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Effect of arsenite and growth in biofilm conditions on the
evolution of Thiomonas sp. CB2

Kelle C. Freel't, Stephanie Fouteau?, David Roche?, Julien Farasin', Aline Huber', Sandrine Koechler't,
Martina Peres’, Olfa Chiboub', Hugo Varet®** Caroline Proux?, Julien Deschamps®, Romain Briandet®, Rachel Torchet?,
Stephane Cruveiller?, Didier Lievremont', Jean-Yves Coppée?, Valérie Barbe? and Florence Arsene-Ploetze'* t

Abstract

Thiomonas bacteria are ubiquitous at acid mine drainage sites and play key roles in the remediation of water at these locations
by oxidizing arsenite to arsenate, favouring the sorption of arsenic by iron oxides and their coprecipitation. Understanding the
adaptive capacities of these bacteria is crucial to revealing how they persist and remain active in such extreme conditions.
Interestingly, it was previously observed that after exposure to arsenite, when grown in a biofilm, some strains of Thiomonas
bacteria develop variants that are more resistant to arsenic. Here, we identified the mechanisms involved in the emergence
of such variants in biofilms. We found that the percentage of variants generated increased in the presence of high concentra-
tions of arsenite (5.33mM), especially in the detached cells after growth under biofilm-forming conditions. Analysis of gene
expression in the parent strain CB2 revealed that genes involved in DNA repair were upregulated in the conditions where vari-
ants were observed. Finally, we assessed the phenotypes and genomes of the subsequent variants generated to evaluate the
number of mutations compared to the parent strain. We determined that multiple point mutations accumulated after exposure
to arsenite when cells were grown under biofilm conditions. Some of these mutations were found in what is referred to as
ICE19, a genomic island (GI) carrying arsenic-resistance genes, also harbouring characteristics of an integrative and conjuga-
tive element (ICE). The mutations likely favoured the excision and duplication of this GI. This research aids in understanding how
Thiomonas bacteria adapt to highly toxic environments, and, more generally, provides a window to bacterial genome evolution
in extreme environments.
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INTRODUCTION

Understanding what processes have allowed bacteria to ulti-
mately thrive in unique and challenging environments will
allow for a better understanding of microbial genome evolu-
tion. Two processes likely responsible for bacterial adaptation
include rapid changes in gene expression and the acquisition
of beneficial mutations (point mutations, rearrangements or
acquisition of beneficial genetic content via horizontal gene
transfer) [1]. Exposure to stressful conditions affects cellular
processes and can damage macromolecules, including DNA
[1, 2]. Such damage can lead to the expression of proteins
involved in DNA repair, specifically error-prone DNA repair
machinery. This process was first studied in Escherichia
coli: after stress-associated DNA damage, the SOS response
induced the synthesis of the error-prone DNA polymerases IV
and V, whereas the high-fidelity mismatch repair pathway was
repressed [2]. Consequently, stressful conditions transiently
increase the mutation rate, through a process called stress-
induced mutagenesis (SIM) [3]. In addition, it was observed that
SIM alters the relative frequency of different types of mutations.
The range of this frequency is known as the mutation spectrum.
Bacterial isolates with high mutation rates (known as mutators)
and changes in the mutation spectrum have both been shown to
be advantageous for some cells when it allows the population to
acquire beneficial mutations over a short period of time [4-6].
SIM has been observed in various bacteria and has been shown
to enable bacterial populations to acquire particular adaptive
capacities in multiple extreme or stressful conditions [3, 7-10].

Among the myriad ecosystems on the planet, extreme environ-
ments provide interesting model systems to explore bacterial
adaptation in relatively short timescales [10]. Acid mine
drainage (AMD) sites are incredibly unique and challenging
habitats for microbial communities, since several environmental
factors, such as acidic pH or the presence of toxic compounds,
interfere with cellular functions [11]. It has been proposed
previously that microbes evolve faster in such environments
compared to those inhabiting non-stressful environments
[10-12]. It was also demonstrated that in AMD sites, multiple
genotypic groups coexist within bacteria of the same genus or
species, and fine variation in the genetic content of these strains
results in different adaptive processes [12-15]. Heavy metals and
metalloids found in AMD sites, such as arsenic, are particularly
toxic, and may impact genome integrity and induce mutations
[12, 16,17]. Thus, such environments present an opportunity to
determine whether bacteria in AMD sites undergo mutations
more often than bacteria inhabiting environments without toxic
compounds.

Various groups of prokaryotes are capable of colonizing AMD
sites [11, 12, 18, 19]. These prokaryotes possess metabolic
mechanisms to resist the hazardous effects of arsenic [20]. One
essential method of resistance is to extrude arsenate via the
transmembrane carrier protein ArsB (ars genes). Some prokary-
otes are also able to oxidize arsenite to arsenate (aio genes) that
can then be extruded, in a process initially regarded strictly as a
method of detoxification. However, in Herminiimonas arseni-
coxydans, it was suggested that the strain may gain additional

Impact Statement

Deciphering mechanisms of bacterial adaptation is
crucial to revealing how bacteria persist and remain
active in challenging habitats. Among the myriad
ecosystems on the planet, extreme environments, such
as acid mine drainage (AMD) sites, provide interesting
model systems to explore bacterial adaptation across
relatively short timescales. Included in the organisms
found ubiquitously in AMD sites are several strains of
the genus Thiomonas. Our study investigated the effect
of increasing arsenic concentration on the evolution of
Thiomonas sp. strain CB2 when grown as a biofilm. We
assessed the impact of arsenic on this strain by char-
acterizing the phenotype, genotype of the global popula-
tion, genotype of variants produced, and gene expression
in the parent CB2 strain as well as variants. Our results
provide a better understanding of the mechanisms
driving the emergence of cells in extreme environments
that are more resistant to this toxic metal and potentially
other toxic compounds including antibiotics. Ultimately,
this study enhances the understanding of how bacterial
genomes evolve in extreme conditions.

energy from the arsenic oxidation process [21]. Other microbes
can actively use various arsenic compounds in their metabolism,
either as an electron donor or as a terminal electron acceptor
for anaerobic respiration [20]. It has even been demonstrated
that select micro-organisms can methylate inorganic arsenic,
probably as a resistance mechanism, or demethylate organic
arsenic compounds [20].

Among the organisms found ubiquitously in AMD sites
are several strains of the genus Thiomonas, including Thio-
monas sp. CB2 isolated from a site in the Reigous Creek near
Carnoules, France. Thiomonas strains oxidize arsenite to
arsenate, promoting the sorption of arsenic by iron oxides and
their coprecipitation, resulting in a natural process of arsenic
attenuation [19, 22-25]. At the Carnoulés site, considerable
microdiversity has been observed at both the genus and species
levels of Thiomonas [24, 26-29]. Comparative genomic analyses
were previously performed on several genomes of Thiomonas
strains to define the differences and similarities among strains
both between and within species of this genus [24, 27-30]. This
research established a set of genes only found in select strains
(the ‘dispensable genome’) and those conserved across all
strains (the ‘core genome’). These studies also highlighted that
the Thiomonas genomes examined contained multiple genomic
islands (GIs) [24, 27-30]. These GIs were previously defined
[24, 27-30], present only in some strains and found to confer
unique abilities for survival in AMD sites. This previous research
suggested that variability in adaptation observed among Thio-
monas strains possibly represented different ecotypes, ultimately
enhanced the capacity for strain adaptation, and might be
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caused by differences in mutations, genomic rearrangements
or horizontal gene transfer events.

Among other important adaptation capacities, Thiomonas
isolates also form biofilms, likely essential for survival in
AMD sites for two main reasons. First, biofilms create ideal
microenvironments enhancing diversification and hori-
zontal gene transfer, allowing populations or communities
to adapt while in unstable environmental conditions; this
follows what is known as the ‘insurance hypothesis’ [31-35].
The presence of diverse subpopulations essentially allows
for the overall community to survive in a broader range of
conditions. Second, the biofilm matrix protects cells against
external toxic compounds, such as arsenic, and extreme phys-
icochemical conditions, because the organic matrix acts as a
barrier isolating the cells from many environmental stresses
[32, 34, 36].

