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Abstract: Free-living amoeba are members of microbial communities such as biofilms in terrestrial,
fresh, and marine habitats. Although they are known to live in close association with bacteria in
many ecosystems such as biofilms, they are considered to be major bacterial predators in many
ecosystems. Little is known on the relationship between protozoa and marine bacteria in microbial
communities, more precisely on how bacteria are able survive in environmental niches where these
bacterial grazers also live. The objective of this work is to study the interaction between the axenized
ubiquitous amoeba Acanthamoeba castellanii and four marine bacteria isolated from immersed biofilm,
in order to evaluate if they would be all grazed upon by amoeba or if they would be able to survive in
the presence of their predator. At a low bacteria-to-amoeba ratio, we show that each bacterium is
phagocytized and follows a singular intracellular path within this host cell, which appears to delay or
to prevent bacterial digestion. In particular, one of the bacteria was found in the amoeba nucleolar
compartment whereas another strain was expelled from the amoeba in vesicles. We then looked at the
fate of the bacteria grown in a higher bacteria-to-amoeba ratio, as a preformed mono- or multi-species
biofilm in the presence of A. castellanii. We show that all biofilms were subjected to detachment from
the surface in the presence of the amoeba or its supernatant. Overall, these results show that bacteria,
when facing the same predator, exhibit a variety of escape mechanisms at the cellular and population
level, when we could have expected a simple bacterial grazing. Therefore, this study unravels new
insights into the survival of environmental bacteria when facing predators that they could encounter
in the same microbial communities.
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1. Introduction

Protozoa such as free-living amoeba are important members of microbial communities in all
terrestrial, fresh, and marine environments. Protozoa are known to live in close association with
bacteria in many ecosystems such as biofilms [1]. Predation by protozoa is considered to be the
leading cause of bacterial death [2]. In current times, studies are mostly focused on understanding the
physiology and regulation of sessile bacteria without sufficiently taking into consideration other major
players of microbial communities [1]. The close association of bacteria and protozoa in biofilm and
their long co-evolutionary history are thought to give rise to a series of bacterial adaptations ensuring
survival and coexistence [3–5]. This aspect has been particularly well studied when protozoa interact
with pathogenic bacteria, which is best illustrated with the protozoa-Legionella pneumophila relationship.
Protozoa are indeed considered like a “Trojan horse” for the selection of pathogenic bacteria [6,7].
In marine environments, protozoa could have a major impact on the selection of bacteria in biofilm
ecosystem and on the selection of pathogens in aquaculture. Studies on the coexistence of bacteria and
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protozoa including amoeba in the environment are emerging but little is known on the establishment of
this type of relationship in particular when marine microorganisms are considered. Overall, very few
studies have focused on answering the following conundrum: If protozoa are bacterial grazers and
part of the biofilm microbial communities, how do bacteria survive in the presence of their predators
in biofilms?

The first interactions between amoeba and bacteria that have been reported involved human
pathogenic bacteria [7–11]. Since then, various potential routes of bacterial adaptations against
predation by protozoa have been described. Two types of bacterial adaption or resistance towards
amoeba has been proposed: pre-ingestional and post-ingestional with various adaptation strategies
associated with bacterial size or grouping, bacterial speed, amoeba surface masking, digestional
resistance, toxin release, or intracellular growth [3,5]. In recent years, original interactions have
been discovered in marine environments. For instance, several intranuclear bacterial symbionts
of marine amoeba have been identified (reviewed in [12]). While different types of interactions
have been described with various bacteria, mostly human pathogens, very few studies have been
interested in interactions between marine bacteria (mainly non-pathogenic bacteria) with protozoa,
their intracellular fate, and the potential outcome within the microbial communities. Except for the few
existing amoeba models, very few protozoa have been isolated and axenized from the environment,
despite an important diversity of amoeboid protists present in the marine environment [13].

Different marine bacteria have been isolated from biofilms recovered from the bay of Toulon,
France [14,15]. These bacteria, Persicivirga (Nonlabens) mediterranea (TC4), Polaribacter sp. (TC5), and two
strains of Shewanella (TC10 and TC11), initially selected on the basis of phenotypical differences [15–17],
have been recently studied in multispecies biofilms [18]. It was found that competitive and cooperative
interactions take place within multispecies biofilms. In this study, we investigated the interactions
between these four different marine bacterial strains and an amoeba susceptible to occupy the same
ecological niche, the ubiquitous axenized amoeba, Acanthamoeba castellanii. A. castellanii has been
isolated from various sources including soil, natural, and tap waters as well as marine samples [19–22]
and has been used as a model organism for bacteria–amoeba interaction studies with different bacteria,
including marine bacteria [10,23–25]. When we looked at the interactions at a low bacteria-to-amoeba
ratio, we showed that, first, all the bacteria were phagocytized within the protozoan cells and that
bacterial uptake occurred at very different efficiencies; second, none of them were totally eliminated
by A. castellanii during the 48 h incubation, even when inoculated at low concentration; third and
most importantly, each bacteria followed a singular intracellular fate. Among these intracellular paths,
Shewanella sp. TC11 appeared to be expelled from the amoeba in vesicles at 24 h. We also made the
original observation of an intranucleolar bacteria (P. mediterranea TC4) within a eukaryotic host cell.
When we studied the interaction between preformed monospecies and multispecies biofilms and
A. castellanii, which correspond to a higher bacteria-to-amoeba ratio, we showed that, first, all biofilms
detached from the surface during the 24 h interaction with amoeba; second, the amoeba supernatant
triggered the detachment of two of the bacterial biofilms from the surface; and third, Polaribacter
sp. TC5, which have been shown to display inhibitory effects toward other bacteria in multispecies
biofilms [18], triggered a cytotoxicity effect on the amoeba. Therefore, our findings show that protozoan
interactions with bacteria considered as non-pathogenic can unravel different intracellular paths and
escape mechanisms when we could have expected a quick bacterial grazing for all of them. This study
highlights the diversity of interactions between eukaryotic cells and bacteria that could exist in the
marine environment and how bacteria survive in the presence of their predator through various escape
mechanisms at the cellular or at the population level.
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2. Materials and Methods

2.1. Bacterial and Protozoan Strains

Four marine bacterial strains were used in this study: Persicivirga (Nonlabens) mediterranea TC4
(Toulon Collection), Polaribacter sp. TC5, and two different species of Shewanella, Shewanella sp. TC10,
and Shewanella sp. TC11. These strains were isolated from surfaces immerged in the bay of Toulon
and belonged to different species as shown by their phylogenetic position [14,15]. All bacterial strains
were grown in Väätänen Nine-Salt Solution (VNSS) [26] at 20 ◦C, with shaking at 120 rpm. When the
TC10 strain harbored the pX5 plasmid encoding green fluorescent protein (GFP) (kindly constructed
by Dr. Aurore Puymège), the VNSS medium was supplemented with 6 µg/mL of chloramphenicol.

A. castellanii is an axenized environmental isolate that was provided by Pr. F. Pernin (Institut
des Sciences Pharmaceutiques et Biologiques-Faculté de Pharmacie-Université Lyon1, Lyon, France).
The amoeba, whose axenization implies that they do not require any addition of bacteria for growth,
were grown into 175 cm2 tissue culture flasks (Nunc™, Thermo Scientific, Roskilde, Denmark)
containing 30 mL of PYG (Peptone, Yeast-extract, Glucose) at 20 ◦C. The coculture assays were
performed in the Nine-Salt Solution (NSS) [1,26].

2.2. Bacterial Labeling

TC10 pX5-GFP was previously constructed by conjugation using Escherichia coli WM3064 as a
donor strain [18]. Because transformation and conjugation assays of the bacterial strains only resulted in
the creation of TC10 pX5-GFP despite numerous different conditions tested on the strains, 3 polyclonal
antibodies directed against the 3 other strains, TC4, TC5, and TC11, were produced (ACRIS Antibodies
GmbH, Herford, Germany) for labeling purposes [18]. TC4, TC5, and TC11 polyclonal antibodies
were respectively designed into chicken, goat, and rabbit hosts. The construction and specificity
of antibodies between them as well as optimizations of the parameters were tested and completed
in a prior study [18]. The absence of counterstain against A. castelanii was performed (Supporting
information Figure S1).

2.3. Bacterial and Amoeba Enumeration in NSS

Growth kinetics in NSS of amoeba was performed every 24 h over a time course of 96 h directly
on 175 cm2 tissue culture flasks using an inverted optical Motic AE21 microscope (Motic, Kowloon,
Hong Kong). Evaluation of bacterial concentration was performed at the same time points by measuring
absorbance at OD600nm.

2.4. Bacterial Survival during A. castellanii Co-Incubation

Amoebae suspensions obtained by scrapping culture flasks (Corning Incorporated Costar®,
New York, NY, USA) were inoculated into 96 transparent well plates at 1.105 cells per well. Plates were
incubated for 12 h at 20 ◦C to initiate amoebae adhesion at the bottom of the wells. Post exponentially
grown bacteria suspended in NSS were inoculated on amoebae monolayers at a multiplicity of infection
(MOI) of 10 or 100. Low speed centrifugation (5 min at 900× g) was used to slowly move the bacteria
down toward the adhered protozoan cells, and to initiate and synchronize physical interaction between
bacteria and amoeba as it is usually performed in studies of bacteria–host cell interactions [27–31].
After 3 h of contact time, the samples were washed off 3 times with NSS to remove extracellular bacteria
and start the kinetics study at T0h, T24h and T48h. At each time point of the kinetic, host cell samples,
treated with TritonTM X-100 (0.05%) for 15 min on ice or mechanically lysed by mixing up and down
with syringe and needles (25 g), were submitted to serial dilutions before plating 5 µL drops on VNSS
agar plates for the estimation of the intracellular bacteria concentration.
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2.5. Cytotoxicity Assay against A. castellanii

Bacteria and amoeba were prepared as previously described except that 24 well plates (Corning
Incorporated Costar®, New York, NY, USA) containing a sterilized glass coverslip into each well were
used and that 5 × 105 cells per well with the corresponding MOI 100 for the bacteria were added
in each well. After 24 h, bacteria-associated amoebae were stained with propidium iodide (Thermo
Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions followed by 20 min
incubation at room temperature in the dark. Samples were then washed three times with NSS before
formalin fixation and mounting on a slide with a drop of ProLong™ Diamond Antifade (Molecular
Probes™, Eugene, OR, USA). The percentage of live or dead cells was determined using confocal laser
scanning microscopy (CLSM) (Zeiss LSM 510). A negative control corresponding to the non-infected
amoeba and a positive control corresponding to the non-infected amoeba treated with Formalin 3.7%
and TritonTM X-100 (0.05%) to kill the cells were prepared before propidium iodide addition and
subsequent fixation and mounting procedures.

2.6. Bacterial Localization within A. castellanii Using CLSM

Bacteria and amoebae were prepared as previously described except that 24 well plates (Corning
Incorporated Costar®, New York, NY, USA) containing a sterilized glass coverslip into each well
were used and 5 × 105 amoeba cells were added in each well. Bacteria were inoculated at both
MOI 10 and MOI 100. At T0 h, T24 h, and T48 h, cells were fixed using Formalin 3.7% for 1 h for
amoeba-associated TC10 pX5-GFP and TC5 strains, and using acetone/methanol (1:1, v:v) for 20 min
at −20 ◦C for the samples containing amoeba and TC4 or TC11. The permeabilization steps were
performed using TritonTM X-100 (0.05%) for 15 min or using Tween® 20 (0.5%) for 20 min in order
for the TC4 antibodies to access the nucleus. For the immunostaining, samples were blocked with
bovine serum albumin (BSA) 3% (Acros organics, Geel, Belgium) in phosphate buffer saline (PBS) 1X
overnight at 4 ◦C. The primary antibodies were added for 1 h in BSA 3% at 1/300 for chicken-anti-TC4,
1/100 for goat-anti-TC5, and 1/300 for rabbit-anti-TC11. After a second blocking step of 2 h at room
temperature, secondary antibodies were added in BSA 3% with 4′,6-diamidino-2-phénylindole (DAPI)
at 5µg/mL (Sigma-aldrich, Darmstadt, Germany), at a concentration of 1/4000 for goat anti-chicken
IgY (H + L) conjugated to fluorescein isothiocyanate (FITC) (Invitrogen™, Waltham, MA, USA) or to
a concentration of 1/500 for goat anti-chicken IgG coupled to Alexa Fluor 405 (Abcam, Cambridge,
UK) for 1 h, at a concentration of 1/2000 for donkey anti-goat IgG (H + L) coupled to Alexa Fluor
633 (Invitrogen™, Waltham, MA, USA) for 1 h, at a concentration of 45 µL/mL for donkey anti-rabbit
IgG coupled to Alexa Fluor 594 for 30 min, and at a concentration of 1/200 for mouse anti-rabbit IgG
coupled to CruzFluor™ 488. Finally, the coverslips were mounted with a drop of ProLong™ Diamond
Antifade before observation using CLSM.

