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Abstract

Bacterial plasmids substantially contribute to the rapid spread of antibiotic resistance, which is a crisis in healthcare
today. Coevolution of plasmids and their hosts promotes this spread of resistance by ameliorating the cost of plasmid
carriage. However, our knowledge of plasmid–bacteria coevolution is solely based on studies done in well-mixed liquid
cultures, even though biofilms represent the main way of bacterial life on Earth and are responsible for most
infections. The spatial structure and the heterogeneity provided by biofilms are known to lead to increased genetic
diversity as compared with well-mixed liquids. Therefore, we expect that growth in this complex environment could
affect the evolutionary trajectories of plasmid–host dyads. We experimentally evolved Shewanella oneidensis MR-1
with plasmid pBP136Gm in biofilms and chemostats and sequenced the genomes of clones and populations. Biofilm
populations not only maintained a higher diversity of mutations than chemostat populations but contained a few
clones with markedly more persistent plasmids that evolved via multiple distinct trajectories. These included the
acquisition of a putative toxin–antitoxin transposon by the plasmid and chromosomal mutations. Some of these
genetic changes resulted in loss of plasmid transferability or decrease in plasmid cost. Growth in chemostats led to a
higher proportion of variants with decreased plasmid persistence, a phenomenon not detected in biofilms. We suggest
that the presence of more stable plasmid–host dyads in biofilms reflects higher genetic diversity and possibly un-
known selection pressures. Overall, this study underscores the importance of the mode of growth in the evolution of
antibiotic-resistant bacteria.
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Introduction
Plasmids are major agents shaping bacterial evolution
through horizontal exchange of genetic information between
bacteria (Ochman et al. 2000; Frost et al. 2005; Wiedenbeck
and Cohan 2011). This exchange of adaptive traits is especially
fostered by conjugative plasmids (Norman et al. 2009).
Unfortunately, plasmids are increasingly shown to be vectors
of the spread of resistance to so-called “last resort” antibiotics
(Liu et al. 2016; McGann et al. 2016), resulting in antibiotic
treatment failures (McCollister et al. 2016; Chen 2017).
Indeed, plasmids increasingly make the headlines with alarm-
ing reports on their role in the spread of resistance to anti-
microbials (World Health Organization 2014; White House
2015; European Centre for Disease Prevention and Control
2016). The development of strategies to abate the spread of
antibiotic resistance may well depend on a better

understanding of processes that promote the spread and
persistence of resistance plasmids in bacteria.

Newly acquired resistance plasmids are not always stably
maintained. Hereafter, we define “plasmid persistence” as the
ability of a plasmid to maintain itself in a population in the
absence of known selection for the plasmid. The improve-
ment of such plasmid persistence over time is coined
“plasmid stabilization.” The low persistence of plasmids
in vitro is reflected in the rapid loss of plasmid-containing
bacteria in serially transferred batch cultures (De Gelder et al.
2007). Selection for a plasmid-encoded trait such as antibiotic
resistance has been shown to rapidly select for improved
plasmid persistence. Such adaptive evolution is the result of
genetic changes in the bacterial host, the plasmid, or both.
The underlying mutations either ameliorate the plasmid fit-
ness cost or decrease the plasmid loss rate during cell division
(Sota et al. 2010; Hughes et al. 2012; San Millan et al. 2014;
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Harrison et al. 2015; Loftie-Eaton et al. 2016, 2017; Porse et al.
2016; Yano et al. 2016; Stalder et al. 2017). Some of these
studies showed that plasmid cost reduction was linked di-
rectly or indirectly to chromosomally encoded helicases or
transcriptional regulators, suggesting these proteins could be
targets for future alternative drug therapies to reduce antibi-
otic-resistance spread. Thus, in the presence of antibiotics,
bacteria and antibiotic resistance plasmids are known to rap-
idly adapt to each other, resulting in stabilization of the
plasmid.

Unfortunately, almost all experimental evolution studies
with plasmids have entirely been done using well-mixed liq-
uid cultures that poorly mimic the habitat in which bacteria
usually reside. In nature and the human body, bacteria typi-
cally grow in biofilms that are the source of many recalcitrant
infections (Lewis 2001; Donlan 2012; Flemming and Wuertz
2019). Biofilms are populations or communities of microor-
ganisms that grow on a surface in a matrix of extracellular
polymeric substances (Hall-Stoodley et al. 2004; Lewandowski
and Beyenal 2014). One intrinsic characteristic of biofilms is
that they are spatially organized habitats in which individuals
interact more frequently with neighbors than with more dis-
tant individuals. This spatial structure allows for habitat het-
erogeneity in which individuals at different locations
experience different selection pressures. Both spatial structure
and habitat heterogeneity are known to substantially impact
evolution of microbial populations (Korona et al. 1994; Rainey
and Travisano 1998; Kerr et al. 2002, 2006; Perfeito et al. 2008;
Nahum et al. 2015; France et al. 2018, 2019). For example, by
impeding global competition between cells, spatially struc-
tured environments protract selective sweeps of beneficial
mutations and slow down the rate of adaptation (Perfeito
et al. 2008; Nahum et al. 2015; France and Forney 2019). This
promotes the coexistence of genetically distinct individuals,
which would not coexist in a well-mixed environment, and
results in the maintenance of genetic diversity allowing bio-
film populations to harbor multiple distinct evolutionary out-
comes (Boles et al. 2004; Ponciano et al. 2009; Eastman et al.
2011; Santos-Lopez et al. 2019). In addition, the intrinsic struc-
ture within biofilms generates environmental gradients of
nutrients and electron acceptors creating habitat heteroge-
neity that drives local adaptation of subpopulations, further
contributing to diversity. Extensive analysis of the mecha-
nisms behind this diversification in biofilms was recently
reviewed (Martin et al. 2016; Steenackers et al. 2016; France
et al. 2018). The effect of biofilm growth on the evolutionary
outcomes of bacteria that carry plasmids needs to be identi-
fied to gain insight into the spread and persistence of antibi-
otic resistance plasmids in natural or clinical settings.

