in freshwater pelagic environments (Grujčić et al.
2018, Mehrshad and coauthors, unpublished data).

In addition, specific experimental setups were designed
with the aim of minimizing the manipulation-induced distur-
bances of natural microbial communities that yield considerable
enrichments of protistan bacterivores (Šimek et al. 2001, 2013).
For instance, simplified microbial food webs, that excluded zoo-
plankton grazing pressure on protists by <5 μm size fraction-
ation of natural plankton, amended with bacteria, were domi-
nated by rapidly growing small bacterivorous HNF (Grujčić et al.
2018; Šimek et al. 2013, 2018). However, after 2–3 days of incuba-
tion, when bacterial prey became depleted, abundances of small
HNF dropped dramatically. Concomitantly, we observed a rapid
development of larger HNF (6–12 μm, Šimek et al. 2018), such
as katablepharids (Grujčić et al. 2018), that were present in low
proportions in the original samples. They had only limited or no
uptake of bacteria, suggesting their important role as omnivores
or predators preying on eukaryotes mainly in the size fraction of
4–10 μm (Clay and Kugrens 1999; Ok et al. 2018).

To test this trophic cascading, natural protistan communi-
ties from the freshwater Řı́mov reservoir (Czech Republic) were
released from grazing pressure imposed by larger zooplankton
via filtration through 10- and 5-μm pore-size filters. This work-
flow yielded microbial food webs of different complexity, with
supposedly higher numbers of larger protists such as predatory
flagellates and small ciliates in the 10-μm fraction. Protistan
growth in both size fractions was stimulated by additions of five
different bacterial strains of the genus Limnohabitans isolated
from the same environment. These ten prey-specific treatments
(five different strains added to two different size fractions) were
assumed to distinctly modulate protistan predator commu-
nities in 10- versus 5-μm fractions. To track HNF community
dynamics, we applied catalyzed reporter deposition fluores-
cence in situ hybridization (CARD-FISH) with eukaryotic probes
targeting the dominant HNF populations in the treatments. Cil-
iate assemblages were analyzed by means of classical staining
procedures (Posch et al. 2015). The following hypotheses were
tested in these experimental manipulations. (i) While small
HNF are generally considered as major planktonic bacterivores
in freshwaters, larger taxa have comparable growth potential
and are important predators of small, primarily bacterivorous
HNF. (ii) Releasing HNF from top-down control by zooplankton
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in 10-μm treatments will result in enhanced proportions of
larger predatory flagellate taxa. (iii) Bacterial amendments of
natural plankton in 10-μm treatments will induce profound
peaks of primarily bacterivorous ciliate taxa. In the light of our
results, the first and second hypotheses were approved, while
the third one was rejected.

MATERIAL AND METHODS

Experimental design

Our experimental approach allowed for the detection of changes
in both HNF and ciliate abundance and their community com-
position in two different size fractions of natural plankton that
yielded two types of simplified microbial food webs (for details
see Fig. 1). Plankton samples were collected from a depth of
0.5 m in the meso-eutrophic Řı́mov reservoir, Czech Republic
(48◦50′46.90′N, 14◦29′15.50′E, for more details see Šimek et al.
2001) on 26 August 2013 (water temperature 19◦C, Chlorophyll-
a concentration 6.1 μg l−1). Water was gravity filtered through
10-μm pore-size filters to release the protistan community from
grazing pressure by zooplankton and larger ciliates and, for
the second set-up, through 5-μm pore-size filters to release the
flagellate community from grazing pressure by zooplankton,
small ciliates and larger predatory flagellates. Notably, the pre-
screened water samples contained almost no small algae, as the
summer phytoplankton of the reservoir was dominated by large
algal cells (>10 μm) and cyanobacterial colonies. The 5-μm treat-
ment thus represented a simplified prokaryote–HNF food chain
supposedly dominated by small, primarily bacterivorous flagel-
lates (Grujčić, Kasalický and Šimek 2015; Šimek et al. 2013, 2018).
The 10-μm treatment represented a simplified prokaryote–HNF–
small ciliate food chain supposedly dominated by small bac-
terivorous flagellates, larger predatory flagellates and small, pri-
marily bacterivorous ciliates (Fig. 1).

The filtered samples were preincubated at 18◦C for 4 h to
allow microbes to recover from the handling shock (Havskum
and Riemann 1996). The initial bacterial abundance was identi-
cal in both the 5- and 10-μm treatments (AVG ± SD, 4.01 ± 0.12
× 106 cells ml−1), while the initial HNF abundance was slightly
but insignificantly (t-test, P > 0.05) higher in 10- compared with
5-μm treatments, 2.24 ± 0.12 × 103 cells ml−1 compared with
2.14 ± 0.13 × 103 cells ml−1 (AVG ± SD), respectively. Our exper-
imental set-up yielded 12 different triplicate treatments (1-liter
sample volume, Fig. 1), with six treatments each representing
the 5- and 10-μm size fractions; one treatment served as con-
trol while the others were amended with different bacterial prey
(Supplementary Table S1, see online supplementary material).
All bacterial strains were isolated from the Řı́mov reservoir and
are affiliated to the genus Limnohabitans, more specifically to the
LimB (Rim11) and LimC lineages (II-D5, II-B4, Rim28, and Rim47,
for details see Kasalický et al. 2013). The strains II-B4, Rim11 and
Rim28 are short rods or cocci with almost identical mean cell
volume (MCV, 0.052–0.056 μm3), Rim47 are cocci of slightly larger
MCV (0.080μm3), while II-D5 are larger rods (MCV, 0.162μm3, see
Supplementary Table S1).

