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SUMMARY

In Pseudomonas sp., the switch from planktonic to sessile state is driven by extracellular DNA release. We
observed a subpopulation of cells associated with eDNA in the planktonic phase, as indicated by propidium
iodide staining. Surprisingly, the size of this subpopulation was directly correlated with the overall biofilm-
forming capacity of the population. This challenges the prevailing understanding of phenotypic switching
and confirms that biofilm formation in Pseudomonas is a collective process governed by eDNA release. Auto-
mated flow cytometry tracked the process, and Pl-positive cells were identified as an early indicator of biofilm
formation. Automated glucose pulsing successfully reduced biofilm formation by interfering with Pl-positive
cell proliferation. This study provides insights into the collective determinants of biofilm switching in Pseudo-
monas putida and introduces a potential strategy for controlling biofilm formation.

INTRODUCTION

The transition from a planktonic to a biofilm state in a bacterial
population can be influenced by a variety of factors and is a com-
plex process that can vary depending on the microbial species
considered and the environmental conditions.’™ However, this
transition has been poorly investigated so far due to the lack of
single cell proxies related to biofilm switching. It has been previ-
ously suggested that a subpopulation of cells within a planktonic
culture may play a role in initiating biofilm formation by binding to
extracellular DNA (eDNA)." These cells can further serve as pio-
neers that start the biofilm formation process by adhering to sur-
faces and facilitating the recruitment of other cells to form either
a mono- or a multi-species biofilm. In this context, it has been
recently suggested that the process of cell aggregation in the
liquid phase is a critical step in the biofilm life cycle.”® These ag-
gregates offer several advantages over individual planktonic
cells, including increased antibiotic resistance and improved
surface colonization.®® Bacterial aggregation is influenced by
various factors, such as quorum sensing, eDNA, ions, and
cationic polymers.® '2 Collectively, previous studies reveal that
bacteria exhibit complex multicellular behaviors in planktonic
phase that differ fundamentally from those observed in sur-
face-attached biofilms. This distinction highlights the impor-
tance of considering cell auto-aggregation (i.e., aggregation
between cells of the same species) and co-aggregation (i.e., ag-
gregation between cells of different species) as crucial compo-

nents of the biofilm cycle model, necessitating a revision of
the current understanding of biofilm development and
dynamics.®

The involvement of eDNA in the formation of bacterial aggre-
gates has been observed in various bacterial species.'®'®
eDNA plays multiple roles within the aggregate, serving as a
structural component, as an energy and nutrition source, and
as a gene pool for horizontal gene transfer in naturally competent
bacteria.’”"'® Additionally, eDNA can bind to bacterial flagella,
leading to increased hydrophobicity of the cell surface. This, in
turn, promotes bacterial aggregation and enhances the stability
of the biofilm structure.’®2" Pseudomonas putida KT2440 is a
non-pathogenic soil bacterium endowed with the ability to adapt
to a large variety of physicochemical and nutritional niches,?**
and able to form biofilms depending on the environmental con-
ditions.?* P. putida has been a laboratory model for examining
the lifestyle and activities of environmental bacteria.”®> Accumu-
lating evidence on attachment and biofilm formation by P. putida
offers a detailed perspective of the functional steps involved in
the process and the regulatory networks.?® Current research in-
dicates that the second messenger, cyclic diguanosine-
5’-monophosphate (c-di-GMP), plays a global role in regulating
the transition between motile and sessile lifestyles in
P. putida.’®?” However, the regulatory network controlling
c-di-GMP?® is complex and not fully described yet. Additionally,
the current information indicates that in, P. putida, adhesins
(primarily LapA but also LapF) are the key components for
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attachment and biofilm buildup, and EPS mainly functions as a
protective barrier for the sessile population against external
stress factors. A structural and regulatory interplay between ad-
hesins and EPS has been assumed,?®2° but it lacks detailed
investigation. Therefore, many researchers have focused on
either an indirect method for c-di-GMP measurement or devel-
oping a fluorescence-based biosensor based on translational
fusion with LapA or LapF.?” Although substantial advancements
have been achieved in characterizing the various stages of bio-
film development, the current knowledge primarily concentrates
on studying mature biofilms or examining differential gene
expression during the transition from planktonic to biofilm
states.”®?” Nevertheless, due to the complexity of the regulatory
network governing biofilm formation in P. putida, relying on a
robust single-cell proxy to describe the initial steps for biofilm
production is challenging.

In our work, by using P. putida KT2440 and derivatives exhib-
iting either enhanced or reduced biofilm formation capabilities,
we observed a fraction of cells associated with eDNA in the
planktonic phase. This observation was based on propidium io-
dide (PI) staining. More importantly, it was determined that the
size of the fraction of eDNA-associated/Pl-positive cells is corre-
lated to the global biofilm formation capability of the cell popula-
tion. This result is important since it suggests that biofilm switch-
ing does not follow the classical phenotypic switching
mechanism where individual cells within the population decide
to activate or repress gene circuits according to environmental
cues.’’®® The same observation has been previously reported
for P. aeruginosa for which massive release of eDNA increases
the probability of binding to cells and the number of eDNA-asso-
ciated cells, in turn, increases the probability of cell aggregation
and biofilm formation. Accordingly, biofilm switching in Pseudo-
monas species is determined collectively based on the number
of eDNA molecules released in the supernatant.'” More specif-
ically, this study showed that eDNA release events determine
where and when P. aeruginosa cells begin to aggregate to sub-
sequently form biofilms and that the number of eDNA-associ-
ated cells correlates with increased numbers of cell aggregates
and the size of the mature biofilm. In this work, we will use these
characteristics to characterize the dynamics of P. putida popula-
tion upon continuous cultivation based on automated flow cy-
tometry (FC).>* In a second step, reactive FC strategies®®*®
will be implemented for acting on the cell phenotypic switching
mechanisms associated with biofilm formation to either reduce
or enhance biofilm formation.