Here, we addressed the role biofilms play in the evolution
of a plasmid–host dyad that initially showed poor plasmid
persistence. Because biofilms maintain genetic diversity, we
hypothesized that biofilm growth allows for the emergence of
some clones that show higher plasmid persistence than any
clones evolved in well-mixed environments. To test our hy-
pothesis, we conducted an experimental evolution study in
biofilms and chemostats using Shewanella oneidensis MR-1
containing plasmid pBP136Gm. On an average, plasmid

persistence in evolved biofilms clones was not higher than
in the ancestor, but as expected, biofilm populations con-
tained a small proportion of unique variants in which the
plasmid was more persistent than in any clone evolved in
chemostats. In contrast, chemostat growth led to variants
that showed decreased plasmid persistence, something that
was not detected in the biofilms. The various evolutionary
and ecological processes that differ between biofilms and
well-mixed systems, such as spatial structure and heteroge-
neity and selective pressures, are discussed. Our study shows
that biofilm growth can lead to more persistent antibiotic-
resistance plasmids that would probably be overlooked in the
traditional liquid culture evolution experiments.

Results
To study how biofilm growth affects the evolutionary trajec-
tories of a plasmid–host dyad, we evolved Shewanella onei-
densis MR-1 with plasmid pBP136Gm for 28 days both as
biofilms in four continuously fed flow cells (B1–4) and as
well-mixed cultures in four chemostats (C1–4) (fig. 1A).
This was done under antibiotic selection for the plasmid.
The flow cells gradually produced a thick biofilm that covered
the entire interior surface of the chamber (fig. 2). It was not
possible to calculate the number of generations in the bio-
films because the growth rates are known to vary throughout.
Based on viable counts, the population densities in the bio-
films and the chemostats were similar after 28 days: 1.606

0.03�108 and 1.7260.17�108 cfu ml�1, respectively (the to-
tal culture volume was 12 ml in both).

Evolutionary Outcomes of Plasmid Persistence
To test our hypothesis that evolution in biofilms allows the
emergence of a few clones that show higher plasmid persis-
tence as compared with evolution in well-mixed environ-
ments, we first measured plasmid persistence in evolved
biofilm and chemostat clones (fig. 1C). These clones were
randomly chosen from three of the four replicate populations
(biofilms B1, B2, and B3 and chemostats C1, C2, and C3), and
compared with the ancestor (fig. 3). They were named after
their environment (B or C) followed by I (for isolated clone)
and a clone number, for example, B2I3. Plasmid persistence
was assayed by determining the fraction of cells with plasmids
over time as the clones were passaged in serial batch cultures.
This assay took the clones out of the environment they were
evolved in (biofilm or chemostat), and placed them into a
common environment (batch culture) to enable direct com-
parison of evolved plasmid persistence under similar condi-
tions. By using this single “common garden” design,
dependencies of evolved plasmid persistence on the local
environment cannot be detected here. On an average, the
persistence of plasmids in clones from biofilms was not sig-
nificantly different from that of the ancestral plasmid–host
dyad (fig. 3). However, when individual biofilm clones were
compared with the ancestor, two stood out as showing a
markedly higher plasmid persistence. Hereafter, we refer to
these as “stabilized clones.” In contrast, the persistence of
plasmids in bacteria evolved in chemostats was on an average
significantly lower than in the ancestor, and no stabilized
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clones were observed in these populations. In fact, the oppo-
site was true, as two chemostat clones showed significantly
lower plasmid persistence than the ancestral dyad.

To further explore the presence of a low proportion of
stabilized clones in biofilms, we sampled one biofilm (B1) and
one chemostat (C1) population more deeply by determining
plasmid persistence for 30 evolved clones from each popula-
tion (figs. 1D and 4). As before, the average plasmid persis-
tence in biofilm clones was not different from the ancestral
dyad, but there were now three biofilm clones that stood out
as showing higher plasmid persistence. Their final fraction of
plasmid-bearing cells at the end of plasmid persistence assays
exceeded 0.8 (vs.�0.65 in the ancestral population, fig. 4). We
verified the persistence by repeating the plasmid persistence

assay for these three clones in triplicate (data not shown). We
then calculated the probability of observing a plasmid persist-
ing at a fraction of 0.84 after 12 days (i.e., the lowest of the
three high values in fig. 4) given the mean and SD of the
plasmid persistence observed in the ancestral clones. This
probability was 0.0047, thus less than 1 in 200, whereas we
observed 3 clones out of 30 that showed a persistence�0.84.
In contrast, none of the 30 clones evolved in the chemostat
population showed plasmid persistence that exceeded that of
the ancestor and three clones even showed a significantly
lower plasmid persistence (fig. 4). These results suggest bio-
films allow the emergence of a small proportion of clones that
show clearly increased plasmid persistence. In contrast, no
plasmid stabilization was observed among the chemostat
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FIG. 1. Diagram depicting the experimental design, sampling, and analyses of the Shewanella oneidensis evolution experiment. The isolated clones
were named after their environment (B for biofilm and C for chemostat), and then numbered I1–5 (e.g., B2I3), as well as I6–35 for the first biofilm
and chemostat, B1, and C1.
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clones, suggesting that mutations conferring higher plasmid
persistence were not beneficial enough to sweep through the
chemostat population in that time period. Thus, out of more
than 40 evolved clones tested from each environment, 12%
from biofilms, but none from chemostats, were found to
much better retain their plasmid than the ancestor.