The bacterial strains were pre-grown in nutrient-rich liquid
medium (3 g l−1 NSY, Hahn et al. 2004), pelleted by centrifu-
gation, washed and re-suspended in 0.2-μm filtered and ster-
ilized water from the Řı́mov reservoir as described in Grujčić
et al. (2018). Treatments were separately amended with bacteria
added at ∼3–8 times higher amount than the natural bacterial
standing stock. Since the bacteria differed in cell size (Supple-
mentary Table S1), the additions of the strains were set to yield
approximately the same initial biovolumes for all experimental
treatments (referred to as D5-II, B4-II, Rim11, Rim28 and Rim47

throughout the text, see Fig. 1). Bottles containing only natural
bacteria and protists, present in the original samples after filtra-
tion through 5- and 10-μm filters, served as controls. All tripli-
cate treatments were kept at 18◦C in the dark, as the vast major-
ity of protistan grazers were heterotrophic flagellates. Subsam-
ples for quantification of HNF and ciliates (present only in 10-μm
treatments) and for bacterial abundances and biovolumes were
taken in a laminar flow hood at 12–24 h intervals. Additionally,
samples for CARD-FISH analyses were taken at 0, 40 and 66 h,
fixed with formaldehyde (2% final concentration) and collected
on 1-μm pore-size filters (Grujčić et al. 2018).

Enumeration of microbes and calculation of protistan
growth parameters

Samples from all triplicate treatments (15–20 ml) were fixed
with formaldehyde (2% final concentration) and used for the
enumeration of bacteria (0.5–2 ml subsamples) and protists (5–
15 ml subsamples) on 0.2 and 1-μm pore-sized filters (Osmon-
ics, Inc., Livermore, CA), respectively. All samples were stained
with DAPI (4′,6-diamidino-2-phenylindole, final concentration
of 1 μg ml−1) and microbes were counted via epifluorescence
microscopy (Olympus BX53; Optical, Tokyo, Japan). Bacterial and
flagellate biovolumes were measured using a semiautomatic
image analysis system (NIS-Elements 3.0, Laboratory Imaging,
Prague, Czechia) as detailed in Šimek et al. (2013) and Grujčić,
Kasalický and Šimek (2015). The treatment-specific increases in
HNF cell numbers were used to calculate maximum HNF growth
rates, doubling times (DT) and length of lag phases as described
in Šimek et al. (2018). Estimates of growth gross efficiency (GGE)
of HNF (as % of cell volume) were calculated as the ratio between
added bacterial biovolume and net HNF biovolume yields in the
treatment (thus representing volumetric GGE, Šimek et al. 2018).

Ciliate abundance and assemblage composition

Ciliate abundances and assemblage structure (present only in
10 μm treatments) were evaluated in triplicates by combin-
ing epifluorescence microscopy of DAPI-stained samples and
quantitative protargol staining (Posch et al. 2015 and references
therein). For protargol preparations, 10–25 ml of samples fixed
with Lugol’s solution and postfixed with Bouin’s fluid were fil-
tered on 0.8-μm pore-size Nitrocellulose filters (Sartorius). We
identified and counted at least 150–200 individuals per sam-
ple. For more details on the above approaches see Posch et al.
(2015) and Šimek et al. (2019). Because protargol staining was
applied in parallel with fluorescence microscopy for ciliates, we
determined most of the ciliates to the genus level and, if pos-
sible, to species level. Numbers of ciliates were assessed via
direct counting of DAPI-stained cells in samples filtered on 1-μm
pore-sized filters (Osmonics). To identify ciliates in fluorescence
microscopy we used additional criteria, such as ciliate cell size,
the position and size of nuclei, and prey characteristics (Šimek
et al. 2019). Between 3 and 11% of the ciliates, however, could not
be identified. We based our identifications on the publications of
Foissner and Berger (1996) and Foissner, Berger and Schaumburg
(1999).

Probe design and CARD-FISH analyses of flagellate
assemblages

Already published oligonucleotide probes targeting abundant
freshwater protistan lineages were assessed for coverage and
specificity, using the guide tree of SILVA 138 SSURef NR99 in
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Figure 1. Experimental design: natural microbial communities in 5-μm filtered (presumably dominated by bacterivorous HNF) and 10-μm filtered (containing bacteriv-
orous HNF, predatory HNF and small ciliates) water samples from the Řı́mov reservoir were amended with different bacterial strains from the genus Limnohabitans

(II-D5, II-B4, Rim11, Rim28, and Rim47) as a major protistan food source. The bacterial strains were added in concentrations compenzating for their cell biovolumes
(for details of the bacterial strains see Supplementary Table S1) to yield 3–8-fold of natural bacterial standing stock present in the non-amended 5- and 10-μm filtrates
used as controls (Fig. 3). Subsamples were collected at 12–24 h intervals; for more details see Material and Methods.

ARB (Ludwig et al. 2004; Quast et al. 2013). Additionally, boot-
strapped maximum likelihood trees of eukaryotic 18S rRNA
genes (GTR-GAMMA model, 100 bootstraps; Stamatakis 2014)
were constructed for specific lineages (Fig. 2). The general probe
Crypto B that targets 74.3% of all Cryptophyceae excluding Kat-
ablepharidacea (Metfies and Medlin 2007) had only one outgroup
hit (GU647185, an uncultured freshwater eukaryote, Ceratium
sp.), while the general probe for Kinetoplastea (Kin516, Bochdan-
sky and Huang 2010) had a very high coverage (96.2%), but also
a high number of outgroup hits affiliated to a broad range of
microbes (342 outgroup hits: 1 Crenarchaeota, 3 Diplonemea,
258 Amorphae from diverse groups, 7 Spermatophyta, 73 SAR
from diverse groups; Fig. 2, Table 1). Nevertheless, we decided to
use this probe because of the uniform morphological features
of the target group Kinetoplastea, i.e. the presence of both a
DNA-containing nucleus and a kinetoplast in DAPI-stained cells
that can be easily recognized via epifluorescence microscopy
(Mukherjee, Hodoki and Nakano 2015). Probe Cry1–652 targets
all 18S rRNA gene sequences of lineage Cry1, and probe Kat-1452
almost all sequences of a freshwater lineage of Katablephari-
dacea (Grujčić et al. 2018; Fig. 2, Table 1). Both probes target no
outgroup hits. A specific probe targeting one sequence of Cer-
cozoa affiliated with Novel Clade 7 (AY620288, originating from
a freshwater pond; Bass and Cavalier-Smith 2004) was designed
because of high similarities to 18S rRNA gene amplicons gained
in a previous study (OTU#14 in Grujčić et al. 2018). Probe Cerc-193
was designed with the tools probe design and probe test in ARB
(Ludwig et al. 2004), checked in silico for specificity and binding
properties (Yilmaz et al. 2011; Quast et al. 2013) and tested with
different formamide concentrations in the hybridization buffer
until highest stringency was achieved at 55% (Table 1). We also
applied a FISH-probe targeting Haptophyta (PRYM02, Simon et al.
2000), but did not detect any stained cells in our samples.

