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IT has been known for decades that protists represent

ABSTRACT

We conducted microcosm experiments with two contrasting freshwater cili-
ates on functional traits (FTs) related to their growth rate (numerical response,
NR) and ingestion rate (functional response, FR) over a range of ecologically
relevant temperatures. Histiobalantium bodamicum and Vorticella natans are
common planktonic ciliates but their abundance, swimming behavior, and tem-
perature tolerance are different. In contrast to most sessile peritrich species,
the motile V. natans is not strictly bacterivorous but also voraciously feeds
upon small algae. We observed three main alterations in the shape of NR of
both species with temperature, that is, change in the maximum growth rate,
in the initial slope and in the threshold food level needed to sustain the popula-
tion. Similarly, maximum ingestion rate, gross growth efficiency (GGE), and
cell size varied with temperature and species. These findings caution against
generalizing ciliate performance in relation to the ongoing global warming. Our
results suggest that V. natans is the superior competitor to H. bodamicum in
terms of temperature tolerance and bottom-up control. However, the abun-
dance of V. natans is usually low compared to H. bodamicum and other com-
mon freshwater ciliates, suggesting that V. natans is more strongly top-down
controlled via predation than H. bodamicum. The taxonomic position of V.
natans has been debated. Therefore, to confirm species and genus affiliation
of our study objects, we sequenced their small subunit ribosomal RNA (SSU
rDNA) gene.

trait-based functional ecology thus far (Fenchel 1987,

central nodes in aquatic food webs (Fenchel 1987). As pri-
mary producers, predators, food, and parasites, they are
structural elements of any aquatic food web and are of
tremendous global and local significance for cycling of
matter in the ocean and inland water bodies (Azam et al.
1983; Fenchel 1992; Porter et al. 1985; Sherr and Sherr
1994; Weisse 2003; Weisse et al. 2002). Protists are ideal
candidates for testing general ecological and evolutionary
principles, because they are easy to cultivate in large cell
numbers, have short generation times, and can be manip-
ulated with ease (Weisse et al. 2016). The ciliated proto-
zoa (phylum Ciliophora) are generally considered the most
evolved and complex organisms among the protists (Haus-
mann and Bradbury 1996; Lynn 2008). However, com-
pared to macroorganisms and other microorganisms such
as bacteria and algae, ciliates received little attention in

Weisse 2017; Weisse et al. 2016).

Ciliates are primarily bottom-up controlled via resources
(food) interacting with abiotic factors (temperature, salin-
ity, pH) in most natural environments (Calbet and Saiz
2005; Galbraith and Burns 2010; Weisse 2006). Neverthe-
less, the nature of this interaction has been studied and
quantified only with a few selected species (Montagnes
2013; Verity 1985; Weisse and Stadler 2006; Weisse et al.
2002). Therefore, it is at present not possible to accurately
predict population growth rates of ciliates in situ from lab-
oratory-derived maximum growth rates (Gaedke and
Straile 1994; Macek et al. 1996; Montagnes 1996; Simek
et al. 2000).

Bottom-up control can be measured by numerical
response (NR) and functional response (FR) of the preda-
tor in relation to food concentration and abiotic
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parameters. The NR characterizes the growth response of
a predator in relation to prey availability; FR measures prey
ingestion as a function of food biomass (reviewed by
Montagnes 2013 and Weisse et al. 2016). Using nonlinear
curve fitting analogous to Michaelis-Menten enzyme
kinetics and to the relationship between photosynthesis
and irradiance (P-l curve) of algae, NR and FR of hetero-
trophs can be parameterized, yielding several characteris-
tic parameters. In NR, the maximum specific growth rate
(umax), Which is reached at satiating prey levels, denotes
the potential of an organism to increase its population size
under optimum conditions. The initial slope (a) of the NR
curve characterizes the affinity between prey and preda-
tor, and the threshold prey concentration (P), at which
population growth equals mortality, determines predator
survival at low food levels. The maximum ingestion rate
(Imax) @nd the half-saturation constant (k) of the FR curve
indicate the grazing pressure of a predator on its prey at
high and moderate food levels. These ecophysiological
parameters represent functional response and effect traits
(reviewed by Weisse 2017) that can be used to assess
the competitive advantages of zooplankton (Lampert
1977; Montagnes 1996).

Temperature, as the most important abiotic variable to
affect the physiological rates of all ectotherms, represents
the main physical dimension of bottom-up control of ciliate
population dynamics in freshwater (Krenek et al. 2011;
Montagnes et al. 2008; Weisse and Stadler 2006). The
upper temperature tolerance limit (UTTL) of many aquatic
species including ciliates is generally related to the habitat
temperature (Gachter and Weisse 2006; Weisse et al.
2001; Weisse and Montagnes 1998) but may be above the
maximum temperature encountered in situ (Krenek et al.
2011; Martinez 1980). This "thermal safety margin” should
allow many species to cope with global warming (Krenek
et al. 2012). However, in the course of climate change, the
UTTL of temperature-sensitive protist species may con-
strain their distribution and lead to a shift in the species
composition (Montagnes et al. 2008; Wirth et al. 2019).

Thus far, only few NR and FR data are available for
freshwater ciliates, and the temperature effect on NR and
FR has been studied with even less planktonic ciliates
(Weisse 2017; Weisse et al. 2002 and references therein).
To this end, we used two contrasting planktonic ciliates,
Histiobalantium bodamicum (Fig. 1A-C) and Vorticella
natans (Fig. 1G-J), to examine the combined effect of
food concentration and temperature on growth, ingestion,
and cellular biomass. Vorticella natans and H. bodamicum
are common planktonic species, often co-occur and are
similar in size (Foissner et al. 1999). However, their abun-
dance and swimming behavior are clearly different: His-
tiobalantium bodamicum is a fast moving species that
may reach high abundances; maxima of 34,500 cells/liter
were reported from L. Zurich (Posch et al. 2015), 6,400
cells/liter were reported from L. Constance (Mdller and
Weisse 1994), and 3,800 cells/liter were reported from L.
Mondsee (Nachbaur 2017). Vorticella natans, on the other
hand, a nonsessile peritrich ciliate, moves slowly, but is
rarely abundant. For instance, 24-40 cells/liter have been
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recorded in a betamesosaprobic reservoir (Foissner et al.
1999) and 14-223 cells/liter in oligo-mesotrophic Lake
Mondsee (Nachbaur 2017).

This is the first study investigating functional traits of V.
natans. For H. bodamicum, earlier work investigated its
NR of FR at 15 °C (Mdller and Schlegel 1999; Miller and
Weisse 1994). We complemented these studies by inves-
tigating the NR and FR of this ciliate over temperatures
ranging from 5 to 20 °C. We hypothesized that the rare
species, V. natans, is the inferior competitor, relative to
the abundant species H. bodamicum, in terms of bottom-
up control at low-to-moderate temperatures (H).

This work is part of our endeavor to apply protist micro-
cosms to investigate general concepts in functional ecol-
ogy such as the relation between food and reproduction
(i.e. specific growth rate in protists) and the temperature
effect on physiological key variables. We use NR and FR
data on freshwater ciliates to advance their trait-based
functional classification in relation to temperature. Follow-
ing the independent response model (Fenton et al. 2010;
Li and Montagnes 2015; Weisse et al. 2016), we did not
assume a direct link between the ciliates’ NR and FR,
mediated by a constant conversion efficiency (or assimila-
tion efficiency, gross growth efficiency). These efficiencies
are associated with each other but not identical, reviewed
by Weisse et al. (2016). For pragmatic reasons, we calcu-
lated gross growth efficiency (GGE), which has been com-
piled for a number of marine and freshwater ciliates
(reviewed by Hansen et al. 1997; Straile 1997). We
hypothesized that GGE would vary with temperature (H,),
as it has been demonstrated earlier for several ciliate and
dinoflagellate species (Fenton et al. 2010; Li and Montag-
nes 2015; Straile 1997; Weisse 2004). Our results demon-
strate that temperature affects all parameters of the NR
and FR curves and GGE of ciliates species specifically.
Importantly, the temperature effect did not always follow
general trends derived from earlier studies and theoretical
considerations. Therefore, results of this study caution
against generalizing the role of ciliates in aquatic food
webs in relation to the ongoing global warming.

MATERIALS AND METHODS

Study organisms

The hymenostomatid ciliate H. bodamicum (Fig. 1A-C;
size in vivo ca. 40-60 x 35-45 pm, average cell vol-
ume ~ 32,000 um?) and the free-living peritrich ciliate V.
natans (Fig. 1G-J; live cell size 30-50 x 30-50 pm, aver-
age cell volume ~ 20,000 um?; Table 1) were isolated by
enriching natural samples from oligo-mesotrophic Lake
Mondsee, Austria, with Cryptomonas sp. strain 26.80
(Fig. 1D-F) as food. Clonal cultures of both ciliate species
were established by a minimum of three serial, single cell
isolations, using sterile-filtered water from Mondsee to
avoid contamination with other cells. Images of live H. bo-
damicum and V. natans cells were taken by FlowCAM
(Flow Cytometer And Microscope FlowCam®; Fluid Imag-
ing Technologies, Inc., Yarmouth, ME) at 5-20 °C and
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Figure 1 Live observations of Histiobalantium bodamicum (A-C), Vorticella natans (G-J), and the prey Cryptomonas sp. strain 26.80 (D-F).
Arrows in (A) and (H-J) show the ingested Cryptomonas sp. strain 26.80; the arrow in (G) marks the helical contracting stalk; (B) and (C) are Flow-
CAM images captured at 18 and 18.5 °C, respectively. Note that when temperature increased above 18 °C, H. bodamicum turned from a fit feed-
ing state (B) to a starved state (C). Scale bar = 30 um in (A); = 20 um in (B, C); = 4 um in (D-E); 26 um in (G, H, J); = 10 um in (I).

exported to Nikon imaging analysis (NIS-Elements D 3.2
64-bit) to more accurately size the images to the nearest
0.1 um. Cell volumes were calculated from length and
width measurements assuming the shape of a flattened
ellipsoid for H. bodamicum (www.planktonforum.eu) and a
prolate ellipsoid for V. natans. We converted cell volume
(in pm3 to cell biomass (ng Cicell) assuming C =-
0.216 x volume®®*® (Menden-Deuer and Lessard 2000)
(Table 1).