2.7. Colocalization Studies with Intracellular Organelles

The bacteria and the amoeba were prepared at MOI 100, as described above. The colocalization
study of TC4, TC5, TC10, and TC11 strains with acid endosomes was performed at T0 h, T24 h and
T48h using 40 µg/mL of pHrodo™ Red Dextran (Molecular probes™, Eugene, OR, USA) [32]. Samples
were incubated for 20 min at 37 ◦C. The colocalization with the nucleolus was carried out using mouse
anti-nucleolin primary antibody (C-23(MS-3): sc-8031) (Santa Cruz biotechnology, Dallas, TX, USA) at
1/50 for 1 h as previously performed [33]. The secondary mouse antibody IgGκ (m-IgGκ BP-CFL 594:
sc-516178) (Santa Cruz Biotechnology, Dallas, TX, USA) conjugated to CruzFluor™ 594 was applied for
1 h at 1/50.

2.8. Bacterial Localization within A. castellanii Using Transmission Electron Microscopy (TEM)

Coculture experiments took place in 24 well plates at MOI 100. At T0 h, T24 h, and T48 h, samples
were fixed in 3.5% glutaraldehyde for 45 min at 4 ◦C in NSS and post-fixed with 1% osmium tetroxide
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(OsO4) in 0.1 M sodium Sorenson’s buffer for 1 h. Dehydration in increasing ethanol concentration
solutions was followed by direct embedding of the samples from the surface in LX112 resin (Ted Pella,
Redding, CA, USA). Ultrathin sections were stained with uranyl acetate followed or not by lead citrate
at the CIQLE (Centre d’Imagerie Quantitative Lyon Est, platform of UCBL Lyon1 University) or at the
PiCSL-FBI core facility (IBDM UMR CNRS 7288, Aix-Marseille University) and examined with a Tecnai
G2 electron microscope (FEI, Hillsboro, OR, USA) operating at 200 kV at the PiCSL-FBI core facility.

2.9. Biofilm Formation

Bacterial biofilms were developed into 96-well microtiter plates (Corning Incorporated Costar®,
New York, NY, USA) with 200 µL of bacteria harvested in post exponential growth phase in VNSS
and suspended in NSS at an OD600nm of 0.4 into each well [18,34]. After 15 h, 24 h, 48 h, and 72 h
of development in static conditions and a temperature of 20 ◦C, samples were washed three times
with NaCl (36 g.L−1) and dried for 30 min at 50 ◦C. Biofilms were stained for 15 min with 200 µL of
Crystal Violet at 0.01%, rinsed three times with NaCl (36 g·L−1), and dried 10 min at room temperature.
The quantification of biofilm was evaluated by releasing the stain from the biofilm with absolute
ethanol for 10 min at 20 ◦C on an orbital shaker 120 rpm [34,35] and by measuring the absorbance of
Crystal Violet solution at 595 nm.

2.10. Amoeba Against Bacterial Biofilm

A preformed biofilm of bacteria was established in NSS in 24 well plates (Corning Incorporated
Costar®, New York, NY, USA), containing a sterilized glass coverslip into each well, to a final OD600 nm

of 0.3 for monospecies biofilms and 0.1 per strain for multispecies biofilms, similarly to our previous
study, except that NSS was used instead of artificial sea water (ASW) [18]. After 24 h or 48 h of
incubation at 20 ◦C in static conditions, 1 mL of NSS for the blank, 1 mL of amoeba-preconditioned
supernatant, or 1 mL of amoeba suspension at 5 × 105 cells/mL in NSS was added onto the preformed
biofilms. The preconditioned supernatant was collected from a culture of amoeba at 5 × 105 cell/mL
in NSS, which was filtrated onto a 0.2 µm filter after 24 h of incubation. After 24 h of incubation at
20 ◦C in static conditions, cells were fixed using Formalin 3.7% for 3 h. The permeabilization and
staining steps were performed as previously described [18]. Finally, the coverslips were mounted with
a drop of ProLong™ Diamond Antifade before observation using CLSM. For biofilm of TC10 pX5-GFP,
after the fixation step, the samples were directly mounted with the same ProlongTM Diamond Antifade
mounting medium.

2.11. Evaluation of the Presence of Planktonic Bacteria

Preformed bacterial biofilms were performed in NSS in 24 well plates, containing a sterilized glass
coverslip into each well, to a final OD600 nm of 0.4 (0.1 per strain for multispecies biofilm). After 24 h
of incubation at 20 ◦C in static conditions and after three washes, 1 mL of NSS for the blank, 1 mL
of amoeba-preconditioned supernatant prepared as described above, or 1 mL of amoeba suspension
at 5 × 105 cell/mL in NSS was added onto preformed biofilms. After 24 h of incubation at 20 ◦C in
static conditions, the supernatants of the biofilms were plated on VNSS agar before analyzing colony
forming unit (CFU) enumeration.

2.12. Data Extraction from Images and Statistics

At least three biological replicates and ten pictures per sample were performed for each experiment.
The pictures were acquired under the 63x/1.40 Oil DIC objective by CLSM (Zeiss LSM 510, Göttingen,
Germany). The biovolume of CLSM pictures was determined with the COMSTAT software developed
in MATLAB R2015 a (Mathworks, Natick, MA, USA) [36]. To test for statistically significant differences
(p < 0.05) between two conditions, a T-test was performed and a one-way analysis of variance including
the Bonferroni post-test were performed between different time points, using SPSS 13.0 (IBM, Armonk,
NY, USA).
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3. Results

3.1. The Bacterial Strains Are Not All Digested and Follow Different Intracellular Paths within A. castellanii

In order to understand how marine bacteria could potentially survive in the presence of the
predator A. castellanii, we first studied separately the interaction of four bacteria used in a previous
study [18], P. mediterranea TC4, Polaribacter sp. TC5, and two different strains belonging to different
species of Shewanella, TC10 and TC11 [14,15], with the amoeba, at a low bacteria-to-amoeba cells ratio.
The objective was to analyze their interaction at the cellular level and more precisely to characterize
the bacterial intracellular paths.

3.1.1. A. castellanii Interact with the Marine Bacteria TC4, TC5, TC10, and TC11

To study marine bacteria-amoeba interactions, we first tried to axenize amoebae (such as
Acanthamoeba griffini CCAP 1501/4 and Vahlkampfia dumnonica CCAP 1588/9) isolated from marine
environments recovered from the marine culture collection (Culture Collection of Algae and Protozoa
CCAP/The Scottish Association for Marine Science (SAMS)), but without success. We then decided
to perform our experiments with a well-known amoeba model Acanthamoeba castellanii, which has
previously been isolated from marine environments and studied in interaction with marine bacteria
such as Vibrio strains [1,10,11,25,37,38].

To perform the amoeba–bacteria interaction study, bacteria were grown beforehand planktonically,
but a medium in which both partners could survive, without replicating, had to be selected. Among a
set of media tested (data not shown), NSS, which tends to mimic the marine seawater composition,
appeared to be the most promising one. NSS did not induce a significant decrease in the overall
bacteria and amoebae number, and none of them grew either in this low nutrient solution (Supporting
information Figure S2). The advantage of low nutrient media is that they tend to promote interactions
between both partners [39].

To know if bacteria could exert a potential cytotoxic effect on the protozoan cells, propidium
iodide was used on the protozoa incubated with each of the strains at MOI 100. The results showed
that none of the bacteria triggered a cytotoxic effect on A. castellanii, similar to the non-infected cells
and in sharp contrast with the formalin-killed control samples (Supporting information Figure S3).

With the purpose of evaluating the bacterial fate when cocultured with the amoeba, A. castellanii
were cultivated in the presence of bacteria in NSS. At various time points bacteria cells were harvested
from lysed amoeba cells for CFU enumeration purposes (Supporting information Figure S4). Our results
showed that intracellular bacteria CFU decreased significantly for TC5, TC10, and TC11 by a factor 10
to 1000 depending on the bacteria (Supporting information Figure S4). For TC4, no bacteria could be
detected, at first in contrast with the other strains as TC4 appeared sensitive to the triton treatment
used for amoeba cell lysis (data not shown). To overcome this problem, which prevented the TC4 CFU
enumeration when in interaction with the amoeba, we used a mechanical cell lysis approach. We were
then able to detect TC4 CFU on plates, which confirmed that like for the others, the bacteria were alive
within the amoeba. We observed a decrease of the TC4 concentration for the first 24 h of interaction.
The CFU were thereafter stable until 48 h, suggesting a stable interaction between both partners.

Taken together, these results show that when cultivated alone in NSS, the overall proportion of
amoeba and bacterial cells in the coculture experiments did not show variations over 48 h. However,
when in interaction with the protozoa, no bacteria cytotoxic effect toward the amoeba was detected but
there was an overall decrease of intracellular bacterial concentrations for TC4, TC5, TC10, and TC11,
suggesting that some of the bacteria may have been phagocytized by the amoeba, and subsequently
digested and/or released.
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3.1.2. All the Marine Bacteria Are Phagocytized in Different Proportion and Persist Over 48 h within
A. castellanii

To characterize the mechanisms behind the phagocytosis events, the interaction between
A. castellanii and the four bacterial marine strains were analyzed using CLSM. The monitoring
of the co-incubated micro-organisms over the 48-h time period using CLSM shows that bacteria were
phagocytized by A. castellanii in different proportions and appeared to display different behavioral
patterns (Figures 1 and 2). The evaluation of the presence of intracellular bacteria within A. castellanii
indicated that most (i.e., 90%) of all amoeba contained P. mediteranea TC4 at both MOI 10 and MOI
100 (Figure 1A) at all time points. The fact that no increase or decrease of the number of infected cells
was observed suggests some stability in the interaction over time. Shewanella sp. TC11 was present in
most amoeba at T0 h (about 99%), but their numbers sharply decreased from T24 h at both MOI and
reached about 57% and 19% at MOI 10 and 100, respectively at T48 h (Figure 1B). For Polaribacter sp.
TC5, only 50% at MOI 10 and 72% at MOI 100 could be observed at most (Figure 1C). A significant
decrease of infected cells was observed after 24 h at both MOI and this number stayed stable up to
48 h. The phagocytosis of Shewanella sp. TC10 was observed in about 21% or 53% of the cells at MOI
10 and 100 respectively from T0 h (Figure 1D). These numbers decreased afterward but like for the
others, bacteria were still present within cells at T48 h. Therefore, these results show that A. castellanii
phagocytosis occurred at different rate, and that marine bacteria may follow different intracellular
paths, utilizing different mechanisms to circumvent rapid amoebal predation, since the four bacteria
were still present at 48 h.
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Figure 1. The marine bacteria were phagocytized and persisted within Acanthamoeba castellanii over
48 h. Kinetics of A. castellanii interaction with different marine bacteria was monitored over a course
of 48 h at MOI (multiplicity of infection) 10 and MOI 100 by marine bacterial strains: Persicivirga
mediteranea TC4 (A), Shewanella sp. TC11 (B), Polaribacter sp. TC5 (C) and Shewanella sp. TC10 (D).
The percentage of amoeba containing bacteria was determined at T0h, T2h, and T48h. Values are the
means of three replicates, error bars represent standard deviations and asterisks indicate significant
differences to the samples (** p < 0.01 and *** p < 0.001).
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Figure 2. Bacteria were found in distinct locations within A. castellanii. (A) TC4 was located near the
nucleus while TC5, TC10, and TC11 were cytoplasmic. Persicivirga mediterranea TC4 (a–e) was visualized
using FITC (fluorescein isothiocyanate) (green)-conjugated polyclonal antibodies (PAb) (black arrows:
nuclear bacteria; white arrows: cytoplasmic bacteria). Shewanella sp. TC11 (f–j) was labeled with
Alexa Fluor 594 (red)-conjugated PAb. Polaribacter sp. TC5 (k–o) was observed with PAb conjugated to
Alexa Fluor 633 (magenta). Shewanella sp. TC10 (p–t) harbored the plasmid pX5-GFP (green). For all
bacteria, pictures were taken using CLSM (confocal laser scanning microcopy) at T0 h and at MOI
(multiplicity of infection) 100; (B) TC11 was expelled in vesicles out of the cells over a course of 48 h.
Shewanella sp. TC11 was observed in association with amoeba at MOI 100 at T0h (a), T24h (b), T48h
(c) (g and h black arrows: intracellular bacteria-filled vesicles; white arrows: expelled bacteria-filled
vesicles). In each picture, amoebae were observed using DAPI (4′,6-diamidino-2-phénylindole) (blue)
and with the corresponding DIC (differential interference contrast) picture of the confocal laser scanning
microscopy (CLSM).