CARD-FISH for flagellates was applied following the detailed
protocol described in Piwosz and Pernthaler (2010). CARD-FISH
preparations were analyzed by epifluorescence microscopy at

1000 × magnification. The flagellate lineage-specific MCV was
calculated based on measurements of the width and length of
hybridized cells using an image analysis system (NIS-Elements
3.0), assuming a prolate spheroid cell shape (Šimek et al. 2013).
Combining CARD-FISH for flagellates with the CARD-FISH proto-
col for bacteria (Sekar et al. 2003) allowed the examination of HNF
food vacuoles for ingested bacteria (Jezbera, Horňák and Šimek
2005). The bacterial probe R-BT065 targeting the genus Limno-
habitans was used to visualize the presence of ingested bacterial
prey in food vacuoles (Šimek et al. 2013) of different flagellate
phylotypes using a double-hybridization protocol (Grujčić et al.
2018).

Statistical analysis

Statistically significant differences in growth parameters
(growth rate, lag, GGE) between strains and size fractions were
determined using two-way ANOVA with Tukey’s and Sidak’s
multiple comparisons post-tests. Differences in bacterial abun-
dances between different size fractions at different times were
determined with unpaired t-test with Welch’s correction. For
an objective estimate of the time lag in decrease in bacterial
numbers between 5- and 10-μm filtered variants, we first
estimated for each variant the incubation time at which half of
the decrease occurred (T50) and then calculated their difference.
T50 values were estimated by fitting the data with a four-
parameter logistic model with variable slope using the following
equation

BacNum = Bottom+ (Top − Bottom)/(1 + exp((T50 − t) × Slope)),(1)

where t is incubation time, BacNum is bacterial abundance, Top,
Bottom and Slope are upper and lower plateaus and slope of the
data, respectively. The data obeyed the model extremely well (r2

values of 0.988–0.999). Statistical significances of the differences
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Figure 2. Targets of oligonucleotide probes used for CARD-FISH. (A) Extract of the maximum parsimony guide tree of SILVA 138 SSURef NR99 with branches targeted

by general eukaryotic probes PRYM02 (Haptophyta), Crypto B (Cryptophyceae 1) and Kin516 (Kinetoplastea). Values inside the collapsed branches give total numbers
of sequences and coverages (%) for each probe. ∗Outgroup hit of probe Crypto B (GU647185, uncultured freshwater eukaryote, Ceratium); ∗∗342 outgroup hits of probe
Kin516 (1 Crenarchaeota, 3 Diplonemea, 258 Amorphae from diverse groups, 7 Spermatophyta, 73 Stramenopiles, Alveolata, or Rhizaria from diverse groups). (B–D)
Bootstrapped maximum likelihood trees of eukaryotic 18S rRNA genes with marked target hits of specific probes in bold. Only bootstrap values >0.4 are shown;

branches with bootstraps <0.2 were multifurcated. The scale bar at the bottom applies to 10% sequence divergence. (B) Subtree for Cryptophyceae 1 and target hits
for probe Cry1–652. (C) Subtree for a part of Cercozoa 1 and target hit of probe Cerc-193 (Novel Clade 7). (D) Subtree for Katablepharidacea and target hits of probe
Kat-1452. #Probe targets untrustworthy bases at the end of 18S rDNA sequences; $sequence is too short to assess potential binding of probe.

Table 1. Characteristics of CARD-FISH probes used in this study. See Fig. 2 for details in the phylogenetic positioning of the probes. The applied
taxonomic terminology followed a recent review by Adl et al. (2019).

Probe name Target Coverage/outgroup hits Sequence 5’-3’

Formamide
concentra-

tion
(%) Reference

PRYM02 Haptophyta 88.6%/0 GGAATACGAGTGCCCCTGAC 30 Simon et al. 2000
Crypto B Cryptophyceae 1 74.3%/1 (GU647185;

Ceratium)
ACGGCCCCAACTGTCCCT 50 Metfies and Medlin

2007
Cry1–652 CRY1 lineage of

cryptophytes
100%/0

TTTCACAGTWAACGATCCGCGC
30 Grujčić et al. 2018

Kat-1452 Uncultured
Katablepharidacea

See Fig. 2: 8 sequences
targeted

TTCCCGCARMATCGACGGCG 60 Grujčić et al. 2018

Cerc-193 Cercozoa Novel
Clade 7

See Fig. 2: 1 sequence
targeted

CAAGCACCGTTGCCGGATTGG 55 This study

Cerc-193-C Competitor for
probe Cerc-193

CAAGGACCGTTGCCGGATTGG This study

Kin516 Kinetoplastea 96.2%/342 (1 Crenarchaeota,
73 SAR, 3 Diplonemea, 258
Amorphae, 7
Spermatophyta)

ACCAGACTTGTCCTCC 30 Bochdansky and
Huang (2010)

EUK516 Competitor for
probe Kin516

- ACCAGACTTGCCCTCC 30 Bochdansky and
Huang (2010)

in T50 values were determined with F-tests. To assess statistical
significance of differences in the composition of HNF and ciliate
assemblages among different treatments, we used one-way or
two-way analysis of similarity (ANOSIM) based on Bray–Curtis

distance matrices of relative proportions of protistan groups.
Statistical calculations were performed in Prism 7.05 (Graph-
Pad Software Inc.) except for ANOSIM calculated with Past 3.22
(Hammer et al. 2001).
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Figure 3. Time-course changes in bacterial abundance in 5- and 10-μm control
treatments (A) with no bacteria added compared to treatments amended with
five bacterial strains from the genus Limnohabitans (B–F), i.e. L. planktonicus (II-
D5), L. parvus (II-B4) and undescribed strains Rim11, Rim28 and Rim47. Values

are means of triplicates; error bars show SD. Decreases in bacterial abundance
were significantly delayed (lag, i.e. difference in the T50 values, 6–9.8 h; F-test, P

< 0.013–0.001) in 10-μm prey-amended treatments compared to the 5-μm ones.