The process of biofilm formation has been studied in the
absence and presence of arsenic in Thiomonas sp. strain CB2
(referred to here as CB2) isolated from the Carnoulés AMD
site [37]. The genes expressed during biofilm development
were previously identified using transcriptomics after expo-
sure to arsenic [29]. Interestingly, CB2 formed a particularly
complex biofilm structure in the presence of arsenite, and
within the biofilm, cell death and localized cell lysis events
were observed. During biofilm maturation, the emergence
of cells (termed variants) with greater survival capabilities
than the starting population has been documented [37].
These previous studies suggested that Thiomonas bacteria may
adapt over a relatively short-term timescale (after less than a
hundred generations), in the presence of arsenic, leading to
the generation of variants. We hypothesized that the disparity
in survival rates between the original CB2 strain and vari-
ants may be due to differences in gene expression, mutations,
duplications or deletions after growth in a biofilm.

Here, we attempt to identify mechanisms driving the emer-
gence of variants in biofilms in the presence of arsenite, in
order to enhance the understanding of how bacterial genomes
evolve in extreme conditions. We first assessed how arsenic
is involved in the accumulation of variants, and analysed
both transcription and genome diversity in the parent strain;
we also characterized the phenotypes and genomes of the
variants generated. The results obtained allow for a better
understanding of how Thiomonas spp. evolve and adapt to
the particularly toxic environments found in AMD sites.

METHODS
Bacterial strains and growth conditions

Thiomonas sp. CB2 was isolated from the Carnoulés AMD
site (Gard, France) [24, 26]. This strain and the variants were
grown in vitro on modified 126 medium (M126), as previ-
ously described [26]. Arsenite was added at the concentra-
tion required (1.33, 2.67, 4, 5.33, 10.67, 13.25, 15.9, 21.2 or
26.5mM, depending on the experiments detailed below)
from a sterile stock of 667 mM obtained with NaAsO, salts
(Prolabo). The concentrations were chosen according to

ones used previously to study the effects of subinhibitory
arsenite concentrations on biofilm formation and develop-
ment in Thiomonas sp. CB2 [37].

Quantification of variants

To determine how effective arsenite exposure during
growth under biofilm conditions was in generating vari-
ants, we quantified the number of variants generated from
the original strain Thiomonas sp. CB2 using the approach
illustrated in Fig. la. An initial culture of 5ml was grown
in a 15 ml centrifuge tube on a rotary shaker (300 r.p.m.)
for 48h in M126 medium lacking arsenite. This culture
was then diluted to an oD, 0f0.002 in 20 ml, in the same
medium, in a 150 ml Erlenmeyer flask that was also shaken
during incubation (300r.p.m.). After 40h, the culture
in the flask was then diluted to an OD_, of 0.002 and
served as the inoculum for planktonic as well as biofilm
cultures. Planktonic cultures were continually shaken
in a culture tube or flask and incubated at 30 °C, while
biofilm cultures were grown in a 12-well plate, not shaken,
and incubated at 30 °C. Replicates of the planktonic and
biofilm cultures were grown in M126 medium with the
addition of one of three treatments: no arsenic, 2.67 mM
arsenite or 5.33 mM arsenite. Three planktonic cultures
and three wells (biofilm conditions) were maintained for
each treatment for a total of 72 h. After 24 h, the medium
overlying the biofilm in the 12-well plates was removed
and fresh medium was added.

After 24, 48 or 72h, the number of variants was evaluated
by counting the number of colonies obtained on plates
containing arsenite compared to the number on plates
without arsenite (Fig. S1, available with the online version
of this article). Briefly, cells obtained from biofilms were
scraped with a small squeegee to remove them from the
well bottom, resuspended by pipetting several times and
finally vortexed to completely disperse them. The Thio-
monas cells grown in biofilms were not strongly attached to
each other and could be easily separated. Cell suspensions
were serial 10-fold diluted and then 40 ul of these dilutions
were spread on a small Petri dish containing solid M126
medium without arsenite or supplemented with 10.6 mM
arsenite. This concentration corresponded to the minimum
inhibitory concentration (MIC) of arsenite previously
determined for Thiomonas sp. CB2 [24, 28]. In the case of
24h cultures, specifically for the upper phase of biofilms
grown with arsenite, the spread dilutions were 1/10000.
In other cases, the dilutions were 1/100000. The plates
were then incubated at 30 °C for 10 days. The percentage
of arsenite MIC-resistant variants in the population was
calculated by dividing the number of colonies counted
on plates containing 10.6 mM arsenite by the number of
colonies counted on plates without arsenite (Fig. S1) and
then multiplying by 100. For the biofilm cultures, the
percentage of variants was measured in both the phase
above the biofilm (detached cells), as well as the cells fixed
to the wall of the plate.
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Fig. 1. Depictions of cultivation methods to obtain variants capable of survival at higher arsenite concentrations than the parent strain
Thiomonas sp. CB2. (a) Determination of the number of variants generated after growth in planktonic or biofilm culture conditions. A
planktonic culture was inoculated from a pre-culture, then used to start an initial culture to inoculate planktonic and biofilm cultures
grown in (1) 0, (2) 2.67 or (3) 5.33mM arsenite [As(ll)]. Three replicates were used for biofilms (wells) and planktonic culture (flasks) per
concentration. The percentage of variants was measured in the upper phase (detached cells) and the lower phase (attached cells) of
the biofilm. Dilutions were made prior to spreading on solid M126 medium with 0 or 10.6 mM arsenite. (b) Generation of ‘super variants’
capable of growth at much higher levels than the parent strain. The biofilm was inoculated from a planktonic culture initially inoculated
from a pre-culture. Biofilms were grown for 72 h with one change of medium at 24 h, grown with no arsenic or arsenite concentrations
of 1.33, 2.67, 4 or 5.33mM with two wells per concentration. The detached planktonic cells and the cells attached to the plate were
separated prior to variant selection on solid medium containing 13.25, 15.9, 21.2 or 26.5mM arsenite. This figure was created with

bioRENDER (https://biorender.com).

Generation of variants

To obtain variants resistant to dramatically higher concen-
trations of arsenite compared to the parent strain CB2, we
followed the scheme outlined in Fig. 1b. Briefly, a planktonic
CB2 culture was first grown in 5ml medium in the absence
of arsenite in a centrifuge tube for 48 h (equivalent to seven
generations). This initial culture was used to inoculate a larger
flask (20 ml culture, in the absence of arsenite), which was
then grown for an additional seven generations. At this point,
an aliquot of the planktonic culture was stored at —80°C (at
a final concentration of 7% DMSO). The remainder of the

culture was diluted to an OD_ 0f 0.002 and inoculated into a
12-well plate, with cultures grown in the absence or the pres-
ence of 1.33, 2.67, 4 or 5.33 mM arsenite. After four genera-
tions, the planktonic and fixed biofilm portion of each culture
was plated on successively higher concentrations of arsenite
than the previous culture’s MIC, i.e. the first group of variants
was plated at 10.6 mM. This corresponded to the first cycle of
variant generation. Variants isolated after the first cycle from
plates of solid medium were either prepared for cryopreser-
vation or diluted to an OD__ of 0.002. To prepare cells for

600
cryopreservation, they were grown up in a 20 ml culture flask
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Table 1. MICs (denoted with an asterisk) and arsenite oxidation activity (denoted with #) of variants selected for their resistance to arsenic and select

antibiotics
Strain/ Arsenite Neomycin Spectinomycin Gentamicin Streptomycin Kanamycin Arsenite
variant ID (mM)* (mg1)* (mg1)* (mg1)* (mg1)* (mg1)* oxidation
activity *
CB2 12 16 8 4 8 2 ++
Biol7A3 23.9 NT NT NT NT NT NT
Biol7B3 23.9 16 8 4 8 2 -
Biol6B1 15.9 NT NT NT NT NT NT
Supl6A1 239 NT NT NT NT NT NT
Supl6B3 239 <16 8 4 8 2 -
Biol4B1 18.6 <16 8 4 8 2 NT
Supl4Al 21.3 NT NT NT NT NT NT
Supl4A3 21.3 NT NT NT NT NT NT
ocC7 15.9 256 512 64 128 128 ++

NT, Not tested.

for 40 h without arsenite in order to prevent any further effect
of arsenite that could lead to additional mutations and, there-
fore, potential evolution, and frozen in 2 ml aliquots at a final
concentration of 7% DMSO at —80°C. The diluted culture
was then inoculated into a 12-well plate, as described below,
to obtain a second group of variants, more resistant compared
to the first group. We performed a total of four cycles with
selection at 13.25, 15.9, 21.2 and 26.5 mM arsenite, and a total
of 124 variants were isolated. Among these variants, eight
were selected based on their relatively higher resistance to
arsenite for further experiments (explained in the following
paragraph): Biol7A3, Bio17B3, Biol6B1, Sup16A1, Sup16B3,
Biol4B1, Sup14A1 and Sup14A3. These variant were named
according to the following scheme: ‘Bio’ indicated the variant
was isolated from attached cells within biofilms grown in the
static 12-well plate, whereas ‘Sup’ indicated the variant was
isolated from detached cells inhabiting the upper phase of
medium above the biofilm in the static 12-well plate. The
number following Bio/Sup was assigned corresponding to
the plate number or the experiment from which the variant
was obtained.

