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The influence of grazing by the bacterivorous nanoflagellate Ochromonas sp. strain DS on the taxonomic and
morphological structures of a complex bacterial community was studied in one-stage chemostat experiments.
A bacterial community, consisting of at least 30 different strains, was fed with a complex carbon source under
conditions of low growth rate (0.5 dayⴚ1 when nongrazed) and low substrate concentration (9 mg literⴚ1).
Before and after the introduction of the predator, the bacterial community composition was studied by in situ
techniques (immunofluorescence microscopy and fluorescent in situ hybridization), as well as by cultivation on
agar media. The cell sizes of nonspecifically stained and immunofluorescently labeled bacteria were measured
by image analysis. Grazing by the flagellate caused a bidirectional change in the morphological structure of the
community. Medium-size bacterial cells, which dominated the nongrazed community, were largely replaced by
smaller cells, as well as by cells contained in large multicellular flocs. Cell morphological changes were
combined with community taxonomic changes. After introduction of the flagellate, the dominating strains with
medium-size cells were largely replaced by single-celled strains with smaller cells on the one hand and, on the
other hand, by Pseudomonas sp. strain MWH1, which formed the large, floc-like forms. We assume that
size-selective grazing was the major force controlling both the morphological and the taxonomic structures of
the model community.
under defined experimental conditions to obtain further insights into this complex interplay. We used chemostats for our
experiments in order to minimize the influences on bacterial
composition of changes in substrate supply. In order to involve
a high number of bacterial strains, as well as a high number of
bacterial defense strategies, in the studies, we used a complex
and nondefined bacterial community obtained from Lake Constance in Germany. The bacteria were fed with a defined mixture of three different complex media to enable the permanent
coexistence of a high number of strains or species. In the first
step of the experiment, we tried to establish, in two parallel
reactors, nongrazed communities, stabilized in terms of abundance and morphological and taxonomic structures. In only
one of the two reactors were all three criteria fulfilled; in the
second reactor only numerical and morphological stabilities
were observed. In the second step of the experiments, the
bacterivorous flagellate Ochromonas sp. strain DS was introduced into both reactors and the influence on the morphological and taxonomic structure of the community, as well as on
the specific cell sizes of selected strains, was investigated. Due
to the lack of taxonomic stability in one reactor before inoculation with the predator, in respect to the influence on taxonomic composition, the paper will focus primarily on results
from the other reactor. To exclude the possibility that the
changes observed for this single reactor were caused by chance,
we temporarily eliminated the flagellates, using specific inhibitors, and studied the subsequent community changes. For
further confirmation, we performed separate experiments on
the influence of grazing on the major players isolated from the
experiments presented here (11, 13).

Predation by bacterivorous protists, particularly by the ubiquitous bacterivorous nanoflagellates, is a major mortality factor for aquatic bacteria (28, 46, 47). Several field studies and
laboratory investigations have demonstrated that flagellate
grazing potentially influences both the size distribution of bacterial communities (2, 11, 18, 29, 40) and their taxonomic
composition (11, 20, 30, 31, 40, 41).
Grazing by direct-interception-feeding flagellates takes
place in two steps, encounter and ingestion. The probability of
a bacterial cell and a particular flagellate encountering one
another depends on bacterial cell size and may be influenced
by bacterial motility and bacterial surface characteristics (25).
Jürgens and DeMott demonstrated that the ingestion step is
influenced by the physiological state of the flagellate cells (19).
In two flagellate species, they found significantly lower food
selectivity by flagellates grown under food-limited conditions
than by food-saturated flagellates.
The influence of flagellate grazing on the composition of
bacterial communities is based on a complex interplay of several factors. Probably the most important factors are the
above-mentioned selectivity of flagellate grazing (by size or
other qualities) (9, 21, 24, 39), differences in cell size distribution of bacterial species (11, 12), and different abilities of
bacterial species in grazing defense (11, 30). Furthermore,
grazing may influence the growth conditions of individual bacterial species through the regeneration of substrates or by
reduction of competitors.
We studied the influence of grazing by the flagellate
Ochromonas sp. strain DS on a bacterial model community
* Corresponding author. Present address: Institute of Limnology,
Austrian Academy of Sciences, Gaisberg 116, A-5310 Mondsee, Austria. Phone: 43 6232 3125-29. Fax: 43 6232 3578. E-mail: martin.hahn
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MATERIALS AND METHODS
Chemostat experiments. The experiments were carried out with a one-stage
chemostat system (11). This consisted of two parallel reactors (designated reac-
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TABLE 1. Durations of different experimental phases
in the two reactorsa
Phase

1
2
3
4

Duration (days)
Reactor I

Reactor II

1–75
83–231
234–249
251–261

1–145
154–261

Flagellate
control

⫺
⫹
⫺
⫹

a
During phases 2 and 4 (only reactor I) the bacterial communities were
controlled by flagellate grazing. Periods of transient stages were not included in
the comparisons of phases with (⫹) and without (⫺) flagellate control, which are
presented in Results.

