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Abstract: Protist grazing pressure plays a major role in controlling aquatic bacterial populations,
affecting energy flow through the microbial loop and biogeochemical cycles. Predator-escape mecha-
nisms might play a crucial role in energy flow through the microbial loop, but are yet understudied.
For example, some bacteria can use planktonic as well as surface-associated habitats, providing
a potential escape mechanism to habitat-specific grazers. We investigated the escape response of
the marine bacterium Marinobacter adhaerens in the presence of either planktonic (nanoflagellate:
Cafeteria roenbergensis) or surface-associated (amoeba: Vannella anglica) protist predators, following
population dynamics over time. In the presence of V. anglica, M. adhaerens cell density increased in
the water, but decreased on solid surfaces, indicating an escape response towards the planktonic
habitat. In contrast, the planktonic predator C. roenbergensis induced bacterial escape to the surface
habitat. While C. roenbergensis cell numbers dropped substantially after a sharp initial increase,
V. anglica exhibited a slow, but constant growth throughout the entire experiment. In the presence of
C. roenbergensis, M. adhaerens rapidly formed cell clumps in the water habitat, which likely prevented
consumption of the planktonic M. adhaerens by the flagellate, resulting in a strong decline in the
predator population. Our results indicate an active escape of M. adhaerens via phenotypic plasticity
(i.e., behavioral and morphological changes) against predator ingestion. This study highlights the
potentially important role of behavioral escape mechanisms for community composition and energy
flow in pelagic environments, especially with globally rising particle loads in aquatic systems through
human activities and extreme weather events.

Keywords: pelagic environment; microbial loop; bacterial lifestyles; adaptive dynamics; inducible
defense; habitat choice; predator-prey interactions; phenotypic plasticity; bacterial defensive mechanisms

1. Introduction

In bacterial communities, species that can rapidly escape predation by phagotrophic
protists, for example, via phenotypic plasticity, have a competitive advantage under high
predation pressure. Protist grazing effectively controls bacterial biomass (e.g., [1]) and
enables the transport of a substantial part of the bacterial biomass to higher trophic levels
through the “microbial loop” [2]. Therefore, bacteria—protist trophic interactions have
profound consequences for organic matter and energy flow, as well as food-web structure
in aquatic systems [3]. Furthermore, in natural systems, it has been shown that predator-
driven escape mechanisms are a key driver of shaping bacterial communities in aquatic
environments (e.g., [4]). For example, species with high morphological plasticity have the
ability to reduce grazing-induced mortality compared to species with low plasticity [4],
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which in turn modifies bacterial community composition under high predation events.
Some bacterial species have evolved rapid defense mechanisms in order to avoid grazing
pressure, such as antibiotic resistance, changes in cell size and motility patterns, cell clump-
ing, and exopolymer formation [4-6]. In the pelagic environment, protist predators are
often specialized in grazing on free-floating planktonic bacteria or on surface-associated
bacteria, e.g., on marine particles. For bacteria with the ability to use both habitats [7], this
offers the possibility of a behavioral escape mechanism in response to high predation pres-
sure in one habitat [8]. The escape behavior might thereby be triggered by the recognition
of protist predators via chemical cues [9].

In aquatic pelagic environments, carbon and nutrient substrates are present in liquid
and solid states—defined as dissolved organic matter (DOM) and particulate organic matter
(POM)—and their densities vary over space and time [10,11]. To exploit these two pools
of organic matter, bacteria have developed different life strategies, either specialized in a
specific habitat or the ability to exploit both habitats. In this study, specialist and generalist
bacteria are discriminated according to their habitat choice (i.e., free-living (planktonic) vs.
surface-associated) and not to their substrate choice, as has been previously done. Accord-
ing to our definition, specialist bacteria are either specialized in a planktonic (e.g., [12]) or
surface-associated [13] lifestyle (i.e., utilizing either dissolved or particulate organic matter).
In contrast, the generalist strain can be planktonic and surface-associated at the same time,
and thus able to move between the two different compartments, e.g., to avoid grazing
pressure by planktonic or surface-associated grazers. Consequently, generalist bacteria are
physiologically adapted to utilize dissolved and particulate organic matter at the same [7].
Thereafter, specialists are more effective in exploiting a special type of resource with the
cost of a strong substrate-specific dependence. In contrast, generalists may be less efficient
in exploitation of a specific resource (due to higher metabolic maintenance costs for critical
structures /metabolic pathways), but can more effectively escape grazing pressure in one or
the other habitat. However, the ability to shift between habitats in response to predation
requires motility via flagella, as well as chemotaxis to find new suitable living-habitats.
Furthermore, chemical cues might enable them to sense the presence of grazers, which
could trigger a habitat shift [8]. Such a predator-escape mechanism could be an important
advantage compared to habitat specialists, especially under high grazing pressure. Assess-
ing and understanding bacterial defense mechanisms is important, due to their far-reaching
ecological implications for the dynamics and composition of the microbial community [14],
as well as for energy transport to higher trophic levels [15]. Thereby, microbial community
composition and dynamics can be influenced by habitat heterogeneity determined by
particle load and type. Worldwide, an increase in particle loading to aquatic systems can
be observed due to anthropogenic impacts, such as microplastic pollution (e.g., [16]), or
following extreme events, such as flooding, which occur at increasing frequency as part
of climate change [17,18]. Increasing particle concentrations can be expected to increase
bacterial abundance and correspondingly lead to an increase in their respective grazers.
Theoretical studies suggest that this might benefit generalist bacterial species with the abil-
ity to escape from habitats with high predation pressure, with potential consequences also
for energy transport through the microbial loop [15]. To assess the ecological consequences,
it is important to perform observational studies on bacterial habitat choice and how it
is influenced by predation. The difficulty of assessing bacterial behavioral dynamics in
nature points to the necessity of expanding our knowledge by using laboratory or modeling
approaches [19]. The impact of bacterial escape mechanisms on protist biomass can serve
as a proxy for energy available for higher trophic levels.