Food organism

Cryptomonas sp. strain 26.80 (Fig. 1D-F) was used as
food source, provided by the Culture Collection of Algae in

Table 1. Cell volume and cell biomass of Histiobalantium bodamicum
and Vorticella natans at moderate food level (0.5 mg Clliter) and tem-
peratures ranging from 5 to 20 °C

Temperature Cell volume Cell biomass (ng
(°C) Species (um®) Crcell)
5 H. bodamicum 40,941 £ 9,722 46 +1.0
V. natans 20,539 + 9,567 2.4 + 1.1
10 H. bodamicum 34,628 +£ 8,581 3.9+ 0.9
V. natans 22,068 +8,932 26+ 1.0
15 H. bodamicum 26,749 + 7,471 3.1 +£0.8
V. natans 29,455 + 10,1563 3.4 + 1.1
18 H. bodamicum 32,557 +£8,795 3.7 £ 0.9
20 V. natans 17,848 £ 7,938 2.1 +£0.9

Gottingen (Germany). Its cell size was measured by an
electronic particle analyzer (CASY 1-model TTC; Schérfe
System, Reutlingen, Germany) at ~15 x 10° cells/liter, cor-
responding to approximately 0.5 mg Cl/liter. The measuring
principle of the particle analyzer was described by Weisse
and Kirchhoff (1997). Average algal cell volume over the
temperature range investigated was 293 & 37 pm®. We
converted cell volume (in pm?®) to carbon units (C, in pg/
cell) assuming C = 0.2671 x volume®®° (Menden-Deuer
and Lessard 2000) (Table 2). Note that the carbon conver-
sion factors used for ciliates and algae are slightly differ-
ent, depending on their different cell size (table 4 in
Menden-Deuer and Lessard 2000). This Cryptomonas
strain has been used as standard food in many previous

Table 2. Cell volume and cell biomass of Cryptomonas sp. strain
26.80 at temperatures ranging from 5 to 20 °C

Temperature Diameter Cell volume Biomass (pg C/
(°C) (um) (um?3) cell)

5 8.5 337 39

10 8.2 304 36

15 8.3 313 37

18 7.8 262 31

20 7.6 247 30

Average for all 8.1 293 34

Standard 0.4 37 4

deviation
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experiments with various planktonic ciliates (Mdller and
Geller 1993; Miiller and Schlegel 1999; Weisse et al.
2002).

Ciliates were maintained with Cryptomonas sp. in ster-
ile-filtered Mondsee water. The prey was incubated in
pure MWC medium. Ciliate clonal cultures were not axe-
nic, but in our exponentially growing cultures and in the
experiments, bacterial biomass was mostly minor, relative
to that of Cryptomonas (Table S1), and both ciliates readily
ingested the algae (Fig. 1). Previous studies demonstrated
that H. bodamicum does not feed extensively on bacteria
if suitable flagellates are abundant (Foissner et al. 1999;
Miiller and Schlegel 1999; Miuller and Weisse 1994). For
all experiments, both ciliates and prey cultures were har-
vested in their exponential phase.

Experimental design

Ciliates were taken from stock cultures maintained at
15 °C under continuous light (100 umol photons/m?/s). An
inoculum (20 ml) was transferred to 250-ml tissue culture
bottles, containing 180 ml of sterile-filtered Mondsee
water; to obtain the exponential growth of ciliates, 1-2 ml
from the target prey Cryptomonas sp. stock culture was
added. Accordingly, the MWC medium present in the algal
cultures was highly diluted (dilution factor 100-200 fold),
and the experimental wells (see below) contained only
traces of the MWC medium. Experiments were per-
formed over temperatures ranging from 5 to 20 °C at 5 °C
intervals. However, H. bodamicum did not grow at 20 °C.
Therefore, we conducted an additional experiment at
18 °C for this species. The target temperatures were
reached by changing the incubation temperature by 1 °C
per d; that is, both the ciliates and their prey were step-
wise acclimated to the experimental temperatures over a
period of 5 d.

The light level for ciliates and prey during the acclima-
tion period was ~70 pmol photons/m?/s. Ciliate abundance
and fitness were examined by live observation under a
dissecting microscope daily; prey abundance was moni-
tored with the electronic particle counter and adjusted to
the target density if necessary. Experiments were con-
ducted in 24-well tissue culture test plates (TPP cat. no.
92024), and each well represented a single growth treat-
ment. Forty ciliate cells taken from the tissue culture bot-
tles were carefully pipetted into each well, containing 2 ml
of sterile-filtered Mondsee water with acclimated prey.
Thus, the initial ciliate concentration in each well was 20
cells/ml. We used 24 prey concentrations in a modified
geometric progression method, increasing prey abundance
by a factor of 1.1-1.5 between each neighboring well,
beginning with the lowest prey level. The prey level ran-
ged from 1 x 10% to 1 x 10° cells/ml, corresponding to
carbon levels from 0.02 to 7.0 mg Clliter. This method
yields more accurate parameter estimates for curve fitting
than replicating standard food levels (Montagnes and
Berges 2004). Controls for prey growth, without ciliates,
were run at identical food concentrations at each tempera-
ture.

Lu et al.

To account for the contribution of bacteria to total initial
prey biomass, we measured bacterial abundance and cell
size at 15°C, using epifluorescence microscopy after
staining with DAPI (Porter and Feig 1980) at low (1,000
cells/ml), medium (15,000 cells/ml), and high (100,000
cells/ml) Cryptomonas food levels (Table S1). The mean
bacterial size was 0.65 um in diameter, 1.8 um in length,
and 0.60 pm3 in volume assuming the geometrical shape
of a rod. We converted bacterial cell volume (in pm?) to
cell biomass (fg C/celll assuming C = 133.754 x vol-
ume®#%® (Romanova and Sazhin 2010), yielding 106.7 fg
Clcell.

Prior to the beginning of the experiments, ciliates and
controls were acclimated to the experimental conditions in
the wells for 24 h at each temperature and food concen-
tration. After 24 h, the experimental incubation began and
lasted for 48 h. Light levels were identical to those used
during the acclimation period.

Subsamples (1 ml each) were taken from each well at
the beginning and end of each experiment (ty and t,) and
fixed with acid Lugol’s iodine (final concentration 2%, vol/
vol) for microscopic analyses. Preliminary experiments
with both ciliate species had shown that ciliate growth
rates were not significantly affected if the experimental
volume was reduced from 2 to 1 ml (X. Lu, unpubl. obs.).
Ciliates and prey levels were measured by counting cells
in a Sedgewick-Rafter counting chamber (1 ml vol.). In the
initial 1 ml subsamples, approximately 20 ciliates were
counted each; in the final subsamples, the ciliate density
was more variable, ranging from 10 to 50 cells/ml. Since
we counted the ciliates in 1 ml subsamples, this is identi-
cal to the number of ciliates counted. Depending on the
algal density, cells were counted in 5-20 individual
squares (corresponding to 1 ul each) or several rows (cor-
responding to 50 pl each) of the Sedgewick-rafter cell. The
total algal cell counts in the subsamples ranged from ~
200 to 600 cells.

Calculation of experimental results

Ciliate growth rates were determined from end-point
measurements of cell number, assuming exponential
growth over the experimental period according to Equa-
tion (1):

p=1n(N¢/No)/t (1)

Np and N, denote ciliate numbers at the beginning and
end of the experiment, respectively; p (d7") is the specific
growth rate, and t is the duration of the experiment (d).

Ciliate growth rates were related to the geometric mean
prey concentration (P) during the experimental period
(Frost 1972; Heinbokel 1978). The latter was calculated
according to Equation (2):

P=(P¢—Po)/In(P:— Py) 2)

where Py and P; are the initial and final prey concentra-
tions (ng C/ml).

© 2020 The Authors. Journal of Eukaryotic Microbiology published by Wiley Periodicals LLC on behalf of International Society of Protistologists

4 of 16

Journal of Eukaryotic Microbiology 2021, 68, 12823



Lu et al.

Numerical response data were fit to Equation (3), which
includes a positive x-axis intercept, using the Marquardt—
Levenberg algorithm (SigmaPlot, version 14):

ﬂ:Mmax(P_P/)/(k2+P_P/) (3)

Hmax 1S the maximum specific growth rate (d™'), P is the
mean prey concentration (Equation 2), k, is a constant
(mg Clliter), and F is the x-axis intercept (i.e. the thresh-
old concentration, where p =0). This equation is analo-
gous to the Michaelis—-Menten model and Holling's type |l
functional response (Holling 1959), but assumes a positive
Xx-axis intercept where population growth equals mortality
(reviewed by Montagnes 2013; Weisse et al. 2016). Note
that the constant k, of Equation (3) is not identical to the
half-saturation constant known from Michaelis-Menten
kinetics.