In parallel, we also attempted to identify antibiotic-resistant
variants. For this purpose, a different set of eight variants were
isolated (OC1, OC2, OC3, OC4, OC5, OC6, OC7 and OC8)
after incubation in the same growth conditions as above [in
biofilm conditions grown in the absence of arsenic (OC1 and
0C6), or the presence 0f 2.67 mM (OC2 and OC7) or 5.33 mM
arsenite (OC3, OC4, OC5 and OC8)]. These isolates were
either from attached (OC6, OC7 and OCS8) or detached cells
(OC1, 0C2, 0C3, 0C4 and OC5) from the biofilm grown in
the static 12-well plate. These eight variants were selected for
their higher resistance to chloramphenicol (MIC >2mgl™)
(OC4 and OCS5) or kanamycin (MIC>2mgl™) (OC1, OC2,
OC3, 0C6, OC7 and OCS8). From these variants, we selected

OC7 (isolated from attached cells in the biofilm grown in the
12-well plate with 2.67 mM arsenite and kanamycin resistant).

Screening and assessment of variant phenotypes

We selected a subset of variants for the phenotype study,
according to their arsenite or antibiotic MIC growth rate,
and stability of resistance in the absence of selection pressure
(i.e. in the absence of arsenite or antibiotic) (Table 1). Briefly,
18 variants were selected because they had been isolated
on high concentrations of arsenite (>14mM arsenite),
suggesting increased resistance to arsenite, and 17 others
by colony morphology, suggesting possible differences in
ability to form biofilms. To carry out an initial screen and
determine arsenite resistance, the 35 variants were first
grown in multiple replicates directly on M126 medium
without arsenite and on supplemented solid medium with
arsenite concentrations ranging from 10.6 to 26.6 mM at
intervals of 2.67 mM. The cultures were incubated at 30°C
for 12 days, after which the maximum concentration at
which growth was visible was used to select eight variants:
Biol4B1, Sup14A3, Sup14A1, Sup16B3, Biol7B3, Biol7A3,
Sup16A1 and Biol6B1.

The MIC of arsenite for these eight selected variants was
then measured more precisely and compared to CB2 (which
was also re-assessed and determined to be 12mM). For this
purpose, exponential phase planktonic cultures (incubated at
30°C for 40 h) were prepared and tenfold serial dilution were
performed up to 107°. These dilutions were then replicated
on solid M126 alone or supplemented with 13.3, 16, 18.6, 20,
21.3,22.6 or 23.9mM arsenite. The plates were incubated at
30°C for 10 days and the MIC was determined based on the
maximum concentration at which growth was clearly visible
(Table 1).
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To test the stability of arsenite resistance, the eight variants
were grown in M126 liquid medium in the absence of arsenite
for over 30 generations and then the MIC was remeasured
using the same procedure described above. This experiment
was done twice. The growth assessment was performed with
50ml cultures inoculated with Thiomonas sp. CB2, as well
as the eight chosen variants, from a starter culture at an
0D, ,0.001, incubated at 30 °C. For each strain, two cultures
were grown and the OD, was measured every 2h until it
reached 0.4.

The biofilm-forming capacities of these eight variants were
tested using crystal violet staining, as previously described
[29]. Three variants (Sup16B3, Biol7B3 and Biol4B1) were
then selected on the basis of the biofilm-formation profiles
observed. Confocal laser scanning microscopy was used to
observe the biofilm architectures of these three variants, as
described previously [29].

The antibiotic resistance of the variants was tested by deter-
mining the MIC using standard protocols as previously
described [27], by inoculating 15ml tubes containing M126
medium and a dilution series of the antibiotic being tested
(including neomycin, spectinomycin, gentamicin, strep-
tomycin or kanamycin). These tubes were inoculated with
5ul planktonic cultures in exponential phase (previously
incubated at 30°C for 40h). Growth was checked visually or
by measuring the OD_ at 72 h after incubation at 30 °C with
shaking.

We also tested the ability of variants to grow in the presence
of H,0, to determine whether the resistance to arsenite or the
antibiotic was due to the development of a general oxidative
stress resistance. For this purpose, appropriate dilutions were
made from an overnight culture to obtain a concentration
between 2x10° and 4x10° c.f.u. ml™'. A volume of 2-4 ml per
petri dish was inoculated by flooding on solid M126 medium.
Discs containing different concentrations of hydrogen
peroxide (H,O,) were prepared manually by soaking sterile
discs of Whatman paper (6 mm in diameter) with different
diluted solutions from a 30% stock solution (including 6, 3,
0.6 and 0.3%). These discs were then placed in different zones
on the inoculated M126 agar plates and incubated at 30°C.
After 5days, the diameters of any halos present around the
discs containing H,O,, and indicating bacterial growth inhibi-
tion, were measured.

The ability of the three selected variants Bio17B3, Sup16B3
and OC?7 and the original CB2 strain to oxidize arsenite was
tested twice independently in liquid medium with 0.67 mM
arsenite. Detection of arsenite and arsenate was performed
by inductively coupled plasma-atomic emission spectrometry
(ICP-AES), as described previously [38].

Whole-population genome sequencing to determine
variation post-arsenic exposure

CB2 was grown in conditions favouring variant emergence,
specifically in a biofilm over 72h in the presence of 5.33 mM
arsenite in a 12-well plate. After 24 h of biofilm growth, the

overlying medium was replaced with fresh medium to remove
planktonic cells that did not attach. This step ensured that
the cells we categorized as growing as a biofilm were indeed
involved in biofilm formation or generated from the biofilm.
After 72h, all cells in each well (attached or detached) were
collected. DNA was extracted as previously described [28]. A
mate-pair library with a 7708 bp insert size was constructed,
this size corresponded to the layout nominal length’ and was
determined during the bank preparation by electrophoresis in
an Agilent 2100 Bioanalyzer. The library was run on an Illu-
mina MiSeq instrument (2x300bp) yielding 2.4 Gb of data.
Single nucleotide variations (SN'Vs) were identified using a
bioinformatic pipeline, PALoMA (Polymorphism Analyses in
Light Of MAssive DNA sequencing), which allowed compar-
ison of the variants and the CB2 reference sequences. Based
on the ssAHA2 package (https://www.sanger.ac.uk/science/
tools), PALOMA takes into account raw sequence data and asso-
ciated qualities to discriminate between true variations and
sequencing errors. We used two parameters, a quality score
and a minimum coverage threshold, to analyse sequences.
The first score indicated the confidence in the prediction
and was computed as follows: SNP score=0.5xS_ +0.5xS_,,
where S_ =allele rates and S_, =f(quality, strand bias). This
S, mathematical function, for which the maximum score
(i.e. 1) corresponds to a well-balanced ratio of reads mapped
on the forward and reverse strands (50/50), was evaluated
with our data as the quality ratio and strand ratio are tightly
linked to sequencing technology. A minimal SNP score was
fixed at 0.35 according to the distribution of all the mutation
scores (Fig. S2a), excluding the score of the first quartile. The
second parameter was linked to the coverage threshold. The
high-quality (HQ) reads correspond to the minimum number
of reads at that position and had a quality at this position of
Q=25, i.e. an accuracy of 99.7% at the level of base calls. The
minimal HQ read value (number of HQ reads supporting
mutation) was fixed at 10 regarding the distribution of all
HQ reads across all mutations (Fig. S2b). The National Center
for Biotechnology Information accession number for the
sequences is ERR3040228 (BioProject number PRJEB29999).