Here, we used a widespread marine bacterium, Marinobacter adhaerens, which is known
to dwell both on particle surfaces and in water, to experimentally investigate its rapid
behavioral defense mechanisms in response to predation by a planktonic or a surface-
associated phagotrophic protist, respectively. We used the flagellate Cafeteria roenbergensis
as a model predator for the planktonic habitat, which primarily feeds on planktonic bacteria
by creating feeding currents with its anterior flagellum [20,21]. For a surface-associated
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predator, we used the amoeba Vannella anglica, a surface-crawler predator that feeds on
biofilm-forming bacteria [22]. Flexible habitat choice and the ability to thereby escape
predation might be one reason for the widespread occurrence of M. adhaerens and other
species of the same genus [23]. To assess the importance of this escape mechanism, we
investigated the habitat use and population dynamics of M. adhaerens in the absence and
presence of planktonic or surface-associated protist predators. We used nutrient-poor
medium to mimic nutrient conditions typically found in marine environments and added
nutrient-enriched organic particles. We observed different escape mechanisms expressed by
M. adhaerens in the presence of planktonic vs. surface-associated protist predators. Findings
from this study highlight the importance of habitat heterogeneity in pelagic environments,
which can create an opportunity of behavioral escape mechanisms via flexible habitat
choice for generalist bacteria. This has potential implications for microbial community
composition and consequently for energy transfer through the microbial loop [15].

2. Results

Bacterial population dynamics in the presence of predators.

2.1. Planktonic Predator Treatment

In the control as well as the planktonic predator treatment, after the initial inoculation
of M. adhaerens, its planktonic cell density increased during the first two days (Figure 1A).
In both cases, after the second day of incubation, the cell density of M. adhaerens in the water
column declined sharply until day 3, settling on a relatively constant level of low population
density until the end of the experiment. The surface-attached M. adhaerens subpopulation
(Figure 1B) grew steadily on the agar surfaces until day 6 in the planktonic predation
treatment and until day 11 in the control treatment. Maximum bacterial densities attached
to surfaces are substantially higher in the planktonic predation scenario. Thereafter, cell
densities of control and predator treatment started to decline until the end of the experiment.
Following addition of C. roenbergensis on day 2 (Figure 1C), predator cell density showed a
sharp increase, reaching its maximum on day 4, after which C. roenbergensis cell density
dropped sharply on day 5 and continued to drop to low densities during the rest of the
experiment. Albeit considered a planktonic protist, C. roenbergensis was also feeding on
bacteria associated with the water-surface interphase. It was observed that a subpopulation
of C. roenbergensis stayed in the vicinity of the nutrient-rich agar surfaces (see Section SA in
Supplementary Materials). This subpopulation showed a similar trend, reaching maximum
density on day 5 (one day later compared to the rest of the population) and a decrease
until day 10, after which the predator subpopulation close to the agar surface disappeared
completely (see Section SA in Supplementary Materials).

Comparing the control and predation treatments shows that predator effects on bac-
terial density in the planktonic habitat were not pronounced. The GAM analysis shows
no significant effect of C. roenbergensis on planktonic M. adhaerens (Figure 2A, df = 2.817,
F =1.263, p = 0.31), although cell density of M. adhaerens is lower in the presence of the
planktonic predator compared to the control (Figure 1A). The strongest difference between
control and planktonic predator treatment is observed for the surface habitat, where M.
adhaerens density reaches much higher densities in the presence of the planktonic predator
compared to the control (see Section SB in Supplementary Materials), indicating increased
bacterial attachment to surfaces in the presence of the grazer (Figure 1B). This is supported
by the GAM analysis, which shows a significant positive correlation of C. roenbergensis
density with areal occupation of the surface-attached M. adhaerens (Figure 3A, df = 4.100,
F =11.145, p < 0.001). On day 6, the increase in bacterial density on the agar plate coincides
with the maximum predator biomass in the water—surface interphase (see Section SA in
Supplementary Materials). After day 9, when predator density was close to extinction, M.
adhaerens density in the planktonic (Figure 1A) and surface-attached habitat (Figure 1B)
was similar to observed densities in the control treatment.
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Figure 1. Predator—prey dynamics comparing bacteria population dynamics in the water (A,D)
and attached to surfaces (B,E) in presence of (A-C) the planktonic predator (blue), or (D-F) the
surface-attached predator (red) with the corresponding dynamics observed in the control treatment
(black line). (C,F) show the total cell density (light blue solid line) of the planktonic C. roenbergensis
((C), blue) and the total cell density per total surface area (red solid line) of the surface-attached
V. anglica ((F), red, respectively. The vertical dashed black line marks the addition of the respective
predator on day 2 of the experiment.
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Figure 2. Smoothed fits of covariates modeling the scaled density of planktonic M. adhaerens for
the scaled densities of (A) C. roenbergensis, (B) V. anglica, (C) surface-associated M. adhaerens, and
(D) time. The y-axis represents the spline function. Circles are the data from the experiment. Solid
lines represent fitting curves. Dashed lines indicate the 95% confidence intervals.
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Figure 3. Smoothed fits of covariates modeling the scaled density of surface-attached M. adhaerens
for the scaled densities of (A) C. roenbergensis, (B) V. anglica, (C) planktonic M. adhaerens, and (D)
time. The y-axis represents the spline function. Circles are the data from the experiment. Solid lines
represent fitting curves. Dashed lines indicate the 95% confidence intervals.

On day 3, one day after the addition of C. roenbergensis, we observed an increased
formation of bacterial clumps or aggregates in the water (see Section SC in Supplementary
Materials), which was not observed in the control (Figure 4A,C). While the bacterial
population in the water column consisted mainly of clumped M. adhaerens cells, in the
following days the bacterial clumps decreased progressively in size, correlating with the
decline in C. roenbergensis abundance.

B C

— — —

Figure 4. Documentation of clump formation in the water habitat on day 3 in presence of (A)
C. roenbergensis, (B) V. anglica, and (C) absence of clumps in the control treatment. Pictures were taken
with a Leica epifluorescence microscope at 40 x magnification. The red depicts the fluorescence of the
DSRed protein.