RESULTS

Flagellate growth responses to bacterial prey
amendments

The bacterial strains were added in different numbers (Fig. 3)
yielding approximately the same initial total prey biovolume in
all treatments except for the control treatments with no bac-
teria added. In all cases, bacterial amendments induced pro-
found HNF growth responses (for details of growth parameters
see Supplementary Fig. S1, see online supplementary material),
significantly different from control treatments (from 27 to 66 h,
t-tests with Holm-Sidak’s correction for multiple comparisons, P
< 0.001) where the HNF growth was negligible (Fig. 4). HNF abun-
dances peaked at time points 40 or 53 h, however, in remarkable
treatment-specific fashions, reflected in different amplitude and
timing of the maxima and slopes of HNF increases during expo-
nential growth phases. Consequently, also maximum growth
rates (1.6–2 d−1) in all but one (Rim11) 5-μm treatment, and gross
growth efficiency (GGE) in all 5-μm treatments (33–40%), were
significantly higher than in 10-μm treatments (P < 0.001, 16–32%,
Supplementary Fig. S1). Moreover, the peaks in 5-μm treatments
appeared sooner in II-D5, II-B4 and Rim28 (40 h) than in the cor-
responding 10-μm ones (53 h, Fig. 4). In contrast, HNF abundance
maxima in Rim11 and Rim47 treatments were slightly delayed
and occurred in parallel in both size fractions at time 53 h.

Generally, lower slopes of HNF abundance increases and time
shifts in the onset of HNF growth in 10-μm treatments led to sig-
nificantly longer lag phases of HNF (5.5–14 h) compared to 5-μm

treatments (P < 0.01, Fig. 4, Supplementary Fig. S1). Moreover,
lag phases in HNF growth were negligible (between 0.7 to 1.2 h)
and did not differ significantly within all 5-μm treatments. Rapid
bacterial decay rates (Fig. 3) without any bacterial regrowth even
in control treatments led to prey depletion, commonly reflected
in dramatic decreases in HNF abundances in all prey-amended
treatments at the experimental endpoint (66 h, Fig. 4). However,
the generally lower HNF abundances in 10-μm treatments com-
pared to 5-μm ones, resulted in significantly delayed decreases
in bacterial prey (6–9 h lag, unpaired t-test with Welch’s correc-
tion, P < 0.013–0.001, Fig. 3) in all but one (Rim28, P = 0.055) 10-
μm treatments.

Flagellate assemblage composition based on
CARD-FISH

Our experimental manipulations resulted not only in treatment-
specific time-course changes in HNF abundance, but also in sig-
nificant shifts (two-way ANOSIM, P < 0.05) in their community
composition (Figs 4 and 5). The five applied protistan probes
(Fig. 2 and Table 1) cumulatively targeted 55–90% of total HNF in
all but one sample (Rim47, 10-μm, 38% at 40 h; Fig. 5). Thus, the
dynamics of the majority of flagellated protists could be tracked
over time in high resolution (Fig. 5 and Supplementary Fig. S2,
see online supplementary material).

Overall, heterotrophic Cryptophyceae (targeted by probe
Crypto B) accounted for the largest fraction of HNF (35–70%
of total numbers) across all treatments. All CARD-FISH-stained
cells were rather small (3–5.5 μm diameter) and clearly bacteriv-
orous with visibly ingested DAPI- and CARD-FISH-stained bacte-
ria (Fig. 6A–C). Generally, abundances of Cryptophyceae peaked
at 40 h in all treatments with bacterial amendments, reaching
up to 18.8 × 103 cells ml−1 in Rim28 5-μm treatment, while they
stayed relatively stable in the control treatments (1.4–2.9 × 103

cells ml−1). These peaks, roughly coinciding with the maxima
of total HNF (Figs 4 and 5), were stimulated by bacterial prey
amendments. Cryptophyceae decreased in abundances at 66 h,
with most striking declines in II-D5 and II-B4 10-μm treatments
to numbers comparable to 0 h. They were generally more abun-
dant in 5-μm treatments, except for Rim11, where similar num-
bers were recorded in both size fractions.

Within the family Cryptophyceae, the monophyletic lineage
Cry1 (probe Cry1–652, Fig. 2) accounted for 15–30% of all flag-
ellates in our experiment. CARD-FISH-stained cells were small
(3–5 μm diameter) bacterivores with clearly visible bacteria in
food vacuoles (Fig. 6D–F). Cry1 abundances increased in all prey-
amended treatments at 40 h and decreased thereafter, except
for treatments II-B4 (5-μm treatment) and Rim47 (both size frac-
tions) where they continued to grow until the end of the exper-
iment (Fig. 5, Supplementary Fig. S2). Moreover, Rim47 10-μm
treatment showed an exceptional time-course development, i.e.
the cumulative hybridization rate with all five probes dropped
to only 38% of total HNF at 40 h and increased to 70 and 65% at
66 h in 5- and 10-μm Rim47 treatments, respectively. Moreover,
towards the endpoint practically all Cryptophyceae were affil-
iated to the Cry1 lineage in the Rim47 10-μm treatment (Fig. 5,
Supplementary Fig. S2) and Cry1 accounted for 6 × 103 cells ml−1

(∼50% of total HNF). Consequently, absolute and relative propor-
tions of Cry1 were significantly higher in Rim47 10-μm than in
any other treatment at 66 h (P < 0.001, two-way ANOVA with
Tukey’s multiple comparisons post-tests).