Whole-genome sequencing of variants

DNA was extracted as previously described [28] and
whole-genome sequencing was performed at Genoscope
(Evry, France) using an Illumina MiSeq instrument. The
CB2 genome was previously sequenced using Roche 454
shotgun sequencing and paired end (8kb in size) libraries
[28]. However, Roche 454 sequencing technology is prone
to introducing sequencing errors and has distinct bias from
that of Illumina sequencing technology. Therefore, the
genome of the Thiomonas sp. CB2 strain was resequenced
using the same technology used for the whole-population
and variant genomes, to ensure that mutations found in the
variants were not due to sequencing mistakes or mutations
that already existed in the parental strain used in this study.
For the Thiomonas strains Biol7B3, Sup16B3 and OC?7,
assemblies were obtained by combining paired-end and mate-
pair data. First, multiplexed overlapping paired-end libraries
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with a mean insert size of 560 bp were constructed and run
on an Illumina MiSeq instrument (2x300bp) generating
347 Mb (Bio17B3), 461 Mb (Sup16B3) and 377 Mb (OC?7)
of data. In parallel, mate-pair libraries with an insert size
of approximately 8000 bp were constructed and loaded on
the MiSeq (2x150bp) generating 549 Mb (Biol17B3), 736 Mb
(Sup16B3) and 578 Mb (OC7) of data. A subset (equivalent
to approximately 120x coverage) of the paired-end and
the mate-pair reads was assembled using Newbler version
2.9. Manual expertise was used to reconstruct the genome
sequences. Automatic functional annotation was performed
using the MicroScope platform (http://www.genoscope.cns.
fr/agc/microscope). The GenBank/EMBL/DDBJ accession
numbers for the genome sequences are LR131947-LR131949,
LR131950-LR131952, LR131953-LR131955 and LR131956-
LR131958 for Bio17B3, Sup16B3, OC7 and the new sequence
of CB2, respectively (BioProject number PRJEB29999).

For the comparative genomic analysis, high-throughput
sequencing (HTS) data were analysed using the PALOMA bioin-
formatic pipeline implemented in the MicroScope platform
[39]. First, the HT'S data were pre-processed to assess quality
by completing the following steps: read trimming, merging
and splitting of paired-end reads. Second, reads were mapped
onto the Thiomonas sp. CB2 reference sequence [28] using the
ssaHA2 package [40]. Only unique matches with an align-
ment score equal to at least half of their length were retained
as seeds for full Smith-Waterman realignment [41] with a
region extended on both sides by 5 nucleotides of the refer-
ence genome. All alignments generated then were screened
for discrepancies between read and reference sequences, and
finally, a score based on coverage, allele frequency, quality of
bases and strand bias was computed for each detected event
to assess relevance.

RNA sequencing and analysis

To determine which genes were possibly involved in biofilm
formation and regulation in response to arsenite, RNA-seq
had been used previously to determine which were expressed
during biofilm development and/or regulated in response
to arsenite [29]. These experiments were performed with
Thiomonas sp. CB2 cultures maintained in biofilm growth
conditions (grown in triplicate). Cells were incubated under
stagnant conditions in the presence and in the absence of
5.33mM arsenite for 24, 48 and 72 h [29]. The data obtained
previously with this RNA-seq experiment were further
analysed in the present study to identify genes involved in
DNA repair.

Additionally, a second RNA sequencing experiment was
performed in the present study with Thiomonas spp. cells
grown in planktonic conditions. CB2, Bio17B3 and Sup16B3
were grown in liquid cultures with shaking as described
above, in M126 with 5.33 mM arsenite or without arsenite.
After 24h, growth was halted by incubating cultures at 4°C,
the cultures were centrifuged at 8000 g for 15 min at 4°C and
stored at —80 °C. Three replicates from three independent cell
cultures were sequenced. RNA extraction and sequencing

were performed as described previously [29], using an Illu-
mina HiSeq instrument (Illumina). Reads were cleaned to
remove adapter sequences and low-quality sequences using
an in-house program (https://github.com/baj12/clean_ngs).
Only sequences at least 25 nt in length were considered for
further analysis. Bowtie (v 0.12.7) using default parameters
was used to align to the Thiomonas sp. CB2, Biol7B3 and
Sup16B3 genomes [42]. For each gene, mapped reads were
counted using the featureCounts program [43]. Counts were
normalized according to the default method implemented in
the DESeq2 R package [44].

RESULTS

Arsenite impacts the rate of resistant variant
appearance in cells grown in a biofilm

To determine how arsenite and biofilm growth influence
the emergence of higher arsenite resistance, we quantified
the number of variants produced by CB2 when cultivated in
the absence of arsenic or the presence of 2.67 or 5.33 mM
arsenite (Figs 1a and Fig. S1) . In these experiments, we differ-
entiated the planktonic cells, cells fixed within the biofilm
and detached cells (see details in Methods), as follows: (i)
planktonic cultures were grown in a flask incubated under
agitation, (ii) attached cells corresponded to the cells within
biofilms grown in the static 12-well plate, and finally (iii)
detached cells corresponded to the cells inhabiting the upper
phase of medium above the biofilm grown in the static 12-well
plate. We measured variant emergence from replicate cultures
at 24, 48 and 72h. We observed that the numbers of cells in
each population were similar between the populations with
no arsenite compared to those grown in the presence of 2.67
and 5.33 mM arsenite (Fig. S1) .

In the absence of arsenite, at 24 h, the percentage of variants
(number of resistant strains compared to the total number
of cells) observed was <2% regardless of culture condi-
tion (Fig. 2a). For planktonic and fixed biofilm cells after
48h, the proportion of variants obtained in the absence of
arsenite increased to 25%, while the mean increased to 50%
in detached biofilm cells; however, there was significant
variation between detached cell replicates (Fig. 2b). At 72h,
the mean proportion of variants generated in the absence
of arsenite increased to 30% in the planktonic cultures, but
decreased to 15% after 72 h for both phases of biofilm culture
(Fig. 2¢). This decrease in the proportion of variants at 72h
could be due to a lower rate of variant emergence in biofilms
without arsenite exposure, as well as unknown challenges to
maintaining variant growth. Interestingly, after 72h in the
absence of arsenite, the proportion of variants was greater in
the planktonic cells than in either part of the biofilm (fixed or
detached cells). These results reveal that there is spontaneous
emergence of variants in CB2 populations (between 15 and
30%) in the absence of arsenite regardless of culture type (e.g.
planktonic or biofilm).

When grown in planktonic conditions, we found that the
presence of arsenite did not have a predictable impact on the
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Fig. 2. Proportion (%) of bacterial cells that appear to be ‘super resistant’ to arsenite (a—c) or resistant to kanamycin (d—f) in strain
Thiomonas sp. CB2 (variants). The percentage that represented variants was calculated by dividing the number of resistant cells by
the total number of cells, with the boxplot showing median, quartiles and extremes; extreme values are indicated with bars. Crosses
highlight the median values. The graphs are from samples grown as described in Fig. 1a for 24h (a, d), 48h (b, e) and 72h (c, f). The red
star indicates that the total number of cells was not evaluated for this condition. The data were calculated from three replicates except
for samples indicated with the black star; in these cases, data were calculated from two replicates.

percentage of variants induced (Fig. 2a—c). In contrast, in the
biofilm cultures, at 72 h, arsenite increased the percentage of
variants present compared to controls (absence of arsenite),
especially in the detached cells (Fig. 2c). In the presence of
arsenite, after 24 and 48h, in the fixed portion of the biofilm
we observed a fluctuating number of variants between repli-
cates generated (Fig. 2a, b). This observation suggests the
fixed portion was highly heterogeneous in the presence of
arsenite, especially after 48 h, while this population appeared
to become more homogenous after 72 h, where less variability
was observed. In the detached cells, a slight decrease in the
number of variants was observed from 24 to 48 h in 5.33 mM
arsenite; however, this was followed by an increase at 72h.
This could be due to the elimination of some cells during the
renewal of culture medium at 24 h (see above and Methods).
A previous study of CB2 biofilms found that cavities formed
at the centre of the biofilms in the presence of arsenite were
colonized by mobile cells [37]. Therefore, some of the cells

supposedly collected from these detached cells could have
originated from the fixed portion of the biofilm. Remarkably,
the number of variants in the detached portion was surpris-
ingly high (mean value >75%), when grown in the presence
of 5.33mM arsenite. In conclusion, although the appearance
of variants was not unique to biofilm cultures, our results
show that the percentage of variants generated increases in
the presence of a high concentration of arsenite, especially in
the detached cells after growth in biofilms (Fig. 2a-c).