RESULTS

Pl staining is an efficient approach for detecting eDNA-
associated cells in Pseudomonas sp. populations
Previous studies have shown that propidium iodide (PI) can bind
to eDNA and produce a red-but-not-dead signal.”*"=° Since
eDNA is an important component involved in biofilm formation,
we decided to investigate the potential use of Pl as a single-
cell proxy for identifying subpopulations involved in the transition
to biofilm. We used P. putida DGC, a derivative of P. putida
KT2440 overproducing c-di-GMP, leading to increased biofilm
formation capability. P. putida DGC was cultivated in a shake
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flask for 24h, and samples were collected after 6h (exponential
phase), 12h (late exponential phase), and 24h (stationary phase)
(Figure 1A). Cell samples were then double-stained with Pl and
SYTO9 and observed with high resolution confocal laser scan-
ning microscopy (CLSM). Using this staining method, dead cells
exhibit bright red fluorescence upon PI binding to intracellular
DNA, quenching the green fluorescence associated with
SYTO9 (Figure 1B). In contrast, live cells remain green due to
SYTO9, as Pl cannot penetrate intact membranes (Figure 1B).
Notably, our analysis revealed a significant proportion of “inter-
mediate” phenotypes (Figure 1C), characterized by green fluo-
rescent cells displaying irregular red dots at their surface. These
Pl patches correspond to eDNA fragments attached to the cell
surface. Since Pl is external to the cell, the green fluorescence
associated with SYTO9 remains unaffected. External Pl staining
is particularly visible in cell aggregates (Figure 1D). FC analyses
pointed out this Pl-positive, eDNA-associated, subpopulation
was generated very early during the cultivation, with a Pl signal
lower than the one recorded for dead cells (Figure 1E). To assess
the viability of these subpopulations, we performed Redox
Sensor Green (RSG) staining, an indicator of metabolic activity
(Figure 1F).“° This dye becomes fluorescent when reduced by
cellular reductases. Our data demonstrated that both strains ex-
hibited high metabolic activity at all sampling points during culti-
vation (Figure S2). These results indicated these cells were not
dead but rather metabolically active (Figure 1F). Similar experi-
ments were also performed based on the wild-type strain
P. putida KT2440 (Figure S2). We further treated the biofilm sam-
ples with DNAse (Figure 1G). For all the samples, we observed a
significant decrease in the number of Pl-positive cells, suggest-
ing that PI staining is due to the association of cells with eDNA.

Finally, the analysis of the biofilm phase using FC revealed that
most of the cells (91%) were Pl-positive (Figure 1G). We also pro-
cessed the samples with DNAse and observed again a signifi-
cant decrease (33%) in the Pl-positive subpopulation following
treatment with DNase enzyme (Figure 1H). These DNase-treated
biofilm samples were also visualized using CLSM (Figure 1H).
The results clearly demonstrated that Pl signals were much
more intense in the non-treated sample compared to the sample
treated with DNase (Figure 1G). Subsequently, we employed
CLSM to visualize the distribution of eDNA in the aggregation
and biofilm samples, using the SYTOG60 stain for bacterial cells
and the TOTO-1 stain for eDNA. It has been reported that
TOTO-1 for eDNA, combined with SYTO60 as a counterstain,
can produce high-quality images of eDNA in various Gram-nega-
tive and Gram-positive bacterial species.”’ The obtained images
clearly showed a substantial amount of eDNA in both types of
samples (Figures S3B and S3D). We also observed a higher per-
centage of the Pl-positive fraction in biofilm and aggregate sam-
ples, which could be attributed to the association between eDNA
and PL.

Biofilm switching is determined early in the planktonic
phase by a subpopulation of eDNA-associated cells

We first investigated biofilm switching based on standard culti-
vations in shake flasks. To establish a possible link between early
eDNA excretion, Pl staining and biofilm formation, we used
different strains of P. putida exhibiting different biofilm forming
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(E) FC analyses of cell population based on PI staining
(n > 3 independent experiments) (F) FC analyses of cell
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capabilities (Figure 2A). For this purpose, we genetically manip-
ulated the bacteria by either reducing or increasing their biofilm-
forming ability. Specifically, we knocked out the /apA gene,
which encodes an adhesin involved in cell attachment, resulting
in a strain that is unable to attach to abiotic surfaces. This AlapA
derivative exhibits significantly reduced biofilm formation. On the
other hand, to increase biofilm formation, we transformed
P. putida with plasmid pS638DGC-244, generating a DGC strain
(di-guanylate cyclase). This strain contains a more active di-gua-
nylate cyclase that elevates the internal concentration of cyclic-
di-GMP, a critical regulator of biofilm formation. High levels of
c-di-GMP (c-di-GMP), support an adhesive lifestyle, while low
levels lead to a planktonic lifestyle.”” As expected, the
P. putida DGC strain, with increased capacity for c-di-GMP pro-
duction, exhibited the highest biofilm formation capability. On
the contrary, the wild-type strain P. putida KT2440 exhibited
low biofilm forming capability, which was further decreased
upon the deletion of lapA. These P. putida strains (KT2440 and
derivatives) were then cultivated in shake flask and monitored
for Pl staining and eDNA release (Figures 2B-2D). For all the
strains, we observed a progressive accumulation of eDNA in
the extracellular medium, correlated with the presence of PI-
stained cells in the population. For the P. putida DGC strain,
this effect was further increased, and cell aggregates were
also observed during the cultivation. As a control experiment,
the empty plasmid pS638 was transferred to the wild-type
strains P. putida KT2440 and P. putida AlapA (Figure S4).

To assess the dynamic of auto-aggregation of P. putida
KT2440, P. putida AlapA, and P. putida DGC during the shake
flask cultivation, samples were analyzed by FC (Figures 2E-
2G). Gating of the aggregated cells was done based on FSC
and SSC signals. Interestingly, we observed an increase in ag-
gregation during the beginning of the exponential growth phase,
followed by a subsequent decrease upon entering the stationary
phase, coinciding with the formation of the biofilm in the case of
P. putida DGC (Figure 2E). However, this phenomenon was
scarcely observed in the case of P. putida AlapA, which ex-
hibited very low levels of cell aggregation (Figure 2F). On the
other hand, P. putida KT2440 exhibited a more pronounced for-
mation of aggregates compared to P. putida AlapA (Figure 2G).
Furthermore, we conducted microscopy imaging on samples
that were taken at the 6-h batch phase. The obtained images
providing further evidence of pronounced aggregation occurring
specifically in the case of P. putida DGC (Figures 2E-2G). The
result indicates that the biofilm-forming capability of strains
used in this study is highly related to auto-aggregation ability.
A strong auto-aggregation was observed in P. putida DGC,
which produces significantly higher biofilm compared to other
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tested strains (Figure S5). The presence of such aggregates is
informative about a possible transition to biofilm lifestyle. Taken
altogether, these data suggest that it could be possible to use PI
as a molecular probe for tracking cells in planktonic phase in an
early decision-making process for biofilm formation.

eDNA binding is correlated with cell auto-aggregation
under dynamic cultivation conditions

We used automated FC for mapping the population diversifica-
tion dynamics in continuous culture. For this purpose, we use
an in-house developed FC interface for sampling a chemostat
at the time interval of 12 min®**(Figure 3A). In this way, we ob-
tained a high-resolution temporal profile of the evolution of the
population based on three parameters i.e., the red fluorescence
associated with Pl binding (FL3-A channel), as well as the size
and morphology of the cells and cell aggregates (FSC-A and
SSC-A parameters respectively). Consistent with previous
research, we observed that the transition to the biofilm lifestyle
in Pseudomonas was promoted by the formation of cellular ag-
gregates in the planktonic phase (Figure S5). We then applied
a specific data treatment procedure to the temporal profile ob-
tained based on the three signals obtained based on automated
FCi.e., Pl (Figure 3B), FSC (Figure 3C), and SSC (Figure 3D). We
analyzed the population dynamics based on these three cellular
features by dividing the scales attributed to each signal into 50
bins, each bin containing a specific number of cells. By
comparing the number of cells in each bin during different time-
point, a dynamic perspective can be obtained. We then
computed the fluxes of cells into the phenotypic space by
applying a gradient, leading to the quantification of the total
fluxes of cells per time interval (F) for each signal (Figures 3E-
3G). The observation of the time evolution of the flux of cells
through the diversification landscape reveals useful information
i.e., that flux of diversification occurs stochastically during che-
mostat cultivation (Figure 3H). Interestingly, data analysis
pointed out a direct relationship between the FC signals (Fig-
ure 3l), suggesting a close interplay between the PI signal and
cell auto-aggregation, and subsequent biofilm formation. This
observation is in line with the dynamics of biofilm formation pre-
viously reported in the literature for other Pseudomonas strains,
further validating the relevance of our automated FC protocol.