3.1.3. TC4 Is Located within the Nucleolar Compartment

Analysis of CLSM images showed that most of the protozoan cells invaginated few TC4
(Figure 2Aa–e). Most of the TC4 immunostaining appeared to be associated with the DAPI staining
(Figure 2Ae). The results showed that at T0 h more than 60% of the bacteria colocalized with DAPI and
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this number increased with incubation time, reaching 90% at 48 h (Figure 3A,B). It suggests that this
bacterium is localized within or near the nucleus of the host cells. This observation could be made at
all time points and at both MOI (data not shown), suggesting that the bacterium goes quickly (within
the 3 h contact time) toward the nucleus area and stays in this intracellular niche for over 48 h. The 3D
images displayed in two axial planes y/x and z/x show that TC4 staining was mostly detected in the
middle of the DAPI staining area, suggesting a central location of the bacteria within the nucleus
(Figure 3A). To confirm the location of TC4 in the amoeba nucleus, we performed TEM experiments.
TEM photographs showed the presence of one to six electron dense structures of the size of a bacteria in
the nucleus of the amoeba and more precisely in the electron-dense area of the nucleus, corresponding
to the nucleolar compartment (Figure 4a,b). To verify this observation, antibodies directed toward the
nucleolin protein known to be located within the nucleolus were used [33]. The results show that at T0
h, around 50% of bacteria colocalized with the nucleolin labeling, demonstrating that bacteria were
already located within the nucleolus by that time (Figure 3B,C). At T24 h and T48 h, the proportion of
bacteria colocalizing with the nucleolin labeling increased to reach over 60%. Therefore, more than
half of TC4 are already associated with the host nucleolus within the first 3 h of contact time and stay
there during at least 48 h. Thus, our data show that TC4 goes rapidly in the nucleolar compartment of
the amoeba cells and stays there for a long period.
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Figure 3. TC4 is located within the nucleolus. (A) Persicivirga mediterranea TC4 (a–e) was visualized
using FITC (fluorescein isothiocyanate) (green)-conjugated polyclonal antibodies (PAb) and amoeba
cells were labelled with DAPI (4′,6-diamidino-2-phénylindole). The 3D CLSM (confocal laser scanning
microscopy) images of TC4 are displayed in 2 axial planes; (B,C) Persicivirga mediterranea TC4 (a–e) and
amoeba were labelled as above. The nucleolin protein was labeled with C23 antibodies conjugated
to CruzFluorTM594. The related evaluations in percentage of the colocalization with DAPI and C23
staining for each of the intracellular bacteria or group of bacteria at T0 h, T24 h, and T48 h. Values are
the means of three replicates, error bars represent standard deviations, and asterisks indicate significant
differences to the samples (* p < 0.05).
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Figure 4. The bacteria and their phagosomes present different morphological characteristics within
A. castellanii. TEM (transmission electron microscopy) photographs were taken at T0 h for P. mediterranea
TC4 (a,b), Polaribacter sp. TC5 (d,e), Shewanella sp. TC10 (f,g), Shewanella sp. TC11 (h,k), at T24 h for
Shewanella sp. TC11 (i,j) within amoeba or within a vesicle outside the amoeba cells (l) (white arrows:
bacteria; nu: nucleus; no: nucleolus).

An experiment where amoeba and TC4 were left in NSS or PYG for several weeks seems to
indicate that after one month, TC4 were still observed within the nucleus of the amoeba (Supporting
information Figure S4A,B). We also checked if TC4 could modify the amoeba behavior. We focused
on amoeba DNA replication and encystment similar to previous studies [40,41]. These experiments
seem to indicate that TC4, while in the nucleolar compartment, did not impact the amoeba DNA
replication (Supporting information Figure S4C). TC4 did not induce or prevent amoeba encystment
(Supporting information Figure S4D). Therefore, at this stage, TC4 has no known impact on the amoeba
physiology/behavior and seems to establish a long-term relationship with its host.

3.1.4. TC5, TC10, and TC11 are Localized in the Cell Cytoplasm and TC11 Appears to Be Expelled
Outside the Protozoan Host at 24 h

Analysis of the CLSM images showed that TC11 were phagocytized in numerous phagosomes
within the protozoan host at both MOI (Figure 2Af–j). At T24 h, structures resembling vesicles
(also called pellets) containing bacteria appeared outside the amoeba (Figure 2Bb, white arrows and 4l)
and at T48 h, bacteria were released from their vesicles (Figure 2Bc, white arrows). These results show
that TC11 were expelled from the cells and this is further supported by the decrease of intracellular
bacteria in the CFU experiments (Supporting information Figure S4). Similarly, analysis of the CLSM
images showed that TC5 and TC10 were located in the cytoplasm (Figure 2Ak–t).

In addition, TEM images highlighted that TC11 was present in groups in numerous phagosomes,
filling most area of the cell cytoplasm of amoeba (Figure 4h–k) whereas TC4, TC5, and TC10 appeared
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to have been invaginated in very small groups of bacteria in one or two phagosomes at the time
(Figure 4a–g). Therefore, our results show that the four marine bacteria were phagocytized in different
quantities/at different rates and they most probably follow different intracellular fate when they are
phagocytized within A. castellanii.

3.1.5. The Bacterial Strains Follow Different Intracellular Paths within A. castellanii

In order to better understand to which extent each of these marine bacteria could follow a different
intracellular path, colocalization studies were performed using CLSM with an intracellular staining
marker, the color becoming redder along with the vacuole acidification.

In order to verify if the TC4 bacteria that remained in the cytoplasm were in acidified endosomes,
cells were subjected to pHrodo™ Red Dextran staining. The results showed that about 70% of the
cytoplasmic TC4 strains colocalized with pHrodo™ Red Dextran staining at T0, which highlights
that lysosomal fusion with bacterial endosomes occurred for a majority of the cytoplasmic bacteria
(Figure 5A1,A2).
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Figure 5. The four marine bacteria followed a specific intracellular trafficking within A. castellanii.
Colocalization of P. mediterranea TC4 (A1), Shewanella sp.TC11 (B1), Polaribacter sp. TC5 (C1), and of
Shewanella sp. TC10 (D1) was performed with acid endosome pHrodo staining at T0 h. Bacteria
were labeled with either polyclonal antibodies conjugated with FITC (fluorescein isothiocyanate)
(green) for TC4, Alexa Fluor 633 for TC5, Alexa fluor 594 (red) or CruzFluorTM 488 (green) for TC11,
or with the pX5-GFP for TC10. DAPI (4′,6-diamidino-2-phénylindole) staining (blue) was used for the
visualization of the host cell. Each set of pictures includes a superposition with the corresponding DIC
(differential interference contrast) picture. (A2,B2,C2,D2) are the related evaluations in percentage of
the colocalization with pHrodo staining for each of the intracellular bacteria filled-phagosomes at T0 h,
or T0 h, T24 h, and T48 h. When the percentage of colocalization was high, suggesting a digestion for
most bacteria in the cytoplasm, the time-points were not performed. Values are the means of three
replicates, error bars represent standard deviations, and asterisks indicate significant differences to the
samples (* p < 0.05 and *** p < 0.001).
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The TC5, TC10, and TC11 bacteria were all in the cytoplasm. The staining of TC11-containing
intracellular vacuoles with the pHrodo™ Red Dextran showed that compartments were slightly
acidified at T0 h (8%) (Figure 5B1,B2). After 24 h and 48 h, about 70% and 60%, respectively,
of the bacteria-containing vacuoles colocalized with the pHrodo™ Red Dextran staining. Therefore,
acidification of the TC11 phagosomes occurs after 24 h or 48 h, which does not appear to prevent
expulsion of bacteria-filled vesicles outside the host cells and subsequent release of the bacteria in the
extracellular medium.

For Polaribacter sp. TC5 and Shewanella sp. TC10, while only about 30% of TC5 colocalized with
pHrodo staining, more than 80% of TC10 did at T0 h (Figure 5C1,C2,D1,D2). These results show that
TC10 is the bacteria the more rapidly digested within amoebae, while for TC5, the digestion is slower.
This is also supported by CFU enumeration of intracellular bacteria (Supporting information Figure S4).
Taken together, these results show that acidification occurs in different proportions and at different
paces for each strain.

3.2. The Bacterial Biofilms Are Not Grazed Upon by A. castellanii

We have shown that the four bacterial strains are all phagocytized but are however able to resist
to some extent to amoeba digestion. The objective here was to know if amoeba in the presence of
sessile bacteria as monospecies or multispecies biofilms would allow either the formation of a stable
multi-organism/multi-microbial biofilm, if the amoeba would be triggered to graze upon these bacteria
or if another outcome would be unveiled. We therefore studied the interaction of preformed bacterial
mono and multi-species biofilms in the presence of A. castellanii to analyze their interactions at the
populational level. This would mean that the bacteria would be in a different physiological state but
would also imply that the bacteria-to-amoeba ratio would be higher than in the previous experiments
(MOI 10 or 100) nearing here 3000 bacteria for 1 amoeba.

3.2.1. The Four Bacteria Are Able to form a Biofilm in NSS

To evaluate the abilities of marine bacterial strains to form a biofilm in NSS (a marine solution
depleted of carbon sources), kinetics of biofilm formation were performed at 15 h, 24 h, 48 h, and 72 h
using the Crystal Violet method. The results showed that while the strains were unable to grow
planktonically in this medium, all the bacterial strains were able to form a biofilm in NSS with various
efficiencies and paces (Supporting information Figure S6). The four bacterial strains formed a biofilm
as soon as 15 h. A progression of the biofilm formation over the 72 h period was observed for all the
strains, except for Polaribacter sp. TC5, whose biofilm remained stable for the 72 h period. The most
important progression in biofilm formation was observed for Shewanella sp. TC10 and, to a lesser
extent, Shewanella sp. TC11. Both strains presented significant difference in their biofilm formation
between 15 h and 72 h as well as between 24 h and 72 h, which was not the case for TC4 and TC5.
These results show that all the bacterial strains were able to form a biofilm in this low nutrient marine
solution over a 72 h period.

3.2.2. A. castellanii Induces Biofilm Detachment from the Surface

To evaluate the outcome of preformed monospecies bacterial biofilms in the presence or absence
of Acanthamoeba castellanii, 24 h- and 48 h-old biofilms were selected for the grazing experiments as
they had the highest OD (OD595nm between 2.8 for TC4 at 24 h to 6.2 for TC10 at 48 h) with little sign of
detachment. The preparation of the 24 h- and 48 h-old biofilms was followed by a wash and by the
addition of, first, either the NSS medium or the amoeba, for another 24 h incubation.