RESULTS
Influence of flagellate grazing on bacterial abundance, cell
size, and morphology. In terms of bacterial abundance, cell
size, and bacterial morphology, the nongrazed communities
(phase 1), cultured in the two parallel reactors, showed relatively stable patterns with only minor differences observed between the two communities. Total bacterial numbers were
(10.3 ⫾ 1.6) ⫻ 106 ml⫺1 (reactor I) and (12.5 ⫾ 1.3) ⫻ 106
ml⫺1 (reactor II), and the two communities consisted of only
single-celled bacteria (Fig. 1) with mean cell volumes of
0.156 ⫾ 0.003 m3 (reactor I) (Fig. 2) and 0.125 ⫾ 0.050 m3
(reactor II). After introduction of the flagellate, the bacterial
abundance and the mean bacterial cell size decreased with
increasing flagellate abundance (Fig. 2). During the grazingcontrolled phase 2, which lasted for 148 (reactor I) and 107
(reactor II) days, the abundance of single-celled bacteria was
stable at (1.1 ⫾ 0.4) ⫻ 106 ml⫺1 (reactor I) and (0.9 ⫾ 0.2) ⫻
106 ml⫺1 (reactor II). Besides the reduction in numbers of
single-celled bacteria, the two communities showed different
reactions to flagellate grazing. In reactor I the initial decrease
in mean bacterial cell volume was followed by a short increase
to 0.190 m3 and thus to a value higher than those observed
for the nongrazed community (Fig. 2). This maximum in mean
cell size was correlated with a maximum in the relative abundance of PX54 (see below) and the maximal flagellate abundance (Fig. 2). Afterwards, the mean cell volume of singlecelled bacteria decreased again and, simultaneously, a
population of floc-like bacteria was established (Fig. 1 and 2).
The bacterial flocs consisted of as many as 900 rod-shaped cells
of similar size and morphology. For the following 137 days, the
flagellate-controlled bacterial community of reactor I was divided morphologically into two populations; one consisting of
small, single cells with a mean volume of 0.078 ⫾ 0.016 m3
and one consisting of the large bacterial flocs with diameters of
5 to more than 50 m. The average cell length of single-celled
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tors I and II) with working volumes of 2 liters. The two reactors were fed from
one reservoir and mixed by aeration with sterile air. Sampling and inoculation of
the reactors, as well as all other chemostat work, were done under sterile
conditions. Bacteria were cultured at 15 ⫾ 1°C, in the dark, with NSY medium
containing 9 mg of a complex substrate liter⫺1 (11). The dilution rate was
maintained at 0.5 day⫺1 (the bacterial growth rate in the flagellate-free phase of
the experiments was 0.5 day⫺1).
Chemostat reactors were inoculated with a complex bacterial community obtained from a nonaxenic culture of the bacterivorous flagellate Ochromonas sp.
strain DS. The flagellate and the accompanying bacteria were isolated from Lake
Constance in Germany by D. Springmann. All subsequent culture work was done
under sterile conditions. The flagellate culture was treated with inhibitors specific
for eukaryotic cells (200 mg each of colchicine and cycloheximide liter⫺1) to
separate the bacteria from the flagellates. The chemostat reactors were initially
inoculated with the mixed bacterial community plus two bacterial strains, Comamonas acidovorans PX54 (8, 11) and Aeromonas hydrophila PU7718 (8), both
isolated from Lake Plußsee, Germany.
Chemostat experiments consisted of several phases (reactor I, four phases, and
reactor II, two phases) (Table 1). In the first phase, the mixed bacterial community was cultured in the absence of any predator, and the second phase started,
in both reactors, with the inoculation of the flagellate Ochromonas sp. strain DS.
Only in the case of reactor I was the flagellate eliminated by injection of inhibitors (200 mg each of colchicine and cycloheximide liter⫺1) specific for eukaryotic
organisms (phase 3).
Microbial abundance. Determination of total bacterial and flagellate abundance was done by staining formaldehyde-fixed samples with 0.1% (wt/vol) DAPI
(4⬘,6-diamidino-2-phenylindole), filtration on 0.2-m-pore-size polycarbonate
filters, and enumeration by epifluorescence microscopy (11).
Characterization of bacterial community composition by immunofluorescence
microscopy. Two polyclonal rabbit antisera and two monoclonal antibodies were
used to determine the abundance and specific cell sizes of four different bacterial
strains. For the detection of the Vibrio sp., C. acidovorans PX54, and A. hydrophila PU7718, an antiserum and antibodies described previously were used (8,
11). Those antibodies and the polyclonal antiserum showed no cross-reactivities
with other strains of the investigated mixed bacterial community. For detection
of Pseudomonas sp. strain MWH1, a polyclonal rabbit antiserum was developed
and tested for specificity by immunofluorescence microscopy. Twenty-six reference strains isolated from the investigated mixed bacterial community and 14
strains of species of the genus Pseudomonas were tested. The antiserum showed
weak cross-reactivity with four strains obtained from the investigated community
and with Pseudomonas aeruginosa DSM 50071T, Pseudomonas alcaligenes DSM
50342T, Pseudomonas fluorescens DMS 50090T, Pseudomonas pseudoalcaligenes
DSM 50188T, Pseudomonas putida DSM 50222, and Pseudomonas viridifalva
DSM 50338. Determination of the specific abundance of bacterial strains by
immunofluorescence microscopy was performed as described previously (11).
FISH. The group-specific composition of the mixed bacterial community was
determined by in situ cell hybridization with fluorescent oligonucleotide probes
(fluorescent in situ hybridization [FISH]). The group-specific probes used were
as follows: EUB338 (domain Bacteria) (1); BET42a (beta-proteobacteria) (22);
GAM42a (gamma-proteobacteria) (22); and PS (genus Pseudomonas) (38). Hybridization and counterstaining with DAPI were carried out according to the
method of Amann et al. (1) and Manz et al. (23). Total bacterial cell numbers
(DAPI) and positively probe-hybridized cells were enumerated by analyzing
slides, which were taken of the same section of a double-stained sample (Zeiss
Axiophot).
Characterization of bacterial community composition by cultivation on agar
plates. Dilution and plating of chemostat samples on NSY agar (four replicates)
were carried out as described previously (11). Based on several morphological
features (size, color, shape, and surface and border characteristics), 18 different
colony types (I to XVIII) were distinguished. Very rare colony types or irregularly grown colonies (due to contact with other colonies or the plate border) were
pooled in a separate group (type Z). The relative abundances of the 19 colony