Biofilm formation is associated with a bursty
diversification dynamics

In microbial ecology, phenotypic switching is often associated
with a switching cost i.e., a loss of growth rate upon the activa-
tion of the alternative phenotype.®'*> We recently demonstrated
that this cost is the main driver for diversification dynamics of the

Figure 2. eDNA release increases the fraction of eDNA-associated cells in the planktonic phase
(A) Cristal violet assay for the biofilm forming capability of different derivatives of P. putida KT2440. Asterisks over brackets indicate a significant difference
between samples (p-values: ***p < 0.0001, *p < 0.03). Results are presented as mean + standard deviation. for three biological replicates. N=3 independent

experiments. Statistics were performed using a One-way ANOVA test.

(B-D) Time evolution of eDNA and PI-positive cells (determined based on FC) during flask experiments (experiments have been done in triplicates (3 independent

experiments).

(E-G) Analysis of the auto-aggregation ability of E. P. putida DGC, F. P. putida KT2440, and G. P. putida AlapA, by flow cytometry (n > 3 independent exper-
iments). The error bars represent the standard deviation (SD) for three biological replicates. Microscopy images (40 x) of cell samples from flask experiments and
three individual fields of view per replicate for E. P. putida DGC, F. P. putida KT2440, and G. P. putida AlapA after 6h of batch cultivation (nimages > 10, Figure S4)

from n = 3 independent experiments (Scale bar: 10 um).
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Figure 3. Automated FC analyses reveal a strong correlation between eDNA-associated, Pl-positive cells and cell auto-aggregation

(A) Scheme of the automated FC set up connected to a continuous cultivation device (Dilution rate D = 0.1 h™").

(B-D) Binning of the time scatter profiles for the Pl fluorescence, the FSC and SSC signals respectively (one time interval corresponds to 12 min).

(E-G) computation of the gradient of cells from the binned data for the PI fluorescence, the FSC and SSC signals respectively (one time interval corresponds to

12 min).
(H) Cumulated flux of cells extracted from the gradients of the three signals.

(I) Correlation matrix with the Pearson coefficients indicating a strong direct relationship between the FC signals (p-values <1078 for all the correlations).
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Figure 4. Biofilm switching in P. putida occurs based on a bursty diversification regime
(A) Scheme of the Segregostat. Pulses of nutrients are added in the function of the ratio between Pl negative and PI positive cells (here set at 10% of Pl positive

cells), as recorded by automated FC.

(B) Example of bursty diversification process involved in the sporulation of Bacillus subtilis.
(C) By applying environmental forcing based on Segregostat cultivation, the number of bursts is reduced, and the fluxes of cells involved in the process are

increased, leading to a substantial but temporary reduction of the entropy for the population (adapted form Henrion et al. 2023).%*

diversification model proposed for P. putida KT2440.

(D) A more complex bursty

(E) Time evolution of fluorescence bins associated with Pl staining. Flux of cells into the phenotypic space is computed by applying a gradient to the binned data.
Time evolution of the total flux of cells into phenotypic space (The fluxes of cells in the phenotypic space F(t) have been computed from the binned fluorescence

data).

whole population.® To illustrate this concept, we will take one of
our previously characterized cellular system as an example. In
the case of the phenotypic switching associated with sporulation
in Bacillus subtilis, it is obvious that spore formation leads to a
drastic reduction in growth for the cell deciding to switch. In
this case, since the switching cost associated with phenotypic
switching is very high, a bursty diversification regime is
observed. This regime is characterized by the appearance of

spontaneous flux of cells (called bursts) phenotypically switch-
ing, these cells being progressively washed-out from the contin-
uous cultivation device due to the loss of growth associated with
the switching cost. This specific diversification regime was pre-
viously reported during cultivation performed in a device called
Segregostat.® In short, the Segregostat cultivation protocol re-
lies on the use of reactive FC (Figure 4A) to detect the bursts of
diversification (in a way like the one used for the determination of
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the fluxes of cells shown in (Figure 3E). When a burst of diversi-
fication is detected, a pulse of glucose is added to interfere with
the natural diversification process i.e., by giving a growth advan-
tage to the cells that are not differentiating. This concept is illus-
trated in the case of the sporulation in Bacillus subtilis (Fig-
ure 4B).34 In this case, a Pg,0e:GFP transcriptional reporter
was used in order to detect the cells deciding to trigger sporula-
tion. The bursts of cells can be visualized from the binned time
scatter profile, as well as the concomitant fluxes of cells (Fig-
ure 4C). The observations made in the previous section point
out that burstiness could also be associated with biofilm switch-
ing for P. putida. From a biological perspective, this would make
sense since switching to the biofilm state, including cell auto-ag-
gregation, results in a significant cost for the global growth of the
population remaining in the liquid phase (Figures S6 and S7).
However, a more complex diversification process must be ex-
pected since population dynamics can also be impacted by
cell auto-aggregation and cell release from biofilm (Figure 4D).
The diversification profile of P. putida associated with biofilm
switching was then determined based on Segregostat cultivation
and PI staining, according to an automated protocol for PI stain-
ing previously established for different Gram-negative bacteria,
including P. putida.>® As expected, bursts of diversification
were also observed in this case (Figure 4E). While the amplitude
of these bursts is reduced compared to the ones observed upon
standard chemostat cultivation (Figure 3J), they are more
frequent and follow approximately the same periodicity as for
the glucose pulses. In the next section, the detection of these
bursts will be considered as an early-warning indicator of biofilm
switching for P. putida KT2440. The Segregostat system will then
be used to interfere with these bursts of diversification and to
mitigate biofilm formation.