Ciliate ingestion rate (/,
according to

ng C/Cil/d) was calculated

I=(Pxg)xm/Rm (4)

where g is the grazing rate (d™'), mis the cellular biomass
of Cryptomonas sp. (ng C/cell), and Rm is the mean ciliate
abundance (per ml) in the experimental containers. Grazing
rate (g) was calculated as

g=(n(Ct/Co)=In(Pt/Po))/t (5)

where Cqy and C; are the initial and final Cryptomonas sp.
numbers in the controls; g is equivalent to p of Cryp-
tomonas sp. observed in the controls minus growth rates
measured in the experimental containers. We attempted
to fit the functional response (FR) of both species to Hol-
ling's type Il curvilinear model (Holling 1959):

/:/max(P)/(kJr'D) (6)

where /max (ng C/Cil/d) is the maximum ingestion rate and
k is half-saturation constant (mg Clliter), indicating prey
concentration that results in 0.5 X /nax. However, at high
temperatures, ingestion rates of both species fitted best
to a linear model.

Gross growth efficiency (GGE) is the fraction of prey
biomass converted into predator biomass:

GGE =pux M/I (7)

where u (d7") is the growth rate, M is the cellular biomass
of the ciliates (ng C/ciliate), and / is the specific ingestion
rate (ng C/cil/d).

DNA extraction, PCR amplification, and sequencing

Five cells were isolated from each ciliate culture and
washed 3-5 times with sterile-filtered (0.22 um) Mondsee
water to remove potential contaminants. These cells were
then separated into three groups, with one (two repli-
cates) and three cells each. Each of the groups was sub-
sequently transferred to a 1.5-ml microfuge tube with a
minimum volume of water and sequenced separately.

Functional Ecology of Two Contrasting Freshwater Ciliates

Genomic DNA was extracted separately from these three
groups, using the DNeasy Blood and Tissue Kit (QIAGEN,
Hilden, Germany) according to the protocol of manufac-
tures. The small subunit ribosomal RNA gene (SSU rDNA)
was amplified using Q5® Hot Start High-Fidelity DNA Poly-
merase (New England BiolLabs, Frankfurt am Main, Ger-
many) with primers of 82F (5-GAA ACT GCG AAT GGC
TC-3') and 18sR (5-GAT CCT TCT GCA GGT TCA CCT AC-
3') (Elwood et al. 1985; Medlin et al. 1988). The touch-
down PCR program was designed with the annealing tem-
perature of 69-51°C (Wang et al. 2017). The PCR
products were sequenced bidirectionally by TSINGKE
Incorporated Company (Qingdao, China). The contigs were
assembled by SeqgMan (DNAStar).

Phylogenetic analyses

Using the online program GUIDANCE2 Server (http://guida
nce.tau.ac.il/ver2/) with default settings (Sela et al. 2015),
the newly characterized SSU rDNA sequences of H. bo-
damicum and V. natans were aligned with 134 other ciliate
sequences obtained from NCBI GenBank database. The
accession numbers are shown after the species names in
the phylogenetic tree. Bryometopus atypicus (EU039886),
Platyophrya vorax (AF060454), and Colpoda inflata
(M97908) were selected as out-group taxa. These
sequences were edited manually using BioEdit 7.2.5 in
order to remove ambiguous gaps (Hall 1999). Maximum-
likelihood (ML) analysis was performed in CIPRES Science
Gateway (http://www.phylo.org/) using RAXML-HPC2 on
XSEDE v8.2.10 (Stamatakis et al. 2008) with the model of
GTR + | + G selected by MrModeltest v2.0 (Nylander
2004). Bayesian inference (Bl) tree was constructed using
MrBayes on XSEDE v3.2.6 in CIPRES Science Gateway
with the model of GTR + | + G selected by MrModeltest
v2.0 (Nylander 2004). MEGA v6.06 (Tamura et al. 2013)
was used to visualize tree topologies.

RESULTS

Numerical response—functional traits related to
temperature

We wanted to assess NR of both ciliates over tempera-
tures ranging from 5 to 20 °C. However, cell numbers of
H. bodamicum rapidly declined at 20 °C. Our repeated,
failed attempts to rear this ciliate at 19-20 °C suggest that
the UTTL of this species is close to 18.5 °C. Therefore,
we report results at 18 °C, the highest temperature at
which positive growth was obtained for this species over
several days.

At all temperatures tested, growth rate of H. bodam-
icum (Fig. 2A-D) and V. natans (Fig. 2E-H) followed a rect-
angular hyperbolic response to food concentration. Curve
fitting (Equation 3) yielded significant parameter estimates
for umax, P and k, (Table 3). In both species, pmax Was
positively related to temperature, that is, pmax Of H. bo-
damicum (0.44 d™") peaked at 18 °C and pmay of V. natans
(0.83 d7") at 20 °C (Fig. 3A and Table 3). At moderate
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temperatures (10-15 °C), pumax Was constant for both spe-
cies, that is ~0.37 d™' for H. bodamicum and 0.45 d~' for
V. natans. Lowest pmay, 0.23 d~' for H. bodamicum and
0.33 d~' for V. natans were recorded for both species at
the lowest temperature tested (5 °C). However, the
parameter pumax May not provide a realistic estimate of
maximum specific growth if an asymptote is not reached
at meaningful food concentrations; that is, in some cases
(Fig. 2B, F, H), umax predicted by the curve fitting (Equa-
tion 3) was reached at very high food levels (> 6 mg C/
liter) that are rarely met in the natural environment. There-
fore, we compared growth rates, predicted by Equation
(3), for each temperature at 0.5 and 2.0 mg Clliter, respec-
tively (Fig. 3B, C and Table 3). These two carbon levels
represent moderate and high food concentrations, corre-
sponding to peak levels in oligo-mesotrophic (0.5 mg C/
liter) lakes and typical concentrations found in many
eutrophic lakes (2.0 mg Clliter) (De Kluijver et al. 2014;
Weisse et al. 2002). Due to bacterial contamination, the
actual food levels may have been slightly higher (Table S1,
see Discussion).

Irrespective of temperature and food level, V. natans
reached higher growth rates than H. bodamicum in each
case (Fig. 3B, C).

The initial slope (a = pmax/k), that is, the affinity
between the ciliate and its prey, of V. natans was also
higher than that of H. bodamicum at each temperature
(Fig. 3D). In both species, a peaked at the highest temper-
ature tested.

The threshold food concentration (P) of H. bodamicum
was higher than that of V. natans at all temperatures
tested except at 5 °C (Fig. 3E). The temperature response
of P was unimodal in both species, peaking at 10-15 °C
for H. bodamicum (0.46 mg Clliter), respectively, at 10 °C
for V. natans (0.28 mg Clliter). At the upper temperature
tolerance limit of H. bodamicum (18 °C), its P was 0.20
mg Clliter, that is, almost twice as high as that measured
for V. natans at 20 °C (0.11 mg Clliter). At 5 °C, P calcu-
lated for both species (0.14-0.16 mg C/liter) were not dif-
ferent, because their standard errors (Fig. 3E) and
prediction intervals (not shown) overlapped.

Functional response in relation to temperature

We attempted to fit both species’ ingestion rates to Hol-
ling’s type Il curvilinear response (Fig. 4A-C, E, F and
Table 4). However, maximum ingestion rate (/,,.,) was not
reached at ecologically relevant food levels for both spe-
cies, except for V. natans at 5 °C (Fig. 4E). At high tem-
peratures, ingestion rates did not fit to Holling's type Il
curvilinear response but showed a linear response (Fig. 4
D, H). For arguments outlined above, we evaluated inges-
tion rates at moderate (0.5 mg Clliter) and high prey bio-
mass (2.0 mg Clliter). lrrespective of food level, [ of H.
bodamicum decreased with increasing temperature (Fig. 5
A, B and Table 4, 5). In V. natans, | appeared unaffected
by temperature at moderate food level (Fig. 5A). At high
prey biomass, ingestion rates of V. natans were signifi-
cantly lower at 5°C (4.0 mg Clliter) than at 10-20 °C

Lu et al.

(Fig. 5B), at which temperatures / was virtually constant
(~12 mg Clliter).

Cellular biomass and gross growth efficiency in
relation to temperature

Cellular biomass (Fig. 5C) and gross growth efficiency
(Fig. 5D and Table 1) of H. bodamicum and V. natans
were also affected by temperature. With one exception
(at 15 °C), H. bodamicum had larger individual biomass
than V. natans. From 5 to 15 °C, cellular biomass of H.
bodamicum decreased from 4.5 to 3.0 ng C/cell (Fig. 5C),
but was higher at 18 °C (3.6 ng C/cell). Cellular biomass of
V. natans reached its maximum at 15 °C (3.3 ng C/cell)
and was close to 2.3 ng C/cell at the other temperatures
(Fig. 5C).

Gross growth efficiency (GGE) of H. bodamicum was
low (< 10%) at moderate food level (0.5 mg Clliter) over
the entire temperature range (Fig. 5D). In V. natans, GGE
exceed 30% at 15-20 °C and was lowest (9.1%) at 10 °C.
We did not calculate GGE at higher food levels, because
cell volume of Cryptomonas sp. was only measured at ~
0.5 mg Clliter (see Materials and Methods).

DISCUSSION

Does feeding on bacteria affect ciliate growth and
ingestion rates presented in this study?