types on agar plates were determined by counting the total numbers of colonies
(CFU) and the type-specific numbers.
Taxonomic analysis of colony types and single strains. The morphologically
defined colony types were tested for taxonomic homogeneity by comparison of 5
to 10 isolates by FISH, by using the phenotypic test system BIOLOG (BIOLOG
Inc., Hayward, Calif.) and by performing low-molecular-weight (LMW) RNA
profiles (15, 16). Isolates of types II, III, and XVI were characterized by clearly
distinct colony morphologies but showed no differences in BIOLOG tests, LMW
RNA profiles, cell morphologies, or reaction with the anti-Vibrio sp. strain CB5
serum (CB5 belongs to the colony type III group). Therefore, those three colony
types were tested additionally for taxonomic homogeneity by amplified ribosomal
DNA (rDNA) restriction analysis (ARDRA) (44). Four isolates each of colony
types II, III, and XVI were compared.
Identifications of the strains Pseudomonas sp. strain MWH1 (13), Vibrio sp.
strain CB5 (colony type III) (11), Vibrio sp. strain CB2 (colony type II), C.
acidovorans PX54 (8), and A. hydrophila PU7718 (8) were carried out by analysis
of the 16S rDNA sequences (12).
Determination of nonspecific and specific cell size. The cell sizes of DAPIstained (nonspecific-size) and antibody-labeled (specific-size) cells were determined by image cytometry as described previously (11). Specific size data were
corrected for overestimation, as described previously (11).
Assay for size-selective grazing. The uptake of fluorescent latex beads of
different diameters (Polysciences Inc.) was followed for estimation of size-selective grazing by Ochromonas sp. strain DS. Chemostat samples from reactor I
(phase 2) received a small volume of a suspension of beads and were incubated
at 15°C. The suspension contained an equal mixture of beads with diameters of
0.5, 0.75, 1.0, and 2.0 m in NSY medium. Samples were taken five times at
10-min intervals and were fixed immediately in an equal volume of 4% ice-cold
glutaraldehyde (36). The number of ingested beads of the different diameters
was counted for 100 randomly selected flagellates. Size-specific grazing rates
were calculated, using data on mean numbers of beads taken up per flagellate
from the first four samplings (no saturation of uptake). The highest grazing rate
was set at 100% for calculation of size-specific relative grazing efficiency. The
experiment was carried out in triplicate.
Statistical analysis. The data were checked for significance of differences by t
test.

VOL. 65, 1999

SELECTIVE GRAZING AND BACTERIAL COMMUNITY COMPOSITION

4865

bacteria decreased from 0.87 m (phase 1) to 0.65 m (the
mean value for the period of phase 2 after the peak).
Also, in reactor II, the mean bacterial cell volume decreased
after introduction of the flagellate (to a mean value of 0.050 ⫾
0.008 m3), but no intermediate increase in cell size or occurrence of floc-like bacteria was observed in the 81 days after
introduction of the flagellate. Therefore, the reactor was inoculated with a sample (10 ml) from reactor I which contained
floc-like bacteria. This resulted in the establishment of a population of large, floc-like bacteria in reactor II, rather similar to
the events observed in reactor I.
During flagellate-controlled phases, the numbers of singlecelled bacteria fluctuated in both reactors within a narrow
range of 0.6 ⫻ 106 to 1.3 ⫻ 106 ml⫺1 (Fig. 3) and thus on a level