The next step was to test whether the variants produced
developed resistance to other toxic compounds in addition
to arsenite. To test the specificity of the resistance developed,
we quantified the frequency of kanamycin-resistant variant
emergence when cells were grown in the presence of arsenite
under the same conditions (Fig. 2d-f). Similar results were
obtained compared to the generation of arsenic-resistant vari-
ants (Fig. 2a—c), suggesting that the variants generated did not
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Fig. 3. Data analysis of previous RNA-seq experiments [29] revealing changes in expression of various genes in Thiomonas sp. CB2
grown in the presence of arsenite [5.33mM] or absence of arsenite at 24, 48 and 72 h. Gene expression of 12 selected genes is shown.
Each condition was replicated three times. The heatmap is based on the variance-stabilized transformed count matrix that has been
adjusted for the replicate effect using the 'removeBatchEffect’ function or the limma R package (version 3.44.3). Rows and columns have
been re-ordered with hierarchical clustering (using the correlation and Euclidean distances, respectively, and the Ward aggregation
criterion). The colour scale ranges from -2.5 to +2.5 as the rows of the matrix have been centred.

necessarily undergo genetic changes specific to enhancing
arsenic resistance, but instead developed a general mecha-
nism to survive exposure to toxic compounds. In a following
experiment, we determined whether the cells underwent
changes in gene expression that could lead to higher arsenite
resistance or accumulated mutations in turn leading to
resistance.

Arsenite impact on global gene expression and
generation of mutations in cells grown in a biofilm

To better understand the mechanisms driving the appearance
of resistant variants and variant phenotypes observed, we
analysed data generated in a previous RNA-seq experiment
[29] to identify genes expressed during biofilm development
and/or regulated in response to exposure to arsenite. In this
previous RNA-seq experiment, cells were incubated under
biofilm conditions in the presence or absence of 5.33 mM
arsenite and at 24,48 and 72 h growth; RNA-seq was performed
on fixed cells [29]. The conditions chosen for the RNA-seq
experiment corresponded to those in which the rate of variant
generation was highest (in the presence of 5.33 mM arsenite)
compared to conditions where variant generation was lower

(absence of arsenite) (Fig. 2). We previously observed that
aio genes (involved in arsenite oxidation) were upregulated
during biofilm formation in the presence of arsenic [29]. The
ability to perform arsenite oxidation may help strains survive
toxic environments; however, resistance also has been found
to require a suite of ars genes [20]. Interestingly, expression
of the ars genes involved in arsenic resistance was induced
after 24 h, although their expression decreased after 48 h [29].
These previous observations indicated that cells within the
biofilm probably oxidized arsenite, and both arsenite and
arsenate were present and could be recognized by the cells.
Here, we carefully re-examined the RNA-seq data to deter-
mine whether additional genes potentially involved in the
appearance of variants were also upregulated.

We found that the expression of certain stress-response
genes was induced during biofilm formation in the absence
of arsenite but repressed in the presence of arsenite (Fig. 3),
suggesting they may play different roles in biofilms depending
on arsenite exposure. For example, genes encoding most
chaperones and their expression regulators (rpoH, dnaK],
grpE, clp genes, groELS, htpG and genes encoding small
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Heat Schock Proteins (HSPs), as well as proteins involved
in oxidative stress response (OSR) (ahpCDF, katG, sodB and
oxyR) were downregulated in the presence (versus absence) of
arsenite (Fig. 3). This suggests that cells grown in the presence
of arsenite did not induce the expression of genes involved in
general or oxidative stress, and that variant appearance was
not due to a global stress response. In contrast, expression of
genes involved in DNA repair (uvrBCD, dinB, mutS and to
a lesser extent mutY) increased in the presence of arsenite
at 72h, whereas their expression decreased during biofilm
formation in the absence of arsenite. Expression of genes
involved in the SOS response or recombination (recAX,
ruvAC and lexA) was induced in the presence of arsenite
during biofilm development (after 48 or 72h) (Fig. 3).
However, expression of mutM and uvrA was repressed in the
presence of arsenite, both known to prevent base pair damage
due to either oxidative stress or mutations, or holiday junc-
tion resolution, respectively. In view of these RNA-seq data,
we hypothesized that more variants appeared in the biofilm
when in the presence of arsenite because genes involved
in the error-prone DNA repair machinery are more highly
expressed in such conditions. Therefore, we further tested the
hypothesis that the rate of variant appearance was due (at least
in part) to the accumulation of mutations when grown as a
biofilm in the presence of arsenite.

A ‘whole-population metagenomic sequencing’ approach was
used on the population grown in the conditions where we
observed a higher number of variants, to determine whether
mutations appeared in these conditions. Therefore, we grew
CB2 in a biofilm for 72 h in the presence of 5.33 mM arsenite.
To assess the mutations that were induced in these conditions,
the DNA of the whole population was extracted, sequenced
and compared to the CB2 genome. It is essential to note that
the CB2 genome used for comparison was resequenced in this
study (see Methods) and was obtained from a culture grown
under planktonic conditions, in the absence of arsenite,
which were the conditions we demonstrated led to a rela-
tively low rate of variant appearance (Fig. 2). A total of 267
SNVs were identified; however, 232 were ultimately analysed
post-read filtering, which involved setting a minimum
threshold of coverage and quality score (see Methods). It
has to be mentioned that these mutations were found only
in a fraction of the population (see Tables S1-S9). Of all 232
SNVs, 39 were in non-coding regions (16.8%), 2 were found
in the gene encoding the 23S rRNA (one substitution and
one insertion) and 191 (82.3%) were in protein-encoding
regions. Of the 191 mutations in protein-encoding regions,
41 (21.5%) corresponded to the insertion or deletion (indel)
of 1 nucleotide, while 64 (33.5%) were synonymous (dS) and
presumed neutral. The remaining 86 (45%) mutations were
non-synonymous (dN). Ultimately, 127 mutations (including
the 86 dN changes and 41 indels) likely affected protein
sequence or length and could be considered to be changes at
non-silent sites. A total of 39 mutations (representing 20.4%
of the SNVs in coding regions) were found within coding
sequences of either integrases or transposases. dN mutations
or indels were identified in genes involved in various cellular
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process (Tables S1-S9) including lipid synthesis, general
metabolism, protein folding (hsp20), replication (dnaN), cell
division (ftsW), fimbrial biogenesis and cell-wall biosynthesis
(murG). Interestingly, dN mutations or indels were found
in dinB (involved in DNA repair, THICB2_v4_60517), in
genes potentially involved in general toxic compound resist-
ance [such as permeases of the drug/metabolite transporter
superfamily (THICB2_v4_20175) with the EamA domain],
in two genes involved in copper resistance — copl (THICB2_
v4_10249) and cueO (THICB2_v4_70216), and in aioA
(THICB2_v4_70221) involved in arsenite oxidation. A total of
31 mutations were found in the GIICE19 (184721kb), which
is an integrative and conjugative element (ICE) carrying
several genes involved in heavy-metal resistance [28]. This
demonstrated that the frequency of mutations found in this
ICE is higher than the rest of the genome (1 mutation per
5958 nucleotides in ICE19 compared to 1 mutation per 16664
nucleotides across the entire genome).