2.2. Surface-Attached Predator Treatment

Overall, M. adhaerens dynamics showed a very similar trend to the previously described
scenario for planktonic predator treatment. The planktonic M. adhaerens subpopulation
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(Figure 1D) initially increased in cell density until day 2, followed by a sharp drop on
day 3, settling on a relatively constant level of low population density until the end of the
experiment. After day 3, bacterial biomass in the planktonic habitat was consistently higher
in the predation treatment compared to the control. This is supported by results from the
GAM analysis indicating a significant positive correlation between V. anglica density on
the planktonic M. adhaerens cell density (Figure 2B, df = 1.000, F = 24.332, p < 0.001). The
surface-attached subpopulation (Figure 1E) showed an initial increase in density until day
11 in the control treatment and until day 3 in the predation treatment. Maximum density
on the surface was significantly higher for the control scenario, as indicated by a significant
negative correlation between V. anglica density and areal coverage of surface-attached M.
adhaerens (Figure 3B, df = 3.683, F = 47.441, p < 0.001). After the peak, the surface-attached
M. adhaerens density decreased progressively until the end of the experiment.

Upon addition of the surface-attached predator on day 2 (Figure 1F), V. anglica density
increased slowly until approximately day 9, after which the predator biomass increased
more steeply until day 15, after which it remained at rather high values until the end of the
experiment (Figure 1F).

The comparison between control and surface-attached predator treatment indicated
that M. adhaerens responded to the presence of V. anglica, even during the initial phase
of low density, via an increased use of the planktonic compartment. This is reflected by
the overall higher (lower) density of the planktonic (surface-attached) subpopulation in
the predator treatment compared to the respective subpopulation in the control treatment
(Figure 1D,E, and Section SB in Supplementary Materials).

Interestingly, M. adhaerens also showed clump formation in the water column after
addition of the surface-attached predator (Figure 4B and Section SC in Supplementary
Materials).

In addition to the effects of the predators, the GAM analysis revealed that the density
of M. adhaerens in the water habitat was significantly negatively correlated to the density
of the bacterium in the surface habitat (Figure 2C, df = 1.359, F = 18.512, p < 0.001), but
not vice versa (Figure 3C, df = 1.827, F = 0.986, p = 0.345). Furthermore, planktonic M.
adhaerens linearly decreased with time (Figure 2D, df = 1.000, F = 77.439, p < 0.001), while
surface-attached M. adhaerens showed a unimodal response over time (Figure 3D, df = 5.469,
F =27.382, p < 0.001).

3. Discussion

This study investigated how bacterial habitat choice is influenced by the presence of
habitat-specific grazers. We observed pronounced differences in biomass accumulation of
the chemotaxis mutant of the marine bacterium M. adhaerens between the planktonic and
surface-attached lifestyles in response to the presence of planktonic vs. surface-attached
protist predators. Our observations indicate that M. adhaerens escaped to the planktonic
habitat in the presence of the surface-attached predator V. anglica, whereas it dominantly
used the surface-attached habitat in the presence of the planktonic predator. While the
molecular basis of the observed bacterial responses and the involved cues are unknown, our
results suggest that habitat shifts are key to escape high predation pressure and allow for
bacterial persistence. Our results are in line with laboratory experiments by [24] revealing
similar escape behavior of four different surface-attached bacteria in the presence of a
surface predator—the amoeba A. castellanii. They found that even the liquid supernatant
of the A. castellanii culture induced the bacterial escape response, pointing to the fact that
chemical signaling may trigger the bacterial behavior. In particular, the authors showed that
at high bacteria-to-amoebae ratios, the presence of the amoebae provoked active bacterial
detachment from the surface-attached bacteria into the water column. The observed higher
migration of M. adhaerens to the planktonic environment in the presence of the surface
predator shortly after its addition, when amoeba density was still low, is supportive of such
chemical cues.
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Apart from predation, differences in nutrient availability between habitats and specifi-
cally leaching of organic matter and nutrients from the nutrient-enriched surfaces into the
water might also trigger habitat shifts. Moreover, grazing-induced remineralization of the
bacterial biomass [25] on the surfaces would further release organic matter and nutrients
into the surrounding water and thus stimulate growth of the bacterial subpopulation in the
water habitat. However, the stimulation of bacterial growth in the alternative habitat is not
obvious from our experimental data, as growth of the planktonic bacteria remained low
after day 6, when amoeba density and thus grazing pressure was high.

The defensive response of M. adhaerens towards the planktonic predator C. roenber-
gensis seems to be more diverse than for the surface-attached predator, as we observed
a morphological response via cell clumping of bacteria in water, in addition to their es-
cape towards surfaces, associated with a drastic decline in the C. roenbergensis population.
According to this observation, clumping seems to be part of a defensive response from
M. adhaerens against nanoflagellate grazing in the pelagic environment. Clumping as one
possible defense mechanism to avoid predation by heterotrophic nanoflagellates is widely
recognized by different studies (e.g., [5]). However, in addition to our observational study;,
more detailed investigations are necessary to assess the molecular basis of the observed
response and how it is related to predator identity and density. The differences (even if
small) in bacterial density in the water habitat between the planktonic predator and the
control treatment suggest that clumping limited grazing by C. roenbergensis. However, the
high accumulation of prey biomass on the slides in the presence of the planktonic predator
in comparison to the control treatment indicates that the habitat shift was the dominant
predator-escape mechanism. While our study did not allow us to assess the role of chemical
cues and the molecular basis for the observed responses, other studies (e.g., [26]) suggested
that the escape response in bacteria to avoid predation may be mediated by quorum sensing
triggered by the increase of bacterial association with particles. Moreover, the production
of antiprotozoal substances has been observed for the marine bacterium Vibrio cholerae in
the presence of the flagellates C. roenbergensis and R. nasuta [27]. In the latter study, the
authors suggested that in addition to less available bacterial prey due to a shift in habitat
use (towards the particle surfaces), the antiprotozoal substances caused a drastic reduction
in the predator population. This might also explain the strong decline in C. roenbergensis in
our experiment.

In pelagic habitats, grazing can be mainly by planktonic protozoa or alternatively by
surface-attached protozoa, which relate to a different flux of energy and organic matter, as
surface-attached protozoa can be also ingested by larger organisms feeding on particles
(e.g., suspension feeders like zooplankton, e.g., [28]). In contrast, pelagic protozoa like
nanoflagellates can only be ingested by smaller filter feeders (e.g., ciliates), which leads
to additional trophic levels in the food chain and hence a less efficient energy and matter
flux to higher trophic levels (e.g., [29]). Therefore behavioral defense mechanisms can have
consequences for energy flow to higher trophic levels [15].