approximately 10-fold lower than the level during flagellatefree phases. In the case of reactor I, a period covering approximately 10% of the total flagellate-controlled phases showed
higher abundances of single cells (1.2 ⫻ 106 to 2.5 ⫻ 106 ml⫺1).
The cell numbers of the floc-like bacteria (Pseudomonas sp.
strain MWH1) fluctuated (0.2 ⫻ 106 to 3.3 ⫻ 106 ml⫺1) much
more than those of single cells (Fig. 3). During the period
when the floc-like bacteria were present, the total numbers of
cells building these flocs made up an average of 55% (reactor
I) and 44% (reactor II) of the total bacterial cell numbers. The
mean cell size of bacteria in the flocs (0.206 m3) was larger
than that of the single-celled bacteria, and thus, these bacteria
dominated the total bacterial biomass, with mean values of
72% (reactor I) and 51% (reactor II).
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FIG. 1. Photomicrographs of bacteria from reactor I stained with DAPI. (A) Before introduction of the flagellate (phase 1). (B) After introduction of the flagellate
(phase 2). (C) After inhibition of the flagellate population (phase 3). (D) After reestablishment of the flagellate population (phase 4). A single cell of the bacterivorous
flagellate Ochromonas sp. strain DS is shown in panel D. The images represent different sample volumes filtered onto membrane filters.
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Elimination of the flagellate population in reactor I by specific inhibitors resulted in (i) an increase of bacterial numbers,
(ii) an increase in the mean bacterial cell size, and (iii) a
decrease in the floc-like bacteria to levels below the detection
limit (Fig. 1 and 2). Thus, the bacterial community restored the
morphological structure typical for phase 1 of both reactors.
The subsequent reestablishment of the flagellate population
resulted, again, in a decrease of bacterial numbers and in
bidirectional changes in the morphological structure of the
bacterial community (Fig. 1 and 2).
Characterization of the taxonomic structure of the bacterial
communities. The nondefined community was characterized
taxonomically by plating samples on NSY agar, by immunofluorescence microscopy, and by FISH. The quantitative characterization of the bacterial communities by culturing was handicapped less by the general culturability of the bacteria than by

the lack of formation of separate colonies by cells stuck together in the bacterial flocs. During periods with an absence of
floc-like bacteria, the mean values of total cell counts and total
CFU showed no significant (P ⬎ 0.01) differences. During
other periods, the total cell numbers were higher than the total
CFU, although no significant difference was observed between
the numbers of single cells and total CFU (P ⬎ 0.01).
On the agar plates, more than 25 morphologically distinguishable colony types were observed over the total period of
the experiment. Of these 25 types, 18 (designated I to XVIII)
were found regularly, with percentages of more than 5% of the
total colonies. For these 18 colony types, the respective relative
CFU were determined, and only these types were tested for
taxonomic homogeneity. Only two (IV and V) of the 18 colony
types were found to consist of morphologically indistinguishable but taxonomically different colonies. On the other hand,
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FIG. 2. Influence of flagellate grazing on the complex bacterial community cultured in reactor I. The upper panel shows the total bacterial cell numbers and the
percentage of single-celled bacteria. The lower panel shows the relative abundances (percentages of total cell numbers) of the three species detected by immunofluorescence microscopy. The four experimental phases are indicated by vertical lines. Flag., flagellate; contr., controlled; P. sp. MWH1, Pseudomonas sp. strain MWH1.
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TABLE 2. Taxa of particular interest and their detection, type of
colony morphology, and range of relative abundance
observed during the experiment
Taxon

Vibrio sp.

colony types II, III, and XVI demonstrated clear differences in
colony morphology, but no taxonomic difference was found (by
LMW RNA analysis, ARDRA, or reaction with anti-Vibrio sp.
strain CB5 serum). Sequencing of the 16S rDNA genes revealed virtually identical sequences for two tested isolates
(CB2 and CB5) of different colony morphologies (II and III).
Comparisons of 16S rDNA gene sequences demonstrated that
these isolates were most closely related to Vibrio pelagius (sequence similarity, 99.6% [26]).
During the absence of bacterial flocs the summarized relative abundance of the Vibrio sp. colonies (types II, III, and
XVI) in both reactors showed no significant differences (P ⬎
0.1) from the relative abundance of the Vibrio sp. determined
by immunofluorescence microscopy (Fig. 4, Table 2). During
periods when floc-like bacteria were present, the values differed significantly.
By immunofluorescence microscopy, 10 to 80% of the bacterial cells in samples from the two reactors could be identified
by using the four antisera and antibodies. While, in reactor I,
an average of 49.6% ⫾ 15.9% of the total cell numbers were
detectable, the other reactor had a lower average detectability
of 37.8% ⫾ 17.8%.
The bacterial flocs were formed exclusively by Pseudomonas
sp. strain MWH1. This was demonstrated by immunofluorescence microscopy, by FISH, and by studies with the isolated
strain (13).