Evolutionary Pathways in Biofilms
Genotypes Suggest Different Evolutionary Trajectories in

Biofilms
To determine if the five stabilized biofilm clones followed
the same or different evolutionary trajectories, we com-
pared their genome sequences (see red dots in figs. 3 and
4, and table 1). In addition, we sequenced three randomly
chosen biofilm clones that showed no change in plasmid
persistence (fig. 1E and table 1). Overall, there were as
many as 7 unique genotypes among these 8 biofilm
clones, and the mutations were in or near 20 distinct
genes. The five stabilized biofilm clones had distinctly dif-
ferent genotypes, with three to six mutations per clone.
Moreover, 18 of the 19 mutations were unique to each
clone (table 1). Strikingly, none of these mutations was
present in the three clones that did not show increased
plasmid persistence. Only one of them, a mutation

upstream of mxdA, was also found in a chemostat clone
(see below, and tables 1 and 2).

In three of the five stabilized biofilm clones, plasmid
pBP136Gm had acquired the transposon Tn6374 from a na-
tive plasmid. These were three independent transposition
events. In one (B3I2), the transposon was inserted in a non-
coding region 39 bp upstream of an operon composed of two
putative proteins of unknown function (XF1597 and XF1596).
In the two other clones (B1I25, B1I19), the transposon inser-
tion disrupted two different plasmid transfer genes, trbJ and
trbO, respectively. Only the latter disruption caused loss of
the plasmid’s ability to transfer by conjugation (data not
shown). Interestingly, such transposition events have been
observed by us previously in the same strain, where they
were shown to increase plasmid persistence (Stalder et al.
2017). The chromosomal mutations found in these three
clones were not directly linked to mechanisms known to
affect plasmid persistence. Instead, they were related to cell
membrane composition and diffusion (SO4680), cell motility

FIG. 2. Photograph depicting biofilm growth over time in two repli-
cate flow cells (time in days is indicated above each picture) and
chemostats (bottom right). The bottom flow cell image shows the
dimensions.
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FIG. 3. The persistence of plasmids in clones evolved in either biofilms
or chemostats was compared with that in ancestral clones in 12-day
plasmid persistence assays. For both biofilms and chemostats, we
assayed the plasmid persistence of five clones from evolved popula-
tions 1 and 2, and three clones from population 3, compared with five
ancestral clones (as two clones from biofilm B3 were lost, only three
clones were analyzed for both biofilm B3 and chemostat C3, for con-
sistency). The three filled symbols represent clones from biofilm (cir-
cle), chemostat (square), and ancestral (triangle) populations, with
each point showing the average value from triplicate persistence
assays for one clone. The open circles represent the overall average
for each evolution environment and for the ancestor. The red filled
symbols at the top or bottom denote clones in which plasmid per-
sistence was markedly different from the ancestor (t-test P values;
B1I3< 0.01, B3I2< 0.05, C3I1< 0.05, and C3I5< 0.01; tests were per-
formed against the same sample size of randomly picked ancestor
values). Boxes represent the median and the first and third quartiles,
and the whiskers the lower and upper 1.5 interquartile range. No
significant difference was observed between the biofilm and ancestral
populations.
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and chemotaxis (cheR and fliP), sulfur metabolism (SO2290
and SO4628), quorum sensing (aaiD), production of cyclic-di-
GMP (mxdA), and the O-antigen synthesis pathway (wbqC)
(table 1).

Of the remaining two stabilized clones, clone B1I22 had
three chromosomal mutations in genes involved in cell mem-
brane composition and diffusion (SO2045), chemotaxis
(cheR), and an O-antigen synthesis pathway (SO3185).
Finally, clone B1I3 also showed three chromosomal muta-
tions, one of them in an intergenic region distant from its
adjacent genes (>500 bp), and the other two in genes wbqC
and rpoA. RpoA is the essential a subunit of the RNA poly-
merase. Interestingly, four of the five stabilized clones showed
mutations in genes involved in the O-antigen synthesis path-
way, which is part of the lipopolysaccharide and related to
biofilm formation (Lau et al. 2009). We currently do not know
which of these mutations is responsible for improved plasmid
persistence, but the diversity of unique mutations in the five
biofilm clones clearly indicates that each of them followed a
different evolutionary trajectory.

As a few clones evolved in chemostats showed a lower
plasmid persistence than the ancestor, a quite unusual

observation, we analyzed the genome sequences of five of
them (see red dots in figs. 3 and 4, and table 2) in addition
to three clones with no change in plasmid persistence (ta-
ble 2). Among these eight clones, there were five unique
genotypes with mutations present in or near only ten genes.
Seven of these eight clones, including those with no change in
plasmid persistence, showed again at least one mutation in
the chemotaxis signaling pathway che (cheR and cheC), and
six clones had mutations within or upstream of genes in-
volved in cyclic-di-GMP metabolism (SO0569 and mxdA).
Cyclic-di-GMP has a prominent role in the switch between
motile and biofilm forming cells. For example, in
Pseudomonas aeruginosa, c-di-GMP controls the enzymatic
activity of the methyltransferase CheR (Yan et al. 2018), and
in Shewanella oneidensis MR-1, the (cyclic-di-GMP)-forming
enzyme MxdA controls biofilm formation (Thormann et al.
2006). These data suggest that in the chemostats mutations
linked to chemotaxis were beneficial.