Control of bursts leads to reduced population
diversification and biofilm formation

In the previous section, we observed that the diversification dy-
namics associated with biofilm switching was bursty. Our previ-
ous experiences with other bursty systems, like the sporulation
in Bacillus subtilis or the burdensome T7-based expression sys-
tem in E. coli, pointed out that these systems can be easily per-
turbed based on glucose pulsing since the differentiated fraction
of cells exhibits a significantly reduced growth rate by compari-
son with the non-differentiated one.** This approach seems also
to hold in the case of biofilm switching, given the switching cost
observed at this level (Figures S6 and S7). For this purpose, the
diversification bursts were detected based on automated FC
and glucose pulses were added according to a mode of cultiva-
tion called Segregostat. At this stage, two questions arise i.e., i.
Does the Segregostat leads to a reduction of the global pheno-
typic heterogeneity of the population? and ii. Is it necessary to
rely on automated FC for triggering glucose pulses, or can peri-
odic pulsing be considered for this purpose?

To reply to the first question, we previously used information
theory for deriving a proxy that can be used for quantifying the
degree of heterogeneity of a cell population i.e., the information
entropy.43 The computation of the entropy profile H(t) can be
done based on the same binning strategy as the one developed
for computing F(t) (Figure S8). The second question was chal-

8 iScience 28, 112063, March 21, 2025

iScience

lenged by comparing the Segregostat data to the one obtained
in the chemostat and continuous culture where glucose pulses
were periodically applied (Figures 5A-5C). Whereas the quanti-
tative measurement of the total amount of biofilm inside the
continuous bioreactor is challenging to determine, we can
clearly see that, upon Segregostat cultivation, the global en-
tropy profile H(t) is reduced by comparison to standard cultiva-
tion or when periodic pulsing is applied (Figure 5D). Indeed, the
computation of entropy reveals that, in the Segregostat, the mi-
crobial population is more homogeneous and contains mainly
Pl negative cells, indicating that biofilm switching is less
marked in this case.

DISCUSSION

Taken altogether, the data displayed in this work suggest that
biofilm switching for Pseudomonas sp. is a collective decision
taken by cells very early during planktonic growth, this decision
being influenced by the amount of eDNA released to the extra-
cellular medium. The transition from a planktonic to a biofilm
state in bacterial populations is a complex process influenced
by various factors and, accordingly, early cell decision-making
process related to the switch to biofilm lifestyle has not been
thoroughly investigated so far. However, this study suggests
that a subpopulation of cells in planktonic cultures plays a pivotal
role in initiating biofilm formation. Indeed, biofilm formation is
determined early in the planktonic phase and is correlated with
the number of eDNA-associated cells. The same finding has
been previously reported for P. aeruginosa,'’ suggesting that
our methodology could be potentially applied to several other
microbial species. Since these cells are associated with eDNA,
a simple Pl staining can be used for its detection. Pl is commonly
used in microscopy imaging to visualize eDNA within biofilms or
cell aggregates.”**** It has also been shown that the use of Pl as
a bacterial viability stain can yield misleading signals of cell death
by binding to eDNA,“® a characteristic that can be exploited for
detecting eDNA in biofims.* We observed that the fraction of
Pl-positive/eDNA-associated cells is correlated with the overall
biofilm formation capability of the population. This finding chal-
lenges the traditional view of phenotypic switching, where indi-
vidual cells decide to activate or repress gene circuits based
on environmental cues.®"*® Instead, for Pseudomonas sp., bio-
film switching appears to be determined on a collective basis,
driven by the quantity of eDNA molecules released into the
supernatant.

Interestingly, a study conducted by Steinberger et al. revealed
that P. putida KT2440, specifically, produced a significant
amount of eDNA.*” However, another investigation focused on
the presence of eDNA in biofilms at the liquid-solid interface. In
this study, 7-day-old flow cell biofilms were examined,
comparing TOL-free and TOL-carrying strains of KT2440. It
was observed that, for the TOL-carrying strain, eDNA consti-
tuted a major component of the biofilm. On the other hand, the
plasmid-free strains did not form thick biofilms, and eDNA was
not detected.*® However, our study did not pointed out any in-
crease in eDNA concentration in the strains carrying empty
plasmid (P. putida KT2440pS638 and P. putida AlapA:pS638)
(Figure S4).
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(D) Comparative analysis of the mean level of information entropy H for the three modes of cultivation considered (One-way ANOVA test. Data are significantly
different with p < 0.001, indicated as ***). Results are presented as mean + standard deviation.

In a separate study by Coronado et al., it was suggested that
eDNA may not be a highly relevant component of the biofilm ma-
trix.*® These contrasting findings indicate that not only do
different environmental conditions influence the composition of
the extracellular matrix in P. putida biofilms, but the presence
of the large catabolic plasmid pWWO0 may also lead to alterations
in the balance of matrix components. These results highlight the
need for cross-comparison of data generated using different

strains, originally derived from the same but tested and main-
tained in different conditions laboratories.

Although the mechanism of eDNA release is not yet fully
characterized, in Gram-negative bacteria like Pseudomonas aer-
uginosa, the release of eDNA is mediated through various mech-
anisms. Quorum sensing, involving N-acyl-L-homoserine lac-
tones (AHL) and the Pseudomonas quinolone signal (PQS),
triggers eDNA release in planktonic cultures by inducing phage
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production.’® Interestingly, recent findings have revealed that
eDNA release in P. aeruginosa also occurs through oxidative
stress caused by the generation of hydrogen peroxide (H202)
mediated by pyocyanin production.’® Pyocyanin, a phenazine
molecule that is regulated by quorum sensing,®’ facilitates the
binding of eDNA to P. aeruginosa cells. This association between
pyocyanin and eDNA can impact the cell surface properties of
P. aeruginosa, such as size, hydrophobicity, and surface en-
ergies, ultimately influencing cell-to-cell interactions and aggre-
gation. Accordingly, a greater release of eDNA increases the
probability of cell binding, which, in turn, promotes cell aggrega-
tion and biofilm formation.®> Recent reports suggest that the
presence of eDNA on bacterial cell surfaces promotes surface
hydrophobicity and influences attractive acid-base interactions
and therewith promotes initial bacterial adhesion and aggrega-
tion.***° The dynamics of the process, as cells within the popu-
lation switch from planktonic to biofilm state, has been charac-
terized based on automated FC. FC offers a rapid and
accurate method for quantifying specific cellular subpopulations
within a biofilm.>® Additionally, it has gained popularity to inves-
tigate bacterial auto-aggregation.’”*® Pl-positive cells can
indeed be easily determined based on FC and can also be
used as an early-warning indicator for biofilm formation.

Accordingly, we conducted a more precise characterization of
biofilm switching based on automated FC.*° Automated FC is
indeed a valuable tool for monitoring the dynamics of cell popula-
tion and is used here for tracking changes in the population as it
transitions from planktonic to biofilm states.*® The device can
automate environmental transitions based on the phenotypic
switching capability of the population.®** In this work, we took
benefit from Segregostat and the unique characteristics of eDNA
to interfere with the biofilm switching mechanisms according to
the detection of the burst of Pl-positive cells. Furthermore, we
demonstrated that using the environmental forcing implemented
by Segregostat cultivation led to detection of the bursts of diversi-
fication and leads to a reduction in biofilm formation. Based on this
experimental set-up, glucose pulses were administered in
response to the detection of diversification bursts associated
with Pl-positive cells, giving a growth advantage to non-differenti-
ated cells in the liquid phase, thereby controlling phenotypic
switching. The results showed that the Segregostat approach
reduced the overall heterogeneity of the population, indicating a
more homogeneous microbial community with predominantly
Pl-negative cells, suggesting a decrease in biofilm switching.