The results showed that while in the absence of amoeba, all the biofilms presented numerous
bacteria spread out on the surface, whereas most of the bacterial biofilms had disappeared in the
presence of A. castellanii at both time points (Figure 6-IA,B,D,6-II-A,B,D,6-IIIA,B,D,6-IVA,B,D). When we
looked closer at the remaining bacteria in the CLSM pictures, we noticed that P. mediterranea TC4 was
mostly associated with the nucleus of A. castellanii. We also observed that extracellular Shewanella sp.
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TC10 were mostly under a filamentous form when A. castellanii was present, in sharp contrast with
when TC10 were in the biofilm alone. When TC11 was in the presence of amoebae, we observed patches
of bacteria in rounded shapes, which looked like bacteria-containing vesicles, around or within the host
cells similar to what we previously observed in Figure 2. However, for TC5, numerous bacteria were
associated with the few observed remaining amoebae, which looked bigger (about 60 µm versus 20 µm),
as if they had been sticking to each other, and appeared flatter, showing necrotic signs, such as impaired
membranes integrity (Figure 6-IIIB). This is in sharp contrast with the A. castellanii cells interacting
with the other bacteria. Whether these observations are linked to a high phagocytosis rate of numerous
bacteria by the amoeba, resulting in a toxic bacterial indigestion, or from a bacterial attachment onto
dying amoeba bodies is not known. This result was quite surprising as at low bacteria-to-amoeba ratio,
there was no cytotoxicity effect of TC5 on amoebae (Supporting information Figure S3). It is possible
that with 24 h- or 48 h-old-preformed biofilms, the bacteria-to-amoeba ratio was unfavorable for the
amoeba in the case of TC5 (relative MOI of 3000). Therefore, the interaction between TC5 biofilm and
amoebae, whether it is through phagocytosis or extracellular contact-dependent cytotoxicity of a high
number of TC5, triggered a cytotoxic effect on A. castellanii, resulting in a negative outcome for both
partners. Overall, except for TC5, few bacteria were associated with the amoeba, which may suggest
that bacteria may have detached from the surface rather than being phagocytosed and digested.

3.2.3. The Supernatant of A. castellanii Induces Biofilm Detachment

In order to verify if bacterial phagocytosis and subsequent digestion were solely responsible
for the bacterial disappearance or if bacterial detachment also occurred, we performed the same
experiments with the addition of the amoebae supernatant onto the preformed bacterial biofilms.
More precisely, we added on each of the 24 h- or 48 h-old biofilms, either the NSS medium as a
control, the amoeba supernatant, or the amoeba suspension in NSS. The results showed that the
biofilm biovolumes of TC4 and TC10 decreased significantly when the amoeba supernatant was added
compared to when the bacteria were alone but were significantly higher than when the amoebae were
present (Figure 6ID,IID). This suggests that the amoeba supernatant significantly affected the bacterial
biofilm. For TC11, the same result was obtained, except that on a 24 h-old biofilm, the addition of the
supernatant initially had a significant effect on the bacterial biovolume, which was then lost in the 48
h-old biofilm (Figure 6IVD). For TC5, no significant difference was found in the biofilm biovolumes
with or without the amoeba supernatant (Figure 6IIID).

Interestingly, changes were observed in the biofilm structure and the physiological state of TC4
and TC10, in the presence of the amoeba supernatant compared to when only NSS was added, while no
or little change was detected for the TC5 and TC11 biofilms. First, the TC4 patches observed in the
biofilm reduced significantly in size when the supernatant was added (up to 15 µm versus up to
5 µm), which was not the case for the TC11-patches-containing biofilm (Figure 6IA,C). For TC10,
longer filamentous bacteria could be observed after the addition of the amoeba supernatant versus
of NSS (Figure 6IIA,C). Moreover, when amoebae were present on the TC10 biofilm, extracellular
bacteria appeared filamentous (up to 10 µm) in contrast to the intracellular bacteria (2 µm) (Figure 6IIB).
These physiological changes had also been previously observed when TC10 was grown as biofilms
in the presence of TC11 or TC4 [18]. Overall, these results suggest that the supernatant may have an
effect on TC4 and TC10 biofilm biovolumes and on the bacteria physiology.



Microorganisms 2020, 8, 1982 14 of 25
Microorganisms 2020, 8, x FOR PEER REVIEW 14 of 25 

 

 
Figure 6. The presence of A. castellanii and its supernatant have an effect on Persicivirga mediterranea 
TC4 and Shewanella sp. TC10, Polaribacter sp. TC5, and Shewanella sp. TC11 biofilms. The 24 h- and 48 
h-old Persicivirga mediterranea TC4 (I) and Shewanella sp. TC10 (II), Polaribacter sp. TC5 (III) and 
Shewanella sp. TC11 (IV) biofilms biovolumes were monitored using CLSM after the addition for an 
additional 24 h of NSS (nine-salt solution) (control) (A), amoebae (B), and the amoeba supernatant 
(C). Pictures are representative of three biological replicates. Bar plot represents the calculated biofilm 
biovolume in the different conditions relative to the incubation time (D). The biovolumes were 
evaluated by a COMSTAT algorithmic method. Values are the means of three biological replicates, 
error bars represent standard deviation, and significant differences between incubation times (p-value 
< 0.05) are displayed by different letters (a–c) in a same alphabet (a ≠ α). 

We have previously shown that competition and/or cooperation controlled the interactions 
between these bacteria and that components can be secreted in multispecies biofilms while they were 
not in monospecies [18]. These interactions may be modified in the presence of external factors. The 
presence of amoebae could change the equilibrium of these bacterial interactions. In addition, 
multispecies biofilms have been shown to be more resistant to harsh conditions such as the presence 
of predators or toxic molecules [42]. In order to know if the presence of amoebae or its supernatant 

I II

III IV

Figure 6. The presence of A. castellanii and its supernatant have an effect on Persicivirga mediterranea TC4
and Shewanella sp. TC10, Polaribacter sp. TC5, and Shewanella sp. TC11 biofilms. The 24 h- and 48 h-old
Persicivirga mediterranea TC4 (I) and Shewanella sp. TC10 (II), Polaribacter sp. TC5 (III) and Shewanella
sp. TC11 (IV) biofilms biovolumes were monitored using CLSM after the addition for an additional
24 h of NSS (nine-salt solution) (control) (A), amoebae (B), and the amoeba supernatant (C). Pictures
are representative of three biological replicates. Bar plot represents the calculated biofilm biovolume
in the different conditions relative to the incubation time (D). The biovolumes were evaluated by a
COMSTAT algorithmic method. Values are the means of three biological replicates, error bars represent
standard deviation, and significant differences between incubation times (p-value < 0.05) are displayed
by different letters (a–c) in a same alphabet (a , α).

We have previously shown that competition and/or cooperation controlled the interactions
between these bacteria and that components can be secreted in multispecies biofilms while they were
not in monospecies [18]. These interactions may be modified in the presence of external factors.
The presence of amoebae could change the equilibrium of these bacterial interactions. In addition,
multispecies biofilms have been shown to be more resistant to harsh conditions such as the presence
of predators or toxic molecules [42]. In order to know if the presence of amoebae or its supernatant
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would have the same effect on each bacteria of the multispecies biofilm or if the bacterial interactions
could modify this effect, we performed the same experiments with the mixed biofilm of P. mediterranea
TC4, and Shewanella TC10 and TC11. Polaribacter sp. TC5 was not used in these experiments as its
interaction with A. castellanii triggered a cytotoxicity effect on amoebae leading to necrotic features.
Similarly, after 24 h and 48 h incubation, either NSS alone, A. castellanii, or the amoeba supernatant
was added on the mono- and multispecies biofilms, which were incubated for an additional 24 h.
Interestingly, the results showed that similar to our previous study, P. mediterranea TC4 grew better
than the other strains in the three-species biofilm at both time points when they were cultivated in NSS
without the amoebae or the amoeba supernatant (Figure 7A,D). Therefore, the NSS did not modify the
predominance of TC4 (close to 3 µm3/µm2) in the three species biofilm that was observed in ASW in
our previous study [18]. However, the TC10 biofilms seemed more inhibited in this mixed biofilm
in NSS (below 1 µm3/µm2) than in ASW (above 1 µm3/µm2), while TC11 displayed, in both cases,
a biofilm biovolume below 0.5 µm3/µm2. Nevertheless, when the amoeba supernatant was added,
all the strains had a decreased biofilm biovolume, except for TC11 at 24 h only. At 48 h the amoeba
supernatant had an impact on all the strains. The addition of the amoeba themselves did not induce a
significant additional fall in the strains biovolumes except for TC11 at 24 h (Figure 7B–D). It seems
that while the supernatant had no impact on the TC11 monospecies biofilm at 48 h, this effect was
significant on TC11 in multispecies biofilm. This could suggest that the effect was somehow transferred
to the TC11 biofilm in the presence of the other bacteria. Therefore, these results confirmed that amoeba
and its supernatant induce bacterial biofilm detachment.

In order to confirm that the presence of the amoeba supernatant or the amoeba themselves on
the monospecies or multispecies biofilms induced bacterial detachment, the non-adhered bacteria
floating above the single or multispecies biofilms, which had all been treated similarly, were plated for
CFU enumeration. First, we noticed that even when the bacteria were alone, after the addition of NSS,
a substantial concentration of bacteria were found floating above biofilms (Supporting information
Figure S7). In addition, this experiment showed that when the amoeba supernatant or the amoeba
themselves were added, the dispersal was significantly more important for all the bacteria. The fact
that no significant difference was found between the addition of the supernatant versus of the amoeba,
which is less than one log difference, might be due to the sensitivity of the technique. Nevertheless,
this experiment showed that a significant bacterial dispersal occurred when amoebae or amoeba
supernatants were added to the single species and multispecies biofilms.

4. Discussion

The objective of this work was to study the interaction of amoeba with marine bacteria in order to
understand how marine bacteria could survive in a microbial biofilm in the presence of a protozoan
predator. If protozoa are bacterial grazers and part of the biofilm microbial communities at the same time,
some bacteria must therefore display escape mechanisms from their predators. In this study, we first
show that protozoan interactions with bacteria considered as non-pathogenic can unravel different
intracellular paths, including intranucleolar localization and expulsion of bacteria-filled vesicles outside
the protozoan cells, when we could have expected a quick bacterial digestion/grazing for all of them.
Second, when amoebae are added to preformed monospecies or multispecies biofilms, the presence
of amoeba or its supernatants induces biofilm detachment from the surface. Therefore, bacteria
appear to display different escape mechanisms at the cellular level when in a low bacteria-to-amoeba
ratio, but also at the population level, when they are grown as monospecies or multispecies biofilms.
Figure 8 presents a summary of the bacterial escape mechanisms adapted and modified from the initial
description from Matz et al. in 2005 [5], which includes the ones described in this paper. Despite an
important diversity and abundance of heterotrophic protists such as protozoan amoeba present in the
marine environment [13], these microorganisms and their interactions with bacteria are poorly studied
and understood. They are most probably major actors in biofilms and the main predators of these
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ecosystems. They also could play an important role in selection and resistance of bacterial populations.
Multispecies biofilms studies involving predatory eukaryotic cells are also very rare.
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Figure 7. The presence of A. castellanii and its supernatant have an effect on Persicivirga mediterranea
TC4, Shewanella sp. TC10, and Shewanella sp. TC11 in multi-species biofilms. Multispecies biofilm
formation including Persicivirga mediterranea TC4, Shewanella sp. TC10, and Shewanella sp. TC11 in the
presence of A. castellanii and A. castellanii supernatant. The formation of 24 h- and 48 h-old biofilms was
monitored using CLSM (confocal laser scanning microscopy) after the addition for an additional 24 h
of NSS (nine-salt solution) (control) (A), the amoebae supernatant (B), and the amoebae (C). Bar plots
represent the calculated biofilm biovolumes in the different conditions (D). Pictures are representative
of three biological replicates. Biovolumes were evaluated by a COMSTAT algorithmic method. Values
are the means of three biological replicates, error bars represent standard deviation and significant
differences between incubation times (p-value < 0.05) are displayed by different letters (a–c) in a same
alphabet (A, a , α, γ, B , b , β , γ and A,B, a, β).
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Figure 8. Bacterial escape mechanisms from amoeba predators/host cells (adapted from [5]). Bacteria
can display pre-ingestional or post-ingestional strategies to escape the host cell digestion process.
Bacteria can prevent ingestion or kill their host cells through molecules secretion, they can induce
physiological modifications (changing size or regrouping) which prevent phagocytosis. Bacteria can
also sense their predators and flee through biofilm detachment and/or swimming away (basically the
inverse strategy of microcolony formation). Bacteria can be ingested by the amoeba, but they may
secrete effector molecules to prevent phagolysosmal fusion and resist lysosomal digestion; they can
find different intracellular niches to hide such as the nucleus or the nucleolus (TC4). They can also be
expelled outside cells through vesicles secretion (Shewanella sp. TC11, Legionella, etc.). After having
been able to escape the previous lysosomal digestion steps, some of them are also able to replicate for
instance in the cytoplasm, the nucleus or in their host cell phagosomes. In our study, at least two of the
bacteria seemed to display an escape mechanism: At the cellular level, TC4 was located in the amoeba
nucleolus and TC11 was expulsed from the amoeba cells. At the population level, our hypothesis is
that bacteria facing amoeba grazing may have developed large scale escape mechanisms in response to
amoeba chemical cues, through detachment and/or swimming away.