FIG. 4. Comparison of the relative abundance of the Vibrio sp. determined
by the plating approach (open circles) and by immunofluorescence microscopy
(solid squares). The plating data represent the percentage of Vibrio sp. colonies
(colony types II, III, and XVI) among total CFU, and the microscopically
determined data represent the percentage of Vibrio sp. cells among the total
number of single-celled bacteria. The plating data are based on 100 to 250
counted colonies (total CFU), and the microscopy data are based on at least 500
counted cells (total single cells).

Permanent
presenceh

Colony
type

PAb, Colc
PAb

II, III,
XVI
IV

⬍0.1–80

⫹g

MAb
MAb, Col
Col
Col

IV
XXII
IV
V

⬍0.1–25e
⬍1e
⬍1–80f
⬍1–60f

⫹
⫺
⫹
⫹

5–60e
e

⫹

a
PAb, polyclonal antibody; MAb, monoclonal antibody; Col, detection and
enumeration by the plating approach.
b
Taxonomically heterogeneous.
c
For comparison of the two methods, see Fig. 4.
d
Range observed for both reactors throughout the experiment.
e
Percentage of total cell numbers.
f
Percentage of total CFU.
g
Due to cross-reactivity of PAb not being ensured.
h
⫹, detected in all investigated samples; ⫺, not detected in all of the investigated samples.

Stability of the nongrazed communities. During the first 10
days after inoculation of the two reactors, the same succession
pattern was observed in the two communities. Initially, type I
colonies dominated, making up approximately 50% of the total
CFU, but they were replaced extensively by the Vibrio sp. and
strains of colony type V during the following days. For the next
20 days, the community compositions were very similar as well
as stable in the two reactors. During this period, the Vibrio sp.
(approximately 50% of cells and colonies) and strains of colony
type V (25 to 30% of colonies) dominated in both reactors.
In the further course of the experiment, the communities
cultured in the two reactors showed different types of development. The community of reactor I was more or less stable
until the inoculation with the flagellate (Fig. 2), while the
community of reactor II showed a slow but steady change in
composition (data not shown). In this reactor, the percentage
of Vibrio sp. cells and colonies declined over a period of 115
days from 50 to 25% and type IV colonies increased from less
than 10% to fluctuating percentages of 25 to 60%. C. acidovorans PX54 established stable populations in both reactors, with a mean relative abundance of 0.9% ⫾ 1.7% (reactor
I) and 2.7% ⫾ 1.1% (reactor II). In both reactors A. hydrophila
PU7718 was only found (⬍1% of total cell numbers) during
the first days after inoculation.
Influence of flagellate grazing on the taxonomic composition
of the bacterial communities. In reactor I the composition of
the stable community changed with the establishment of the
flagellate population. The following succession was observed
(Fig. 2): (i) a decrease in the Vibrio sp. from 51.3% ⫾ 2.5% to
7.1% ⫾ 3.7% of the total cell numbers; (ii) an increase in C.
acidovorans PX54 from 0.9% ⫾ 1.7% to a maximum of 24.5%;
(iii) a decrease in C. acidovorans PX54 to mean values of 0.4%
⫾ 0.5%; (iv) a simultaneous occurrence and a numerical increase in bacterial flocs (Pseudomonas sp. strain MWH1 [see
below]); (v) simultaneous with the increase in flocs, an increase
in the percentage of type IV colonies from 3.7% ⫾ 6.5% to a
maximum of 80%; (vi) a steady decrease in the relative abundance of type IV colonies; and (vii) a simultaneous increase in
type V colonies.
The maximum in the absolute abundance of C. acidovorans
PX54, observed after the introduction of the flagellate (Fig. 2
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FIG. 3. Plot of the number of single-celled bacteria against the number of
cells in flocs. The data set represents only samples from the flagellate-controlled
phases of reactor I (circles) as well as from reactor II (triangles). The open circles
represent data from a 20-day period (about 10% of the total flagellate-controlled
phases), and the solid circles represent data from the other periods.