The frequencies of the mutation types are shown in Fig.
S3. The percentages of mutation types observed were T/C
(10.8%), C/A (9.5%), C/T (9.1%), A/G (9.1%), G/A (8.6%),
G/T (11.6%) and insertion of 1 nucleotide (19%) (Fig. S3).
These data revealed that point mutations appeared among
the population within a biofilm grown in the presence of
arsenite. However, this approach does not indicate whether
there is a correlation between mutations and phenotypes nor
reveal whether other mutations, such as rearrangements, took
place in the genomes. To further explore genetic mutations
and potential genomic rearrangement after biofilm exposure
to arsenic, multiple variants were isolated and cryogenically
preserved.

Selection and phenotype analysis of variants

We focused on 8 variants from the total of 124 arsenic-
resistant and 8 antibiotic-resistant variants (see Methods),
in order to study their phenotypes. According to the results
of these phenotypic analyses, we selected three variants for
genome sequencing and careful analysis. Of the 8 variants
from the 124 arsenic-resistant variants, 3 were selected due to
unique colony morphology compared to the parental strain
(Biol14B1, Sup14A3 and Sup14Al), suggesting they possibly
had impaired biofilm-formation capacities. Five others
(Sup16B3, Biol7B3, Biol7A3, Supl6Al and Biol6B1) were
selected as they were generated after three or four biofilm
cycles and were characterized by higher resistance to arsenite
than other variants (MIC >14 mM) (Table 1). Four different
approaches were undertaken with these eight variants to
assess their phenotypes compared to the parental strain and
investigate the mechanism leading to their enhanced resist-
ance to arsenite.

First, to ensure that resistance to arsenite was not due to
slower cell growth, the growth rates of the eight variants
and original CB2 strain were measured. We determined
that the same growth kinetics were observed for variants
as well as CB2, all displaying exponential phrases between
24 and 40h, reaching a final OD,,, between 0.2 and 0.3
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(see Fig. S4 for four of the growth curves obtained, additional
data not shown). Variant Sup16B3 had a similar growth curve
compared to CB2, whereas Biol7A3, Bio17B3 and Supl6A1
had longer lag phases. Growth rates were similar among all
strains except for Bio17B3, which grew more rapidly after
the lag phase.

Second, the ability to form biofilms was assessed with the
eight selected variants at different concentrations of arsenite
by crystal violet staining and compared to the original
strain Thiomonas sp. CB2 (data not shown). Three general
profiles were distinguished among these eight variants. The
first profile was shared by variants that produced the most
biofilms, notably in the presence of 2.67mM arsenite. A
second profile was characterized by Sup16B3, which produced
less biofilm, compared to Thiomonas sp. CB2. A third profile
was assigned to the remaining variants, that produced
similar levels of biofilm as Thiomonas sp. CB2. We analysed
in detail one variant representing each profile (Sup16B3,
Biol7B3 and Biol4B1) using confocal analyses (Fig. S5) to
determine whether resistance could be due to differential
biofilm-formation capacities, since biofilms may enhance
drug resistance [34]. The variants Bio14B1 and Biol17B3 had
a marked increased capacity to form an extracellular matrix,
whereas the number of fixed cells did not change compared
to the parental strain CB2.

In parallel, eight other variants (OC1, OC2, OC3, OC4, OC5,
0OC6, OC7 and OC8) were generated and selected for their
resistance to antibiotics, specifically kanamycin. Interestingly,
OCY7 was resistant to several other aminoglycosides. There-
fore, we selected this multi-antibiotic-resistant variant and
compared its drug-resistance capacity with that of Sup16B3
and Bio17B3 (Table 1). OC7 was more resistant to antibiotics
than the two other variants and also slightly more resistant to
arsenite than the original strain CB2.

Based on the phenotypic analyses outlined above, we
continued analyses on three variants: OC7, Sup16B3 and
Biol17B3. We tested the ability to oxidize arsenite in OC?7,
Sup16B3 and Bio17B3, as well as CB2, and found that while
CB2 and OC7 could oxidize arsenite [26] (a potential mecha-
nism of resistance [20]), Bio17B3 and Sup16B3 could not
(Table 1, Fig. S6). This experiment was undertaken twice,
and in both experiments little or no activity was detected
in Supl6B3 or Biol7B3. These observations revealed that
in these two variants, arsenite resistance is not due to an
increase of arsenite oxidase activity. Additionally, while both
H,0, and arsenite induce oxidative stress, a disc diffusion
assay revealed that no variants had a higher resistance to
H,0, than CB2. This suggested that the variants were not
indirectly resistant to arsenic or kanamycin due to a higher
resistance to oxidative stress. Since the arsenite resistance of
these three variants was stable after 30 generations without
exposure to arsenite, we hypothesized that resistance was
likely due to mutations or genomic rearrangements. To
test this, we sequenced the genomes of the three variants
Biol7B3, Sup16B3 and OC7 in order to compare them to
the parental strain CB2.
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Table 2. Size (in nucleotides) of the chromosome and the chromosomal
ICE19, as well as plasmids of CB2 and the variants

Chromosome ICE19 PA- pB- pC-
CB2 3866172 184821 39434 8340 0
ocC7 3891617 184820 31833 9355 0
Biol7B3 3874064 184821 0 8714 204717
Supl16B3 3867933 184921 0 8082 184759

Genome analysis of three variants

The genomes of three variants (Biol7B3, Supl6B3 and
OC7) were sequenced and compared to the genome of the
parental strain, CB2 (which was resequenced using the
same sequencing technology). The chromosome sizes were
slightly different in Sup16B3 and Biol7B3, and marginally
larger in OC7 (Table 2). However, these differences are almost
completely due to a better quality assembly with the OC7
genome. The overall structures of the three variant chromo-
somes were compared to that of CB2 (Fig. S7) revealing that
OC7 is very similar to CB2, since the synteny is conserved.
The Bio17B3 and Sup16B3 genomes have highly similar struc-
tures, suggesting that no dramatic rearrangements occurred
within the variant genomes compared to the original strain
CB2.

OC?7 harboured the same two plasmids as CB2 (pA-OC7
and pB-OC7), although they were slightly different in size
(Table 2). In contrast, Biol7B3 and Sup16B3 only contained
one plasmid each (pB-BIO17B3 and pB-SUP16B3, respec-
tively), similar to the 8kb plasmid of CB2 (pB-THICB2;
Table 2). The synteny of these three plasmids was comparable,
harbouring short inversions or insertions (Figs S8 and S9).

Remarkably, the two variants Biol7B3 and Supl16B3 each
contained an additional circular piece of DNA (identified as
pC-BIO17B3 and pC-SUP16B3, respectively) (Table 2, Fig.
$10), which was highly similar to ICE19 of CB2. Interestingly,
in the populations of these two variants, ICE19 was on the
chromosome and/or found as a circular form such that on
average, genes in this ICE were found in triplicate in these vari-
ants (Figs 4a and S10, Table 2). We determined that ICE19, as
well as pC-BIO17B3 and pC-SUP16B3, carried genes involved
in heavy-metal resistance. Specifically, genes for arsenic
resistance (ars genes) and arsenite oxidation (aio genes) were
carried on these plasmids and, therefore, present in triplicate
in these variants. Expression of these genes was observed in the
presence of arsenite in both variants (Tables S1-S9). However,
our observations highlighted that arsenite oxidase activity
is not the driving force of arsenite resistance in these two
variants, since neither demonstrated arsenite oxidase activity
(Fig. S6), even if their aio genes were expressed (Tables S1-S9)
. In Biol7B3, one insertion sequence, BIO17B3-V2-50708
to 50712, carried on ICE19 was also duplicated in another
region of the genome, BIO17B3-V2-10692 to 10696. This
duplicate zone includes three genes potentially involved in
cell adhesion (the first step in biofilm formation) which are:
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ICE19 in CB2

attL (172891-172953) AARAAAGAAARATACTAAGTGAATCAATCACGTGGGATTTTATTCTGGCGGAGAGAGGGGGAT
attR (357650-357712) AAAATGAAAAAACCCTAAGTGAATCAATCACTTAGGGTCATGTTCTGGCGGAGAGAGGGGGAT
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=> 49 nt; 6 mismatchs

ICE19 in Biol7 and Suplé6

attL AAAAATGAAAAAACCCTAAGTGAATCAATCACTTAGGGTCATGTTCTGGCGGAGAGAGGGGGAT
attR AAAATGAAAAAACCCTAAGTGAATCAATCACTTAGGGTCATGTTCTGGCGGAGAGAGGGGGAT
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=> 63 nt; 0 mismatchs

Fig. 4. ICE19 was found in triplicate in the Bio17B3 and the Sup16B3 variants, and 10 mutations were found in the variants in the
att regions flanking this ICE19. (a) Read mapping profile obtained from sequencing data. This figure shows profiles for each set of
sequencing data (PE, paired-end; MP, mate-pair data) and the three variant genomes, as well as the coverage of the reads mapped at
each nucleotide of the CB2 genome. This figure was generated using 16V software. (b) Comparison of the attL and attR region of ICE19 in

CB2 (at the top) and the att region in Bio17 and Sup16 (at the bottom).