The findings offer new perspectives on microbial population
dynamics and strategies for controlling biofilm formation. The
application of Segregostat cultivation and the use of automated
FC for monitoring and intervening in the diversification process
open possibilities for more targeted approaches to biofilm
mitigation, with potential applications in microbiology and
biotechnology.'*°

Limitations of the study

This study investigates the early events involved in cell aggre-
gate and biofilm formation in Pseudomonas putida KT2440 using
a continuous cultivation device coupled with automated FC. FC
with Pl staining detects cells bound to eDNA, while forward and
side-scatter channels measure cell size and auto-aggregation.
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These aggregates are the initial step toward surface-attached
biofilm formation. Although our setup does not allow precise
quantification of surface-attached biofilm, our feedback control
strategy, which uses glucose pulsing to favor Pl-negative cells,
significantly reduces aggregates and biofilm attachment on the
bioreactor wall (visual inspection).

Our main finding, that controlled glucose pulsing reduces bio-
film formation, was demonstrated in a monoculture. However, in
natural environments, microbial diversity leads to multi-species
biofilms, where microbial interactions influence biofilm forma-
tion. A promising follow-up study would be to replicate these ex-
periments in co-culture or synthetic communities, exploring the
impact of microbial interactions on biofilm formation.
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E. coli DH5q, Apir Platt et al.®” Cloning host; F- A— endA1 gIinX44(AS) thiE1

P. putida KT2440

Bagdasarian et al.®’
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nupG®80(lacZAM15) A(argF-lac)U169
hsdR17(rK- mK+), Apir lysogen

Wild-type strain, derived from P. putida
mt-2 (Worsey and Williams et al®® )cured

of the TOL plasmid pWWO0

P. putida AlapA This paper Derivate of P. putida KT2440 with a
clean deletion of lapA (PP_0168)

P. putida DGC This paper Derivate of P. putida KT2440 harboring
the plasmid pS638::DGC-244
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Martinez-Garéia et al.®®
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pSEVA227M Silva-Rocha et al.®® KmR; ori (RK2), Pem7 — msf.GFP

pSEVA227Y Silva-Rocha et al.®® KmR; ori (RK2), pBG 17— YFP

P. putida AlapA::pS638 This paper Strain with empty plasmid

P. putida KT2440::pS638 This paper Strain with empty plasmid

Oligonucleotides

Amplification of dgcA0240, This paper Provided by Prof. Pablo Ivan Nikel (DTU)

Amplification of genomic

regions adjacent to lapA, see Table S1

Chemicals, peptides, and recombinant proteins

Propidium iodide Sigma-Aldrich B34954B

Redox Sensor Green Sigma-Aldrich B34954
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TOTO™-1 iodide Invitrogen™ Thermo Fisher Scientific T3600
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SYTO™60 Invitrogen™ Thermo Fisher Scientific S11342

QuantiFluor dsDNA System Promega, Madison, WI, USA E2670

Gentamicin Sigma-Aldrich G1914-5G

Kanamycin InvitrogenTM Thermo Fisher Scientific 11815024

Protein precipitation solution Promega, USA A795A

Lambda DNA InvitrogenTM Molecular Probes HY-KE7067

BamHI Thermo Fisher Scientific FD0054

Sacl Thermo Fisher Scientific FD1133

NucleoSpin Gel and PCR Clean-up Columns Macherey Nage

T4 DNA ligase Thermo Fisher Scientific ELOO14

OneTaq® 2X Master Mix New England Biolabs N/A

NucleoSpin Plasmid EasyPure, Germany N/A
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DNase | Roche 04716728001

Biotin Sigma-Aldrich SLCP 6816

Thiamin Sigma-Aldrich LOT # BCCD1177

Deposited data

Raw data This paper https://doi.org/10.5281/zenodo.14229909
Software and algorithms

GraphPad Prism 8.0.1 Prism https://www.graphpad.com/
ImageJ Fiji software https://imagej.nih.gov/ij/
MATLAB 2023 Mathworks

MiPI Flow Cytometry Analysis This paper https://gitlab.uliege.be/mipi/
toolbox (MFCAtoolbox) published-software/2024-bajoul

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Pseudomonas putida KT2440 was used as the main microbial chassis throughout this study. Derivatives of this strain i.e., P. putida
AlapA and P. putida DGC, were obtained by genetic manipulation (see method details — plasmid design and genetic manipulations).
All bacterial strains used in this study are listed in the key resources table.

METHOD DETAILS

Microbial strains and medium composition

All strains were maintained in 25% (v/v) glycerol at —-80°C in working seed vials (2 mL). Prior to experiments, one colony of each bac-
terium was used to inoculate 10 mL of lysogeny broth (LB) medium (10 g L™ NaCl, 5 g L™ yeast extract, and 12 g L™ tryptone) and
grown for 6 h with shaking at 30°C. Precultures and cultures of all bacteria were done in modified M9 minimal medium (33.7 mM
NasHPO,, 22.0 mM KH,PO,, 8.55 mM 6 NaCl, 9.35 mM NH,4CI, 1 mM MgSQ,, and 0.3 mM CaCl,), complemented with a trace
element (13.4 mM EDTA, 3.1 mM FeClz-6H20, 0.62 mM ZnCl,, 76 uM CuCl,-2H,0, 42 uM CoCl,-2H,0, 162 uM H3BO3, and
8.1 uM MnCl,-4H20), 1 ug L™ biotin and 1 pg L™ thiamin) and supplemented with glucose (5 g L") as the main carbon source
(pH = 7.2). For strain DGC, the media was supplemented with gentamycin at a final concentration of 10 ug mi™.