Pseudomonas sp. strain
MWH1
C. acidovorans PX54
A. hydrophila PU7718
Colony type IVb
Colony type Vb

Relative
abundanced
(%)

Detection
methoda
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and 5), was 7-fold higher than the mean abundance and 3.5fold higher than the maximum abundance observed during the
flagellate-free phase of the experiment.
The elimination of flagellates by using specific inhibitors
resulted in the recovery of the morphological structure, as well
as the recovery of a taxonomic structure similar to that of the
nongrazed community (Fig. 1 and 2). The reestablishment of
the flagellate population was followed by a succession similar
to that observed after the introduction of the flagellate (Fig. 2).
The main difference was the lack of a maximum of C. acidovorans PX54.
In reactor II, no significant influence of flagellate grazing on
the taxonomic structure was detectable by the methods used.
Before inoculation with the flagellate, the relative abundance
of the Vibrio sp. was already low and those of the taxonomically
heterogenous colony types IV and V were high. Possible
changes within these two heterogenous groups cannot be excluded. After inoculation with a sample from reactor I, the
bacterial composition changed simultaneously with the estab-

lishment of bacterial flocs consisting of Pseudomonas sp. strain
MWH1 cells.
FISH. Three samples each from phase 1 and phase 2 of
reactor I were hybridized with four oligonucleotide probes. On
average, 80.5% ⫾ 8.2% of the DAPI-labeled cells hybridized
positively with the EUB338 probe targeted against all taxa
belonging to the domain Bacteria. Samples of the two phases
showed no differences in their reactions to hybridization. Introduction of the flagellate caused no significant change in
bacterial composition detectable by the probes GAM42a and
BET42a. The ␥-proteobacteria dominated among the
EUB338-hybridizable cells with 77% (phase 1) and 71%
(phase 2), and 5% (phase 1) and 10% (phase 2) reacted positively with the BET42a probe. The PS probe always hybridized
positively with cells in bacterial flocs (Pseudomonas sp. strain
MWH1), but signals from single cells were always very weak.
Specific cell size of Vibrio sp. and C. acidovorans PX54 in
reactor I. The mean cell volume of the Vibrio sp. increased
slightly after introduction of the flagellate from 0.090 ⫾ 0.012
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FIG. 5. Changes in the cell size of the total single-celled bacteria, of C. acidovorans PX54, and of the Vibrio sp. after introduction of the flagellate Ochromonas sp.
strain DS into reactor I (center panel). The upper panel gives the total bacterial and flagellate abundances, and the lower panel gives the relative abundances of three
investigated bacteria (percentage of total cell numbers).
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m3 (phase 1) to 0.124 ⫾ 0.009 m3 (phase 2) (Fig. 5). A
comparison of the size class distribution of the Vibrio sp. with
the distribution of the total community revealed that the Vibrio
population completely covered the lower-size classes during
phase 1 (Fig. 6). The percentages for the Vibrio sp. found for
the three classes from 0 to 0.075 m3 were slightly higher than
those for the total community, which may indicate an underestimation of the sizes of the Vibrio sp., but the differences
were not significant (P ⬎ 0.1). During the flagellate-controlled
phases, the mean cell size of the total population of singlecelled bacteria was smaller than the mean cell size of the Vibrio
sp. (Fig. 5). This resulted in the dominance of other strains in
the lower-size classes (Fig. 6), indicating that the Vibrio population was strongly replaced by populations of other strains
which had smaller cells under the given growth conditions.
The mean cell size of C. acidovorans PX54 increased with
increasing grazing pressure, although afterwards, the cell size
decreased with the increase of the Pseudomonas sp. strain
MWH1 population (Fig. 5). The maximal cell size of C. acidovorans PX54 occurred with the maximal cell numbers and
relative abundance of the strain (Fig. 5).
Size-selective grazing of Ochromonas sp. strain DS. The
flagellate showed a marked size-selective grazing. Grazing
rates on beads with diameters of 0.5 and 2.0 m were 10- and
200-fold lower, respectively, than the rate determined for 1.0-

m-diameter beads (Fig. 6). Based on the uptake of beads, we
calculated size-dependent grazing rates of 19.9 ⫾ 5.5 bacteria
flagellate⫺1 h⫺1 (1.0-m-diameter beads) and 1.9 ⫾ 0.05 bacteria flagellate⫺1 h⫺1 (0.5-m-diameter beads).
DISCUSSION
The experimental conditions used in our experiments mimicked the growth rates and abundances of bacteria (12), the
growth rates and abundances of bacterivorous flagellates (3,
35, 46), and the mean cell size of bacteria (7, 29, 42) reported
for mesotrophic to eutrophic lakes. On the other hand, experimental studies like the one presented here are not able to copy
a natural bacterial community. The number of relevant bacterial and flagellate species is limited, and the presence of species
dominating in natural assemblages is rather unlikely. However,
on the level of morphological community structure, we observed responses to flagellate grazing (Fig. 6), as predicted for
natural bacterial communities by the empirical model of Güde
(10), as well as observed several times in field studies (10, 29).
These general similarities indicate that our system is, to some
extent, suitable for general investigations of the interplay of
morphological and taxonomic changes caused by flagellate
grazing.
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FIG. 6. Influence of size-specific grazing of the flagellate Ochromonas sp. strain DS (upper graph) on the size distribution of the bacterial community of reactor
I. The bars of the graph in the middle represent the size class distribution of the community during phase 1 (mean values of five samples). The hatched parts of the
bars indicate the proportion of Vibrio sp. cells. The lower graph represents the distribution after introduction of the predator (five samples from phase 2). The size class
⬎2.0 m3 is exclusively formed by the Pseudomonas sp. strain MWH1 flocs (the bars represent mean values for the whole microcolony population). This size class
contained 4% of the bacterial particles (single-celled bacteria and flocs) but 72% of the bacterial biomass.
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TABLE 3. Observed changes in morphological and taxonomic
structure of bacterial communities after introduction of the
flagellate Ochromonas sp. strain DS
Parameter