We have ignored the potential effect of bacteria, which
were always present in our experiments, on the results
reported. This is mainly problematic for V. natans because,
in contrast to H. bodamicum, V. natans is known as a
voracious bacterial feeder, comparable to many sessile
peritrich ciliates (Foissner et al. 1999). Bacterial uptake
rates up to 19,000/ciliate/h have been measured for this
species in hypertrophic fishponds at bacterial levels > 107
cells/ml (Simek et al. 2019). Lower rates, up to 1,100/cili-
ate/h, were estimated for V. natans from eutrophic Lake
Oglethorpe, Georgia, USA (Sanders et al. 1989). However,
the latter study used immobile fluorescent prey surrogates
(microspheres), which are known to underestimate protist
ingestion rates significantly (Bloem et al. 1988; Sherr et al.
1987). Including results from bacterivory experiments with
other Vorticella species of comparable size (summarized
by Weisse et al., in prep.), it seems likely that V. natans
ingests several thousand bacteria/ciliate/h at bacterial den-
sities of 10°-107 cells/ml. Although we cannot rule out
that such bacterial levels were reached in some of our
experiments, their contribution to total potential prey bio-
mass should have been minor. For instance, if we take
the highest initial bacterial abundances in our experiments
(i.e. 1.93 x 10° cells/ml; Table S1) and assume that bacte-
ria would have divided nearly three times in the course of
our experiments, the geometric mean bacterial density cal-
culated from Equation (2) would have been close to
5 x 108 cells/ml, corresponding to ~ 0.53 mg C/liter. Dur-
ing the experiment, the highest initial Cryptomonas abun-
dance increased on average by 13% to 113,000 cells/ml,

© 2020 The Authors. Journal of Eukaryotic Microbiology published by Wiley Periodicals LLC on behalf of International Society of Protistologists
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Growth rate (u, d')
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Cryptomonas sp. (mgCL™")

Figure 2 Numerical response of Histiobalantium bodamicum (A-D) and Vorticella natans (E-H) over temperature ranging from 5 to 20 °C and
food levels ranging from 0.02 to 7.0 mg Clliter. Horizontal dotted lines mark the zero growth rate; vertical lines show moderate (0.5 mg Clliter)
and high (2.0 mg Clliter) food concentrations. Dashed lines mark the 95% confidence interval of the curves.

corresponding to 3.8 mg Clliter, that is, it was 7.2-fold
higher than the estimated bacterial biomass. Only at the
lowest Cryptomonas level, bacteria may have reached a
biomass level similar to that of the algae.

To further examine the potential bacterial effect on cili-
ate growth rates, we estimated the bacterial biomass at

© 2020 The Authors. Journal of Eukaryotic Microbiology published by Wiley Periodicals LLC on behalf of International Society of Protistologists
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each Cryptomonas level, assuming a linear relationship
between bacterial biomass and Cryptomonas biomass
using the data shown in Table S1 (Fig. S1). Then, we refit-
ted the NR curves with the combined bacterial and Cryp-

tomonas biomass (Fig. S2). The estimates of the
threshold prey concentration P’ increased slightly
7 of 16
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Table 3. Parameter values (£SE) of numerical responses referring to the curves presented in Fig. 2 and 3

Parameters
Temp. Bmax P- P (mg C/ P- ko (mg C/ P- o = pmax/kz (per mg C/
(°C) Species (d™") + SE value_pmax Ml £ SE value_P  ml) + SE value_k, d ml)
5 Histiobalantium 0.23 £ 0.04 < 0.0001 0.14 £ 0.03 0.0002 0.30 +£0.14 0.0421 0.78
bodamicum
Vorticella natans 0.33 £ 0.07 < 0.0001 0.16 + 0.03 < 0.0001 0.16 + 0.06 0.0114 2
10 H. bodamicum 0.36 +£ 0.13 0.0086 0.46 £ 0.13 0.0014 0.61 +0.20 0.0054 0.59
V. natans 0.45 +£ 0.09 < 0.0001 0.28 + 0.05 < 0.0001 0.55 +0.19 0.0078 0.81
15 H. bodamicum 0.38 £ 0.05 < 0.0001 0.46 + 0.07 < 0.0001 0.93 + 0.22 0.0003 0.41
V. natans 0.45 £ 0.02 < 0.0001 0.10 £ 0.01 < 0.0001 0.18 +0.02 < 0.0001 2.44
18 H. bodamicum 0.44 +£ 0.06 < 0.0001 0.20 £+ 0.04 < 0.0001 0.40 +£0.12 0.0045 1.11
20 V. natans 0.83 £ 0.06 < 0.0001 0.11 £ 0.01 < 0.0001 0.27 £ 0.04 < 0.0001 3.13
1.0
-‘,:" W Histiobalantium bodamicum M Histiobalantium bodamicum
b -] [ZZA Vorticella natans EZZ] Vorticella natans
2| 5 7
s |A =D
Q
2 0.6 =4
B =
= ‘__I_ 2
g 0.4 g
o E 1
E 0.2 5
£ 1]
= 9
g 0.0 0
0.8 ] a eu'sr::‘?b;lann;m bodamicum 0.5 mgC L1 E z::ilob?,.‘enu;m bodamicum
o
B o 0.6 E
] o
0.6 £
7 g 04
0.4 | s
3
= ]
5 0.2 £ 02
.m0 g 0 LN
: £ 1 ¥
T 0.0 — — 0.0
£ (.8 | | = Histiobatantium bodamicum 2.0 mgC L' 5 10 15 18 20
% EZZ] Vorticella natans Temperature (oc}
5 7
0.6 c
0.4
0.2 I
0.0
5 10 15 18 20

Temperature (°C)

Figure 3 Temperature response (5-20 °C) of Histiobalantium bodamicum and Vorticella natans of five parameters derived from their numerical
responses. (A) Maximum growth rate (umnax) Vs. temperature; (B, C) growth rate at 0.5 and 2.0 mg Clliter, respectively; (D) relationship between
the initial slope (a) of the numerical response vs. temperature; (E) the relationship between the threshold level (where growth rate is zero) vs.
temperature. Error bars represent standard errors.

(0.14 mg Clliter vs. 0.10 mg Clliter), whereas the growth Similarly, to estimate to what extent we may have
rate pu remained almost unchanged. We conclude that the underestimated the total (i.e. Cryptomonas plus bacteria)
bacterial effect on the NR curves was negligible in our ingestion rate of V. natans (Inax, Table 4 and Fig. 4A-D),
study. we can crudely calculate bacterial uptake rates from the

© 2020 The Authors. Journal of Eukaryotic Microbiology published by Wiley Periodicals LLC on behalf of International Society of Protistologists
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Ingestion rate (ngC Cil-'d)

0051 2 3 4 5
Cryptomonas sp. (mgCL")

0051 2 3 4 5 6

Figure 4 Functional response in Holling’s type Il model of Histiobalantium bodamicum (A-D) and Vorticella natans (E-H) over temperature rang-
ing from 5 to 20 °C and at food levels ranging from 0.02 to 7.0 mg Clliter. Vertical dotted lines show moderate (0.5 mg C/liter) and high (2.0 mg
Clliter) food concentration. Dashed lines mark the 95% confidence band of the curves.

available literature. Neglecting lower values reported by
Sanders et al. (1989), estimates of maximum picoplankton
clearance rates by V. natans are close to 0.7 upl/cil/h
(Pestova et al. 2008; Simek et al. 2019). These clearance
rates were measured at water temperatures ranging
mainly from 10 to 22 °C. Assuming a mean bacterial den-
sity of 2 x 108 cells/ml in our experiments, V. natans may

have taken up 1.4 x 10% cells/cil/h, equivalent to 0.15 ng
Clcil/h or 3.6 ng Clcil/d. Accordingly, the FR curves pre-
sented in Fig. 4 would shift up (Fig. S3), increasing /max by
about 20% at 10-22 °C. We did not calculate potential
bacterial uptake rates at 5 °C because no data are avail-
able for bacterial ingestion rates of V. natans at tempera-
tures < 10 °C.

© 2020 The Authors. Journal of Eukaryotic Microbiology published by Wiley Periodicals LLC on behalf of International Society of Protistologists
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Table 4. Parameter values (+ SE) of functional responses for the curves presented in Fig. 4
Temperature (°C) Imax (ng C/Cil/d) p-value_Imax k (ng C/Cil/d) p-value_k
5 H. bodamicum 67.35 + 35.30 0.0725 6.22 + 4.35 0.1705
V. natans 4.94 4+ 0.60 < 0.0001 0.562 +£0.20 0.0179
10 H. bodamicum 17.81 + 3.30 < 0.0001 0.87 £ 0.37 0.0302
V. natans 27.68 + 9.29 0.0064 331 +£1.72 0.0659
15 H. bodamicum 17.37 +£1.82 < 0.0001 2.07 £ 0.45 0.0003
V. natans 28.54 + 9.99 0.0085 4.09 +2.13 0.0660
18 H. bodamicum infinite 1.0000 infinite 1.0000
20 V. natans infinite 1.0000 infinite 1.0000
25 -
TZ3 Vortizotnatans 0.5 mgC L Z g T3 Vorteatle natans "
20 A o
o c
<
15 1 > 4
I
£
510 g
-
= = 2
1 :
o °
g, M7 I% | /AW S .
HN B . 20 mgC L e — D
201 B 4
2 %
215 1
10
5 1 74
|l
0 - 4 - |
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Temperature (°C)

Temperature (°C)

Figure 5 Temperature response from 5 to 20 °C of Histiobalantium bodamicum and Vorticella natans. (A, B) ingestion rate at 0.5 and 2.0 mg C/
liter, respectively; (C) the relationship between the cellular biomass vs. temperature; (D) gross growth efficiency at 0.5 mg Clliter. Error bars in C

represent standard errors.