When the bacteria-amoeba interaction to a low cell-cell ratio was looked at, two of the bacterial
species displayed escape mechanisms from the amoeba intracellular digestion. P. mediterranea TC4
was found within the nucleolar compartment of A. castellanii. To our knowledge, it represents a new
location for an intracellular bacterium. It is the first description of an endonuclear and therefore
endonucleolar bacteria among flavobacteria. In some cases, bacterial symbionts have been identified
in the nucleus of protozoan cells (reviewed in [12]). However, due to the difficulty recovering
non-culturable bacteria from this location, very few infection/interaction studies have been performed
and reproduced, which usually lead to further molecular and/or cellular investigations [39,43–46].
For instance, the re-infection of an isolated protozoa by intranuclear symbiontic bacteria, which is able
to recolonize again the nucleus of the cells of Hartmannella sp. and A. castellanii [39] or of some ciliates
Paramecium [46,47], has been described. Intranuclear bacterial parasites have also been identified within
mussels from deep-sea environments [48] or other invertebrates [49–51], and a few pathogenic bacteria
such as Burkholderia pseudomallei [52] or obligate intracellular bacteria belonging to the Rickettesia
genus [53–55] have been detected in the nucleoplasm of murine or human cells.

Studies on the mechanisms explaining how the bacteria reach the nucleus are very rare. In the case
of B. pseudomallei, while bacteria are mostly cytoplasmic, a few dormant bacteria were found within the
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nucleus of human and murine epithelial cells, which they reach after escape and multiplication into
the cytoplasm, and formation of actin comet tails to enter this location [52]. In the case of the symbiont
Candidatus Nucleicultrix amoebiphila recovered from Hartmannella sp. isolated from an activated sludge
sample, the purified bacterium was used for re-infection studies and was able to reach the nucleus
of Hartmannella sp. within 4 to 6 h and quickly started replicating. They reached this location right
after bacterial escape in the cytoplasm from endosomes fused with lysosomes. The bacteria became
lytic for Hartmannella sp. FS5 and A. castellanii after 96 h, while being located within the nucleus.
Infection was not observed for Acanthamoeba sp. UWC8 and Naegleria gruberi [39] suggesting it is a
host cell-dependent mechanism. In our case, TC4 appears to find, in a similar time frame, a stable
niche in the nucleolar compartment in which it stays for at least 1 month, without signs of replication
and elimination or expulsion. Therefore, TC4 seems to establish a long-term relationship that would
need further investigations to understand the mechanisms behind this intracellular path, and what this
location brings to the bacteria [39]. No difference between MOI 10 and 100 was observed suggesting
that the phagocytosis capacity of the amoeba cells was already at its maximum at MOI 10. Since a
majority of the few cytoplasmic TC4 bacteria colocalized with acidified endosomes, it is possible
that, either some bacteria are quickly digested during the infection process while others are routed
to the nucleolus, or they manage to escape after lysosomal fusion into the cytoplasm before going to
the nucleolus, as previously described [39]. The mechanism by which the TC4 bacterium goes from
the endosomal to the nucleolus compartment remains to be discovered. Nucleolus is known to be
often hijacked by effector proteins secreted by pathogenic intracellular bacteria such as L. pneumophila,
as its first role is rRNA synthesis, ribosome biogenesis, mitosis regulation and cell proliferation,
which bacteria may exploit for their own survival as do numerous viruses [56]. The intranuclear and
even more intranucleolar location may represent the best protective niche for establishing symbiosis or
parasitism within host cells, as bacteria are protected from cytoplasmic processes such as digestion [12].
Culturable bacteria such as TC4 may help in understanding how bacteria enter the nucleolus and
stay there.

Another interesting intracellular fate found in this study is the one of Shewanella sp. TC11,
which appeared to be found in expelled vesicles after 24 h infection of A. castellanii. The formation of
vesicles or fecal pellets has been shown to represent an advantage against harsh conditions such as the
presence of chlorine, antibiotics, and biocides, and allows bacterial survival [57–59]. It is also involved
in spreading on long distances of respirable particles [57], or described as more infectious and as a vector
to pass through the stomach and its acidity, before the establishment of an intestinal infection by Vibrio
cholerae [9]. A. castellannii are able to produce both cysts, vesicles, and multilamellar bodies containing
bacteria such as L. pneumophila, Francisella tularensis, or Vibrio cholerae [9,57,60–65]. Vesicles can be of
different morphologies as described previously [10,60,66]. For instance, in the case of the protozoa
Tetrahymena pyriformis, some vesicles contained amorphous material and fragments of membranes and
others contained non-continuous membranous materials or whorls, while sometimes they lacked a
defined membrane around them or were a mix of all above descriptions [57,60]. The ability of the
bacteria to be packaged by the protozoa is known to be dependent on the bacterial strains, the protozoa,
and the culture conditions [60,67–69]. In our case, the TEM picture of the Figure 4k,l shows that
a membrane is surrounding the vesicle that contains at least one TC11 bacteria. This expulsion
and propagation of bacteria-filled vesicles from protozoa could be a widespread phenomenon in
environments including in the marine environment.

Polaribater sp. TC5 and most importantly Shewanella sp. TC10 were the least able to be phagocytized
by A. castellanii. While few TC5 colocalized with acidified endosomes, a majority of TC10 did.
One observation that could explain a poor phagocytosis is the fact that TC10 is able to filament which
was not observed with the other bacteria. When either the filtered supernatants of A. castellanii or the
amoebae themselves were inoculated with the bacteria, TC10 appeared as longer and bigger filaments.
Within the cell, TC10 displayed smaller shape than filamentous bacteria found outside the cell. It is
therefore possible that bacteria are able to shape filaments induced by protists by-products as a defense
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mechanism to avoid amoeba phagocytosis, which would up-take only the smaller bacteria as described
previously [70]. Morphological plasticity as part of phenotypic heterogeneity has been poorly studied
while it may play a functional role within isogenic bacterial populations (reviewed in [71]). Filamentous
morphology is known to provide survival advantages in particular during environmental stress or the
presence of antibiotics or predators (reviewed in [72]). While some intracellular replicating bacteria
form filaments within their host cells, it has been shown that in order to survive in their environment,
some opportunist bacteria can modify their morphologies when in the presence of their predator or
predator by-products to avoid grazing [70,73,74]. The size and shape depend on the bacteria and
preference for grazing on the protists [75,76]. The mechanisms behind it are still to be understood,
as it is not clear what really triggers the filamentation, unavailability of some nutrients, or molecules
produced by the protists, such as chemical molecules, debris, or metabolic wastes, or both. At last,
Polaribacter sp. TC5 appeared to resist or to slow down the rate of phagosomes acidification as very few
bacteria at 24 h and 48 h colocalized with pHrodo compared to TC10 at T0 h. Although the decrease
in intracellular TC5 CFU appeared the slowest, it is surprising that the decrease in the proportion
of infected amoeba was similar to TC10. The bacteria may not have withstood acidification of their
compartments similarly. It is well known that some bacteria can resist acidified environments and that
acidification of phagolysosomes is not the only cause of bacterial death [77]. Overall, if we consider
that part or most of the bacteria are being digested, which is supported by the decrease of the number
of infected amoeba over time, as well as the decrease of the intracellular bacteria CFU, the digestion
process, occurring through most likely different mechanisms, still allows the observation of bacteria at
48 h.

When we studied the interaction between monospecies or multispecies bacterial biofilm and the
amoeba, with the objective to assess the impact of grazing by the free living amoeba Acanthamoeba
castellanii on single and multi-species biofilms, we first showed that all biofilms were greatly eliminated
from the surface during the 24 h interaction with the amoeba, most probably through detachment.
We also showed that amoeba supernatant triggered the detachment of bacterial strains from the
surface, suggesting that A. castellanii may produce chemical cues that may induce bacterial dispersal
from monospecies and multispecies biofilms. Many organisms are known to produce antifouling
compounds that inhibit or induce the dispersion of the biofilm [78–80]. Therefore, it is possible that
another escape mechanism was observed in response to amoeba chemical cues. This would need
to be further investigated. The fact that filamentous structures appeared for Shewanella sp. TC10 in
the presence of amoebae and of amoebae supernatants is another indication that bacterial sensing of
the amoeba presence may trigger modifications of bacterial morphology and behavior. Acanthamoeba
sp. are known to be very efficient predators in feeding on sessile bacteria, as it does not belong
to swimmers [81,82]. Therefore, it is possible that bacteria were able to sense the presence of their
predator, either directly or indirectly, through chemical cues present in the supernatant, which induced
dispersion of the biofilms. In the three-species biofilm, the amoeba supernatant was able to induce the
detachment of all bacteria including the one, TC11, which was less sensitive to the amoeba supernatant
in their monospecies biofilm. This may suggest that some kind of chemical communication took place
to induce its detachment. The amoeba spotting by bacteria have been demonstrated with various strains
of amoeba and bacteria. For example, when Pseudomonas fluorescens is exposed to the A. castellanii
supernatant, the production of toxins pyrrolnitrin, 2,4-diacetylphloroglunicol (DAPG), and hydrogen
cyanide, is increased [4,83,84]. This mechanism has been shown to be used by bacteria in response to a
predator to avoid phagocytosis or development of filamentous morphotypes [5,70,72,85–88], which can
be growth rate or quorum sensing dependent [89–91]. These chemical signals exchanged between
organisms have been named “Kairomones” as they can benefit the recipient organism while not being
beneficial for the producer [85,92]. For instance, the amoeba Amoeba proteus, which feeds on ciliates,
is known to produce kairomones that induce a size increase of the ciliate Euplotes octocarinatus and an
avoidance behavior with E. octocarinatus and E. daidales [93].
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At last, Polaribacter sp. TC5 appears to possess internal fighting capabilities. First, it has been
shown that in a four species biofilm, this strain outcompetes all the other bacteria [18] and can
secrete molecules in its supernatant that can inhibit TC10 and TC11 growth in biofilm. Here, we also
show that this bacterium is able to trigger a very important contact dependent cytotoxicity effect
on amoeba at the populational level. At low bacteria-cell ratio, this bacterium seems to have the
ability to limit acidification of its endosomes in a more important manner than its counterparts. It has
recently been described that members of the Flavoacteriaceae such as the Polaribacter may have the
capacity to secrete very diverse metabolites, in particular antimicrobial, antioxidant, and cytotoxic
compounds, and molecules capable of degrading a number of complex polysaccharides and other
exopolymers [94–96]. However, very few functional studies have been performed on this group
of bacteria.

5. Conclusions

The overall objective of this study was to try answering the following conundrum: If protozoa
are bacterial grazers and part of the biofilm microbial communities, how do bacteria survive in the
presence of their predators in biofilms? We first looked at the interactions at a low bacteria-to-amoeba
ratio. We showed that, first, all the bacteria are phagocytized within the protozoan cells and that
bacterial uptake occurs at very different efficiencies; second, none of them are totally eliminated by
A. castellanii during the 48 h incubation; and third, each bacteria follows a singular intracellular fate.
Among these intracellular paths, Shewanella sp. TC11 appears to be expelled from the amoeba in
vesicles at 24 h. We also made the original observation of an intranucleolar bacteria (P. mediterranea
TC4) within a eukaryotic host cell. We then studied the bacteria–amoeba interaction at higher cell-cell
ratio, between preformed monospecies and multispecies biofilms and A. castellanii. We showed that,
first, all biofilms detached from the surface during the 24 h interaction in the presence of amoeba or its
supernatant. We also showed that Polaribacter sp. TC5, which have been shown to display inhibitory
mechanisms toward other bacteria in multispecies biofilms [18], triggered a cytotoxicity effect on
the amoeba when the bacteria had grown as a biofilm and thus presenting a higher bacteria-to-cell
ratio. This represents another way to avoid bacterial grazing by the protozoa. Therefore, our findings
show that protozoan interactions with bacteria considered as non-pathogenic can unravel different
intracellular paths and escape mechanisms when we could have expected a quick bacterial grazing for
all of them. This study highlights the diversity of interactions between eukaryotic cells and bacteria
that could exist in the marine environment. It also allows to comprehend how bacteria survive in the
presence of their predator through various escape mechanisms at the cellular or at the population
level. A better understanding of the regulation of cell detachment and the identification of the signal
involved in this detachment, would give crucial information for potential strategies to control mono-
but also multi-species biofilms, in a variety of sectors of activity.
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during A. castellani interaction, Figure S5: Persicivirga mediterranea TC4 is found within Acanthamoeba castellanii
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supernatant induce important detachment of living bacteria from mono and multispecies biofilms.