Plasmid Stabilization through Multiple Mechanisms
Plasmid stabilization could result from mutations that affect
one of at least three biological parameters: 1) the fitness cost
of the plasmid, 2) the plasmid loss rate during cell division,
and 3) horizontal plasmid transfer rate by conjugation (De
Gelder et al. 2007). To gain insight into which of these param-
eters was affected by mutations in the five evolved stabilized
biofilm clones, we estimated the cost of their plasmids
(fig. 1F). This was done by measuring the fitness (W) of
each evolved plasmid-bearing clone relative to its plasmid-
free counterpart in competition experiments. These results
were then compared with the relative fitness of the ancestral
plasmid-bearing versus plasmid-free host (plasmid cost of the
ancestral plasmid in the ancestral host was c¼ 1�W¼ 0.03;
see fig. 5). The two evolved clones in which the transposon
Tn6374 inserted in one of the plasmid’s transfer genes (B1I19,
B1I25) showed a slightly but not significantly lower plasmid
cost than the ancestor. To verify if the relative fitness (W) was
significantly different from 1 meaning there is no plasmid
cost, we changed the hypothesis of the t-test to W¼ 1.
Interestingly, the plasmid cost in the clones B1I19 and
B1I25 was no longer significantly different from zero, suggest-
ing that the cost was ameliorated. Remarkably, the fitness of
clone B1I25 tended to be even higher than that of its plasmid-
free counterpart (W> 1 or c< 0) (t-test P value <0.1), sug-
gesting the plasmid had become slightly beneficial. In con-
trast, the plasmid cost did not significantly change in clones
B1I22 and B3I2, and became even larger in clone B1C3.
Therefore, either the plasmid loss rate or horizontal transfer
rate must have changed in these clones. For example, the
three clones that acquired Tn6374 in pBP136Gm, including
B3I2, may well have evolved a decreased plasmid loss rate.
This transposon encodes a putative toxin–antitoxin that can
inhibit the growth of plasmid-free bacteria generated during
cell division, and a cointegrate resolution system that can
help resolve plasmid multimers and thus improve proper
plasmid segregation (Stalder et al. 2017). Our findings show
that plasmid stabilization mechanisms were not the same
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FIG. 4. Plasmid persistence in 30 clones isolated from a single evolved
biofilm population (B1), a single chemostat population (C1), and the
ancestor. The three filled symbols depict clones from biofilm (circle),
chemostat (square), and ancestral (triangle) populations, with each
point representing a single measurement. The open circles represent
the average for each environment. The red filled symbols at the top
and bottom represent the clones for which plasmid persistence dif-
fered from the ancestor. Plasmid persistence in these clones was
verified by repeating the assay in triplicate and the four values were
compared with the same sample size of randomly picked ancestor
values (t-test P values for the six clones were B1I22< 0.1, B1I19< 0.05,
B1I25< 0.01, C1I27< 0.1, C1I25< 0.01, C1I17< 0.01). Boxes repre-
sent the median and the first and third quartiles, and the whiskers the
lower and upper 1.5 interquartile range.
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among the clones, supporting the conclusion that the biofilm
clones followed different evolutionary trajectories.

Whole-Genome Whole-Population Sequencing
Because we hypothesized that growth in biofilms would lead
to greater genetic diversity, we also compared the frequency
of genomic changes in all four evolved biofilm populations
with those in the four evolved chemostat populations
(fig. 1B). This was done using a whole-genome whole-popu-
lation sequencing approach by sequencing DNA extracted
from the evolved populations and from the ancestral strain.
Henceforth, we refer to this approach as “whole-population
sequencing.” A total of 45 unique mutations were detected in
the four biofilm populations and only 22 in the four chemo-
stat populations (fig. 6 and supplementary fig. S1,
Supplementary Material online). On an average, the diversity
of unique mutations measured by the Shannon diversity in-
dex (H) was higher in the biofilms than the chemostats
(Hbiofilm ¼ 2.24, HChemostat ¼ 1.47, t-test P value <0.05; this
index ranges from 0 for a population with only a single ge-
notype to high values for populations that have many muta-
tions, with each unique mutation found in a few reads). This
supports the hypothesis that spatially structured biofilms
maintain a higher diversity of mutations than well-mixed
populations. We then tracked the frequencies of these genetic
changes in the populations (i.e., equivalent to frequencies of
new alleles). A frequency of 1 means that a mutation swept
through the population, since every sequence read covering
that locus had that genetic change. Values <1 represent the

fraction of reads in which the new mutation was observed.
On an average, the frequency of these mutations was signif-
icantly lower in the biofilm populations than in the chemo-
stats, indicating proportionally fewer sweeps to fixation of
beneficial mutations in biofilms (fig. 6). This is consistent
with the finding that none of the mutations in the five biofilm
clones was detected in any of the biofilms by whole-
population sequencing, suggesting these five mutants were
present at a rather low frequency. Indeed, average sequencing
depth for the whole-population sequencing was only�100�,
and each sequenced clone from biofilm B1 was present at
only roughly 3% (1 out of 35 clones analyzed). It is thus
plausible that their mutations were not observed among
the whole-population sequence reads. This stands in contrast
to the chemostat populations, where 50% of the mutations
found in the sequenced clones were also detected by the
whole-population sequencing approach, suggesting they
were common as expected after a selective sweep (Table 2
and Figure S1). This population sequencing approach shows
that bacterial evolution led to a higher diversity of detectable
mutations in biofilms compared with chemostats, where a
few mutations tended to sweep to fixation.