In a previous study on predator-escape mechanisms of a generalist bacterium (Pseu-
domonas putida) in the presence of either a planktonic (Paramecium tetraurelia) or a surface
predator (Acanthamoeba castellanii), ref. [8] also observed a pronounced habitat shift of the
bacteria in response to the respective predation-free habitat. However, ref. [8] only assessed
the initial vs. final microbial densities after a rather short experimental duration of only
four days. In our study, we applied a much longer duration of 21 days with daily data
collection during the first week and every other day for the rest of the experiment. The
prolonged experimental time revealed complex microbial dynamics, allowing us to assess
the differences in the bacterial response to each of the two habitat-specialized predators.
The longer duration of our experiment allowed us to observe clearer differences between
control and predation treatments, especially in the surface-predator scenario, where the
main differences arose after the first week, probably related to the slower growth of this
predator together with a time lag in order to colonize the surfaces. Furthermore, the higher
temporal resolution of our experiment allowed us to detect additional bacterial defense
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mechanisms, such as cell clumping and habitat shift, both of which occurred rapidly in
the presence of the planktonic predator. Moreover, ref. [8] used well-plate systems with
relatively small volume to assess surface-attached bacteria on the bottom of the well, and
this might influence the expression of habitat shifts. In our system, with low-nutrient water
and nutrient-enriched surfaces, it seems that nutrients in the water were rapidly taken up
and agar-bound nutrients depleted towards the end of the experiment. The decreasing
trend of planktonic bacteria over time suggest that bacteria in our batch-culture system
were increasingly limited by bottom-up control, especially in the planktonic habitat.

Because of their feeding strategies and dominant habitat use, the two predators C.
roenbergensis and V. anglica can be considered specialist grazers of planktonic bacteria and
surface-attached bacteria, respectively. Nonetheless, we also observed the nanoflagellate
grazer close to the surfaces (dwelling in the water—surface interphase) when bacteria in the
water formed non-ingestible clumps. However, our data do not suggest a strong grazing
effect of the nanoflagellate grazer on the surface-associated bacterial subpopulation.

Despite the lack of a chemotactic response towards nutrient patches of the selected
M. adhaerens chemotaxis mutant (ACheA), the observed differences in the response of
M. adhaerens in the presence of planktonic or surface-attached predators indicate that
this strain can still detect the presence of both predators and respond via habitat shift
and cell clumping to minimize the impact of protozoan grazing. Whether the defense
mechanisms have a chemical basis remains speculative. Future studies could address this
aspect and resolve which genes and genetic pathways are involved. It is known that the
gene cluster ACheA reduces the surface colonization of the marine diatom Thalassiosira
weissflogii compared to the wild-type strain [30]. The gene knockout may also impact
physiological rates, such as the growth rate of bacterial strains. To assess these effects, we
measured the growth rates of the chemotaxis knockout mutant (ACheA) in comparison
to the wild type and also the flagella mutant (AFliC) strain in initial experiments (see
Section SD in Supplementary Materials). Under the same experimental conditions as used
in the described study (control treatment), both the chemotaxis and the flagella mutant
showed a higher growth rate and carrying capacity than the wild-type strain.

While we originally envisioned investigating population dynamics of M. adhaerens in
the presence of both protist predators (C. roenbergensis and V. anglica), this was not possible,
as in all trials the planktonic predator C. roenbergensis went extinct shortly after both
predators were added to the system. One main reason for this could be that C. roenbergensis
reacted sensitively to remainders of the antibiotic, i.e., chloramphenicol, that was used in
the solid agar to keep amoeba cultures in axenic conditions prior to starting the experiments.
Initial experiments in the absence of chloramphenicol support the view that coexistence
between the two predators on a diet of M. adhaerens is possible; however, due to the need
to use the antibiotic to keep predators axenic and also select for the plasmid fluorescent
plasmid encoded on bacterial plasmids, this setup was not used for the main experiment.

4. Materials and Methods
4.1. Organisms and Culture Media

In our laboratory experiments, we used the Gram-negative gammaproteobacterium
M. adhaerens (HP 15). The strain was originally isolated from the Wadden Sea and firstly
described by [31] as a marine particle-associated bacterium and had its genome sequenced
by [32]. For the experiments, we selected the knockout chemotaxis mutant (ACheA), tagged
with a plasmid coding for a red fluorescence protein (DsRed) [33,34]. The chemotaxis
mutant shows both planktonic and surface-associated lifestyles, which allows studying
the behavioral response of M. adhaerens in presence of either the planktonic or the surface-
associated protist predator. The knockout gene of the chemotaxis mutant has been shown
to reduce colonization rates on cells of the diatom Thalassiosira weissflogii with respect to the
wild-type strain [30], which indicates that colonization is less driven by resource availability.
Furthermore, initial experiments showed that the chemotaxis mutant (from here on called
M. adhaerens) exhibited the highest growth rate compared to the wild type or the flagella
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mutant (see Section SD in Supplementary Materials). Both of these observations made
it more likely to observe pronounced differences between the treatments and to observe
habitat shifts primarily driven by predator abundance and not resource availability.

M. adhaerens was stored in cryos at —80 °C, keeping axenic conditions. For bacterial
growth, we used marine broth (MB) medium with ampicillin 30 ug/mL to select for the
fluorescence protein-tagged bacteria, due to the presence of ampicillin and chloramphenicol
resistance encoded in the plasmid. The bacterial growth temperature was 37 °C and the
tubes were incubated overnight. During the exponential growth phase, 2 mL of the culture
were centrifuged at 10,000 rpm for 1 min and the pellet was washed with artificial seawater
(ASW; ref. [35]). After resuspending the pellet with ASW, we repeated the washing process
3 times in order to get rid of any nutrients from the growth medium (MB).

For protozoan grazers, we used (i) the nanoflagellate Cafeteria roenbergensis [36] as
planktonic predator and (ii) the amoeba Vannella anglica [37] as surface-associated predator.
For C. roenbergensis cultures, we used ASW plus soil extract and a wheat grain previously
autoclaved. The amoeba V. anglica was kept on agar plates using MY75S medium containing
malt, yeast, and 75% artificial sea water (ASW; ref. [35]) plus bacteriological agar (15 g L™1).
Both organisms were treated with a mixture of antibiotics over several generations in order
to reduce the background bacterial density. Cultures for the experiments were achieved
by diluting the C. roenbergensis culture 20 times. Thereafter, a mixture of antibiotics at
30 ng/mL was added to the liquid medium and the whole process was repeated over
5 generations. To increase flagellate density, prior to the experiment, we fed the culture
with heat-killed M. adhaerens. For the amoeba V. anglica, after autoclaving and cooling, a
mix of antibiotics was added to the agar solution before pouring the agar solution into the
plates.