Kinetoplastea (targeted by probe Kin516) showed many
treatment-specific time-course changes in their relative and
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Figure 4. Time-course changes in HNF (5- and 10-μm treatments) and ciliate abundances (present only in 10-μm treatments) in control treatments with no bacteria

added (A) compared to treatments amended with five different prey-bacteria from the genus Limnohabitans (for details see Fig. 1 legend and Supplementary Table S1).
Asterisks above time-points indicate significantly higher flagellate abundances in 5-μm compared to the corresponding 10-μm treatments (t-tests with Holm–Sidak’s
correction for multiple comparisons, ∗P < 0.05, ∗∗P < 0.01). Values are means of triplicates; error bars in HNF numbers show SD.

absolute proportions (Fig. 5, Supplementary Fig. S2). These phy-
lotypes were mostly ovoid to drop-shaped flagellates (4–7 μm
length; Fig. 6G–H), with the majority of them having ingested
bacteria. While Kin516 accounted for only 1.3% of total flagel-
lates in the initial sample (0 h, corresponding to 30 cells ml−1),
they reached 6–10% in all 10-μm treatments, except for Rim47
(2.5%). The proportions in the latter treatments were signifi-
cantly lower compared to other 10-μm treatments (P < 0.02).
There was a general trend of higher Kin516 numbers and propor-
tions in 10-μm treatments, with highest abundances reached in
Rim11 where they were growing until the end of the experiment
(1410 cells ml−1 and 1690 cells ml−1, in 5- and 10-μm treatments,
respectively).

Striking time-course changes with many treatment-specific
patterns were observed for a narrow clade of Cercozoa tar-
geted by probe Cerc-193 (compare Figs. 2, 5, and Supplemen-
tary Fig. S2). Their ovoid cells were typically 7–12 μm in size,
with a large posteriorly situated nucleus and two flagella. We
frequently observed well distinguishable prey cells, or at least
cell remains of small HNF, yet with bright nuclei, which could
be detected in food vacuoles of Cerc-193 (Fig. 6I–K). In the ini-
tial plankton sample, Cerc-193 accounted for ∼3% of total HNF
numbers (corresponding to 80 cells ml−1), however, they showed
constant growth with up to 62-fold increases in cell numbers in
all prey-amended treatments while they stayed relatively sta-
ble in control treatments. The sample manipulations firstly sup-
ported rapid development of small Cryptophyceae (and its Cry1
subgroup), which was then followed by an increase of larger,
predatory flagellates from the Cerc-193 lineage. Notably, this
general scenario was even more obvious in 10-μm treatments.
At 66 h, a highly significant increase in Cerc-193 was detected (P
< 0.001), most marked in Rim11 and Rim28 10-μm treatments.
These predatory phylotypes (Fig. 6I–K), starting from ∼80 cells
ml−1, reached up to 600–5000 cells ml−1 between 40 and 66 h
and their rapid increments coincided with a drastic decline in
total HNF abundances, mainly in Cryptophyceae (Figs. 4, 5).

Kathablepharidae targeted by probe Kat-1452 were oblong
cells with rounded ends, 7–11 μm in size, with a large posteriorly
situated nucleus and two flagella. These phylotypes ingested
both bacterial and HNF prey as documented by either bacte-
ria or cell remains of flagellates visible in their food vacuoles
(Fig. 6L–M). Katablepharids accounted for ∼0.7% of total HNF (i.e.
20 cells ml−1) at 0 h. However, our experimental setup induced
rapid treatment-specific growth mainly in 10-μm treatments,
with most striking peaks at 66 h (Fig. 5 and Supplementary Fig.
S2). Their proportions and absolute numbers were significantly
higher in the Rim11 (7.2%, 1595 cells ml−1) and Rim28 (12.3%,
1346 cells ml−1) than in control 10-μm treatments (2%, corre-
sponding to 46 cells ml−1; P < 0.007, two-way ANOVA, Tukey’s
post-tests). Although a slight growth stimulation of katablephar-
ids was also recorded in 5-μm treatments, this was much less
profound, with significantly lower proportions (P < 0.03, two-
way ANOVA with Sidak’s multiple comparisons post-tests) than
in the corresponding 10-μm treatments, except for II-B4 (Sup-
plementary Fig. S2).

Notably, the assumed predatory flagellates (Cerc-193 and
Kat-1452, Fig. 6) reached highest relative and absolute propor-
tions in Rim11 and Rim28 10-μm treatments (Fig. 5, Supplemen-
tary Fig. S2). Here the lowest numbers of ciliates were detected
(Figs 4 and 8), which might act as competitors for prey of similar
size (see below).

Flagellate lineage-specific growth rates

Cell counts with FISH-probes at times 0, 40 and 66 h allowed for
tentative estimates of flagellate’s lineage-specific growth rates
(Fig. 7). During the first part of the experiment (0–40 h), all
bacterivorous phylotypes (Crypto B, Cry1 and Kin516) showed
rapid population growth corresponding to DT of 10–16 h in all
5- and 10-μm prey-amended treatments, while growth in con-
trol treatments was negligible. During the second part (40–66 h),
negative population growth rates for Crypto B and Cry1 were
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Figure 5. Relative proportions (A) and absolute abundances (B) of flagellate cells hybridized with probes targeting all Cryptophyceae (Crypto B), the Cry-1 lineage of
Cryptophyceae (Cry-1, shown separately as stacked bars within total Cryptophyta, note that the total height of the column thus shows the sum of all Cryptophyta),
Katablepharidacea (Kat-1452), one lineage of Cercozoa (Cerc-193), and Kinetoplastea (Kin516) in 5- and 10-μm control treatments compared to the treatments amended

with five different prey-bacteria (for details see Fig. 1 legend). Time course changes in flagellate communities are compared at three different time points: 0 h, the
beginning of the experiment, representing the starting community from the reservoir, with values in control treatments compared to time course changes in all
treatment types; 40 and 66 h represent the proportions and abundances after 40 and 66 h of the experiment. Values are means of duplicate treatments.

observed in all prey-amended treatments as well as in the con-
trol 10-μm treatment. Kinetoplastids (Kin516) showed negative
population growth only in the 5-μm prey-enriched treatments
between 40 and 66 h (Fig. 7). In contrast, predatory Cercozoa and
kathablepharids (Fig. 6I–M) showed consistently positive popu-
lation growth throughout the whole experiment, even though
total HNF abundances rapidly decreased towards the experi-
mental endpoint (compare Figs 4 and 7). Growth dynamics corre-
sponded to DT of ∼10 h (kathablepharids) and 12–15 h (Cercozoa)
between 0 and 40 h, with slower growth of kathablepharids (DT
of 32–36 h) during 40–66 h.