(i) BIO17B3-V2-10692, only a fragment with homology to
other genes known to play a role in adhesion and probably
not functional; (ii) BIO17B3-V2-10693, homologous to pilN;
and finally (iii) BIO17B3-V2-10694, homologous to pilO.
Both pilN and pilO are required for fimbriae synthesis. The
other two genes in this duplicated region encode the trans-
position machinery. It should be noted that three additional
insertion sequences were found at other positions in the
genomes: BIO17B3_v2_11743 to 11751, BIO17B3_v2_10704
to 10705 and BIO17B3_v2_12309. No such rearrangement
was observed in the two other variant genomes.
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We also carefully investigated the point mutations found
in each genome using data from paired-end and mate-pair
sequencing. A total of 55 mutations were observed in Bio17B3,
58 in Sup16B3 and 45 in OC7 (Tables S1-S9) . We found 37
mutations that were conserved across all three variants and
in a population grown in the presence of arsenite in biofilm
conditions (see above whole-population data). Such muta-
tions may correspond to mutation hotspots. Transposases
and integrases also appear to represent hotspots, since we
observed 19 mutations in or near genes involved in trans-
positions. Moreover, 16 mutations were found within ICE19,
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suggesting once more (see above) that ICE19 frequently
experienced mutations. One gene (THICB2_v4_110298)
encoding a methyl-accepting chemotaxis sensory transducer
was mutated in all three variants as well as in the population
(metagenomic). This gene may be involved in the regulation
of motility and biofilm formation. Here, we observed that
the variants have different capacities to form biofilms (Fig.
S5). Mutations may concentrate at this locus that could, thus,
correspond to mutation hotspots.

One deletion in a non-coding region was found in the pB-OC7
8kb plasmid compared to pB-THICB2, and six mutations
were unique to the OC7 chromosome. One of these unique
mutations was in a gene encoding an alkyl hydroperoxide
reductase, while four were in the genes encoding two puta-
tive prophage integrases, although these mutations proved to
be neutral (dS). The only unique dN mutation was found in
the gene encoding the formate dehydrogenase alpha subunit,
FdhA. None of these mutations in OC7 clearly explained the
antibiotic-resistance capability of this variant.

Fifty-five mutations were found both in the Biol7B3 and
Sup16B3 variants but were not present in OC7 (Tables S1-
$9). Two dS and one dN (insertion) mutations were found in
Sup16B3 but not in the two other variants, the dN mutation
was in one gene encoding a protein of unknown function
(THICB2_v4_110244). A total of 37 of the mutations found
in both Biol7B3 and Supl6B3 were in protein-encoding
sequences. However, only 16 of these were indels or dN
mutations. Among these dN mutations, four were found in
integrase- or transposase-encoding regions, and one in a gene
encoding a DinB-family protein. One nonsense mutation was
found in THICB2_v4_20216, encoding a protein with an
antisigma factor antagonist (ASA) domain. Such proteins (e.g.
SpolIAA in Bacillus subtilis) are known to inactivate antisigma
via this ASA domain. The mutation found in Bio17B3 and
Sup16B3 led to truncation of this protein (the serine residue
was changed to a stop codon at position 1781). Additionally,
four dN mutations were found in a putative signal transduc-
tion histidine kinase (THICB2_v4_20293). However, six
dN mutations were found in other genes encoding proteins
of unknown function and it is too speculative to state that
one or several of these mutations might explain the loss of
the arsenite activity in these two variants. Remarkably, we
found 10 common mutations in both Sup16B3 and Bio17B3
in the region flanking ICE19 (attL and attR). These regions
are known to be involved in the excision/integration of such
genomic elements [45, 46]. In CB2, these two att regions are
similar but not identical (6 mismatches in 49 nt). In both
the Bio17B3 and Sup16B3 variants, the two attL and attR
regions are composed of two regions of 63 nt long that are
100% identical (Fig. 4b). Thus, we observed that the attL and
attR regions of ICE19 are longer and more similar between
the variants Biol7B3 and Sup16B3, than in CB2.

DISCUSSION

The goal of our study was to understand how arsenic and/
or biofilm conditions influence the emergence of variants, in
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order to ultimately determine how Thiomonas spp. evolve and
adapt to the particularly toxic environments found at AMD
sites. Arsenic affects the metabolism of most organisms and
is thought to be mutagenic, carcinogenic and teratogenic
[47, 48]. The toxicity of arsenic depends on its actual chemical
state, and since arsenate is a structural analogue of phosphate,
it competes with that essential ion in many enzymatic reac-
tions. Arsenite has a very high affinity for thiol groups and may
inhibit a variety of enzymes, and favour mutations [47, 48].
Due to the higher bioavailability in aqueous environments
at neutral or acidic pH, arsenite is considered to be more
toxic and dangerous than arsenate [47]. Extreme conditions
create ideal environments to study the evolution of bacterial
genomes. Furthermore, Thiomonas spp. have the capability
of forming biofilms, likely a mechanism that allows for their
survival in arsenic-contaminated sites. To understand how
populations of Thiomonas spp. can survive in AMD sites, we
explored how arsenic and growth in a biofilm affected gene
expression, phenotype and mutation rates among Thiomonas
sp. CB2 variants generated after growth in a biofilm exposed
to toxic levels of arsenite.

We first aimed to determine how exposure to arsenite affected
subpopulations in biofilms and observed that the rate of
variant appearance increased in biofilms grown in arsenite
(Fig. 2). Under biofilm conditions, in the upper phase, arsenite
clearly had an effect at 24 and 72h (Fig. 2c, e). For the fixed
portion of cells, we also observed a less pronounced (but still
present) effect (Fig. 2a, d). The 48 h time point (Fig. 2b) was
taken carefully, since medium was renewed at 24h and it is
possible that the variants were more mobile or ‘less attached’
at 24h and consequently preferentially eliminated when
the medium was changed. Nevertheless, this study suggests
that biofilm conditions alone are not enough to generate a
significant increase of variants and arsenite did not enhance
the generation of variants under planktonic culture condi-
tions. To understand why growth in a biofilm and exposure
to arsenite were required to induce variant generation, we
undertook several approaches, including examining differ-
ences in transcription, changes to toxic compound resistance,
and finally comparative genomics between three selected vari-
ants and the original parental strain, CB2.

Arsenite causes oxidative stress [20], and consequently may
induce the expression of genes involved in the OSR and SOS
response [2]. Interestingly, within the biofilm, we observed
that the genes involved in the OSR (sodB, katG and ahp)
were downregulated in the presence of arsenite, the same
conditions where the number of variants had increased. Two
explanations could be proposed to account for this down-
regulation. First, the biofilm matrix could have protected the
cells, essentially stopping arsenite from affecting cells within
the biofilm and inhibiting OSR induction. However, this is
unlikely as the induction of ars and aio gene expression was
observed in these conditions [28, 29]. Another explanation
could be that arsenite is rapidly oxidized to arsenate. In
planktonic conditions, it took over 35 h to completely oxidize
0.67 mM arsenite (Fig. S6). In our experiments, we added 2.67
or 5.33mM arsenite (fourfold and eightfold more), in these
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conditions we estimate that it took over 48h to completely
oxidize arsenite. There was probably a mixture of arsenite
and arsenate in the medium, even after 72 h, as suggested by
the induction of ars and aio genes in CB2 under the same
planktonic or biofilm conditions as those used in our experi-
ment (Tables S1-S9 and in published data [29]). Alternatively,
the expression of these genes involved in the OSR could
have been downregulated by an unknown mechanism. In
a previous study of Pseudomonas aeruginosa, several genes
encoding enzymes conferring protection against oxidative
stress were downregulated in biofilms compared to plank-
tonic conditions [49]. The authors also observed an increased
frequency of variants resistant to antibiotics in the biofilms
and proposed that the downregulation of the genes identified
may enhance the rate of mutagenic events due to the accumu-
lation of DNA damage. The downregulation we observed of
Thiomonas genes involved in the OSR may similarly enhance
the mutagenic events. In addition, we observed that genes
involved in the error-prone DNA repair system (dinB) were
upregulated in biofilms exposed to arsenic. Genes involved
in error-prone DNA repair are regulated in other bacteria
by the RecA-LexA-mediated SOS response and are induced
when DNA is damaged [50]. Our transcriptomic approach
revealed that in the conditions favouring emergence of vari-
ants, the recA gene and others involved in the SOS response
(recX, ruvAC and lexA) were overexpressed, suggesting that
at least a portion of the population was experiencing stressful
conditions and, thus, DNA damage.