Author Contributions: R.G. performed all the experiments of this article under the direction of M.M. and the
co-direction of C.B. All authors have read and agreed to the published version of the manuscript.

Funding: R.G. was the recipient of a French Sud Region doctoral fellowship which is supported by the “Pôle
Mer Méditerranée”. Part of this work was supported by a research Grant from the Conseil Départemental and
Metropole Toulon Provence Méditerranée.

Acknowledgments: We are grateful to the Centre National de reference des Legionelles (CIRI, Centre International
de Recherche en Infectiologie, Inserm, U1111, Université Claude Bernard Lyon 1, CNRS, UMR5308) for providing
the A. castellanii strain isolated in Pr. F. Pernin’s lab. We would like to thank A. Puymège for her help in
Transforming TC10 with pX5-GFP. We also than J. Gralnick (BioTechnology Institute and Department of Plant and

http://www.mdpi.com/2076-2607/8/12/1982/s1


Microorganisms 2020, 8, 1982 21 of 25

Microbial Biology, University of Minnesota, USA) for providing the E. coli WM3064 and X. Charpentier (CIRI,
Centre International de Recherche en Infectiologie, Team “Horizontal gene transfer in bacterial pathogens”, Inserm,
U1111, Université Claude Bernard Lyon 1, CNRS, UMR5308) for providing the pX5-GFP plasmid. The electron
microscopy experiments were performed in the CIQLE (Centre d’Imagerie Quantitative Lyon Est, platform of
Lyon 1 university) and the PiCSL-FBI core facility (IBDM UMR CNRS 7288, Aix-Marseille University), member of
the France-BioImaging national research infrastructure. We thank Aïcha Aouane, Fabrice Richard, and Nicolas
Brouilly (PiCSL-FBI facility) and Artemis Kosta (Institut de Microbiologie de la Méditerranée imagery facility)
for training and helpful discussion during the electron microscope experiments. In addition, the authors would
like to thank the various trainees who took part in different experiments of this project: Nastasia Freyria, Fahima
Hamouche, Camille Mangin, and Akim Aliouane.

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

References

1. Matz, C.; Webb, J.S.; Schupp, P.J.; Phang, S.Y.; Penesyan, A.; Egan, S.; Steinberg, P.; Kjelleberg, S. Marine
Biofilm Bacteria Evade Eukaryotic Predation by Targeted Chemical Defense. PLoS ONE 2008, 3, e2744.
[CrossRef] [PubMed]

2. 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]

3. Matz, C.; Jurgens, K. High motility reduces grazing mortality of planktonic bacteria. Appl. Environ. Microbiol.
2005, 71, 921–929. [CrossRef] [PubMed]

4. Jousset, A.; Rochat, L.; Scheu, S.; Bonkowski, M.; Keel, C. Predator-Prey Chemical Warfare Determines the
Expression of Biocontrol Genes by Rhizosphere-Associated Pseudomonas fluorescens. Appl. Environ. Microbiol.
2010, 76, 5263–5268. [CrossRef] [PubMed]

5. Matz, C.; Kjelleberg, S. Off the hook–how bacteria survive protozoan grazing. Trends Microbiol. 2005, 13,
302–307. [CrossRef] [PubMed]

6. Barker, J.; Brown, M.R. Trojan horses of the microbial world: Protozoa and the survival of bacterial pathogens
in the environment. Microbiology 1994, 140, 1253–1259. [CrossRef]

7. Molmeret, M.; Horn, M.; Wagner, M.; Santic, M.; Abu Kwaik, Y. Amoebae as training grounds for intracellular
bacterial pathogens. Appl. Environ. Microbiol. 2005, 71, 20–28. [CrossRef]

8. Rowbotham, T.J. Preliminary report on the pathogenicity of Legionella pneumophila for freshwater and soil
amoebae. J. Clin. Pathol. 1980, 33, 1179–1183. [CrossRef]

9. Espinoza-Vergara, G.; Noorian, P.; Silva-Valenzuela, C.A.; Raymond, B.B.A.; Allen, C.; Hoque, M.M.; Sun, S.;
Johnson, M.S.; Pernice, M.; Kjelleberg, S.; et al. Vibrio cholerae residing in food vacuoles expelled by protozoa
are more infectious in vivo. Nat. Microbiol. 2019, 4, 2466–2474. [CrossRef]

10. Van der Henst, C.; Scrignari, T.; Maclachlan, C.; Blokesch, M. An intracellular replication niche for Vibrio
cholerae in the amoeba Acanthamoeba castellanii. ISME J. 2016, 10, 897–910. [CrossRef]

11. Van der Henst, C.; Vanhove, A.S.; Drebes Dorr, N.C.; Stutzmann, S.; Stoudmann, C.; Clerc, S.; Scrignari, T.;
Maclachlan, C.; Knott, G.; Blokesch, M. Molecular insights into Vibrio cholerae’s intra-amoebal host-pathogen
interactions. Nat. Commun. 2018, 9, 3460. [CrossRef] [PubMed]

12. Schulz, F.; Horn, M. Intranuclear bacteria: Inside the cellular control center of eukaryotes. Trends Cell Biol.
2015, 25, 339–346. [CrossRef] [PubMed]

13. De Vargas, C.; Audic, S.; Henry, N.; Decelle, J.; Mahe, F.; Logares, R.; Lara, E.; Berney, C.; Le Bescot, N.;
Probert, I.; et al. Ocean plankton. Eukaryotic plankton diversity in the sunlit ocean. Science 2015, 348,
1261605. [CrossRef]

14. Camps, M.; Briand, J.F.; Guentas-Dombrowsky, L.; Culioli, G.; Bazire, A.; Blache, Y. Antifouling activity
of commercial biocides vs. natural and natural-derived products assessed by marine bacteria adhesion
bioassay. Mar. Pollut. Bull. 2011, 62, 1032–1040. [CrossRef] [PubMed]

15. Brian-Jaisson, F.; Ortalo-Magne, A.; Guentas-Dombrowsky, L.; Armougom, F.; Blache, Y.; Molmeret, M.
Identification of bacterial strains isolated from the Mediterranean Sea exhibiting different abilities of biofilm
formation. Microb. Ecol. 2014, 68, 94–110. [CrossRef] [PubMed]

16. Favre, L.; Ortalo-Magne, A.; Greff, S.; Perez, T.; Thomas, O.P.; Martin, J.C.; Culioli, G. Discrimination of Four
Marine Biofilm-Forming Bacteria by LC-MS Metabolomics and Influence of Culture Parameters. J. Proteome
Res. 2017, 16, 1962–1975. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0002744
http://www.ncbi.nlm.nih.gov/pubmed/18648491
http://dx.doi.org/10.1023/A:1020591307260
http://www.ncbi.nlm.nih.gov/pubmed/12448728
http://dx.doi.org/10.1128/AEM.71.2.921-929.2005
http://www.ncbi.nlm.nih.gov/pubmed/15691949
http://dx.doi.org/10.1128/AEM.02941-09
http://www.ncbi.nlm.nih.gov/pubmed/20525866
http://dx.doi.org/10.1016/j.tim.2005.05.009
http://www.ncbi.nlm.nih.gov/pubmed/15935676
http://dx.doi.org/10.1099/00221287-140-6-1253
http://dx.doi.org/10.1128/AEM.71.1.20-28.2005
http://dx.doi.org/10.1136/jcp.33.12.1179
http://dx.doi.org/10.1038/s41564-019-0563-x
http://dx.doi.org/10.1038/ismej.2015.165
http://dx.doi.org/10.1038/s41467-018-05976-x
http://www.ncbi.nlm.nih.gov/pubmed/30150745
http://dx.doi.org/10.1016/j.tcb.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25680230
http://dx.doi.org/10.1126/science.1261605
http://dx.doi.org/10.1016/j.marpolbul.2011.02.031
http://www.ncbi.nlm.nih.gov/pubmed/21414639
http://dx.doi.org/10.1007/s00248-013-0342-9
http://www.ncbi.nlm.nih.gov/pubmed/24402359
http://dx.doi.org/10.1021/acs.jproteome.6b01027
http://www.ncbi.nlm.nih.gov/pubmed/28362105


Microorganisms 2020, 8, 1982 22 of 25

17. El-Kirat-Chatel, S.; Puymege, A.; Duong, T.H.; Van Overtvelt, P.; Bressy, C.; Belec, L.; Dufrene, Y.F.;
Molmeret, M. Phenotypic Heterogeneity in Attachment of Marine Bacteria toward Antifouling Copolymers
Unraveled by AFM. Front. Microbiol. 2017, 8, 1399. [CrossRef]

18. Guillonneau, R.; Baraquet, C.; Bazire, A.; Molmeret, M. Multispecies Biofilm Development of Marine Bacteria
Implies Complex Relationships through Competition and Synergy and Modification of Matrix Components.
Front. Microbiol. 2018, 9, 1960. [CrossRef]

19. Sawyer, T.K. Marine amebae from clean and stressed bottom sediments of the atlantic ocean and gulf of
Mexico. J. Protozool. 1980, 27, 13–32. [CrossRef]

20. Page, F.C. Marine Gymnamoebae; Institute of Terestrial Ecology: Cambridge, UK, 1983.
21. Fernandez, M.C.A.; Crespo, E.P.; Mallen, M.M.; Ares, M.P.M.P.; Casas, M.L.C. Marine Amoebae from Waters

of Northwest Spain, with Comments on a Potentially Pathogenic Euryhaline Species. J. Protozool. 1989, 36,
239–241. [CrossRef]

22. Rogerson, A.; Laybourn-Parry, J. The abundance of marine naked amoebae in the water column of the Clyde
estuary. Estuar. Coast. Shelf Sci. 1992, 34, 187–196. [CrossRef]

23. Hilbi, H.; Weber, S.S.; Ragaz, C.; Nyfeler, Y.; Urwyler, S. Environmental predators as models for bacterial
pathogenesis. Environ. Microbiol. 2007, 9, 563–575. [CrossRef] [PubMed]

24. Laskowski-Arce, M.A.; Orth, K. Acanthamoeba castellanii Promotes the Survival of Vibrio parahaemolyticus.
Appl. Environ. Microbiol. 2008, 74, 7183–7188. [CrossRef] [PubMed]

25. Reyes-Batlle, M.; Martin-Rodriguez, A.J.; Lopez-Arencibia, A.; Sifaoui, I.; Liendo, A.R.; Bethencourt
Estrella, C.J.; Garcia Mendez, A.B.; Chiboub, O.; Hajaji, S.; Valladares, B.; et al. In vitro interactions of
Acanthamoeba castellanii Neff and Vibrio harveyi. Exp. Parasitol. 2017, 183, 167–170. [CrossRef] [PubMed]

26. Mårdén, P.; Tunlid, A.; Malmcrona-Friberg, K.; Odham, G.; Kjelleberg, S. Physiological and morphological
changes during short term starvation of marine bacterial islates. Arch. Microbiol. 1985, 142, 326–332.
[CrossRef]

27. Taylor-Mulneix, D.L.; Bendor, L.; Linz, B.; Rivera, I.; Ryman, V.E.; Dewan, K.K.; Wagner, S.M.; Wilson, E.F.;
Hilburger, L.J.; Cuff, L.E.; et al. Bordetella bronchiseptica exploits the complex life cycle of Dictyostelium
discoideum as an amplifying transmission vector. PLoS Biol. 2017, 15, e2000420. [CrossRef]