Discussion
Very few studies have addressed the effect of biofilm growth
on the coevolution of plasmids and their bacterial hosts
(Ridenhour et al. 2017). Here, we postulated that the envi-
ronment provided by biofilms affects the evolutionary out-
comes of a plasmid-bacterium dyad by maintaining a higher
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diversity of genotypes, including clones with more persistent
plasmids than in well-mixed environments. In line with other
studies on bacterial evolution, we found a higher diversity of
genotypes in bacterial biofilms than in mixed liquids, and
most importantly, we showed that some of these evolved
biofilm clones contained very persistent plasmids. Although
the maintenance of a higher genetic diversity in biofilms can
explain these findings, it seems that selection and pleiotropic
effects also may have been at play.

We observed a higher diversity of mutations in popula-
tions that had evolved in biofilms compared with well-mixed
chemostats. Such a result was expected as microbial evolution
in biofilm populations is known to generate and preserve
genetic diversity (Boles et al. 2004; Ponciano et al. 2009;
Traverse et al. 2013). This observed diversification process in
biofilms is also in line with other studies from our group,
which showed higher diversity in plasmid persistence dynam-
ics and corresponding genotypes after evolution in biofilms
than in well-mixed liquid cultures for an Acinetobacter bau-
mannii strain with a similar plasmid (Ridenhour et al. 2017;
Metzger GA, Ridenhour BJ, France M, Forney LJ, Gliniewicz K,
Millstein J, Settles ML, Stalder T, Top EM, personal commu-
nication). Diversification of biofilm populations also means
there is a higher likelihood of discovery of mutants. Indeed, we
showed here for the first time that in biofilms and not in
chemostats a few genetically distinct individuals arose with a
markedly more persistent plasmid than the ancestor or other
clones of the same populations. Nevertheless, one could argue
that if only genetic diversity was driving evolutionary out-
comes this would translate in phenotypic diversity including
both high- and low plasmid persistence phenotypes, as ob-
served by (Ridenhour et al. 2017). Here, we did not detect less
persistent variants in the biofilms. Hereafter, we discuss sev-
eral scenarios that could explain such observations, each not
being mutually exclusive but opening the way to further
disentangling evolutionary trajectories of plasmid–host dyads
in biofilms.

Several evolutionary and ecological processes have been
proposed to explain patterns of diversification in biofilms, and
are extensively reviewed in (Steenackers et al. 2016; France
et al. 2018). For example, it has been suggested that popula-
tions evolving in biofilms may have a higher mutation rate
(Ryder et al. 2012; Steenackers et al. 2016), which could in-
crease the mutation supply of a biofilm compared with a
chemostat population. In addition, local adaptation due to
the environmental heterogeneity probably drives diversifica-
tion of biofilm populations (Rainey and Travisano 1998).
Greater heterogeneity in biofilms would thus lead to simul-
taneous evolutionary trajectories in multiple adaptive land-
scapes, leading to greater diversity. Furthermore, because
biofilm populations are spatially structured, and can be di-
vided into small subpopulations or microcolonies, genetic
drift is likely to affect the exploration of the mutation land-
scape, and clonal interference is expected to be prolonged
due to the protraction of selective sweeps (Wright 1932;
Habets et al. 2006; Hallatschek et al. 2007; France and
Forney 2019). Interestingly, the five clones showing increased
plasmid persistence each had unique mutations and different

underlying mechanisms of plasmid stabilization. Different
mutations that promote plasmid persistence were thus com-
peting in the same population, supporting the idea of clonal
interference. Furthermore, none of these mutations swept to
fixation. For the biofilm population from which 35 clones
were analyzed, the frequency of each unique genotype with
a higher plasmid persistence was <3% (1/35). Strikingly the
mutations in these clones were not detected through whole-
population sequencing, confirming that they were present at
a rather low frequency. These results suggest that in biofilms
there were a greater number of slower paced increases in new
putative beneficial mutations to detectable frequencies,
which led to a greater detectable standing diversity. It is pre-
cisely because these increases are not traditional selective
sweeps that the diversity pattern in biofilms would appear
as it does here. In some sense, the clonal interference in
chemostats may have been shorter-lived as the very best
mutation drove other good mutations to extinction (see be-
low); whereas many different good mutations can coexist for
longer in biofilms (Traverse et al. 2013)—that is, clonal inter-
ference is longer-lived in biofilms. Nevertheless, to fully un-
derstand the evolutionary dynamics of plasmid–bacteria
dyads in biofilms, future studies should sample biofilm pop-
ulations over time and space, and test the persistence of
plasmids across a range of conditions, including those expe-
rienced by the evolving populations.

The diversity explanations above do not fully clarify why
we did not observe individuals with less persistent plasmids in
the biofilms, and why in chemostat we only detected clones
with plasmid persistence similar or lower than in the ancestor.
The former could be explained by positive selection on plas-
mid persistence and detection limits, but the latter requires
an additional explanation. In the biofilms, one can argue that
the presence of the antibiotic selected, however weakly, for
individuals who better retained their resistance plasmid, thus
slowly outcompeting less-stabilized clones. Even if these
clones were present at just slightly lower frequency than
the stabilized ones, we would not have found them by screen-
ing only 35 clones among�109 cfu per biofilm. Nevertheless,
there are at least two more possible explanations for why in
biofilms we found a few genetically distinct individuals with
markedly higher plasmid persistence than in the ancestor, but
not in chemostats. The first one is that plasmid-persistence-
enhancing mutations could have had a higher selective value
in biofilms than in chemostats, as supported by earlier find-
ings that some plasmids can promote biofilm formation
(Ghigo 2001; Madsen et al. 2012). Alternatively, other muta-
tions beneficial to biofilm growth (not affecting plasmid per-
sistence) may have had a relatively smaller selective value, in
contrast to chemostat-selected mutations. Secondly, muta-
tions beneficial to biofilm growth might have had unknown
positive pleiotropic effects on plasmid persistence. The oppo-
site observation that evolution in chemostats negatively af-
fected the ability of the plasmid to persist (figs. 3 and 4)
suggests antagonistic pleiotropy of mutations beneficial to
chemostat growth. Indeed, the nature and high frequency
of the mutations found in chemostat clones suggest that
the motile–sessile transition pathway was under selection.
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Selection for wall growth formation in chemostats is well
known (Hope et al. 2017), and may have resulted in a sweep
of mutations linked to cell motility and attachment.