Including bacterial uptake would reduce our estimates
of gross growth efficiency (GGE) to 8% at 10 °C and
28-29% at 15 and 20 °C. Since we did not observe bacte-
rial clusters in the food vacuoles of V. natans at the end
of the experiments, we conclude that the above estimates
represent maximum bacterial ingestion rates that were
probably not reached in our study.

The foregoing considerations suggest that the motile
species V. natans differs ecologically from many sessile
peritrich ciliates, which are considered undiscriminative
fine-suspension feeders specialized to feed upon particles
in the picoplankton size range (Fenchel 1987; Foissner
et al. 1999). Our results challenge the conjecture that all
Vorticella species are highly efficient picoplankton grazers
(Simek et al. 2019). Foissner et al. (1999) already docu-
mented algal cells in the food vacuoles of V. natans, simi-
lar to our observations (Fig. 1G-J). These authors also
noted that planktonic peritrich species often feed upon

small algae. More research is needed to investigate differ-
ences in the oral apparatus of motile vs. sessile peritrichs.
In particular, experiments are required to test whether V.
natans can discriminate between bacteria and small algae
such as Cryptomonas spp.

Functional ecology of Vorticella natans and
Histiobalantium bodamicum—bottom-up control

This is the first study investigating bottom-up control of V.
natans and H. bodamicum in relation to food and tempera-
ture. Our data demonstrate that both species are well
adapted to cold conditions, tolerating 5 °C, while their
UTTL differs.

The numerical and functional response data suggest that
V. natans should be competitive in oligo-mesotrophic lakes.
Its growth and ingestion rates were comparable to those of
other common planktonic  ciliates under  similar

© 2020 The Authors. Journal of Eukaryotic Microbiology published by Wiley Periodicals LLC on behalf of International Society of Protistologists
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Table 5. Ingestion rates (/) and growth rates (u) at prey levels of 0.5
mg Clliter and 2.0 mg Clliter

Temperature los(ng C/ 120(ng C/ wups Hz2.0

(°C) Cil/d) Cil/d) @ @

5 H. 4.8 16.3 0.13 0.20
bodamicum

V. natans 2.4 4.0 0.22 0.30

10 H. 6.3 12.0 0.02 0.26
bodamicum

V. natans 3.9 10.7 0.13 0.34

15 H. 3.2 8.3 0.02 0.24
bodamicum

V. natans 2.8 9.2 0.31 0.41

18 H. 1.5 6.3 0.19 0.36
bodamicum

20 V. natans 3.2 12.7 050 0.73

experimental conditions, for example Rimostrombidium
lacustris, Pelagostrombidium fallax, Balanion planctonicum,
and Urotricha furcata (Muller and Geller 1993; Miiller and
Schlegel 1999; Weisse et al. 2002). Vorticella natans has
higher growth rates, higher affinity to prey (o), and lower
threshold concentration (P) than H. bodamicum. Gross
growth efficiency of the latter was also lower (mostly <
10%) than that of V. natans (~10-35%) and most other
planktonic ciliates (typically ~ 20-30%; reviewed by Straile
1997).

Sloppy feeding might explain why we did not observe
food saturation in H. bodamicum at 18 °C (Fig. 4D). How-
ever, the unusually low GGE of H. bodamicum may also
indicate that the prey organism, Cryptomonas sp., used in
our study was suboptimal food for this ciliate. Muller and
Schlegel (1999) had already studied NR and FR of a H.
bodamicum strain isolated from Lake Constance with the
same Cryptomonas sp. strain as food. These authors
noted that H. bodamicum does not feed on nonmotile
prey (small centric diatoms) and reported similar pmax
(0.33 + 0.11 d7") and lower P (0.29 mg Clliter) than the
present study at 15°C (umax = 0.38 £0.05 d°', P =
0.46 + 0.07 mg Clliter; Table 3). Similar to our study,
Mller and Schlegel (1999) found that ingestion rates of
H. bodamicum increased linearly over the entire range of
prey concentrations (up to 1.5 mg C/liter) that they tested.
Results of the present study indicate that food saturation
of this peculiar ciliate at 18 °C was not even reached at 5
mg Clliter. Also, H. bodamicum was an inferior competitor
relative to the choreotrich ciliate Strobilidium lacustris
(syn. Rimostrombidium lacustris) and the prostome spe-
cies Balanion planctonicum (Miller and Schlegel 1999).

Miller and Weisse (1994) compared growth rates of H.
bodamicum measured in the laboratory to growth rates
measured by enclosure experiments under in situ condi-
tions. The in situ growth experiments conducted in L.
Constance with the natural food (including bacteria)
yielded positive results during autumn and winter, with
Umax = 0.40 d™" at 17.2 °C. However, pu measured at this
temperature was highly variable. Growth rates measured

Functional Ecology of Two Contrasting Freshwater Ciliates

by Miller and Weisse (1994) in the laboratory at 18 °C
were lower (0.25-0.33 d~'). Negative growth rates of H.
bodamicum were repeatedly measured in L. Constance in
summer when lake temperature exceeded 20 °C (Weisse
2006). We conclude that (i) the NR data provide realistic
estimates of the temperature response of pmax and P of
this ciliate, (ii) the temperature optimum of this species is
rather low (17-18 °C), and (i) its growth rates rapidly
decline above this temperature. Compared to H. bodam-
icum, V. natans tolerates higher water temperature
(> 20 °C).

We reject our initial hypothesis (H4) because the previ-
ous studies and the present work suggest that, with
respect to bottom-up control, V. natans is the superior
competitor, relative to H. bodamicum, in many temperate
lakes. In seeming contrast to this inference, the natural
abundance of V. natans is usually lower than that of H.
bodamicum. For example, in Mondsee the average abun-
dance recorded from June until November was 16-fold
higher for H. bodamicum (549 cells/liter) than for V. natans
(33 cells/liter) (Kammerlander et al., pers. comm.). We
assume that this is primarily due to top-down control by
microcrustaceans. Motility plays a key role in the suscepti-
bility of ciliates to predation. Vorticella natans can be cap-
tured easily, because it moves slowly and seems to be
insensitive to hydrodynamic disturbances generated by
swimming predators (own unpubl. obs.). In contrast, H.
bodamicum is highly sensitive to hydrodynamic distur-
bances, swims intermittently and fast, performing "jumps"
that are typical of common freshwater ciliates to reduce
the risk of being captured (Foissner et al. 1999; Weisse
and Sonntag 2016). Top-down experiments investigating
predation pressure by common microcrustaceans on the
two ciliates of the present study and some other plank-
tonic ciliates are currently in progress in our laboratory.
Preliminary results support differential susceptibility of H.
bodamicum and V. natans to grazing by cladocerans and
copepods. Details of the top-down experiments will be
reported elsewhere.

Temperature response of planktonic protists—general
implications

Our study confirmed earlier findings that virtually all eco-
physiological parameters derived from NR and FR experi-
ments are sensitive to temperature, with large species-
specific and intraspecific differences (Kimmance et al.
2006; Weisse 2004; Weisse et al. 2002; Yang et al. 2013).
For instance, cell volume generally declines with tempera-
ture in planktonic protists (Atkinson et al. 2003; Montag-
nes and Franklin 2001; Montagnes et al. 2008). However,
in ciliates an irregular response of cell volume to tempera-
ture has been reported for several species (Weisse 2004;
Weisse et al. 2002). In our two study ciliates, the
response of cellular biomass (calculated from cell volume,
see Materials and Methods) to temperature was unimodal
(Fig. 5C), but mirror-inverted (i.e. peaking at 15 °C in V.
natans, at which temperature H. bodamicum was small-
est). The volume response of V. natans is similar to that
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obtained for the oligotrichine ciliate Meseres corlissi under
comparable experimental conditions (Weisse 2004). Atkin-
son et al. (2003) reviewed several physiological causes of
the inverse relationship between protist cell size and tem-
perature but noted that no single explanation is widely
accepted. It is undisputed that cell volume of protists is
positively related to food supply (Fenchel 1987), and sev-
eral studies reported significant temperature x food inter-
action for cell volume of ciliates and heterotrophic
flagellates (Kimmance et al. 2006; Montagnes et al. 2008;
Weisse et al. 2002). We suggest that the lack of an
unequivocal response of cell volume to temperature in cili-
ates may result from its species specifically different inter-
action with resources (i.e. food).

Similar to cell volume, the temperature effect on the
threshold food concentration (P) was unimodal in both cili-
ate species, peaking at intermediate temperatures (Fig. 3
E). This result is surprising because it suggests that the
ciliates require higher food levels to sustain their popula-
tions at moderate temperatures than at lower and higher
temperatures. In oligo-mesotrophic Lake Mondsee, from
which the ciliates were isolated, and similar temperate
lakes phytoplankton maxima in spring and autumn are
often reached at temperatures ranging from 10 to 15 °C
(Bergkemper and Weisse 2018; Crosbie et al. 2003). How-
ever, it remains open if the reduced P at the temperature
extremes, at which food levels are usually lower, is an
adaptive response of the ciliates. An inverse temperature
response of P had been observed with the same food
organism for the prostome ciliate Urotricha farcta (Weisse
et al. 2002), which is common in eutrophic water bodies
(Foissner et al. 1999) and tolerant to a wide temperature
range (Weisse et al. 2001).