Ciliate assemblage composition and growth

Small ciliates, as another component in 10-μm treatments,
increased from ∼20 cells ml−1 (0 h) to 94–351 cells ml−1 (66
h), and showed significantly higher abundances in all prey-
enriched treatments than in the control (two-way ANOVA, fol-
lowed by Tukey’s multiple comparison post-tests, P < 0.001;

Fig. 4). Moreover, ciliate abundances differed significantly
among the prey-enriched treatments (P < 0.001, 66 h) reaching
351, 220 and 164 cells ml−1 in II-B4, II-D5 and Rim47, respectively,
with treatment II-B4 being significantly different from all other
variants already from 27 h till the end at 66 h (P < 0.001). The
other two treatments, Rim11 and Rim28, showed significantly (P
< 0.001) lower final abundances (101 and 94 cells ml−1, respec-
tively) but did not differ from each other (P = 0.900).

Besides the treatment-specific impacts on total ciliate abun-
dance (Fig. 4), two-way ANOSIM indicated significant differences
(P < 0.01) in ciliate assemblage composition. The following six
major morphotype groups were detected (Fig. 8): Urotricha spp.,
Balanion planctonicum, Rimostrombidium spp., Halteria spp., Cyclid-
ium spp. and Cinetochilum margaritaceum. ‘Others’, i.e. unidenti-
fied morphotypes, rarely accounted for >8% of total ciliates. Sev-
eral general patterns of ciliate assemblage dynamics could be
noted. Typical flagellate hunters, such as Urotricha spp. and to a
lesser extent B. planctonicum overly dominated, whereas propor-
tions of bacterivores such as Cyclidium spp. rarely exceeded 10%.
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Figure 6. Microphotographs showing typical flagellate size and morphology of
the cells targeted by five eukaryotic FISH probes with ingested prey from dif-

ferent prey-amended treatments. Shown are overlay Z-stack images of flagel-
lates targeted by probes (FITC-stained flagellates [yellow] and DAPI-stained bac-
teria and flagellate nuclei [blue]; A, B, D, E, G–M) and of the double-hydridization
of flagellates targeted by probes Crypro B or Cry1 with ingested Limnohabitans

bacteria targeted by the R-BT065-probe (Alexa546-stained flagellates [red], DAPI-
stained nuclei [blue], and fluorescein-labeled FISH-positive bacteria [yellow]; C,
F). Shown are: flagellate morphotypes targeted by the Crypto B probe (A–C) and

by the Cry-1 probe (D–F) with ingested bacteria; bacterivorous flagellates targeted
by the probe Kin516 (G, H) with visible DAPI-stained nucleus, kinetoplast and
ingested bacteria; predatory flagellates targeted by the probe Cerc-193 (I–K) with
ingested flagellate prey or their cell remains, and targeted by the Kat-1452 probe

with an ingested flagellate (L) or bacterial prey (M). White arrows highlight exam-
ples of typical positions of ingested bacteria (B, C, G, M) or flagellate prey (I, K, L)
in the grazer food vacuoles. The scale bar shows length of 5 μm (A–H) and 10 μm
(I–M).

Urotricha spp. was the most prominent ciliate (35–70% of total
ciliates, Fig. 8), with numbers increasing towards the experi-
mental endpoint. Urotricha spp. was significantly more abundant
(two-way ANOVA, Tukey’s post-tests, P < 0.001) in II-B4 (206 cells
ml−1) and II-D5 (148 cells ml−1) than in the other treatments at
66 h, while only moderate changes in relative proportions were
observed. The second most important group was represented
by Rimostrombidium spp. (11–30% of total ciliates, 14–18 μm cell
size). Abundance maxima were observed in II-B4 and II-D5 (30–
59 cells ml−1), while no consistent time-course patterns in rela-
tive proportions could be recorded. Halteria spp. declined in rel-
ative proportion over the experimental time frame, and no clear
trends in the proportions of Cyclidium sp. and C. margaritaceum
could be observed (Fig. 8).

DISCUSSION

Contrasting trends in abundances of bacterivorous
versus predatory protists

Bacterial amendments of different size fractions of plankton
stimulated profound alterations in the dynamics of diverse com-
munities of bacterivorous (cf. Grujčić et al. 2018; Šimek et al.
2018), omnivorous or predatory flagellates (Arndt et al. 2000)
and ciliates occurring in highly prey-specific fashions over time
(Figs 4–8). The different feeding modes of major HNF players
resulted in contrasting trends in population dynamics of bac-
terivorous versus predatory flagellates. Cryptophyceae in gen-
eral and their aplastidic Cry1 lineage proliferated as long as bac-
terial prey was abundant (cf. Grujčić et al. 2018), while the largely
predatory flagellate lineages Cerc-193 and Kat-1452, as well as
ciliates, were over-proportionally abundant in the second phase
of the experiment. These trends were clearly reflected in pos-
itive population growth of the HNF bacterivores till 40 h, fol-
lowed by a decline between 40 and 66 h (Figs 5–7). In contrast,
predatory HNF, benefiting from high eukaryotic prey availability,
showed positive population growth also between 40 and 66 h
in both 5- and 10-μm treatments. Moreover, multiple effects of
an enhanced predation on smaller HNF in all 10-μm treatments
were obvious from: (i) lower abundances of bacterivorous HNF
resulting in decreased bulk bacterivory rates, thus delaying bac-
terial decay rates, (ii) lower growth rates and GGE of HNF, and
(iii) longer lag phases of total HNF prior to the onset of flagel-
late growth compared to the corresponding 5-μm treatments
(Figs 3, 4, Supplementary Fig. S1).

The enhanced predation pressure on HNF in 10-μm treat-
ments seemed to be related to a somewhat larger inoculum of
bigger predatory flagellate taxa at 0 h and the presence of cili-
ates, mainly of typical algivores and flagellate hunters, such as
Urotricha spp. and B. planctonicum (Müller et al. 1991; Posch et al.
2015). These small prostomatid ciliates are capable of ingest-
ing algal prey of their own size (Müller et al. 1991) and in our
experiment showed only slightly longer DT (15–29 h) than the
most rapidly growing flagellates (Fig. 7). Also the second most
abundant ciliate group in our treatments, i.e. small species of
Rimostrombidium spp. and less abundant Halteria spp., are consid-
ered as omnivores, ingesting food particles from bacterial size
to ∼8 μm large algae (Foissner, Berger and Schaumburg 1999;
Posch et al. 2015; Šimek et al. 2019). Thus the vast majority of HNF
morphotypes present in our experiment (Fig. 6) were within the
optimal size range of major predatory protists (both flagellates
and ciliates) and even filter-feeding ciliates (Jürgens and Šimek
2000; Weisse 2017; Šimek et al. 2019). Consequently, our initial
hypothesis that bacterial enrichment will result in the domi-
nance of fine-filter feeding bacterivorous ciliates (e.g. scuticocili-
ates, Foissner and Berger 1996; Foissner, Berger and Schaumburg
1999) had to be rejected since raptorial ciliates clearly prevailed
(Fig. 8).