It should be noted that growth in a single biofilm resulted
in more evolutionary solutions to plasmid stabilization than
observed in our previous experimental evolution studies
done in well-mixed serial batch cultures with a similar strain
and plasmid (Sota et al. 2010; Hughes et al. 2012; Stalder et al.
2017). In those studies, mutations in the plasmid replication
initiation protein TrfA1 were repeatedly observed, and inser-
tion of the transposon Tn6374 into pBP136Km was seen in
only one of six clones (Stalder et al. 2017) and never in its
mini-replicon pMS0506 (Sota et al. 2010; Hughes et al. 2012).
Here, transposition of Tn6374 was the only plasmid mutation
observed in clones evolved in biofilms. Genome rearrange-
ment and transposable elements have been suggested to play
a critical role in the evolution of the S. oneidensis MR-1 ge-
nome (Romine et al. 2008), and more generally, in bacterial
and plasmid evolution (Cohen 1976). By carrying out exper-
imental evolution in biofilms instead of mixed liquids, we may
thus have a better chance at observing the natural evolution-
ary trajectories of plasmid–host dyads.

This study illustrates how evolutionary dynamics in bacte-
rial biofilms differ from those in well-mixed cultures. Given
that 40–80% of cells on our planet live in biofilms or other
forms of spatially structured communities (Flemming and
Wuertz 2019), and that most of infections are caused by
biofilms (Costerton et al. 1999; Hall-Stoodley et al. 2004;
Lebeaux et al. 2014), it suggests that future studies on the
evolution of clinically relevant antibiotic-resistance plasmids
should include biofilms. Specifically, our findings show that
growth in biofilms can result in the evolution of a small pro-
portion of bacteria with more persistent self-transmissible
antibiotic-resistance plasmids than expected from studies
with well-mixed liquids. As many such resistance plasmids
are ubiquitous in the clinic today (Mathers et al. 2015), this
higher plasmid persistence could accelerate the spread of
resistance among pathogens, which is of great medical
concern.

Materials and Methods

Bacteria and Plasmid
The plasmid host in this experimental evolution study was
S. oneidensis MR-1 ATCC 700550. The plasmid used was
pBP136Gm, which was derived from pBP136, a cryptic IncP-
1b plasmid isolated from the human pathogen Bordetella
pertussis (Kamachi et al. 2006). The plasmid pBP136Gm was
constructed by replacing the kanamycin-resistance gene cas-
sette in pBP136Km (Kamachi et al. 2006) with the gentamy-
cin (Gm)-resistance cassette using the lambda-Red
recombinase expressed from pKD46 (Datsenko and
Wanner 2000), and the PCR-amplified Gm-resistance gene
(aacC1) cassette from pUC18-mini-Tn7T-LAC (Choi et al.
2005) using the primers set TraNup50aacC1 (50-
CAGGCCCGCATAAAAACGAAGCCCGGCGGTCGCCGGG
CTTTTTTCTAGACCTTTGTCAACAGCAATGGATC-30) and
TraMdn50barA (50-CAGCCCCCCCTCGGCGGGCCTCCCT

CGCCAGAAATGGCGATGCTCTAGAAGTTCTGCTTTGCC
TTCTCCAGCTTCT-30). Briefly, the PCR-amplified Gm-resis-
tance gene cassette containing fragments homologous to the
flanking regions of the kanamycin-resistance gene cassette in
pBP136Km was transformed into Escherichia coli EC100 con-
taining the plasmids pBP136Km and pKD46 grown in 0.2%
arabinose at 30 �C. Recombinant cells were selected on Gm
and cured from pKD46 by growing the recombinant cells at
37 �C. Correct insertion of the Gm cassette was confirmed by
PCR and Sanger sequencing. The ancestral plasmid–host
dyad was constructed by electroporation of pBP136Gm
into S. oneidensis MR-1, which had been preadapted for
�100 generations in the culture medium (see below).

Culture Media and Conditions
All evolution and plasmid persistence assays were carried out
in lactate mineral medium (Paulick et al. 2009) supplemented
with 0.015 M sodium fumarate (LMF). Sodium fumarate was
added as an alternative electron acceptor because oxygen can
be limiting in our system. Experimental evolution was per-
formed in LMF supplemented with 10 mg/l of Gm selecting
for the retention of the plasmid pBP136Gm, and the plasmid
persistence assays were done in the same medium without
Gm. Dilution plating to obtain individual clones was done
using LMF agar. All cultures were incubated at 30 �C.

Experimental Evolution
Evolution experiments were performed using an ancestral
population that contained as little genetic diversity as possi-
ble. This was done by using an extinction-dilution procedure
of the ancestral population (Ridenhour et al. 2017), wherein
the highest dilution that showed growth was archived in
glycerol stocks and used as inoculum for evolution
experiments.