4.2. Model System and Grazing Experiments

We developed a laboratory experimental system comprising the two pelagic habitats:
water (planktonic) and solid-particle surfaces (surface-associated). We used a semicon-
tinuous batch-culture system with three replicates per treatment of 800 mL glass beakers
filled with 200 mL of ASW (water) containing 4 microscope glass slides (particle surface),
exposed vertically in the water. One side of the glass slides was coated with solid agar
solution. The beakers were closed in order to avoid any external contamination. To keep
the temperature constant throughout the experiment, we used an incubator set at 20 °C,
representative of surface-water summer temperatures of temperate regions. To mimic
conditions of the pelagic environment, we used a shaker to gently mix the batch cultures at
low intensity (approx. 0.25 s~! of shear rate), trying to mimic the average turbidity regime
of ocean surface waters.

The liquid medium consisted of ASW with carbon (C) and nutrient (N, P) concen-
trations mimicking nitrogen limitation based on the Redfield ratio [38], representative
of oligotrophic marine environments. We used 20 uM glucose, 2 pM ammonium, and
0.2 uM phosphate as C, N, and P source, respectively. Micronutrients were delivered
with f/2 medium [39], which was diluted 1000 x to obtain low trace metal and vitamin
concentrations similar to oligotrophic marine environments. The solid surfaces of the glass
slides were covered with a solution of ASW with 5% bacteriological agar and two orders of
magnitude (100x) more C, N, and P than in the water habitat, simulating nutrient enriched
organic particles. C, N, and P content were 2000 pM (glucose), 200 pM (ammonium), and
20 uM (phosphate), respectively. After autoclaving, 1.2 mL of the enriched agar solution
was poured onto the glass microscope slides and spread homogeneously on one side of
the slide, covering an area of 3.5 x 2.5 cm. The slides were vertically introduced into the
beakers with the agar solution-covered side facing upward at an angle of approx. 45°. This
homogeneous distribution on one side allowed us to better assess bacterial and predator
density via microscopy. In both habitats, ammonium (NHy*) was the limiting nutrient,
allowing us to follow nutrient dynamics throughout the experiment by measuring am-
monium (NH;*), nitrite (NO, ™), and nitrate (NO3 ™) (see Section SE in Supplementary
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Materials). Ammonium leaching time from the enriched glass surfaces into the water
was calculated using Fick’s first law, which suggests that ammonium concentrations in
the water and particle surfaces reach equilibrium in less than one hour (See Section SF in
Supplementary Materials).

To evaluate the escape ability of the generalist bacterium M. adhaerens, we followed
its abundance in both habitats—in the water and on the slide surfaces—with three ex-
perimental treatments: (i) control treatment with only M. adhaerens, i.e., absence of both
predators, (ii) planktonic predator treatment with M. adhaerens and C. roenbergensis, and (iii)
surface-attached predator treatment with M. adhaerens and V. anglica. Unfortunately, it was
not possible to investigate M. adhaerens dynamics in the presence of both predators, since
the nanoflagellate (C. roenbergensis) quickly went extinct in the presence of the amoeba V.
anglica. Presumably, this was due to the (albeit low) concentrations of chloramphenicol
released from the agar block used for amoeba inoculation (see also Discussion).

All three treatments were triplicated with initial bacterial cell density of 10* cells
mL~!. The microbial cells were taken from the same stock culture and at the same growth
phase to ensure the same cell physiological status between treatments. Bacterial growth (in
absence of grazers) was observed to reach carrying capacity after two days, as measured
in initial experiments (Section SD in Supplementary Materials, Figure S8). Accordingly,
for the predator treatments, the respective predator was added on the second day of
the experiment, when bacterial abundance had reached >10° cells mL~! (Figure 1). The
initial density of the planktonic predator C. roenbergensis was 10% cells mL 1, the surface-
attached predator V. anglica was added with 4 x 10* cells on 4 mm? agar blocks (after gently
centrifuging the agar blocks to detach the loosely attached V. anglica), and they were added
to the cultures.

The experiments lasted 21 days to give the predators enough time for a numeric
response. The amoeba V. anglica has a low growth rate compared to the nanoflagellate
C. roenbergensis. Sampling was carried out daily during the first week and every second
day during the second and third weeks. Twelve milliliters of water was taken out from
each batch culture under sterile conditions in a clean bench. From these, after prefiltration
through 0.22 pum syringe filters, 5 mL was used to measure nutrients with a FIASTAR
analyzer after 1:2 dilution using nutrient-free ASW. From this, 5 mL was used to measure
the density of the nanoflagellate, C. roenbergensis in the planktonic habitat, after fixing
with glutaraldehyde 2% (fin. conc.) and storage in the fridge at 4 °C for a maximum
of 4 weeks prior to filtration. Finally, 1 mL was used to determine bacterial cell density
after filtration on 0.2 um filters to quantify the fluorescence signal of the protein (DSRed)
encoded in a plasmid within M. adhaerens with an epifluorescence microscope (Leica
DMRB). The excitation and emission maxima of the fluorescence protein DSRed are 554
and 586 nm, respectively. The 12 mL sampled was replaced by adding new medium on
every sampling day to keep the 200 mL constant along the experiment. Note that the
sampling timing differed between the first week and the rest of the experiment, and thus
the dilution rate was not constant over time. However, given the small volume taken
for sampling, the corresponding dilution rate was rather low, ranging from 0.06/day in
the first week to 0.03/day in the second and third weeks. We therefore assume that this
did not substantially affect the observed population dynamics (see Figure 1). To assess
bacterial and protist densities on the solid surfaces, at each sampling, life measurement
was taken using (i) an inverted microscope for direct investigations of protists and (ii)
an epifluorescence microscope assessing the density of M adhaerens, making use of the
fluorescence DSRed protein encoded in the bacterium M. adherens. Differently to our
expectation, the nanoflagellate planktonic predator has also been found loosely associated
with the agar surfaces, but feeding mainly on plankton and not on attached bacteria [21].