Morphological structure
Stable during phase 1
Decrease in cell size of singlecelled bacteria
Floc-like bacteria
Bidirectional change
Taxonomic structure
Stable composition during phase 1
Change due to flagellate grazing
Dominance of Vibrio sp. in
absence of flagellates
Dominance of Pseudomonas sp.
strain MWH1 in presence of
flagellates
Maximum of C. acidovorans PX54
after introduction of flagellates

Observed ina:
Reactor I

Reactor II

⫹
⫹

⫹
⫹

⫹
⫹

⫹b
⫹b

⫹
⫹
⫹

⫺
⫹/⫺c
⫹/⫺d

⫹

⫹b

⫹

⫺

a

⫹, observed; ⫺, not observed.
After inoculation with a 10-ml sample (0.5% of working volume) from
reactor I.
c
⫹/⫺, not detectable by the methods used.
d
⫹/⫺, no dominance for the entire flagellate-free phase.
b

differences in the taxonomic composition of the inoculi used
for the two reactors may be the reason. Secondly, different
physiological adaptations of the populations present in the
reactors may have caused the different developments. Such
changes in the physiological features of bacteria cultured in
chemostats have been reported previously (14, 33).
Interplay of morphological and taxonomic structures. The
bacterial communities of both reactors responded to flagellate
grazing with a marked bidirectional shift in their size distributions (Fig. 2 and 6 and Table 3). These shifts could be easily
explained by size selectivity of the flagellate grazing (2, 9, 29,
39). However, in the assay used for estimating the size selectivity of the flagellate grazing, we used fluorescent latex beads.
Because these particles were different in shape, surface qualities, and other traits from the bacteria cultured in the chemostat, the assay can give only a rough idea about the size selectivity of the flagellates grazing upon bacteria. Additionally, a
size-independent selectivity of flagellate grazing was demonstrated (5, 21, 24), as well as a dependence of selectivity on the
physiological state of the flagellate cells (19). On the other
hand, the flagellate population grew in the chemostat under
strongly food-limited conditions. The flagellate growth rate
was 0.5 day⫺1 and thus only approximately 30% of the maximum growth rate observed under similar but food-saturated
growth conditions. Jürgens and DeMott found only a weak
size-independent selectivity by food-limited flagellates (19).
Therefore, and due to the clear trends in bidirectional shifts of
bacterial size distribution, we assume that size selectivity of
flagellate grazing was the major structuring force controlling
the morphological structure of the bacterial community. However, we cannot rule out the possibility that size-independent
selectivity played a minor role in the influence of grazing on
the bacterial community structure.
In terms of changes in the mean size of single-celled bacteria, the complex bacterial communities of both reactors responded to flagellate grazing in a totally different way than five
bacterial species investigated in separate experiments (11–13).
While the single-celled part of the complex communities
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Bacterial successions after introduction of the flagellate. (i)
Reactor I. The bacterial community of reactor I was dominated
by the Vibrio sp., C. acidovorans PX54, and Pseudomonas sp.
strain MWH1 over almost the whole experiment (Fig. 2).
These major players responded to the introduction of the
flagellate and to the reestablishment of the inhibited flagellate
population with marked changes in relative abundance and
size. These responses were reproduced in separate chemostat
experiments under the same experimental conditions but involving only one or two of the major players, as well as the
flagellate Ochromonas sp. strain DS (11, 13). In a chemostat
experiment with Vibrio sp. strain CB5 (one of the Vibrio sp.
strains) and C. acidovorans PX54 (11), we also observed, after
introduction of the flagellate, a decrease in the relative abundance of the Vibrio sp. and a simultaneous increase of C.
acidovorans PX54, as well as similar trends in changes in the
cell sizes of the two strains (11) (Fig. 5). In contrast to this
previous study, the increase in cell size of C. acidovorans PX54
stopped in the present study before the formation of filaments
(⬎10 m) occurred. An increase in the cell size and the formation of filaments by C. acidovorans PX54 is controlled by the
growth rate (12). We assume that in the present study the lack
of further cell elongation was a result of competition, which
influenced the growth rate of the strain. A stronger limitation
of C. acidovorans PX54 by competition on substrates in the
present study is indicated by the 80%-lower (in comparison to
the nongrazed part of the reference experiment) biomass of
the population. After the introduction of the flagellate, C.
acidovorans PX54 may have been released from this limitation
through a reduction of competitors as a result of grazing. The
later decrease in cell size may have been influenced by the
simultaneous increase of the potential competitor, Pseudomonas sp. strain MWH1 (Fig. 5).
Formation of flocs by single-celled Pseudomonas sp. strain
MWH1, after establishment of the flagellate population (Fig.
2), was also observed in separate chemostat experiments (13).
These flocs differed markedly in size from all single-celled
bacteria and should, in comparison to those, receive protection
against flagellate grazing. However, differences in fluctuations
of the total abundance of cells in flocs (Pseudomonas sp. strain
MWH1) and in the total abundance of single-celled bacteria
(Fig. 2 and 3) demonstrate that these two groups were controlled by different mechanisms. We can largely exclude the
possibility that phages were responsible for the observed fluctuations of the floc-like Pseudomonas sp. strain MWH1 population. An investigation of several chemostat samples by transmission electron microscopy revealed a very low abundance of
⬍104 phages ml⫺1 (45). No differences in phage abundance
were found for samples with low, medium, and high numbers
of bacterial flocs. We assume that the fluctuations of the floclike Pseudomonas sp. strain MWH1 were a result of competition with single-celled bacteria and/or a consequence of
changes in the proportion of floc-forming to single-celled
Pseudomonas sp. strain MWH1 (13).
Based on the comparisons with the reference experiments
(11, 13), we conclude that the total bacterial succession observed in reactor I was mainly the result of flagellate grazing.
(ii) Reactor II. The bacterial community of reactor II responded to flagellate grazing through changes in morphology
and cell size, similar to the reaction of the community of
reactor I (Table 3), although the methods used to follow the
taxonomic composition were not able to reveal whether a taxonomic response to the introduction of the flagellate also occurred. However, several factors may have been responsible
for the taxonomic changes observed during the experimental
phase before the introduction of the flagellate. Firstly, minimal
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showed a marked decrease in mean cell size, each of the five
populations responded to flagellate grazing by a slight-tomarked increase in cell size. We previously demonstrated that
the increases in cell size were not a direct reaction to flagellate
grazing but a reaction to an increase in bacterial growth rates
due to grazing (11, 12). Such a dependence of cell size on
growth rate was also found for other bacterial species (4, 6, 37)
and may be a result of an increased need for space for the
ribosomes, which increase in number as growth rate increases
(4, 32, 34). In the current experiment, the responses in cell size
of selected taxa were followed (Fig. 5). These populations
showed the expected increases in cell size after the reduction
of total bacterial biomass by the predator. The opposite responses of mean cell size of single species and mean cell size of
the whole single-celled part of the total bacterial community
indicate that strains with larger cells were partly replaced by
strains with smaller cells (Fig. 5 and 6). However, we cannot
rule out the possibility that some of the minor players actively
decreased their cell sizes despite the expected increase in bacterial growth rate. Whether such a bacterial grazing defense
mechanism exists is unknown.
We suggest that the observed morphological and taxonomic
responses of the investigated bacterial community to the flagel-