Plasmid design and genetic manipulations

Plasmid pS638::DGC was constructed by amplifying the hyperactive diguanylate cyclase mutant A0244 from Caulobacter cres-
centus,®® with the primer pair P1 and P2. The resulting amplicon and vector pSEVA638 were digested with BamHI and Sacl
(FD0O054 and FD1133, Thermo Fisher Scientific). The fragments were purified (NucleoSpin Gel and PCR Clean-up Columns, Ma-
cherey Nagel) and ligated with T4 DNA ligase (EL0014, Thermo Fisher Scientific). E. coli DH5a was transformed with the ligation
mixture and the cell suspension was plated on a gentamycin-selective plate. Subsequently, the constructed pS638::DGC (where
DGCAO0244 was placed under transcriptional control of the inducible XylS/Pm expression system) plasmid was isolated from a single
colony and its correctness was confirmed by sequencing. The plasmids for the deletion of lapA were constructed according to a pre-
vious study.®° In short, ~500 bp homology arms (HA) flanking the gene coding sequences were amplified from the chromosomal DNA
of P. putida KT2440 using the primer pair P5/P6 (lapA_HA1) and assembled into the suicide vector pPSNW2 employing the USER clon-
ing method.®' The purified plasmids were introduced into stationary P. putida KT2440 cells by electroporation and selected on
LB agar medium supplemented with kanamycin (50 ug mL-1). The corresponding pSNW2 derivative, now fully integrated into the
bacterial chromosome, was resolved by transforming the cells with the auxiliary plasmid pQURE6 and selection on gentamicin
(10 pg mL-1) and 3-methyl benzoate (1 mM).?* Resolved strains (GFP-negative and kanamycin-sensitive) were tested for the desired
genotype by colony PCR (OneTaq® 2X Master Mix with Standard Buffer, New England Biolabs). All the plasmids are listed in key
resources table.

Plasmid transformation

Plasmids pSEVA227M and pSEVA227Y, propagated in E. coli and P. putida KT2440 (kindly provided by Prof. Victor de L orenzo,
CNB-CSIC, Spain), were isolated with a plasmid extraction kit (NucleoSpin Plasmid EasyPure, Germany) according to the manufac-
turer’s protocol and stored at -20°C. Electrocompetent cells of P. putida AlapA were prepared according to a slightly modified pro-
cedure originally described by.®* Briefly, 1 ml of cells in the early stationary phase (ODggo = 1-1.5) from cultures grown in LB medium
were harvested by centrifugation at 8000x g and washed twice with 1 ml of 300 mM sucrose at room temperature (RT). Cells were
resuspended in 100 pl of 300 mM sucrose. In the case of P. putida DGC, electrocompetent cells were prepared by washing the
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biomass with 10% (v/v) glycerol. Briefly, 50 ml of a cell culture in the exponential phase (OD600 = 0.8) in LB medium were harvested
by centrifugation at 8000 xg and washed twice with 50 ice-cold glycerol, centrifuge and resuspend cells in 0.8 ml ice-cold glycerol,
keep onice. Then 50 pl of electrocompetent cells were mixed with 1pl plasmid DNA (50 ng/ pl) in a 1 mm electroporation cuvette. High
voltage electroporation was performed using a Gene Pulser Xcell (Bio-Rad Gene Pulser, US) at 25 pF, 200 Q, and 1600 kV. After
applying the pulse, 1 ml of SOC medium was added immediately, and the cells were transferred to a culture tube and incubated
at 30°C for 1 h. Cells were plated on LB agar plates supplemented with 50 ug/mL of kanamycin and incubated at 30°C for 48-72 h.

DNase enzyme treatment

Biofilm and planktonic cell densities were adjusted to (1x10” cells mL™"), and samples were resuspended in 500 pL of 1x DNase |
buffer (10 mM Tris-HCI, pH = 7.5, 2.5 mM MgClI2, and 0.1 mM CaCl2) with or without DNase | (final concentration 160 U mL™", Roche,
reference number 04716728001) and were incubated at 37°C 10 for 3 h. After incubation, samples were pelleted by centrifugation at
8500 rpm for 10 min, resuspended in PBS, stained by PI, and analyzed by FCM.

Bacterial cultivation

Before initiating the experiments, the P. putida DGC strain was grown on LB agar overnight at 30°C. Subsequently, A single colony of
bacteria was then used to inoculate 10mL of lysogeny broth (LB) medium, which consisted of 10 g L™ NaCl, 5 g L' yeast extract, and
4 and 12 g L™ tryptone, and grown overnight hours at 30°C with shaking at 170rpm. Both the precultures and cultures were performed
on a defined mineral salt medium (MM9), as detailed earlier. The medium was supplemented with 5 g L™ of glucose as the main car-
bon source, and the pH was adjusted to 7.2. Additionally, gentamycin was added at a final concentration of 10 ug ml™'. The exper-
imental setup involved three biological replicates, with samples collected from each flask at 6 hours of cultivation for subsequent
microscopy analysis.

To assess the viability of subpopulations during 24h cultivation, we performed Redox Sensor Green (RSG) staining. P. putida
KT2440 and P. putida DGC were cultivated for 24h, and samples were collected at time intervals of 6h (early exponential phase),
10h (late exponential phase), and 24h (stationary phase). They were stained with propidium iodide (Pl) and Redox Sensor Green
(RSG) and subjected to FC analysis.

Staining protocols

In this study, four fluorescent stains were employed: (i) Propidium iodide (PI) (P4170, Sigma-Aldrich); a stock solution was prepared at
1 mg mL™" in sterile Milli-Q water and used at a final concentration of 1.5 uM in sterilized PBS; (i) TOTO™-1 iodide (T3600, Invitro-
gen™ Thermo Fisher Scientific); a stock solution was prepared in DMSO (at 1 mM) and used at a final concentration of 2 pM in ster-
ilized PBS; (i) SYTO™9 (S34854, Invitrogen™ Thermo Fisher Scientific); a stock solution was prepared in DMSO at 5 mM and used
at a final concentration of 5 uM in sterilized PBS; and (iv) SYTO™®60 (S11342, Invitrogen™ Thermo Fisher Scientific); a stock solution
was prepared in DMSO at 5 mM and used at a final concentration of 10 uM in sterilized PBS. For Redox Sensor Green (RSG), a stock
solution was prepared at 1 mg mL™" in sterile Milli-Q water and used at a final concentration of 1.5 uM in sterilized PBS.

All bacterial samples were stained right before microscopy imaging analysis by adding 1 pL of the Pl stock solution to 1 mL of a cell
suspension in PBS (1X10” cells mL™"). Before CLSM analysis, Staining was performed with one or more fluorescent dyes in the
following combinations: Pl, SYTO9+PI, and TOTO1+SYTOG60. An aliquot of 10-15 pL of 1:1 stain mixture solution has been added
to a sample of planktonic and incubated under the exclusion of light (10 min for PI, SYTO9+PI, and 20 min for TOTO1+SYTO60). Con-
trols were also prepared, with live-dead gating based on heat-killed bacteria at 80°C for 1 hour.

Confocal laser scanning microscopy (CLSM)

All samples were analyzed by CLSM with a LSM880 Airyscan super-resolution system (Carl Zeiss, Oberkochen, Germany). The im-
ages were taken based on a Plan- Apochromat 63 x/1.4 QOil objective. We used an excitation wavelength of 488 nm and emission at
500-550 nm for green fluorescence and an excitation wavelength of 561 nm and emission at 580-18 615 nm for red fluorescence.
Images were acquired continuously at a pixel resolution of 0.04 um (regular Airyscan mode) in XY and 1-um interval in Z step-size
using the piezo drive.