We always took 9 pictures along each slide, corresponding to three lines along the
slide’s vertical axes (left, middle, right) and three points per vertical line (upper, medium,
and lower). Additional picture capture did not substantially affect the biomass output;
therefore, 9 pictures were established to measure the biomass on the slides. Image] was
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used to calculate the fraction [%] of the surface-area covered by surface-attached bacteria
(see Section SG in Supplementary Materials) and to approximate the density of bacteria
attached to the agar surfaces. To assess the bacterial density in the water, we counted
20 microscope squares randomly distributed across each filter. Predator density on the
surface slides, both planktonic (see above comment) and surface-attached, were quantified
by counting 40 consecutive randomly distributed squares using the inverse microscope.
For quantification of predator density in the water, 5 mL of the sampling volume was
fixed with 2% glutaraldehyde (fin. conc.), filtered on 0.8 um white filters, stained with
2.5 pg/mL DAPI (fin. conc.), and counted using the epifluorescence microscope by counting
40 randomly distributed squares.

For additional experimental details concerning our batch-culture system, see Section
SH in Supplementary Materials.

4.3. Statistical Analysis

To investigate factors determining the population density of M. adhaerens in both habi-
tats, we used a generalized additive model (GAM). GAM is a method to estimate flexible
regression functions between explanatory and response variables [40]. We constructed two
GAM models to explain either the density of planktonic or surface-attached M. adhaerens.
For this, we analyzed all data together (control, planktonic predator treatment, and surface
predator treatment). In the first model, the density of M. adhaerens in the water habitat
was set as the response variable. The density of the predators C. roenbergensis, V. anglica,
and M. adhaerens in the surface-attached habitat (on slides) and time were selected as
the explanatory variables. Thereby the covariate function depending on the explanatory
variable “time” indicated the changes in population density influenced by factors other
than predation. In our analysis, we focused on the predator effects (via C. roenbergensis or
V. anglica) and bacterial density in the alternative habitat (i.e., in water or on surfaces) by
further analyzing the corresponding functional terms indicated by the GAM analysis. We
performed the same analysis with respect to the density of M. adhaerens on the slides as the
response variable in the second model. In this case, the density of C. roenbergensis, V. anglica
and M. adhaerens in the water and time were selected as the explanatory variables. Please
note that there was one control treatment that was used for both models, representing the
case of zero predator density.

The data analysis was performed on the sampling points, starting with day 2 of the
experiment on which the predators had been added. Prior to analysis, the data were divided
by the corresponding standard deviation to exclude the effects of differences of variances
among the explanatory variables. For the GAM analysis a gamma error distribution with
the log-link function was used to account for the fact that the response variables were
positive only. The GAM analysis was performed using the mgcv package (V1.8-31) in R
(V3.6.2R Core Team (2021)).

For additional experimental details concerning the statistical GAM analysis, see Sec-
tion SH in Supplementary Materials.

5. Conclusions

We demonstrate the presence of contrasting defensive mechanisms in the chemotaxis
mutant M. adhaerens (ACheA) towards planktonic or surface attached predators in the two
main pelagic habitats: water and particle-surfaces. We found multiple plastic responses
(i.e., escape into the predator-free habitat and cell clumping) against predator grazing,
furthermore bacterial defense-responses differed in response to the planktonic or surface-
attached predator. The presence of active predator-escape mechanisms affects species
interactions and community composition with potential consequences for the flux of energy
and matter through the microbial loop. Our study highlights, that taking microbial interac-
tions into account might be crucial to assess how changing abiotic conditions via nutrient
availability and particle concentration will impact energy transport and remineralization
in aquatic systems. Thereby the underlying genetic mechanisms of M. adhaerens’s defense
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responses are yet unknown and future efforts should shed light on the molecular basis and
possible eco-evolutionary processes that regulate predator-prey interactions in microbial
communities.

Supplementary Materials: The supporting information can be downloaded at: https:/ /www.mdpi.
com/article/10.3390/ijms231710082/s1. Reference [41] are cited in the supplementary materials.

Author Contributions: Conceptualization L.A.V,, HP.G., SSW., M.K. and L.Z.; methodology, L.A.V,;
formal analysis, M.K.; writing—original draft preparation, L.A.V.; writing—review and editing,
H.PG,SW, MK, LA.V. and L.Z; supervision, HP.G. and S.W,; funding acquisition, H.P.G., SW.
All authors have read and agreed to the published version of the manuscript.

Funding: This project was funded by the German Research Foundation (DFG) 588 Priority Program
1704: DynaTrait (GR 1540/25-1+2, WO 2273/1-1). MK received funding from the Grant-in-Aid
for JSPS Fellows (MK 19J00864). The work was partly funded by the German Federal Ministry
of Education and Research BMBF within the 590 Collaborative Project “Bridging in Biodiversity
Science-BIBS” (funding number 01LC1501).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Isabell Klawonn and Matthias Ullrich for their help on the
experimental part of this project. The authors also thank the German Research Foundation (DFG),
i.e., the SPP 1704 Dynatrait project, and the German Federal Ministry of Education and Research
BMBE, i.e., the BIBS project, for general support. The MIBI group and all members of the department
Plankton and Microbial Ecology at the Leibniz Institute of Freshwater Ecology and Inland Fisheries
are thanked for their scientific and technical support. The publication of this article was funded by
the Open Access Fund of the Leibniz Association.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hahn, M.; Moore, E.; Hofle, M. Role of Microcolony Formation in the Protistan Grazing Defense of the Aquatic Bacterium
Pseudomonas sp. MWHI1. Microb. Ecol. 2000, 39, 175-185. [CrossRef] [PubMed]

2. Azam, F; Fenchel, T; Field, ].G.; Gray, ].S.; Meyer-Reil, L.A.; Thingstad, F. The Ecological Role of Water-Column Microbes in the
Sea. Mar. Ecol. Prog. Ser. 1983, 10, 257-263. [CrossRef]

3. Sherr, E.B,; Sherr, B.F. Significance of predation by protists in aquatic microbial food webs. Antonie Van Leeuwenhoek 2002, 81,
293-308. [CrossRef] [PubMed]

4.  Hahn, M.W.; Hofle, M.G. Grazing of protozoa and its effect on populations of aquatic bacteria. FEMS Microbiol. Ecol. 2001, 35,
113-121. [CrossRef]