The temperature effect on specific growth rates differed
between the two ciliate species. In H. bodamicum, the
increase of pmax With temperature was linear, similar to
most other planktonic ciliates studied thus far (Montagnes
et al. 2003), but unusually low (0.23 & 0.04 at 5 °C,
0.44 £+ 0.06 at 18 °C; Fig. 3A and Table 3). The average
linear temperature increase of pmax Obtained for ~ 20 cili-
ate species and other planktonic protists is 0.06-0.08
(@ °C™") (Montagnes et al. 2003). In V. natans, u calcu-
lated at 2.0 mg Clliter (Fig. 3C and Table 5) increased lin-
early between 5 and 15°C at only 0.011 4+ 0.002
(0" °C") and then increased over-proportionately at
20 °C. Values recorded for V. natans at 20 °C were two-
fold to fourfold higher than measured at 10 °C, depending
on food concentration (Fig. 3B, C and Table 5).

In agreement with previous empirical observations (Kim-
mance et al. 2006), the temperature effect on GGE was
obvious in both ciliate species (Fig. bD), supporting our
second hypothesis (H,).

A brief review on the taxonomic position of Vorticella
natans based upon molecular markers and previous
morphological and behavioral studies

Vorticella natans was originally described by Fauré-Fremiet
(1924). Jankowski (1985) transferred V. natans to the

Lu et al.

genus Pelagovorticella Jankowski, 1980, with P. mayeri as
the type species, which was not accepted by Warren
(1986), Foissner (1988), and Foissner et al. (1992). How-
ever, Foissner et al. (1999) reinstated the genus Pelagov-
orticella, based upon its planktonic life style, and
reassigned V. natans as Pelagovorticella natans.

The length, GC content, and GenBank accession number
of the SSU rDNA of Histiobalantium bodamicum were
1,646 bp, 42.22%, and MT886454, respectively. Length, GC
content, and GenBank accession number of Vorticella
natans were 1,603 bp, 42.79%, and MT886455. The phylo-
genetic trees of ML and Bl shared a similar topology; there-
fore, only the ML tree is shown in Fig. 6 with the support
values from both ML and Bl algorithms. For clarity, we pre-
sent both trees of Pleuronematida and Sessilida separately.
In the tree of Pleuronematida, H. bodamicum branches
within Histiobalantiidae with full support. In the tree of Ses-
silida, V. natans clusters with Vorticella elongata with full
support. However, the type species of the (former) genus
Pelagovorticella (Pelago-), Vorticella mayeri clusters with the
Astylozoon enriquesi clade with a very low bootstrap sup-
port value (29% ML, 0.70 BI). Based upon morphology and
phylogenetic analyses of the SSU rDNA gene (this study,
Fig. 6) and ITS1-5.85-ITS2 sequences (Sun et al. 2016), we
consider Pelagovorticella as a junior synonym and reassign
this species to the genus Vorticella. The phylogenetic posi-
tion of (Pelago-) Vorticella mayeri awaits further research
with more genetic markers.

CONCLUSIONS

We characterized the functional ecology of two contrast-
ing planktonic freshwater ciliates and inferred their com-
petitive abilities with respect to bottom-up control. We
found similar maximum ingestion and growth rates at
high food concentrations over temperatures ranging from
5 to 15 °C but pronounced differences between the spe-
cies at higher temperatures. The lower food threshold,
higher affinity to food at low levels, higher conversion
efficiency, and wider temperature tolerance suggest that
V. natans performs better than H. bodamicum in terms of
bottom-up control. The relatively low upper temperature
tolerance of the latter species (~18 °C) may limit its
occurrence in (the epilimnion of) temperate lakes if the
ongoing lake warming continues. The unusually low GGE
of H. bodamicum and its enigmatic FR recorded by
Mdller and Schlegel (1999) at 15 °C and in the present
study at 18 °C require further testing with different food
sources.

Temperature affected all parameters of the NR and FR
curves of both species, but the temperature effect was
species-specific and did not always follow general trends
derived from earlier studies and theoretical considerations.
The underlying mechanisms driving ingestion and growth
rates seem to respond differently to temperature (Weisse
et al. 2016), explaining why the shape of the NR and FR
curves do not change similarly with temperature. More
research with other common ciliates is needed to better
understand the nature of the temperature interaction in

© 2020 The Authors. Journal of Eukaryotic Microbiology published by Wiley Periodicals LLC on behalf of International Society of Protistologists

12 of 16

Journal of Eukaryotic Microbiology 2021, 68, 12823



Lu et al. Functional Ecology of Two Contrasting Freshwater Ciliates

10011.0 Crr.glgera media FJ868180
; P tic tle:réa fgumnemmdes KF256816
otocyclidium sinica

e Cyc? lim glaucoma KrdTes1s
c'{c.'.'drum Sinicum KX853

yclidium marinum JQQ565 3
Cyclidium varibonneti KF256817
i !;rotocycjkc}';uT cﬂrui.'g; K5|6255820
. overia labialis T
2 saiol(  *Boveria subcyﬂndncazl‘;;ds%ﬁaBTB Hemispeiridae

Cyclidiidae

SSU rDNA o0}
ML/BI

012 .
Falcicyclidium fangr FJ868185 Ctedoctematidae
Fa.'cuc{vc.'fdrum prouneoun FJ868181
Eurystomaiella srruca JX 0021
100770 W’h‘bema ?{p} 0022

lrus pacrﬂcae JQ956546
Penrcu.'rs!oma mytili KU665370

o

100/1.0

47/0.97 |

VaILYWINOINITd
&

100/ 10-v—< PHILASTERII.:J;'""---. Lo | Lt Pleuronema sp. FJ8
e, . 0nofl~ - Pleyronema gEoﬂerer KF840519
32/0.83 . 1001 01~ Pleuronema sinica EF48686:

: FJB48876
Sathrophilus planus btironema wiackowskil st 001
100/1.0-{f..
Sathrophilus holtae
38/0.88-

Pleuronematidae

Pleuronema parawiackowskii KT033423

Pleuronema cza ikae EF486863
Pleuronema spa 0017

L0, Schizocalyptra aeschtae DQ777744.1

Schizoca ptra sinica FJ1356105

VAILYININOHNT1d

— Pseudoplatynematum denticulatum

YaImvYHd3I20X01

43/0.88 : Isti Histiobalantiidae
— | Histiobalantium minor JX310013
78" 110011 .0 ASTOMATIA #1191 Histiobalantium natans AB450957

100/1.0 s10.71, Pseudovorticella sp. K‘(575184
APOSTOMATIA w1.0f Pseudovorticella sp.
0.05 Pseudovorticella uncfal‘a D
— ; racrafera
smensrs

98/1.0-}4--.
43/0.61-.]
14/,
20/},

Cinetochilum ovale Vorticellidae

Dexiofrichides pangi

8i
Ophry ium versatrfe AF401528 Ophrydiidae
pofygmum AF401522
62849
s 572

187544 — Paratetrahymena parawassi

VarvHd320X01

— Cardiostomatella vermiforme

100/1.0] Fose | ool St T2 ﬁsss"a

4o la natans MT886455 i i
= PENICULIA ol vorticella elongata IN1Z0217 Vorticellidae
100/1.0 570 ?E Vorticella aequilata JN12
< Epi /im pectinatum K
100/1.0 it :pocarchemum roseftum GU187056
———————{ HYMENOSTOMATIA .-* Apocarchesium amdti GQZ

99/1.0 L 8511.0

e —— . -

49/* MOBIUD_A X honecta nennegu 1 X5

’ e eeta s it e 4?@202 3 '

icellides infusionum icelli

ceJ.'a mncro'fstcf:mg Vepre s
hidia branch KP698210
el ara oxa

|57/0.86

variss4s

a % Opi

s 0] oa.'e rensrs 02 . s
d s 5rceo.'ara Epistylididae
sl‘yID is efongafa
'odthamnopsis sinica D
& ey "”aé%%”’ﬂ Zoothamniid

. 510,99 it if

gotnhal pai s oothamniidae

. - d
‘oothamnium mucedo
—=l COLPODEA Zoothamnjum .'umaD 662854

othi a salina 3 o .
e ann'u.'ara Vaginicolidae

ol Vaginicola crystaﬁm 12’?5 = VT D

I e L e “"’f’e,f’saga Epistylididae
10010 Opercularia microdiscu

Operculariidae
Figure 6 Maximum-likelihood (ML) tree inferred from SSU rDNA sequences showing the systematic position of Histiobalantium bodamicum and
Vorticella natans (bold). Numbers near nodes are nonparametric bootstrap values for ML and posterior probability values for Bayesian inference
(BI). "*" refers to disagreement in topology with the Bl tree. All branches are drawn to scale. The names of the species are updated, that is, do
not always agree with those in GenBank. The scale bar corresponds to 10 and 5 substitutions per 100 nucleotide positions in the left tree and
two right trees, respectively.

100/1.0

variss3as

order to predict growth and ingestion rates of freshwater Bettina Sonntag, and Laura Nachbaur, Research Department
ciliates more accurately in situ. for Limnology, Mondsee, for providing ciliate abundance
data on Histiobalantium bodamicum and Vorticella natans
from Lake Mondsee that were compiled within the Austrian
Science Fund project P 32714. This work was supported by
We thank Peter Stadler for technical assistance aboard ship the project D. Swarovski KG 2018, and a grant from the Chi-
and in the laboratory. We thank Barbara Kammerlander, nese Scholarship Council (CSC) awarded to Xiaoteng Lu.