28. Lampe, E.O.; Brenz, Y.; Herrmann, L.; Repnik, U.; Griffiths, G.; Zingmark, C.; Sjöstedt, A.;
Winther-Larsen, H.C.; Hagedorn, M. Dissection of Francisella-Host Cell Interactions in Dictyostelium discoideum.
Appl. Environ. Microbiol. 2016, 82, 1586–1598. [CrossRef]

29. Allombert, J.; Vianney, A.; Laugier, C.; Petry, S.; Hébert, L. Survival of taylorellae in the environmental
amoeba Acanthamoeba castellanii. BMC Microbiol. 2014, 14, 69. [CrossRef]

30. Kicka, S.; Trofimov, V.; Harrison, C.; Ouertatani-Sakouhi, H.; McKinney, J.; Scapozza, L.; Hilbi, H.;
Cosson, P.; Soldati, T. Establishment and Validation of Whole-Cell Based Fluorescence Assays to Identify
Anti-Mycobacterial Compounds Using the Acanthamoeba castellanii—Mycobacterium marinum Host-Pathogen
System. PLoS ONE 2014, 9, e87834. [CrossRef]

31. Harrison, C.F.; Kicka, S.; Trofimov, V.; Berschl, K.; Ouertatani-Sakouhi, H.; Ackermann, N.; Hedberg, C.;
Cosson, P.; Soldati, T.; Hilbi, H. Exploring Anti-Bacterial Compounds against Intracellular Legionella.
PLoS ONE 2013, 8, e74813. [CrossRef]

32. Delafont, V.; Samba-Louaka, A.; Cambau, E.; Bouchon, D.; Moulin, L.; Hechard, Y. Mycobacterium llatzerense,
a waterborne Mycobacterium, that resists phagocytosis by Acanthamoeba castellanii. Sci. Rep. 2017, 7, 46270.
[CrossRef] [PubMed]

33. Lozano-Amado, D.; Herrera-Solorio, A.M.; Valdés, J.; Alemán-Lazarini, L.; Almaraz-Barrera, M.d.J.;
Luna-Rivera, E.; Vargas, M.; Hernández-Rivas, R. Identification of repressive and active epigenetic marks
and nuclear bodies in Entamoeba histolytica. Parasit. Vectors 2016, 9, 19. [CrossRef] [PubMed]

34. Hayek, M.; Baraquet, C.; Lami, R.; Blache, Y.; Molmeret, M. The Marine Bacterium Shewanella woodyi
Produces C8-HSL to Regulate Bioluminescence. Microb. Ecol. 2020, 79, 865–881. [CrossRef] [PubMed]

35. Qayyum, S.; Sharma, D.; Bisht, D.; Khan, A.U. Identification of factors involved in Enterococcus faecalis biofilm
under quercetin stress. Microb. Pathog. 2019, 126, 205–211. [CrossRef]

36. Heydorn, A.; Nielsen, A.T.; Hentzer, M.; Sternberg, C.; Givskov, M.; Ersbøll, B.K.; Molin, S. Quantification of
biofilm structures by the novel computer program comstat. Microbiology 2000, 146, 2395–2407. [CrossRef]

http://dx.doi.org/10.3389/fmicb.2017.01399
http://dx.doi.org/10.3389/fmicb.2018.01960
http://dx.doi.org/10.1111/j.1550-7408.1980.tb04225.x
http://dx.doi.org/10.1111/j.1550-7408.1989.tb05356.x
http://dx.doi.org/10.1016/S0272-7714(05)80104-0
http://dx.doi.org/10.1111/j.1462-2920.2007.01238.x
http://www.ncbi.nlm.nih.gov/pubmed/17298357
http://dx.doi.org/10.1128/AEM.01332-08
http://www.ncbi.nlm.nih.gov/pubmed/18849458
http://dx.doi.org/10.1016/j.exppara.2017.09.003
http://www.ncbi.nlm.nih.gov/pubmed/28917709
http://dx.doi.org/10.1007/BF00491898
http://dx.doi.org/10.1371/journal.pbio.2000420
http://dx.doi.org/10.1128/AEM.02950-15
http://dx.doi.org/10.1186/1471-2180-14-69
http://dx.doi.org/10.1371/journal.pone.0087834
http://dx.doi.org/10.1371/journal.pone.0074813
http://dx.doi.org/10.1038/srep46270
http://www.ncbi.nlm.nih.gov/pubmed/28393860
http://dx.doi.org/10.1186/s13071-016-1298-7
http://www.ncbi.nlm.nih.gov/pubmed/26767976
http://dx.doi.org/10.1007/s00248-019-01454-z
http://www.ncbi.nlm.nih.gov/pubmed/31741007
http://dx.doi.org/10.1016/j.micpath.2018.11.013
http://dx.doi.org/10.1099/00221287-146-10-2395


Microorganisms 2020, 8, 1982 23 of 25

37. Matz, C.; Moreno, A.M.; Alhede, M.; Manefield, M.; Hauser, A.R.; Givskov, M.; Kjelleberg, S. Pseudomonas
aeruginosa uses type III secretion system to kill biofilm-associated amoebae. ISME J. 2008, 2, 843–852.
[CrossRef]

38. Robino, E.; Poirier, A.C.; Amraoui, H.; Le Bissonnais, S.; Perret, A.; Lopez-Joven, C.; Auguet, J.C.; Rubio, T.P.;
Cazevieille, C.; Rolland, J.L.; et al. Resistance of the oyster pathogen Vibrio tasmaniensis LGP32 against
grazing by Vannella sp. marine amoeba involves Vsm and CopA virulence factors. Environ. Microbiol. 2019.
[CrossRef]

39. Schulz, F.; Lagkouvardos, I.; Wascher, F.; Aistleitner, K.; Kostanjšek, R.; Horn, M. Life in an unusual
intracellular niche: A bacterial symbiont infecting the nucleus of amoebae. ISME J. 2014, 8, 1634–1644.
[CrossRef]

40. Mengue, L.; Regnacq, M.; Aucher, W.; Portier, E.; Hechard, Y.; Samba-Louaka, A. Legionella pneumophila
prevents proliferation of its natural host Acanthamoeba castellanii. Sci. Rep. 2016, 6, 36448. [CrossRef]

41. Samba-Louaka, A.; Pereira, J.M.; Nahori, M.A.; Villiers, V.; Deriano, L.; Hamon, M.A.; Cossart, P. Listeria
monocytogenes dampens the DNA damage response. PLoS Pathog. 2014, 10, e1004470. [CrossRef]

42. Sanchez-Vizuete, P.; Orgaz, B.; Aymerich, S.; Le Coq, D.; Briandet, R. Pathogens protection against the action
of disinfectants in multispecies biofilms. Front. Microbiol. 2015, 6, 705. [CrossRef] [PubMed]

43. Sato, T.; Kuwahara, H.; Fujita, K.; Noda, S.; Kihara, K.; Yamada, A.; Ohkuma, M.; Hongoh, Y. Intranuclear
verrucomicrobial symbionts and evidence of lateral gene transfer to the host protist in the termite gut. ISME J.
2014, 8, 1008–1019. [CrossRef] [PubMed]

44. Rautian, M.S.; Wackerow-Kouzova, N.D. Phylogenetic placement of two previously described intranuclear
bacteria from the ciliate Paramecium bursaria (Protozoa, Ciliophora): ‘Holospora acuminata’ and ‘Holospora
curviuscula’. Int. J. Syst. Evol. Microbiol. 2013, 63, 1930–1933. [CrossRef] [PubMed]

45. Mehari, Y.T.; Hayes, B.J.; Redding, K.S.; Mariappan, P.V.; Gunderson, J.H.; Farone, A.L.; Farone, M.B.
Description of ‘Candidatus Berkiella aquae’ and ‘Candidatus Berkiella cookevillensis’, two intranuclear bacteria of
freshwater amoebae. Int. J. Syst. Evol. Microbiol. 2015, 66, 536–541. [CrossRef]

46. Beliavskaia, A.Y.; Predeus, A.V.; Garushyants, S.K.; Logacheva, M.D.; Gong, J.; Zou, S.;
Gelfand, M.S.; Rautian, M.S. New Intranuclear Symbiotic Bacteria from Macronucleus of Paramecium
putrinum—“Candidatus Gortzia Yakutica”. Diversity 2020, 12, 198. [CrossRef]

47. Bella, C.; Koehler, L.; Grosser, K.; Berendonk, T.U.; Petroni, G.; Schrallhammer, M. Fitness impact of obligate
intranuclear bacterial symbionts depends on host growth phase. Front. Microbiol. 2016, 7, 2084. [CrossRef]

48. Zielinski, F.U.; Pernthaler, A.; Duperron, S.; Raggi, L.; Giere, O.; Borowski, C.; Dubilier, N. Widespread
occurrence of an intranuclear bacterial parasite in vent and seep bathymodiolin mussels. Environ. Microbiol.
2009, 11, 1150–1167. [CrossRef]

49. Azevedo, C. Fine structure of endonucleobiotic bacteria in the gill epithelium of Ruditapes decussatus.
Mar. Biol. 1989, 100, 339–341. [CrossRef]

50. Elston, R.A. An intranuclear pathogen [nuclear inclusion X (NIX)] associated with massive mortalities of the
Pacific razor clam, Siliqua patula. J. Invertebr. Pathol. 1986, 47, 93–104. [CrossRef]

51. Friedrich, A.B.; Merkert, H.; Fendert, T.; Hacker, J.; Proksch, P.; Hentschel, U. Microbial diversity in the marine
sponge Aplysina cavernicola (formerly Verongia cavernicola) analyzed by fluorescence in situ hybridization
(FISH). Mar. Biol. 1999, 134, 461–470. [CrossRef]

52. Vadivelu, J.; Vellasamy, K.M.; Thimma, J.; Mariappan, V.; Kang, W.T.; Choh, L.C.; Shankar, E.M.; Wong, K.T.
Survival and intra-nuclear trafficking of Burkholderia pseudomallei: Strategies of evasion from immune
surveillance? PLoS Negl. Trop. Dis. 2017, 11, e0005241. [CrossRef] [PubMed]

53. Urakami, H.; Tsuruhara, T.; Tamura, A. Intranuclear Rickettsia tsutsugamushi in cultured mouse fibroblasts
(L Cells). Microbiol. Immunol. 1982, 26, 445–447. [CrossRef]

54. Burgdorfer, W.; Anacker, R.L.; Bird, R.G.; Bertram, D.S. Intranuclear growth of Rickettsia rickettsii. J. Bacteriol.
1968, 96, 1415–1418. [CrossRef] [PubMed]

55. Burgdorfer, W.; Brinton, L.P. Intranuclear growth of Rickettsia canada, a member of the Typhus group.
Infect. Immun. 1970, 2, 112–114. [CrossRef] [PubMed]

56. Bierne, H. Nuclear microbiology—Bacterial assault on the nucleolus. EMBO Rep. 2013, 14, 663–664.
[CrossRef] [PubMed]

57. Berk, S.G.; Ting, R.S.; Turner, G.W.; Ashburn, R.J. Production of respirable vesicles containing live Legionella
pneumophila cells by two Acanthamoeba spp. Appl. Environ. Microbiol. 1998, 64, 279–286. [CrossRef]

http://dx.doi.org/10.1038/ismej.2008.47
http://dx.doi.org/10.1111/1462-2920.14770
http://dx.doi.org/10.1038/ismej.2014.5
http://dx.doi.org/10.1038/srep36448
http://dx.doi.org/10.1371/journal.ppat.1004470
http://dx.doi.org/10.3389/fmicb.2015.00705
http://www.ncbi.nlm.nih.gov/pubmed/26236291
http://dx.doi.org/10.1038/ismej.2013.222
http://www.ncbi.nlm.nih.gov/pubmed/24335826
http://dx.doi.org/10.1099/ijs.0.046631-0
http://www.ncbi.nlm.nih.gov/pubmed/23504970
http://dx.doi.org/10.1099/ijsem.0.000750
http://dx.doi.org/10.3390/d12050198
http://dx.doi.org/10.3389/fmicb.2016.02084
http://dx.doi.org/10.1111/j.1462-2920.2008.01847.x
http://dx.doi.org/10.1007/BF00391149
http://dx.doi.org/10.1016/0022-2011(86)90167-9
http://dx.doi.org/10.1007/s002270050562
http://dx.doi.org/10.1371/journal.pntd.0005241
http://www.ncbi.nlm.nih.gov/pubmed/28045926
http://dx.doi.org/10.1111/j.1348-0421.1982.tb00196.x
http://dx.doi.org/10.1128/JB.96.4.1415-1418.1968
http://www.ncbi.nlm.nih.gov/pubmed/4176643
http://dx.doi.org/10.1128/IAI.2.1.112-114.1970
http://www.ncbi.nlm.nih.gov/pubmed/16557789
http://dx.doi.org/10.1038/embor.2013.105
http://www.ncbi.nlm.nih.gov/pubmed/23856720
http://dx.doi.org/10.1128/AEM.64.1.279-286.1998