Quantification of biofilm growth in 96-well plates

Two-day biofilm formation of Pseudomonas strains was determined by crystal violet staining using a 96-well plate lid with pegs ex-
tending into each well (Nunc-TSP lid, Invitrogen™ Thermo Fisher Scientific). Briefly, precultures were grown overnight at 30°C to an
OD600 nm of 1.0. The cell suspensions were then adjusted to an OD600 nm of 0.1 in M9 medium. A total of 160 uL cell suspension
were added to each well. Fresh medium was used as a negative control. The plates were sealed with parafilm and incubated with
shaking at 180 rpm at 30°C. The biofilm biomass was quantified with a crystal violet staining assay modified from previously reported
CV assays.®® CV quantification was performed on the pegs of the Nunc-TSP lid culture system. Briefly, after 48 h of cultivation, the
peg lids were taken out and washed three times using PBS. Subsequently, the peg lids were placed in plates with 180 uL of an
aqueous 1% (w/v) CV solution. Then, the lids were washed with PBS three times after staining for 20 min. Subsequently, the peg
lids with crystal violet stain were placed into a new microtiter plate with 200 pL of 33% (w/v) glacial acetic acid in each well for
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15 min. The optical density at 590 nm of each sample was measured by a microplate reader (Tecan SPARK, Mannedorf, Switzerland).
For each condition, three independent experiments were performed.

Quantification of eDNA production in planktonic cultures

The bacterial strains, including P. putida KT2440, P. putida AlapA, and P. putida DGC, were cultured in modified M9 medium in
500mL Erlenmeyer flasks. These flasks were filled up to one-fifth of their nominal volume and placed on a rotary shaker at
170 min™! at 30°C. The shake flasks were grown in parallel under identical conditions for a period of 30 hours, during which biomass
growth and eDNA production were monitored. The cell density was estimated by measuring the OD600 nm (Genesys™ 10 UV-Vis,
Thermo Scientific, USA). The eDNA in the supernatant was quantified after precipitation. To achieve this, bacterial cells were
removed from 900 pL culture through centrifugation (4 min, 6800 g, Eppendorf™ 5424R). The supernatant (700 uL) was transferred
to a sterile Eppendorf tube and mixed with 50 uL protein precipitation solution (Promega, USA) by inverting it ten times before centri-
fugation (10 min, 12100 g, Eppendorf™ 5424R). Then, 700 pL of the supernatant was mixed with 70 L. 2.5 M NaCl and 1400 L 96%
ethanol (62% final concentration) before being stored at -20 °C for at least 24 hours. The DNA was precipitated by centrifugation
(25 min, 4°C, 23500 g, Eppendorf™ 5424R), after which it was washed once in 70% ice-cold ethanol and dried for less than 3 minutes
at 37°C. The eDNA was quantified using the QuantiFluor dsDNA dye (QuantiFluor dsDNA System, Promega, Madison, WI, USA) ac-
cording to the manufacturer’s protocol. In brief, eDNA in each sample was mixed with 200 pL of freshly prepared QuantiFluor dsDNA
dye in TE buffer and incubated for 5 minutes before measuring the fluorescence intensity. The eDNA concentration was measured in
2 L on a (NanoDrop™ 2000, Thermo Fisher Scientific, UK), using an excitation wavelength of 504 nm and an emission wavelength of
531 nm. For each run, a calibration curve was generated using Lambda DNA (Invitrogen™ Molecular Probes). To ensure the repro-
ducibility of the experiment, the growth and eDNA concentration were determined in three independent samples for each time point.
The experiment was also repeated with triplicates for all strains to verify the reproducibility between biological replicates.

Biomass quantification

The dry matter of the liquid phase and biofilm phase were determined separately by the Moisture analyzer (HE53 Halogen Moisture
Analyzer, Switzerland) according to manufacturer protocol. Briefly, the equipment was first warmed up for 30 minutes, and the
standby temperature was set to 60°C. Then, the weighing aluminum pan containing a membrane filter disc (0.2um, 47mm, Fisher-
brand™) was tared automatically on the balance after being dried at 105°C in the moisture analyzer until reaching a stable weight
lasting about 1 minute. The drying temperature was set to 105°C. Next, 10 mL of well-mixed planktonic and biofilm samples (After
emptying the flask from planktonic culture, adherent cells were harvested by scraping from the wall of flasks with a cell scraper and
resuspended in PBS and well-mixed) were evenly added to the membrane filter and positioned in a vacuum filtration apparatus. The
liquid component of the sample was removed substantially by applying a vacuum from a small compressor for 2-5 minutes, leaving
the broth solids. The filter and the residual solids were washed with 10 mL of deionized water, and the vacuum was reapplied to re-
move excess liquid. The filter and solids were replaced on an aluminum pan, and the drying program was set to end when the
weight change was less than 0.1 mg min™'. The loss of weight upon drying was then used to calculate biomass as grams of dry weight
per liter.

Off-line flow cytometry analyses

FCM analysis was carried out with an Attune NxT Acoustic Focusing Cytometer (Thermo Fisher Scientific, United States) containing a
violet laser 405 nm (50 mW), a blue laser 488 nm (50 mW), and a red laser 638 nm (100 mW). Instrument calibration was performed
with Attune performance tracking beads (2.4 and 3.2 um) (Thermo Fisher, United States). Side scatter (SSC) and Forward scatter
(FSC) and BL3 (695/40) for PI (P4170, Sigma-Aldrich) were determined with FC. The software settings were as follows: Fluidics, me-
dium; Threshold, 2000 on SSC-H; Run with limits, 40,000 events at a flow rate of 25 ul/min. Cells were diluted to an appropriate den-
sity OD600 (0.001-0.003 =700-1500 event/ ul) with filtered 1x PBS. FSC and SSC voltage and threshold were set based on wild-type
bacteria. All bacterial samples were stained right before FC analysis by adding 1 pL of the PI stock solution (a stock solution was
prepared at 1 mg mL™ in sterile Milli-Q water and used at a final concentration of 1.5 uM in sterilized PBS) to 1 mL of a cell suspension
in PBS (1x107 cells mL™). The stained samples were incubated for 10 min in the dark at room temperature and analyzed by FC (live-
dead gating was done based on heat-killed bacteria at 80°C for 1 h).

Microscopy imaging

Samples from P. putida KT2440, P. putida AlapA, and P. putida DGC culture were taken at Oh, 6h, and 24h during the batch phase and
subjected to microscopy analysis. Microscopy images were acquired using a Nikon Eclipse Ti2-E inverted automated epifluores-
cence microscope (Nikon Eclipse Ti2-E, Nikon France, France) equipped with a DS-Qi2 camera (Nikon camera DSQi2, Nikon,
France), a 100x oil objective (CFI P-Apo DM Lambda 100x Oil (Ph3), Nikon, France).