ACKNOWLEDGMENTS

© 2020 The Authors. Journal of Eukaryotic Microbiology published by Wiley Periodicals LLC on behalf of International Society of Protistologists
Journal of Eukaryotic Microbiology 2021, 68, €12823 13 of 16



Functional Ecology of Two Contrasting Freshwater Ciliates

LITERATURE CITED

Atkinson, D., Ciotti, B. J. & Montagnes, D. J. S. 2003. Protists
decrease in size linearly with temperature: ca. 2.5% °C™. Proc.
Royal Soc. B., 270:2605-2611.

Azam, F., Fenchel, T., Field, J., Gray, J., Meyer-Reil, L. & Thing-
stad, F. 1983. The ecological role of water column microbes in
the sea. Mar. Ecol. Prog. Ser., 10:257-263.

Bergkemper, V. & Weisse, T. 2018. Do current European lake
monitoring programmes reliably estimate phytoplankton com-
munity changes? Hydrobiologia, 824:143-162.

Bloem, J., Starink, M., Béar-Gilissen, M.-J. B. & Cappenberg, T. E.
1988. Protozoan grazing, bacterial activity, and mineralization in
two-stage continuous cultures. Appl. Environ. Microbiol.,
54:3113-3121.

Calbet, A. & Saiz, E. 2005. The ciliate-copepod link in marine
ecosystems. Aquat. Microb. Ecol., 38:157-167.

Crosbie, N. D., Teubner, K. & Weisse, T. 2003. Flow-cytometric
mapping provides novel insights into the seasonal and vertical
distributions of freshwater autotrophic picoplankton. Aquat.
Microb. Ecol., 33:53-66.

De Kiluijver, A., Schoon, P., Downing, J., Schouten, S. &
Middelburg, J. 2014. Stable carbon isotope biogeochemistry of
lakes along a trophic gradient. Biogeosciences, 11:6265—
6276.

Elwood, H. J., Olsen, G. J. & Sogin, M. L. 1985. The small-sub-
unit ribosomal RNA gene sequences from the hypotrichous cili-
ates Oxytricha nova and Stylonychia pustulata. Mol. Biol. Evol.,
2:399-410.

Fauré-Fremiet, E. 1924. Contribution a la connaissance des infu-
soires planktoniques. Bull. Biol. Fr. Belg., 6:1-171.

Fenchel, T. 1987. Ecology of protozoa. The biology of free-living
phagotrophic protists. Science Tech./Springer, Madison, WI.

Fenchel, T. 1992. What can ecologists learn from microbes: life
beneath a square centimetre of sediment surface. Funct. Ecol.,
6:499-507.

Fenton, A., Spencer, M. & Montagnes, D. J. S. 2010. Parameter-
ising variable assimilation efficiency in predator-prey models.
Oikos, 119:1000-1010.

Foissner, W. 1988. Taxonomic and nomenclatural revision of
Sladdecek’s list of ciliates (Protozoa: Ciliophora) as indicators of
water quality. Hydrobiologia, 166:1-64.

Foissner, W., Berger, H. & Kohmann, F. 1992. Taxonomische und
okologische Revision der Ciliaten des Saprobiensystems, Band
Il Peritrichia, Heterotrichia, Odontostomatida. /nformationsber.
Bayer. Landesamt \Wasserwirtsch., 5:1-502.

Foissner, W., Berger, H. & Schaumburg, J. 1999. Identification
and ecology of limnetic plankton ciliates. Informationsber.
Bayer. Landesamt Wasserwirtsch., 3:1-793.

Frost, B. W. 1972. Effects of size and concentration of food parti-
cles on the feeding behavior of the marine planktonic copepod
Calanus pacificus. Limnol. Oceanogr., 17:805-815.

Gachter, E. & Weisse, T. 2006. Local adaptation among geograph-
ically distant clones of the cosmopolitan freshwater ciliate
Meseres corlissi. |. Temperature response. Aquat. Microb.
Ecol., 45:291-300.

Gaedke, U. & Straile, D. 1994. Seasonal changes of the quantita-
tive importance of protozoans in a large lake. An ecosystem
approach using mass-balanced carbon flow diagrams. Mar.
Microb. Food Webs, 8:163-188.

Galbraith, L. M. & Burns, C. W. 2010. Drivers of ciliate and
phytoplankton community structure across a range of water
bodies in southern New Zealand. J. Plankton Res., 32:327-
339.

Lu et al.

Hall, T. A. 1999. BioEdit: a user-friendly biological sequence align-
ment editor and analysis program for Windows 95/98/NT.
Nucleic Acids Symp. Ser., 41:95-98.

Hansen, P. J., Bjgrnsen, P. K. & Hansen, B. W. 1997. Zooplankton
grazing and growth: Scaling within the 2-2,000-um body size
range. Limnol. Oceanogr., 42:687-704.

Hausmann, K. & Bradbury, P. C. 1996. Ciliates: cells as organ-
isms. G. Fischer, Stuttgart.

Heinbokel, J. F. 1978. Studies on the functional role of tintinnids
in the Southern California Bight. |. Grazing and growth rates in
laboratory cultures. Mar. Biol., 47:177-189.

Holling, C. S. 1959. The components of predation as revealed by
a study of small-mammal predation of the European pine saw-
fly. Can. Entomol., 91:293-320.

Jankowski, A. W.1980. Conspectus of a new system of the phy-
lum Ciliophora. Tr. Zoologiche Ins. Leningrad., 94:103-121.

Jankowski, A. W. 1985. Life cycles and taxonomy of generic
groups Scyphidia, Heteropolaria, Zoothamnium and Cothurnia
(class Peritricha). Tr. Zool. Inst. Leningrad, 129:74-100.

Kimmance, S. A., Atkinson, D. & Montagnes, D. J. S. 2006. Do
temperature-food interactions matter? Responses of production
and its components in the model heterotrophic flagellate Oxy-
rrhis marina. Aquat. Microb. Ecol., 42:63-73.

Krenek, S., Berendonk, T. U. & Petzoldt, T. 2011. Thermal perfor-
mance curves of Paramecium caudatum: a model selection
approach. Eur. J. Protistol., 47:124-137.

Krenek, S., Petzoldt, T. & Berendonk, T. U. 2012. Coping with
temperature at the warm edge — patterns of thermal adaptation
in the microbial eukaryote Paramecium caudatum. PLoS One,
7:€30598.

Lampert, W. 1977. Studies on the carbon balance of Daphnia
pulex De Geer as related to environmental conditions. Il. The
dependence of carbon assimilation on animal size, temperature,
food concentration and diet species. Archiv fiir Hydrobiologie,
Supplement, 48:310-335.

Li, J. & Montagnes, D. J. S. 2015. Restructuring fundamental
predator-prey models by recognising prey-dependent conver-
sion efficiency and mortality rates. Protist, 166:211-223.

Lynn, D. 2008) , , . The ciliated protozoa: characterization, classifi-
cation, and guide to the literature, 3rd ed. New York: Springer
Science & Business Media.

Macek, M., §imek, K., Pernthaler, J., Vyhnalek, V. & Psenner, R.
1996. Growth rates of dominant planktonic ciliates in two fresh-
water bodies of different trophic degree. J. Plankton Res.,
18:463-481.

Martinez, E. A. 1980. Sensitivity of marine ciliates (Protozoa, cilio-
phora) to high thermal stress. Estuar. Coast. Shelf Sci.,
10:369-381.

Medlin, L., Elwood, H. J., Stickel, S. & Sogin, M. L. 1988. The
characterization of enzymatically amplified eukaryotic 16S-like
rBRNA-coding regions. Gene, 71:491-499.

Menden-Deuer, S. & Lessard, E. 2000. Carbon to volume relation-
ships for dinoflagellates, diatoms, and other protist plankton.
Limnol. Oceanogr., 45:569-579.

Montagnes, D. J. S. 1996. Growth responses of planktonic cili-
ates in the genera Strobilidium and Strombidium. Mar. Ecol.
Prog. Ser., 130:241-254.

Montagnes, D. J. S. 2013. Ecophysiology and behavior of tintin-
nids. /n: Dolan, J. R., Montagnes, D. J. S., Agatha, S., Coats,
D. W. & Stoecker, D. K. (ed.), The Biology and Ecology of
Tintinnid Ciliates: Models for Marine Plankton. Wiley-Blackwell,
Chichester. p. 85-121.

Montagnes, D. & Berges, J. 2004. Determining parameters of the
numerical response. Microb. Ecol., 48:139-144.

© 2020 The Authors. Journal of Eukaryotic Microbiology published by Wiley Periodicals LLC on behalf of International Society of Protistologists

14 of 16

Journal of Eukaryotic Microbiology 2021, 68, 12823



Lu et al.

Montagnes, D. J. S. & Franklin, D. J. 2001. Effect of temperature
on diatom volume, growth rate, and carbon and nitrogen con-
tent: reconsidering some paradigms. Limnol. Oceanogr.,
46:2008-2018.

Montagnes, D. J. S., Kimmance, S. A. & Atkinson, D. 2003. Using
Qq0: can growth rates increase linearly with temperature?
Aquat. Microb. Ecol., 32:307-313.