Trophic cascading from bacterial prey to the grazer
food chain

Interestingly, even closely related, morphologically slightly dif-
ferent bacteria from the genus Limnohabitans induced signifi-
cant changes in the HNF community composition, which cas-
caded in highly prey-specific fashion over several trophic lev-
els in our experiments (Figs 5–8). Thus we have gained com-
pelling evidence that distinct taxa of planktonic bacteria may
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Figure 7. Flagellate lineage-specific maximum growth rates for Crypto B (A), Cry-
1 (B), Kin516 (C), Kat-1452 (D) and Cerc-193 (E) averaged for all prey-amendments
(see Fig. 1 for details of the prey types) in 5- and 10-μm treatments separately,

compared to 5- and 10-μm controls. The growth rates were estimated for time
intervals 0–40 h and 40–66 h. Below the probe code, the prevailing feeding mode
of each flagellate group is listed in parentheses (either bacterivore, omnivore or
predator, see examples in Fig. 6). Values are means of triplicates; error bars show

SD.

represent food sources of different quality for primarily bacteriv-
orous flagellate species, thus distinctly modulating the growth
dynamics of certain HNF phylotypes (this study, cf. Grujčić et
al. 2015, 2018; Šimek et al. 2013, 2018). Since the same initial
inoculum of planktonic flagellates (5-μm) and flagellates and cil-
iates (10-μm) were used in the treatments, we can only specu-
late about additional bacterial prey-related characteristics that
might induce such distinct trophic cascading effects, resulting
in distinct final communities of predatory flagellates and cili-
ates. Thus, probably even minor differences in bacterial vulner-
ability or in other cellular characteristics (Boenigk and Arndt
2002; Jürgens and Matz 2002; Pernthaler 2005) might have cru-
cial effects on the growth of some small bacterivorous flagel-
late taxa, which in consequence would rapidly (in hours or days)
modulate the entire grazer food chain (Šimek et al. 2014, 2018).

Feeding preferences of CARD-FISH-targeted flagellates

Food vacuole analyses of CARD-FISH stained flagellates have
proven to be an invaluable tool for determining feeding pref-
erences of so far uncultivated flagellates. In our experiment,

small colorless Cryptophyceae and its Cry1 lineage were iden-
tified as the most abundant bacterivorous flagellates (compare
also with Piwosz et al. 2016; Grujčić et al. 2018). Another typ-
ical bacterivorous flagellate group, Kinetoplastea (Arndt et al.
2000; Mukherjee et al. 2019), had low abundances at the onset
of the experiment but became markedly stimulated in several
treatments, which appears to reflect their opportunistic nature
(Caron 1987; Boenigk and Arndt 2000). Their low abundances in
the initial sample, taken from the surface layer of the reservoir,
corresponded well with findings that kinetoplastids feed mainly
on particle-associated bacteria and dominated the HNF com-
munities in deep strata of freshwater lakes (Arndt et al. 2000;
Mukherjee, Hodoki and Nakano 2015; Mukherjee et al. 2019). For
other typical bacterivorous flagellate groups such as choanoflag-
ellates (distinguishable by the presence of a collar), and chrys-
ophytes (Arndt et al. 2000; Jürgens and Matz 2002) we do not
have FISH-probes and thus we cannot provide quantitative esti-
mates of their contributions to the flagellate community in dif-
ferent treatments. This somehow limits the possibility of gen-
eralizing our data on the role of different flagellate groups as
bacterivores. On the other hand, our recent results from three
different reservoirs and four fishponds, representing a total of
60 samples (Šimek and Mukherjee, unpublished data), showed
that aplastidic bacterivorous Cryptophyceae and its Cry1 lin-
eage accounted, on average, for 40–60% and 15–40% of total HNF,
respectively.

CARD-FISH probes Cerc-193 and Kat-1452 (targeting a cerco-
zoan clade and katablepharids, respectively) revealed the most
important predatory flagellates in our experiment, and inspect-
ing their food vacuole contents provided qualitative evidence for
their prevailing feeding mode (Fig. 6). Overall, these predatory
flagellate groups capable of preying upon small HNF reached
up to 2–5 × 103 cells ml–1 in many treatments at 66 h (Fig. 5).
Many of them contained cell remains of HNF or at least clearly
visible nuclei of ingested HNF, yet quantifications of individ-
ual uptake rates of small flagellates by the predatory phylo-
types was not possible. Our study is likely among the first trying
to unveil the role of selected freshwater pelagic predatory Cer-
cozoa (compare Hess and Melkonian 2013) and katablepharids
under close to in situ conditions. Katablepharidacea are known
to prey on larger prey such as different algae (Clay and Kugrens
1999; Ok et al. 2018) with a peculiar way of feeding by forming
swarms, as observed in some cultures (Clay and Kugrens 1999;
Okamoto and Inouye 2005). Recently, the free-living species Kat-
ablepharis japonica has been reported to feed on red-tide form-
ing algae (Kwon et al. 2017). Interestingly, Katablepharidacea tar-
geted by probe Kat-1452 contained concurrently bacteria (com-
pare Domaizon et al. 2003) and small HNF in their food vacuoles
in our study, ranking them as omnivorous or predatory flagel-
lates.