5. Pernthaler, J. Predation on prokaryotes in the water column and its ecological implications. Nat. Rev. Microbiol. 2005, 3, 537-546.
[CrossRef]

6. Corno, G,; Juirgens, K. Structural and functional patterns of bacterial communities in response to protist predation along an
experimental productivity gradient. Environ. Microbiol. 2008, 10, 2857-2871. [CrossRef]

7. Kierboe, T.; Tang, K.; Grossart, H.-P.; Ploug, H. Dynamics of Microbial Communities on Marine Snow Aggregates: Colonization,
Growth, Detachment, and Grazing Mortality of Attached Bacteria. Appl. Environ. Microbiol. 2003, 69, 3036-3047. [CrossRef]

8. Seiler, C.; Van Velzen, E.; Neu, T.; Gaedke, U.; Berendonk, T.U.; Weitere, M. Grazing resistance of bacterial biofilms: A matter of
predators’ feeding trait. FEMS Microbiol. Ecol. 2017, 93, fix112. [CrossRef]

9. Kats, L.B.; Dill, L.M. The scent of death: Chemosensory assessment of predation risk by prey animals. Ecoscience 1998, 5, 361-394.
[CrossRef]

10. Thornton, D.C.D. Dissolved organic matter (DOM) release by phytoplankton in the contemporary and future ocean. Eur. J. Phycol.
2014, 49, 20-46. [CrossRef]

11.  Simon, M.; Grossart, H.; Schweitzer, B.; Ploug, H. Microbial ecology of organic aggregates in aquatic ecosystems. Aquat. Microb.
Ecol. 2002, 28, 175-211. [CrossRef]

12.  Garcia, S.L.; Salka, I.; Grossart, H.-P.; Warnecke, F. Depth-discrete profiles of bacterial communities reveal pronounced spatio-
temporal dynamics related to lake stratification. Environ. Microbiol. Rep. 2013, 5, 549-555. [CrossRef] [PubMed]

13.  Grossart, H.-P. Ecological consequences of bacterioplankton lifestyles: Changes in concepts are needed. Environ. Microbiol. Rep.

2010, 2, 706-714. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ijms231710082/s1
https://www.mdpi.com/article/10.3390/ijms231710082/s1
http://doi.org/10.1007/s002480000026
http://www.ncbi.nlm.nih.gov/pubmed/12035094
http://doi.org/10.3354/meps010257
http://doi.org/10.1023/A:1020591307260
http://www.ncbi.nlm.nih.gov/pubmed/12448728
http://doi.org/10.1111/j.1574-6941.2001.tb00794.x
http://doi.org/10.1038/nrmicro1180
http://doi.org/10.1111/j.1462-2920.2008.01713.x
http://doi.org/10.1128/AEM.69.6.3036-3047.2003
http://doi.org/10.1093/femsec/fix112
http://doi.org/10.1080/11956860.1998.11682468
http://doi.org/10.1080/09670262.2013.875596
http://doi.org/10.3354/ame028175
http://doi.org/10.1111/1758-2229.12044
http://www.ncbi.nlm.nih.gov/pubmed/23864569
http://doi.org/10.1111/j.1758-2229.2010.00179.x
http://www.ncbi.nlm.nih.gov/pubmed/23766274

Int. . Mol. Sci. 2022, 23, 10082 13 0f 13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.
41.

Simek, K.; Kasalicky, V.; Jezbera, J.; Horndk, K.; Nedoma, J.; Hahn, M.W.; Bass, D.; Jost, S.; Boenigk, J. Differential freshwater
flagellate community response to bacterial food quality with a focus on Limnohabitans bacteria. ISME J. 2013, 7, 1519-1530.
[CrossRef]

Villalba, L.A.; Karnatak, R.; Grossart, H.; Wollrab, S. Flexible habitat choice of pelagic bacteria increases system stability and
energy flow through the microbial loop. Limnol. Oceanogr. 2022, 67, 1402-1415. [CrossRef]

Cole, M,; Lindeque, P.; Halsband, C.; Galloway, T.S. Microplastics as contaminants in the marine environment: A review. Mar.
Pollut. Bull. 2011, 62, 2588-2597. [CrossRef]

Perga, M.-E.; Bruel, R.; Rodriguez, L.; Guénand, Y.; Bouffard, D. Storm impacts on alpine lakes: Antecedent weather conditions
matter more than the event intensity. Glob. Chang. Biol. 2018, 24, 5004-5016. [CrossRef]

Shabarova, T.; Salcher, M.M.; Porcal, P.; Znachor, P.; Nedoma, J.; Grossart, H.-P.; Sed’a, J.; Hejzlar, J.; Simek, K. Recovery of
freshwater microbial communities after extreme rain events is mediated by cyclic succession. Nat. Microbiol. 2021, 6, 479-488.
[CrossRef]

Andersen, K.H.; Aksnes, D.L.; Berge, T.; Fiksen, @.; Visser, A. Modelling emergent trophic strategies in plankton. J. Plankton Res.
2015, 37, 862-868. [CrossRef]

Boenigk, J.; Arndt, H. Bacterivory by heterotrophic flagellates: Community structure and feeding strategies. Antonie van
Leeuwenhoek 2002, 81, 465-480. [CrossRef]

Massana, R.; Del Campo, J.; Dinter, C.; Sommaruga, R. Crash of a population of the marine heterotrophic flagellate Cafeteria
roenbergensis by viral infection. Environ. Microbiol. 2007, 9, 2660-2669. [CrossRef]

Parry, ].D. Protozoan Grazing of Freshwater Biofilms. In Advances in Applied Microbiology; Laskin, A.IL, Bennett, ]JW., Gadd, G.M.,
Eds.; Elsevier Academic Press: San Diego, CA, USA, 2004; Volume 54, pp. 167-196. [CrossRef]

Handley, K.M,; Lloyd, J.R. Biogeochemical implications of the ubiquitous colonization of marine habitats and redox gradients by
Marinobacter species. Front. Microbiol. 2013, 4, 136. [CrossRef] [PubMed]

Guillonneau, R.; Baraquet, C.; Molmeret, M. Marine Bacteria Display Different Escape Mechanisms When Facing Their Protozoan
Predators. Microorganisms 2020, 8, 1982. [CrossRef] [PubMed]