Microorganisms 2020, 8, 1982 24 of 25

58. Brandl, M.T.; Rosenthal, B.M.; Haxo, A.F.; Berk, S.G. Enhanced survival of Salmonella enterica in vesicles
released by a soilborne Tetrahymena species. Appl. Environ. Microbiol. 2005, 71, 1562–1569. [CrossRef]

59. Raghu Nadhanan, R.; Thomas, C.J. Colpoda secrete viable Listeria monocytogenes within faecal pellets.
Environ. Microbiol. 2014, 16, 396–404. [CrossRef]

60. Berk, S.G.; Faulkner, G.; Garduño, E.; Joy, M.C.; Ortiz-Jimenez, M.A.; Garduño, R.A. Packaging of Live
Legionella pneumophila into Pellets Expelled by Tetrahymena spp. Does Not Require Bacterial Replication
and Depends on a Dot/Icm-Mediated Survival Mechanism. Appl. Environ. Microbiol. 2008, 74, 2187–2199.
[CrossRef]

61. Bouyer, S.; Imbert, C.; Rodier, M.H.; Hechard, Y. Long-term survival of Legionella pneumophila associated
with Acanthamoeba castellanii vesicles. Environ. Microbiol. 2007, 9, 1341–1344. [CrossRef]

62. El-Etr, S.H.; Margolis, J.J.; Monack, D.; Robison, R.A.; Cohen, M.; Moore, E.; Rasley, A. Francisella tularensis
type A strains cause the rapid encystment of Acanthamoeba castellanii and survive in amoebal cysts for three
weeks postinfection. Appl. Environ. Microbiol. 2009, 75, 7488–7500. [CrossRef] [PubMed]

63. Abd, H.; Saeed, A.; Weintraub, A.; Nair, G.B.; Sandstrom, G. Vibrio cholerae O1 strains are facultative
intracellular bacteria, able to survive and multiply symbiotically inside the aquatic free-living amoeba
Acanthamoeba castellanii. FEMS Microbiol. Ecol. 2007, 60, 33–39. [CrossRef] [PubMed]

64. Lambrecht, E.; Bare, J.; Chavatte, N.; Bert, W.; Sabbe, K.; Houf, K. Protozoan Cysts Act as a Survival Niche
and Protective Shelter for Foodborne Pathogenic Bacteria. Appl. Environ. Microbiol. 2015, 81, 5604–5612.
[CrossRef] [PubMed]

65. Sanchez-Hidalgo, A.; Obregon-Henao, A.; Wheat, W.H.; Jackson, M.; Gonzalez-Juarrero, M. Mycobacterium
bovis hosted by free-living-amoebae permits their long-term persistence survival outside of host mammalian
cells and remain capable of transmitting disease to mice. Environ. Microbiol. 2017. [CrossRef] [PubMed]

66. Trigui, H.; Paquet, V.E.; Charette, S.J.; Faucher, S.P. Packaging of Campylobacter jejuni into multilamellar
bodies by the ciliate Tetrahymena pyriformis. Appl. Environ. Microbiol. 2016, 82, 2783–2790. [CrossRef]

67. Paquet, V.E.; Lessire, R.; Domergue, F.; Fouillen, L.; Filion, G.; Sedighi, A.; Charette, S.J. Lipid composition of
multilamellar bodies secreted by Dictyostelium discoideum reveals their amoebal origin. Eukaryot. Cell. 2013,
12, 1326–1334. [CrossRef]

68. Denoncourt, A.M.; Paquet, V.E.; Sedighi, A.; Charette, S.J. Identification of Proteins Associated with
Multilamellar Bodies Produced by Dictyostelium discoideum. PLoS ONE 2016, 11, e0158270. [CrossRef]

69. Chen, J.; de Felipe, K.S.; Clarke, M.; Lu, H.; Anderson, O.R.; Segal, G.; Shuman, H.A. Legionella Effectors That
Promote Nonlytic Release from Protozoa. Science 2004, 303, 1358. [CrossRef]

70. Corno, G.; Jurgens, K. Direct and indirect effects of protist predation on population size structure of a bacterial
strain with high phenotypic plasticity. Appl. Environ. Microbiol. 2006, 72, 78–86. [CrossRef]

71. Shen, J.-P.; Chou, C.-F. Morphological plasticity of bacteria—Open questions. Biomicrofluidics 2016, 10, 031501.
[CrossRef]

72. Justice, S.S.; Hunstad, D.A.; Cegelski, L.; Hultgren, S.J. Morphological plasticity as a bacterial survival
strategy. Nat. Rev. Microbiol. 2008, 6, 162–168. [CrossRef] [PubMed]

73. Hahn, M.W.; Höfle, M.G. Grazing of protozoa and its effect on populations of aquatic bacteria. FEMS Microbiol.
Ecol. 2001, 35, 113–121. [CrossRef] [PubMed]

74. Jürgens, K.; Matz, C. Predation as a shaping force for the phenotypic and genotypic composition of planktonic
bacteria. Antonie Van Leeuwenhoek 2002, 81, 413–434. [CrossRef] [PubMed]

75. Horvath, D.J., Jr.; Li, B.; Casper, T.; Partida-Sanchez, S.; Hunstad, D.A.; Hultgren, S.J.; Justice, S.S.
Morphological plasticity promotes resistance to phagocyte killing of uropathogenic Escherichia coli.
Microbes Infect. 2011, 13, 426–437. [CrossRef]

76. Lamrabet, O.; Drancourt, M. Mycobacterium gilvum illustrates size-correlated relationships between
mycobacteria and Acanthamoeba polyphaga. Appl. Environ. Microbiol. 2013, 79, 1606–1611. [CrossRef]

77. Butler, R.E.; Cihlarova, V.; Stewart, G.R. Effective generation of reactive oxygen species in the mycobacterial
phagosome requires K+ efflux from the bacterium. Cell. Microbiol. 2010, 12, 1186–1193. [CrossRef]

78. Marks, L.R.; Davidson, B.A.; Knight, P.R.; Hakansson, A.P. Interkingdom Signaling Induces Streptococcus
pneumoniae Biofilm Dispersion and Transition from Asymptomatic Colonization to Disease. mBio 2013,
4, e00438. [CrossRef]

http://dx.doi.org/10.1128/AEM.71.3.1562-1569.2005
http://dx.doi.org/10.1111/1462-2920.12230
http://dx.doi.org/10.1128/AEM.01214-07
http://dx.doi.org/10.1111/j.1462-2920.2006.01229.x
http://dx.doi.org/10.1128/AEM.01829-09
http://www.ncbi.nlm.nih.gov/pubmed/19820161
http://dx.doi.org/10.1111/j.1574-6941.2006.00254.x
http://www.ncbi.nlm.nih.gov/pubmed/17381524
http://dx.doi.org/10.1128/AEM.01031-15
http://www.ncbi.nlm.nih.gov/pubmed/26070667
http://dx.doi.org/10.1111/1462-2920.13810
http://www.ncbi.nlm.nih.gov/pubmed/28585299
http://dx.doi.org/10.1128/AEM.03921-15
http://dx.doi.org/10.1128/EC.00107-13
http://dx.doi.org/10.1371/journal.pone.0158270
http://dx.doi.org/10.1126/science.1094226
http://dx.doi.org/10.1128/AEM.72.1.78-86.2006
http://dx.doi.org/10.1063/1.4953660
http://dx.doi.org/10.1038/nrmicro1820
http://www.ncbi.nlm.nih.gov/pubmed/18157153
http://dx.doi.org/10.1111/j.1574-6941.2001.tb00794.x
http://www.ncbi.nlm.nih.gov/pubmed/11295449
http://dx.doi.org/10.1023/A:1020505204959
http://www.ncbi.nlm.nih.gov/pubmed/12448740
http://dx.doi.org/10.1016/j.micinf.2010.12.004
http://dx.doi.org/10.1128/AEM.03765-12
http://dx.doi.org/10.1111/j.1462-5822.2010.01463.x
http://dx.doi.org/10.1128/mBio.00438-13


Microorganisms 2020, 8, 1982 25 of 25

79. McDougald, D.; Rice, S.A.; Barraud, N.; Steinberg, P.D.; Kjelleberg, S. Should we stay or should we go:
Mechanisms and ecological consequences for biofilm dispersal. Nat. Rev. Microbiol. 2012, 10, 39–50.
[CrossRef]

80. Rendueles, O.; Ghigo, J.-M. Multi-species biofilms: How to avoid unfriendly neighbors. FEMS Microbiol.
Rev. 2012, 36, 972–989. [CrossRef]

81. Rodríguez-Zaragoza, S. Ecology of Free-Living Amoebae. Crit. Rev. Microbiol. 1994, 20, 225–241. [CrossRef]
82. Weitere, M.; Bergfeld, T.; Rice, S.A.; Matz, C.; Kjelleberg, S. Grazing resistance of Pseudomonas aeruginosa

biofilms depends on type of protective mechanism, developmental stage and protozoan feeding mode.
Environ. Microbiol. 2005, 7, 1593–1601. [CrossRef] [PubMed]

83. Jousset, A.; Bonkowski, M. The model predator Acanthamoeba castellanii induces the production of 2,4,
DAPG by the biocontrol strain Pseudomonas fluorescens Q2-87. Soil Biol. Biochem. 2010, 42, 1647–1649.
[CrossRef]

84. Souza, T.K.d.; Soares, S.S.; Benitez, L.B.; Rott, M.B. Interaction between Methicillin-Resistant Staphylococcus
aureus (MRSA) and Acanthamoeba polyphaga. Curr. Microbiol. 2017, 74, 541–549. [CrossRef] [PubMed]

85. Blom, J.F.; Hornàk, K.; Simek, K.; Pernthaler, J. Aggregate formation in a freshwater bacterial strain induced
by growth state and conspecific chemical cues. Environ. Microbiol. 2010, 12, 2486–2495. [CrossRef]

86. Corno, G.; Caravati, E.; Callieri, C.; Bertoni, R. Effects of predation pressure on bacterial abundance, diversity,
and size-structure distribution in an oligotrophic system. J. Limnol. 2008, 67, 107–119. [CrossRef]

87. Pernthaler, J.; Posch, T.; Simek, K.; Vrba, J.; Amann, R.; Psenner, R. Contrasting bacterial strategies to coexist
with a flagellate predator in an experimental microbial assemblage. Appl. Environ. Microbiol. 1997, 63,
596–601. [CrossRef]

88. Simek, K.; Pernthaler, J.; Weinbauer, M.G.; Hornák, K.; Dolan, J.R.; Nedoma, J.; Masín, M.; Amann, R. Changes
in bacterial community composition and dynamics and viral mortality rates associated with enhanced
flagellate grazing in a mesoeutrophic reservoir. Appl. Environ. Microbiol. 2001, 67, 2723–2733. [CrossRef]

89. Hahn, M.W.; Moore, E.R.; Höfle, M.G. Bacterial filament formation, a defense mechanism against flagellate
grazing, is growth rate controlled in bacteria of different phyla. Appl. Environ. Microbiol. 1999, 65, 25–35.
[CrossRef]

90. Queck, S.-Y.; Weitere, M.; Moreno, A.M.; Rice, S.A.; Kjelleberg, S. The role of quorum sensing
mediated developmental traits in the resistance of Serratia marcescens biofilms against protozoan grazing.
Environ. Microbiol. 2006, 8, 1017–1025. [CrossRef]
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