Notably, the narrow Cerc-193 clade was entirely dominated
by predatory cells. They formed a considerable part of the total
HNF community at the end of our experiment (up to 24–28%),
either due to attenuated grazing losses or potential removal
of their competitors. Similar dynamics for the same Cercozoan
phylotype has been found in other manipulation experiments
with a comparable setup ( Mehrshad and coauthors, unpub-
lished data). For designing the probe Cerc-193, metagenomic
and amplicon 18S rRNA gene sequences retrieved from these
experiments were used, including the only publicly available
sequence for these Cercozoa affiliated with Novel Clade 7 (Bass
and Cavalier-Smith 2004). By translating the Cerc-193 propor-
tions to absolute numbers, they frequently comprised 2–5 × 103

cells ml−1, i.e. they were generally by one order of magnitude
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Figure 8. Relative proportions (A–F) and absolute abundances of ciliates cells (G–L) in 10-μm treatments representing the following six major morphotype groups:
Urotricha spp., Balanion planctonicum, Rimostrombidium spp., Halteria sp., Cyclidium sp. and Cinetochilum margaritaceum. The seventh ciliate group ‘Others’ represents
unidentified morphotypes or very rarely observed species. Values are means of triplicate treatment.

more abundant than the typical raptorial ciliates Urotricha spp.
and B. planctonicum (Müller et al. 1991; Posch et al. 2015).

As no live observations of food uptake were possible and
no pure culture of the Cerc-193 phylotype was available, we
had to rely solely on CARD-FISH preparations. We frequently
observed partial or complete engulfment of smaller HNF prey by
pseudopodia projected from the edges of these obligate preda-
tors, which had usually 1–4 food vacuoles containing flagel-
late remains at different degrees of digestion (Fig. 6I–K). More-
over, our observations allow for tentative estimates of prey
consumption rates by these Cercozoa: Bacterivorous crypto-
phytes had a median cell diameter of 4.2 μm and predatory
Cerc-193 had a diameter of ∼9 μm, corresponding to cell vol-
umes of 39 and 382 μm3, respectively. Thus, biovolumes of
prey and predator differed by approximately one order of mag-
nitude. As the predator grew with a DT of 10–20 h and by
assuming a GGE of 29% (Šimek et al. 2018), these predators had
to graze ∼35 small flagellates to meet their carbon require-
ments per one doubling. These data speak for the remark-
able total grazing impact of the predatory flagellates occurring
in densities of 103 ml–1, which was also reflected in the neg-
ative population development of small bacterivorous crypto-
phytes towards the experimental endpoint (Figs. 5–7). Thus, the
two rapidly growing predatory (Cerc-193) or omnivorous (Kat-
1452) flagellate groups were likely the core grazers of small
bacterivorous HNF groups in our experiment. However, preda-
tory prostome ciliates and omnivorous Rimostrombidium spp.
also significantly contributed to HNF mortality in our experi-
ment, which is in line with literature reports suggesting cili-
ates as efficient HNF grazers in lakes (Nakano et al. 2001; Weisse
et al. 2016).

Unveiling ecological traits of uncultured protistan taxa

While our data provided compelling evidence on the prevail-
ing feeding modes of the FISH-targeted flagellate groups in our
treatments (Fig. 6), we have only a limited and rather mosaic
knowledge about the ecological functions of these highly diverse
flagellates. Essential parts of bacterivorous and omnivorous pro-
tistan taxa are largely known and their role in aquatic food webs
is well studied (Arndt et al. 2000; Montagnes et al. 2008; Weisse
2017; Šimek et al. 2018, 2019), however, predatory cercozoans
in marine (Berney et al. 2013), brackish (Piwosz and Pernthaler
2011) and freshwater ecosystems are still understudied. More-
over, ∼10–45% of total HNF were not targeted by any of the
applied CARD-FISH-probes in our study, thus we are missing
data on the feeding ecology of a considerable proportion of flag-
ellate taxa present.

Predatory flagellates might be present in rather low abun-
dances in natural plankton due to strong exploitative compe-
tition between protistan predators and severe top-down control
by larger zooplankton (Arndt et al. 2000; Jürgens and Jeppesen
2000; Sommer et al. 2012). For instance, the larger cercozoans
and katablepharids (Cerc-193 and Kat-1452) accounted initially
only for 3–4% and 1–2% of total HNF in the natural community,
respectively (Fig. 5, cf. Grujčić et al. 2018; Mehrshad and coau-
thors, unpublished data ). However, their proportions increased
to 24–28% and 7–12% of total HNF, respectively, when exper-
imental manipulations stopped the top-down control of HNF.
We are aware that experimental workflows create disturbances
of established interactions between major microbial players,
as treatments usually tend to simplify complex food webs by
reducing the degree of trophic levels (Jürgens and Jeppesen 2000;
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Šimek et al. 2018). Thus, manipulated communities experience
faster and stronger changes with an overexploitation of certain
vulnerable and less resilient members, as distinct predators are
not under top-down control. However, exactly this aspect can
become a powerful tool for an enrichment of otherwise less
abundant protistan taxa that might play an important role in the
carbon flow to higher trophic levels. This reiterates the advan-
tage of experimental manipulations in disentangling food webs
interactions (Jürgens and Jeppesen 2000; Šimek et al. 2013, 2018)
to elucidate the trophic mode of environmentally relevant but
less abundant flagellate taxa (Fig. 6, cf. Simon et al. 2015; Grujčić
et al. 2018).

Moreover, recent progress in sequencing allows for targeting
more planktonic protists by newly designed FISH-probes (Mas-
sana et al. 2009; Piwosz et al. 2016; Grujčić et al. 2018, this study)
even if cultivation-based approaches fail. FISH-probes facilitate
the visualization of important flagellate taxa in situ and the
inspection of their food vacuole contents provides at least qual-
itative evidence of their feeding modes. Moreover, FISH-probes
are needed for a reliable quantification of flagellate taxa, which
is not possible with application of sequencing methods only
(Piwosz et al. 2020). Thus, we suggest experimental manipulation
in combination with the design of novel FISH-probes as relevant
approaches in addition to cultivation-based studies. This work-
flow is powerful enough to provide valuable insights into the life
strategies of so far unknown or morphologically indistinguish-
able protists and to elucidate yet unknown trophic interactions
of uncultured protists that form highly complex microbial food
webs.
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Grujčić V, Kasalický V, Šimek K. Prey-specific growth responses
of freshwater flagellate communities induced by morpho-
logically distinct bacteria from the genus Limnohabitans. Appl
Environ Microbiol 2015;81:4993–5002.
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