Montagnes, D. J. S., Morgan, G., Bissinger, J. E., Atkinson, D. &
Weisse, T. 2008. Short-term temperature change may impact
freshwater carbon flux: a microbial perspective. Glob. Change
Biol., 14:2810-2822.

Miiller, H. & Geller, W. 1993. Maximum growth rates of aquatic
ciliated protozoa: the dependence on body size and tempera-
ture reconsidered. Arch. Hydrobiol., 126:315.

Miller, H. & Schlegel, A. 1999. Responses of three freshwater
planktonic ciliates with different feeding modes to cryptophyte
and diatom prey. Aquat. Microb. Ecol., 17:49-60.

Miiller, H. & Weisse, T. 1994. Laboratory and field observations
on the scuticociliate Histiobalantium from the pelagic zone of
Lake Constance, FRG. J. Plankton Res., 16:391-401.

Nachbaur, L.2017. Planktonciliaten als Modellorganismen im
mikrobiellen Nahrungsnetz des Mondsees. Das Leben im Was-
sertropfen forschend erlernen. MSc thesis, Univ. of Innsbruck,
78 pp (Mimeo).

Nylander, J. A. A. 2004. MrModeltest v2. Department of System-
atic Zoology Evolutionary Biology Centre, Uppsala University,
Sweden.

Pestova, D., Macek, M. & Pérez, M. E. M. 2008. Ciliates and their
picophytoplankton-feeding activity in a high-altitude warm-mo-
nomictic saline lake. Eur. J. Protistol., 44:13-25.

Porter, K. G. & Feig, Y. S. 1980. The use of DAPI for identifying
and counting aquatic microflora 1. Limnol. Oceanogr.,
25:943-948.

Porter, K. G., Sherr, E. B., Sherr, B. F., Pace, M. & Sanders, R.
W. 1985. Protozoa in planktonic food webs. Journal of Protozo-
ology, 32:409-415.

Posch, T., Eugster, B., Pomati, F., Pernthaler, J., Pitsch, G. & Eck-
ert, E. M. 2015. Network of interactions between ciliates and
phytoplankton during spring. Front. Microbiol., 6:1289.

Romanova, N. & Sazhin, A. 2010. Relationships between the cell
volume and the carbon content of bacteria. Oceanology,
50:522-530.

Sanders, R. W., Porter, K. G., Bennett, S. J. & DeBiase, A. E.
1989. Seasonal patterns of bacterivory by flagellates, ciliates,
rotifers, and cladocerans in a freshwater planktonic community.
Limnol. Oceanogr., 34:673-687.

Sela, |., Ashkenazy, H., Katoh, K. & Pupko, T. 2015. GUIDANCEZ2:
accurate detection of unreliable alignment regions accounting
for the uncertainty of multiple parameters. Nucleic Acids Res.,
43:W7-W14.

Sherr, B. F., Sherr, E. B. & Fallon, R. D. 1987. Use of monodis-
persed, fluorescently labeled bacteria to estimate in situ proto-
zoan bacterivory. App. Environ. Microbiol., 53:958-965.

Sherr, E. B. & Sherr, B. F. 1994. Bacterivory and herbivory: key
roles of phagotrophic protists in pelagic food webs. Microb.
Ecol., 28:223-235.

Simek, K., Grujci¢, V., Nedoma, J., Jezberovd, J., Sorf, M.,
Matousu, A., Pechar, L., Posch, T., Bruni, E. P. & Vrba, J. 2019.
Microbial food webs in hypertrophic fishponds: omnivorous cili-
ate taxa are major protistan bacterivores. Limnol. Oceanogr.,
64:2295-2309.

Simek, K., Jirgens, K., Nedoma, J., Comerma, M. & Armengol, J.
2000. Ecological role and bacterial grazing of Halteria spp.:

Functional Ecology of Two Contrasting Freshwater Ciliates

small freshwater oligotrichs as dominant pelagic ciliate bacteri-
vores. Aquat. Microb. Ecol., 22:43-56.

Stamatakis, A., Hoover, P. & Rougemont, J. 2008. A rapid boot-
strap algorithm for the RAxXML web servers. Syst. Biol.,
57:758-771.

Straile, D. 1997. Gross growth efficiencies of protozoan and meta-
zoan zooplankton and their dependence on food concentration,
predator-prey weight ratio, and taxonomic group. Limnol. Ocea-
nogr., 42:1375-1385.

Sun, P., Clamp, J., Xu, D., Huang, B. & Shin, M. K. 2016. An inte-
grative approach to phylogeny reveals patterns of environmen-
tal distribution and novel evolutionary relationships in a major
group of ciliates. Sci. Rep., 6(1):21695.

Tamura, K., Stecher, G., Peterson, D., Filipski, A. & Kumar, S.
2013. MEGAG6: molecular evolutionary genetics analysis version
6.0. Mol. Biol. Evol., 30:2725-2729.

Verity, P. 1985. Grazing, respiration, excretion, and growth rates
of tintinnids. Limnol. Oceanogr., 30:1268-1282.

Wang, P., Wang, Y., Wang, C., Zhang, T., Al-Farraj, S. A. & Gao,
F. 2017. Further consideration on the phylogeny of the Cilio-
phora: analyses using both mitochondrial and nuclear data with
focus on the extremely confused class Phyllopharyngea (Pro-
tista, Ciliophora). Mol. Phylogen. Evol., 112:96-106.

Warren, A. 1986. Revision of the genus Vorticella (Ciliophora, Per-
itrichida). Bull. Biol. Fr. Belg., 50:1-57.

Weisse, T. 2003. Pelagic microbes — protozoa and the microbial
food web. In: O'Sullivan, P. & Reynolds, C. S. (ed.), The Lakes
Handbook. Blackwell Science Ltd, Oxford. 1:417-460.

Weisse, T. 2004. Meseres corlissi. a rare oligotrich ciliate adapted
to warm water and temporary habitats. Aquat. Microb. Ecol.,
37:75-83.

Weisse, T. 2006. Freshwater ciliates as ecophysiological model
organisms-lessons from Daphnia, major achievements, and
future perspectives. Arch. Hydrobiol., 167:371-402.

Weisse, T. 2017. Functional diversity of aquatic ciliates. Eur. J.
Protistol., 61:331-358.

Weisse, T., Anderson, R., Arndt, H., Calbet, A., Hansen, P. J. &
Montagnes, D. J. S. 2016. Functional ecology of aquatic phago-
trophic protists — concepts, limitations, and perspectives. Eur.
J. Protistol., 55:50-74.

Weisse, T., Karstens, N., Meyer, V. C. M., Janke, L., Lettner, S.
& Teichgraber, K. 2001. Niche separation in common prostome
freshwater ciliates: the effect of food and temperature. Aquat.
Microb. Ecol., 26:167-179.

Weisse, T. & Kirchhoff, B.1997. Feeding of the heterotrophic
freshwater dinoflagellate Peridiniopsis berolinense on crypto-
phytes: analysis by flow cytometry and electronic particle
counting. Microb. Ecol., 12:153-164.

Weisse, T. & Montagnes, D. J. S. 1998. Effect of temperature on
inter- and intraspecific isolates of Urotricha (Prostomatida, Cilio-
phora). Aquat. Microb. Ecol., 15:285-291.

Weisse, T. & Sonntag, B. 2016. Ciliates in planktonic food webs:
communication and adaptive response. /n: Witzany, G. & Now-
acki, M. (ed.), Biocommunication of Ciliates. Springer Interna-
tional Publishing, Cham. p. 351-372.

Weisse, T. & Stadler, P. 2006. Effect of pH on growth, cell vol-
ume, and production of freshwater ciliates, and implications for
their distribution. Limnol. Oceanogr., 51:1708-1715.

Weisse, T., Stadler, P., Lindstrom, E. S., Kimmance, S. A. & Mon-
tagnes, D. J. S. 2002. Interactive effect of temperature and
food concentration on growth rate: A test case using the small
freshwater ciliate  Urotricha farcta. Limnol.  Oceanogr.,
47:1447-1455.

© 2020 The Authors. Journal of Eukaryotic Microbiology published by Wiley Periodicals LLC on behalf of International Society of Protistologists

Journal of Eukaryotic Microbiology 2021, 68, 12823

15 of 16



Functional Ecology of Two Contrasting Freshwater Ciliates

Wirth, C., Limberger, R. & Weisse, T. 2019. Temperature x
light interaction and tolerance of high water temperature in
the planktonic freshwater flagellates Cryptomonas (Crypto-
phyceae) and Dinobryon (Chrysophyceae). J. Phycol.,
55:404-414.

Yang, Z., Lowe, C. D., Crowther, W., Fenton, A., Watts, P. C. &
Montagnes, D. J. 2013. Strain-specific functional and numerical
responses are required to evaluate impacts on predator-prey
dynamics. ISME J., 7:405-416.

SUPPORTING INFORMATION

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

Lu et al.

Table S1. Bacterial abundance and biomass in the experi-
ments measured in three levels at 15 °C.

Figure S1. Estimated linear relationship between bacterial
biomass and Cryptomonas biomass using the data shown
in the Table S1.

Figure S2. Refitted numerical response (NR) curve with
Cryptomonas and bacterial biomass combined (red dashed
lines) and the original NR curves fitted with Cryptomonas
biomass only (solid blue lines) of Vorticella natans.

Figure S3. Refitted functional response (FR) curves with
Cryptomonas and bacterial biomass combined (red dashed
lines) and the original FR curves fitted with Cryptomonas
biomass only (solid blue lines) of Vorticella natans.
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