Corno, G.; Salka, I.; Pohlmann, K.; Hall, A.; Grossart, H. Interspecific interactions drive chitin and cellulose degradation by
aquatic microorganisms. Aquat. Microb. Ecol. 2015, 76, 27-37. [CrossRef]

Li, Y.-H; Tian, X. Quorum Sensing and Bacterial Social Interactions in Biofilms. Sensors 2012, 12, 2519-2538. [CrossRef]

Erken, M.; Weitere, M.; Kjelleberg, S.; McDougald, D. In situ grazing resistance of Vibrio cholerae in the marine environment.
FEMS Microbiol. Ecol. 2011, 76, 504-512. [CrossRef]

Stukel, M.R.; Ohman, M.D.; Kelly, T.B.; Biard, T. The Roles of Suspension-Feeding and Flux-Feeding Zooplankton as Gatekeepers
of Particle Flux Into the Mesopelagic Ocean in the Northeast Pacific. Front. Mar. Sci. 2019, 6, 397. [CrossRef]

Dickman, E.M.; Newell, ] M.; Gonzalez, M.].; Vanni, M.]. Light, nutrients, and food-chain length constrain planktonic energy
transfer efficiency across multiple trophic levels. Proc. Natl. Acad. Sci. USA 2008, 105, 18408-18412. [CrossRef]

Sonnenschein, E.C.; Syit, D.A.; Grossart, H.-P.; Ullrich, M.S. Chemotaxis of Marinobacter adhaerens and Its Impact on Attachment
to the Diatom Thalassiosira weissflogii. Appl. Environ. Microbiol. 2012, 78, 6900-6907. [CrossRef]

Grossart, H.-P.; Schlingloff, A.; Bernhard, M.; Simon, M.; Brinkhoff, T. Antagonistic activity of bacteria isolated from organic
aggregates of the German Wadden Sea. FEMS Microbiol. Ecol. 2004, 47, 387-396. [CrossRef]

Giérdes, A.; Kaeppel, E.C.; Shehzad, A.; Seebah, S.; Teeling, H.; Yarza, P.; Glockner, FO.; Grossart, H.-P,; Ullrich, M.S. Complete
genome sequence of Marinobacter adhaerens type strain (HP15), a diatom-interacting marine microorganism. Stand. Genom. Sci.
2010, 3, 97-107. [CrossRef] [PubMed]

Sonnenschein, E.C.; Girdes, A.; Seebah, S.; Torres-Monroy, L.; Grossart, H.-P.; Ullrich, M.S. Development of a genetic system for
Marinobacter adhaerens HP15 involved in marine aggregate formation by interacting with diatom cells. J. Microbiol. Methods 2011,
87,176-183. [CrossRef] [PubMed]

Kaeppel, E.C.; Gérdes, A.; Seebah, S.; Grossart, H.-P,; Ullrich, M.S. Marinobacter adhaerens sp. nov., prominent in aggregate
formation with the diatom Thalassiosira weissflogii. Int. J. Syst. Evol. Microbiol. 2012, 62, 124-128. [CrossRef] [PubMed]

Berges, J.A.; Franklin, D.J.; Harrison, P.J. Evolution of an artificial seawater medium: Improvements in enriched seawater, artificial
water over the last two decades. J. Phycol. 2001, 37, 1138-1145. [CrossRef]

Fenchel, T.; Patterson, D.]. Cafeteria roenbergensis nov. gen., nov. sp., a heterotrophic microflagellate from marine plankton. Mar.
Microb. Food Web 1988, 3, 9-19.

Reference. Culture Collection of Algae and Protists. Available online: http://www.ccap.ac.uk (accessed on 1 January 2017).
Redfield, A.C. On the Proportions of Organic Derivatives in Sea Water and Their Relation to the Composition of Plankton; James Johnstone
Memorial Volume; University Press of Liverpool: Liverpool, UK, 1934; pp. 176-192.

Guillard, R.R.L.; Ryther, J.H. Studies of marine planktonic diatoms. I. Cyclotella nana Hustedt and Detonula confervacea Cleve.
Can. J. Microbiol. 1962, 8, 229-239.

Wood, S.N. Generalized Additive Models: An Introduction with R, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2017.

Jaishankar, J.; Srivastava, P. Molecular Basis of Stationary Phase Survival and Applications. Front. Microbiol. 2017, 8, 2000.
[CrossRef]


http://doi.org/10.1038/ismej.2013.57
http://doi.org/10.1002/lno.12091
http://doi.org/10.1016/j.marpolbul.2011.09.025
http://doi.org/10.1111/gcb.14384
http://doi.org/10.1038/s41564-020-00852-1
http://doi.org/10.1093/plankt/fbv054
http://doi.org/10.1023/A:1020509305868
http://doi.org/10.1111/j.1462-2920.2007.01378.x
http://doi.org/10.1016/s0065-2164(04)54007-8
http://doi.org/10.3389/fmicb.2013.00136
http://www.ncbi.nlm.nih.gov/pubmed/23734151
http://doi.org/10.3390/microorganisms8121982
http://www.ncbi.nlm.nih.gov/pubmed/33322808
http://doi.org/10.3354/ame01765
http://doi.org/10.3390/s120302519
http://doi.org/10.1111/j.1574-6941.2011.01067.x
http://doi.org/10.3389/fmars.2019.00397
http://doi.org/10.1073/pnas.0805566105
http://doi.org/10.1128/AEM.01790-12
http://doi.org/10.1016/S0168-6496(03)00305-2
http://doi.org/10.4056/sigs.922139
http://www.ncbi.nlm.nih.gov/pubmed/21304739
http://doi.org/10.1016/j.mimet.2011.08.008
http://www.ncbi.nlm.nih.gov/pubmed/21880271
http://doi.org/10.1099/ijs.0.030189-0
http://www.ncbi.nlm.nih.gov/pubmed/21335492
http://doi.org/10.1046/j.1529-8817.2001.01052.x
http://www.ccap.ac.uk
http://doi.org/10.3389/fmicb.2017.02000

	Introduction 
	Results 
	Planktonic Predator Treatment 
	Surface-Attached Predator Treatment 

	Discussion 
	Materials and Methods 
	Organisms and Culture Media 
	Model System and Grazing Experiments 
	Statistical Analysis 

	Conclusions 
	References