late grazing were mainly a result of the interplay of size-selective grazing, differences in cell size distribution of single bacterial strains, and differences in the specific responses of
bacterial cell size distribution to grazing and growth rate (Fig.
7).
In the present study, and in other experiments, we observed
the domination of medium-size single cells in the absence of
grazers (Fig. 6) (11–13). This corresponds with the model of
Güde (10) and with several other observations (2, 10, 17, 29),
but the reason for the superiority of medium-size strains to
smaller and larger strains is unknown. One may speculate that
larger cells have disadvantages in competition for substrates
due to a reduced surface-to-volume ratio. For the smaller cells,
this argument does not hold true. However, Norland and coworkers (27), as well as Simon and Azam (43), demonstrated in
size-fractionated bacterial communities that smaller bacterial
cells tend to have a higher dry-weight-to-volume ratio than
larger ones. The water content of the cells decreases with cell
size, but the percentage of DNA, proteins, and cell wall and
other cellular components in the cellular dry mass increases.
This indicates that the evolutionary process of development of
smaller bacteria requires a compromise between a general
reduction in cell size and conservation of essential cellular
functions, which cannot be decreased below a minimum level
(e.g., the genome size). We assume that this compromise results in additional metabolic costs for small bacterial cells and
thus leads to the superiority of medium-size cells. However, in
situations without predation, the medium-size cells may have
competitive advantages, although in the opposite situation
these cells should have higher grazing losses due to size-selective predation. This results in advantages for smaller and larger
cells and, thus, in changes in the taxonomic and morphological
compositions of bacterial communities (Fig. 7).
Because we found no hints of size-independent grazing defense strategies of bacteria in our experiments, and due to the
general lack of knowledge about such mechanisms, we only
considered size-dependent defense mechanisms (Fig. 7). However, in numerous field studies, marked morphological shifts of
bacterial communities were reported as responses to increases
in protist grazing pressure (10, 18, 29, 41). This may indicate
that size-independent grazing defense mechanisms play only a
minor role in natural bacterial communities.
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