Shewanella oneidensis MR-1 (pBP136Gm) was evolved in
parallel in four biofilms and four chemostat cultures for
28 days. We initiated the experiment by adjusting the optical
density (OD600) of the ancestral culture to 0.01 using a spec-
trophotometer (BioMate 3, Thermo Fisher Scientific), and
inoculated the flow cells and the chemostats with 12 ml of
this cell suspension. The description of the setup of the flow
cells is detailed in Ponciano et al. (2009) except that the flow
cells were made of polycarbonate plastic and the 12-ml cham-
bers were sealed in-between two slides using silicone adhesive.
The chemostats were made of 21-ml glass tubes. After 4 h the
flow of fresh medium was initiated (6 ml/h) and the chemo-
stat culture volume was maintained at 12 ml. The flow cells,
chemostats, media, and waste bottles were kept at 30 �C in an
incubator, and media and waste bottles were changed ap-
proximately every 7 days. Flow cells and chemostats were
checked daily for overgrowth into the tubing supplying the
media and for leaks. Tubing and filters with substantial over-
growth were replaced as needed. To minimize biofilm growth
on the chemostat walls, magnetic stir bars were used to keep
the cells in suspension as much as possible. However, after
20 days, wall growth resulted in a thin visible biofilm layer on
the chemostat walls. To avoid excessive wall growth, the
chemostat populations were harvested on day 20, and cells
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were resuspended and transferred to new chemostats. This
was repeated on day 26 as new wall growth became visible.
The chemostat populations were grown for a total of 485
generations (28 days).

After 28 days, the biofilms were harvested by breaking the
seal between the lid and body of a flow cell using a sterile
scalpel blade and the cover was set aside. The cell mass was
suspended in the overlying media and mixed by repeatedly
pipetting up and down. The resulting suspensions were then
transferred to 50-ml centrifuge tubes and vortexed for 1 min
to disperse the cells. A comparable procedure was done for
chemostat cultures (both planktonic cells and cells growing
on the walls were harvested). Aliquots of these cell suspen-
sions were used to determine total bacterial counts by
spreading dilution series on LMF and LMF-Gm agar. In addi-
tion, 0.5- and 1-ml aliquots of biofilms and chemostats cul-
tures, respectively, were harvested by centrifugation (10 min,
10,000�g). Cell pellets were stored at �20 �C for total DNA
extraction. Another aliquot was archived in glycerol stocks at
�70 �C.

Plasmid Persistence Assays
Individual clones were isolated from the glycerol stocks gen-
erated at the end of the evolution experiment. Clones from
biofilm B4 and chemostat C4 were not analyzed; only whole-
population sequencing analyses were performed on these
fourth replicates. The persistence of plasmids in clonal pop-
ulations was quantified as follows. Tubes containing 5 ml of
LMF (without antibiotics) were inoculated with 4.9ml of pre-
cultures which were grown overnight in LMF-Gm from ar-
chived clones (representing day 0 of the plasmid persistence
assays). For the next 12 days, these cultures were serially trans-
ferred daily to fresh media without antibiotics selecting for
the plasmid (4.9ml into 5 ml, resulting in about ten doublings
per day). The final overnight culture was serially diluted and
aliquots were spread onto LMF agar plates. After overnight
incubation, 52 single colonies were randomly selected and
replica-plated onto LMF and LMF-Gm agar. The ratio of
the number of colonies grown on LMF-Gm and LMF on
day 12 was calculated and represents the fraction of
plasmid-bearing bacteria in the population at the end of
the serial transfer series.

Conjugative Plasmid Transfer Assays
Transmissibility of the plasmid by conjugation from the plas-
mid donors (D) to a plasmid-free recipient (R), resulting in
transconjugants (T), was determined in filter matings. To
distinguish R from D, R was a streptomycin (Sm)-resistant
mutant of MR-1. Briefly, both D and R were grown from
glycerol stocks in LB Miller broth using appropriate antibiotics
for the selection of the plasmid-containing (Gm, 10 mg/l) and
plasmid-free bacteria (Sm, 50 mg/l). After 24 h incubation,
1 ml of bacterial cultures were centrifuged (3 min, 8,000�g)
and the pellets were rinsed by suspending in the same volume
of phosphate-buffered saline pH 7.4 (PBS). Bacteria were har-
vested a second time by centrifugation and suspended in 0.1
volume of PBS, and 50ml of D and R were mixed, harvested by
centrifugation, and suspended in 50ml of PBS. The mixture, as

well as the same volumes of D and R separately, was placed on
a 0.45-mm HTBP filter on a LB Miller agar plate, left to dry, and
incubated. The filters were collected after 24 h, and for each
the entire cell biomass was suspended in 2 ml of PBS. The
population densities (CFU ml�1) of T, R, and D were deter-
mined by plate counting using selective LB Miller agar sup-
plemented with the appropriate antibiotics.