Flow cytometry for the detection of cell aggregates

FC analysis (offline) was carried out with an Attune NxT Acoustic Focusing Cytometer (Thermo Fisher Scientific, United States).
Before measurements, cell samples were diluted to 1x1 07 cells mL™. For each sample, at least 20,000 events were taken and
analyzed. FC data sets were first cleaned of electronic instrument noise by eliminating events with negative, infinite, or non-numerical
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values in the forward and side scattering signals. After that, all doublet events were identified and eliminated by evaluating the stan-
dardized residual value (SRV) of the expected linear ratio between the area and the height of the front scattering signal. All data sets
presented less than 5% error between the electrical and doublet noise, and after data cleaning, a minimum of 20,000 events were
required for further analysis. The determination and quantification of possible aggregates were done similarly to the analysis used by
Velastegui.®* In this case, a grand mean and standard deviation were calculated to propose a normal probability density function
describing the cells that stay in the single non aggregated state (the vast majority) with this we constructed thresholds of increasing
probability for the events to be increasing in size not conforming to a single state population but being part of another population state
with different grand mean and standard deviation. Therefore, the events that fall above two standard deviations only have 5/100 prob-
ability of being part of a single cell floating population. Consequently, calculating and comparing the over-representation of this
percentile across time gives us a quantitative measurement of cells that are more in not a single cell floating state. The agglomeration
state was then confirmed by observations in a microscope and the final biofilm production.

Continuous cultivation with automated FC

In this study, P. putida KT2440 was grown in a stirred bioreactor (Biostat B-Twin, Sartorius) with a total volume of 2 L and a working
volume of 1 L. The batch phase was initiated by diluting overnight cultures into a minimal medium to achieve an initial OD600 of 0.3.
The culture was maintained at pH 7.2 and 30°C, with stirring set at 800 rpm and an aeration flow rate of 1 L min™' (1 vvm). The deple-
tion of oxygen marked the end of the batch phase and the start of continuous cultivation mode. For chemostat cultivations, the modi-
fied M9 medium containing 5 g L™ glucose was continuously fed at a dilution rate of 0.1 h™'. In contrast, for periodic pulsing system
cultivations, a modified M9 medium without a carbon source was continuously fed at the same dilution rate, and glucose feed pulses
(0.5 g L™ per pulse) were introduced hourly. The Segregostat platform, previously described®*®® was used as a reactive FC strategy,
in which glucose was pulsed based on a predefined set point. A feedback control loop, including a custom MATLAB script based on
FC data, activated a pump to pulse an actuator (glucose) accordingly. The regulation was triggered once the fluorescence threshold
was exceeded by more than 10% of the Pl positive cells (detected based on t he FL3-A channel). Throughout the experiments, sam-
ples were collected every 12 minutes from the bioreactor and automatically diluted and stained with Pl and analyzed by flow cytom-
etry (BD Accuri C6, BD Biosciences) based on a FSC-H threshold of 20,000.

Processing the data from automated FC and computing of the flux of cells (F) and the entropy (H) of the cell population
Microfluidics are typically used for characterizing population dynamics with a single cell resolution.®”:°® However, microfluidics culti-
vation experiments, as well as the associated data processing, are quite time consuming. At this level, FC can be considered as an
alternative method exhibiting a higher experimental throughput,®® but at the expense of losing the information about specific trajec-
tories of the individual cells.®® This drawback can be compensated by considering automated FC protocols where more regular snap-
shots of the population can be acquired. We used automated FC in the context of this work for tracking Pl-positive, eDNA-bound,
cells. Each 12 minutes, a sample was automatically taken out of the bioreactor, diluted, stained with Pl and analyzed by FC. Individual
shapshots can then be assembled into a time scatter plot (Figure S8A). Additional data treatment steps can also be applied for ex-
tracting information about the degree of heterogeneity of the cell population, as well as the fluxes of cells through the phenotypic
space. This study employs a proxy derived from information theory i.e., information entropy H, to characterize how cell populations
dispersion evolves with time.*® Information theory is being more and more applied to study signal processing by cellular sys-
tems.”®"* The fundamental basis of information theory relies on the quantification of information entropy (H), serving as a gauge
of uncertainty regarding the cell population’s response (output) concerning environmental stimuli (input).”® However, the entropy pro-
file H(t) will be used for characterizing the dynamics of population dispersion over time. To quantify entropy, we utilize the following
equation based on the PI fluorescence distribution acquired through automated flow cytometry (FC):

H= -

m

p(x)-log, p(x) (Equation 1)
=1

Here, m represents the number of observed states (Pl classes in our case), and p denotes the probability of observing a cell dis-
playing a specific state i.e., a given PI fluorescence intensity in our case. The probabilities for various fluorescence classes are easily
determined based on automated FC. For this purpose, the PI distribution for a given interval of time is divided into 50 different bins
(corresponding to m = 50 in Equation 1) and the entropy is determined based on the specific number of cells inside each bin by
applying Equation 1 (Figure S8B). The number of bins has been previously shown to be optimal for determining the entropy based
on FC data.®* The binned data can also be used for determining the flux of cells (F) through the phenotypic space. For this purpose, a
gradient is applied over 2 consecutive binned datasets (Figure S8C). Based on the computation, the F(t) profile can be determined.
The three strains of P. putida were cultivated in shake flask for determining their growth in liquid culture and the switching cost related
to biofilm switching (Figures S6 and S7). For this purpose, the time evolution of biomass and carbon source (glucose) were deter-
mined. Gucose concentrations were analyzed by high-performance liquid chromatography (Waters Acquity UPLC® H-Class Sys-
tem) using an ion exchange Aminex HPX-87H column (7.8 x 300 mm, Bio-Rad Laboratories N.V.). The analysis was carried out
with an isocratic flow rate of 0.6 mL min~" for 25 min at 50°C. The mobile phase was composed of an aqueous solution of 5 mM
H2SO04. Elution profiles were monitored through a Waters Acquity® Refractive Index Detector (RID) (Waters, Zellik, Belgium).
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Glucose standard solutions (Sigma-Aldrich, Overijse, Belgium) were used to determine the retention times and construct calibration
curves.

QUANTIFICATION AND STATISTICAL ANALYSES

Automated FC data were processed with a custom-made Python toolbox (MiPI Flow Cytometry Analysis toolbox (mFCAtoolbox) —
see key resources table) for determining cell aggregates and the number of Pl-positive cells. For each cultivation experiments, data
were generated at least in triplicates for the shake flask experiments and in duplicate for the continuous cultivation experiments. Data
are presented as the mean + standard deviation and the p-value is provided.

Data analysis was performed in Graphpad Prism version 8.0.1. Statistical differences in crystal violet assays were tested with one-
way ANOVA test. Statistical differences in dry biomass in planktonic and biofilm were performed using one sample t and Wilcoxon
test. Threshold for statistical significance used was p < 0.05. Significance is indicated in figures as follows: p < 0.05 *, p < 0.01 **,
p < 0.001 ***, p < 0.0001 ****, Sample size is indicated in figure legends as n.
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