Estimation of Plasmid Cost
Competition experiments were performed to estimate the
plasmid cost. Each strain to be competed was inoculated
from its glycerol stock into test tubes with 5 ml of LMF broth
and grown for 16 h. Culture media were supplemented with
Gm when appropriate. Cultures (1.5 ml) were harvested by
centrifugation (10,000�g, 3 min) and the pellets were sus-
pended in 1.5 ml of sterile PBS. Equal volumes of each com-
petitor (100 ll) were mixed, and 4.9ml was used to inoculate
5 ml of LMF broth. After 24 h of growth, 4.9ml was transferred
once again to 5 ml of LMF broth and incubated for 24 h. The
number of CFU of the initial and final mixtures was deter-
mined by spread plating onto LMF agar. The fractions of
plasmid-containing and -free bacteria were determined by
replica plating 52 randomly selected colonies on LMF and
LMF-Gm agar. The relative fitness (W) of the plasmid-
containing relative to the plasmid-free bacteria was calculated
according to (Lenski et al. 1991): Wpþ/p� ¼ ln(Pþt2/Pþt0)/
ln(P�t2/P�t0), where Pþt0 and P�t0 are the numbers of
plasmid-containing and -free bacteria at the start of the 2-
day assay, and Pþt2 and P�t2 the final numbers. A plasmid
cost of zero should result in a Wpþ/p� of 1.

DNA Extractions and Sequence Analysis
For the whole-population sequencing approach, total geno-
mic DNA was extracted from the biofilm and chemostat
populations using the Power Biofilm DNA isolation kit
(MoBio) on previously frozen cell pellets that were thawed
on ice. The protocol was followed according to manufac-
turer’s instructions, except that during the lysis step the sam-
ples were vortexed by pulsing for 1 min instead of using the
horizontal vortex adapter. For the genomic analyses of indi-
vidual clones, total genomic DNA was extracted from 2 ml of
an overnight culture using the GenEluteTM Bacterial
Genomic DNA kit (Sigma-Aldrich, St. Louis, MO). The quality
and the integrity of the gDNA were assessed on a 1% agarose
gel and the concentrations were determined fluorometrically
using Quant-iT PicoGreen dsDNA Reagent (ThermoFisher
Scientific, Waltham, MA) with the TBS-380 Mini-
Fluorometer (Turner BioSystems) (Molecular Devices,
Sunnyvale, CA).

Full-genome sequencing was performed by the IBEST
Genomics Resources Core using an Illumina MiSeq platform
(Illumina, San Diego, CA) and 300-bp Paired-End Sample
Preparation Kits (Illumina, San Diego, CA). Prior to analysis,
the reads were preprocessed through the read-cleaning pipe-
line HTStream (https://github.com/ibest/HTStream; last
accessed February 11, 2020) consisting of the following steps
: 1) duplicate read pairs (possibly resulting from multicycle
PCR reactions carried out as part of library preparation) were
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removed using the command super-deduper; 2) sequences
were cleaned to remove sequencing adapters using the com-
mand adapter-trimmer; and 3) sequences were cleaned from
low-quality bases using command q-window-trim, which is
using a sliding window approach to remove low-quality ends
of the reads.

Identification of the mutations was performed with the
open source computational pipeline breseq 0.31.1 (http://
barricklab.org/breseq; last accessed February 11, 2020)
(Deatherage and Barrick 2014). For the whole-population se-
quencing analysis, the polymorphism mode (option -p) was
turned on to the command and the flag -l was used to obtain
coverage close to�100�. For each sample, the cleaned reads
were mapped to the reference sequences of each replicon: 1)
pBP136Gm, obtained in silico by introduction of the Gm
cassette into the original pBP136 sequence (NC_008459), 2)
the S. oneidensis MR-1 chromosome (NC_004347.2) and 3),
the two putative native plasmids, here designated pSMR-1
and pLMR-1 (Stalder et al. 2017). In the whole-population
sequencing approach, both the ancestral and the evolved
populations were compared with the reference sequence.
All SNPs and indels that were identified in genes present in
both the ancestral and the evolved populations were re-
moved, thus removing either mutations in the ancestral pop-
ulation relative to the reference sequence as well as possible
standing variation in the ancestral population. For the clone
analyses, mutations found in the sequenced ancestor were
also subtracted, and marginal mutations were screened for
consideration (mutations are “marginal” when evidence fails
the established cutoffs, but there is still some support). In
both analyses, all mutations resulting from the resolution of
an N to a base were removed, and rearrangements not re-
solved by breseq (nonassigned junction evidence) were man-
ually screened for the presence of mobile genetic elements
(transposase, transposon, phages) integrated at a specific lo-
cation. Since such structural variations can be difficult to de-
tect in short-read sequencing data, future studies including
long-read sequencing will probably give a better overview of
the role of structural variation in bacterial genome evolution.

Statistics
Statistical tools were applied to the data set using R version
3.4.2. Pairwise comparisons were carried out using both the t-
test and the nonparametric Mann–Whitney test, and when
comparing more than two samples, we used the function
aov() to fit an analysis of variance model. In cases where we
combined the results from clones isolated from three distinct
population (i.e., results in fig. 1), we nested the random factor
“population” into the fixed factor “environment” (i.e., biofilm,
chemostat, or ancestor), and considered the ancestor as one
population. For all the models, we ran a post hoc analysis with
Tukey’s test (all pairwise comparisons) or Dunnett’s test
(when the means were compared with a control group), us-
ing the function glht() of the multcomp package. The P values
are reported as *<0.1, **<0.05, and ***<0.01.

For the unbalanced design of the data in figure 1, we con-
firmed the analysis using a linear mixed-effect model ap-
proach using the nlme package. Using such a model, we

nested the random factor “population” into the fixed factor
“environment” and analyzed the variance tables for the
model. To correct for the unbalanced design, we tested for
a difference in the weighted marginal means (instead of the
grand mean) using the option “type ¼ ‘marginal’” in the
function anova() or “type¼‘c(‘III’)’” in the function Anova().
The corrected and uncorrected analyses of variance had al-
most same results (probably because the imbalance had a
minor effect), and suggested that the means of the plasmid
persistence were different between environments. We then
performed a post hoc analysis on the model as described
earlier.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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