It is now recognized that bacterial mutation rates can
increase dramatically in stressful conditions, a phenomenon
known as SIM. SIM has been observed in several bacteria in
response to different stresses and recently it was proposed that
even a decrease in growth rate could lead to such an event
[7, 51, 52]. The role of biofilms in the emergence of variants
has been studied in pathogens [35, 53, 54]. For example, it
was observed that subpopulations of P. aeruginosa gener-
ated extensive genetic diversity in biofilms, which has been
shown to require recA [31]. Several studies have suggested
that biofilms can serve as hotbeds of diversity that promote
adaptation to harsh conditions [8, 31, 35, 49]. Indeed, the
high diversity generated within biofilms offers protection
against fluctuating challenging conditions, a principle that
has been termed the insurance hypothesis, since it produces
subpopulations with diverse functions, increasing the ability
of the population to thrive as prevailing conditions change
[35]. In the case of Thiomonas sp. CB2, our work revealed for
what is believed to be the first time that both growth in biofilm
and the presence of arsenite are necessary to generate high
numbers of variants. Arsenite caused oxidative stress in CB2,
likely producing reactive oxygen species, leading to breaks in
the bacterial DNA [2, 20, 50]. Interestingly, in E. coli, it was
proposed that both DNA breaks and the induction of dinB
expression (via the SOS response and/or the rpoS regulon)
are important factors leading to SIM [55].

Thus, in biofilms in the presence of arsenite, Thiomonas sp.
CB2 could be subjected to SIM, since both DNA damage
and dinB overexpression were observed. Our transcriptomic
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results revealed that dinB and recA expression (generally
induced by the accumulation of DNA breaks [2, 50]), occur
in the biofilm grown in the presence of arsenite. Furthermore,
the whole-population metagenomic sequencing results
revealed that many point mutations accumulated in the popu-
lation, likely generated by error-prone DNA repair systems.
After approximately 20 generations, over 200 mutations were
acquired in this population. We would like to highlight that
we resequenced the genome of the parent CB2 strain to ensure
that the mutations observed were not due to sequencing
errors. The mutations present in CB2 are only found in a frac-
tion of this population (Tables S1-S9) and we cannot exclude
the possibility that some may have appeared when the cells
were grown on plates directly from the —80°C stock (in the
absence of arsenite) or during growth in the liquid pre-culture
prior to inoculation in biofilm conditions. The majority of
the mutations found in the whole-population genome (187
of 232) were not observed in the variants, and 21 mutations
were found in one or two variants but not in the whole-
population genome. These observations suggest that these
mutations appeared independently, during growth under the
various conditions tested. We observed the accumulation of
certain point mutations (T/C, C/A, C/T, A/G, G/A, G/T and
the insertion of 1 nucleotide). These mutations are possibly
due to dinB, the error-prone DNA polymerase involved in
translation repair. Alternatively, select mutations, for example
G/T or G/A (20.3% of those observed), may be due to the
reduced expression of genes involved in the high-fidelity
DNA repair system (mut genes), which were downregulated
at the beginning of biofilm formation (48 h) under our tested
conditions. These genes are known to prevent base damage
from oxidative stress. Altogether, these observations suggest
that in Thiomonas sp. CB2 induction of genes involved in the
SOS response (specifically recA and dinB) and downregula-
tion of genes involved in the OSR partly accounted for the
SIM (observed via the increased emergence of variants) in
the biofilm when in the presence of arsenic.

Interestingly, dinB itself is involved in DNA repair and was
shown to be mutated in our whole-genome-population
sequencing experiment. Mutation in dinB may affect the
mutation rate over a longer period, possibly generating
a phenotype known as the ‘hypermutator’ phenotype.
Indeed, populations have been found to occasionally evolve
hypermutability due to mutations affecting the DNA repair
system. In E. coli, long-term evolution experiments revealed
that mutations arose in the population even when it was
not subject to stress, possibly providing new capacities to
the cells [6]. Hypermutability has been shown to affect the
mutation rate, the activity of transposable elements and the
rate of adaptation [6, 56]. Furthermore, hypermutability
may be advantageous by allowing for the accumulation of
beneficial mutations in populations over a short timescale,
but deleterious over a long-term scale [4-6]. However, if the
environment is sufficiently variable, and different stressful
conditions occur frequently enough, SIM can be main-
tained [3]. The presence of several genotoxic compounds,
such as metals, subjects bacterial populations in AMD sites
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to several stresses and potentially to DNA damage. Single-
or double-strand breaks followed by RecA repair in AMD
conditions may result in higher mutation and recombina-
tion rates, possibly contributing to population diversifica-
tion [31, 57-59]. Interestingly, it was observed that genomes
of bacteria from AMD sites, including those of Thiomonas,
have more genes involved in recombination and repair
compared to other prokaryotes, likely enabling the rapid
adaptation of these micro-organisms [10, 24, 28]. In the
AMD site from which it was isolated, Thiomonas sp. CB2
would have experienced fluctuations in high concentra-
tions of heavy metals and acidic pH, possibly maintaining
SIM, driving the high diversity of Thiomonas genomes, and
enhancing their adaptation capacities [24, 27-29].

In this study, we aimed to determine whether certain
stressful conditions found in AMD sites, such as the
presence of arsenite, could induce SIM in Thiomonas sp.
CB2. The natural environment from which Thiomonas sp.
CB2 was originally isolated is characterized by relatively
high concentrations of dissolved arsenic ranging from 1
to 3.5 mM, with arsenite dominating as the primary form
[16, 60]. In our experiments, we utilized similar (2.67 mM)
as well as relatively higher (5.33 mM) concentrations of
arsenite compared to the original isolation site. We did
not test all of the variable conditions found across AMD
sites, many of which have lower concentrations of dissolved
arsenic; therefore, the conditions used here were quite
different to those naturally found in many AMD sites.
Moreover, we did not study the evolution of CB2 or its
variants over a long time course. To further understand
genome evolution in Thiomonas, it would be interesting
to determine whether other stressful conditions found in
AMD sites induce SIM in Thiomonas sp. CB2. It is likely that
SIM led to the emergence of the variants Sup16B3, Bio17B3
and OC?7, each have several mutations in their genomes.
These variants, selected after CB2 was grown as a biofilm
in the presence of arsenite, were more resistant to arsenic
and antibiotics than the original strain, and acquired other
capacities, possibly advantageous in certain circumstances
and neutral or detrimental in others. Interestingly, the
strains harboured differential abilities to form biofilms
compared to the original CB2 (Fig. S5). Genome analysis
of these three variants highlighted several mutations;
however, there was no clear correlation between phenotype
and the mutations observed, partly because several of these
mutations were in genes of unknown function. To test the
effect of each mutation on the phenotype, transformation,
targeted mutagenesis or functional complementation must
be optimized in Thiomonas sp. CB2, although attempts to
obtain mutant Thiomonas strains have thus far failed.

It has been shown that mutational hotspots can occur in
stressful conditions due to DNA breaks [9, 35, 55]. In our
experiments, we observed that the frequency of mutations
found in the ICE19, carrying several genes involved in
arsenic resistance, is higher compared to the rest of the
genome (1 mutation per 5958 nt in ICE19 compared to
1 mutation per 16 664 nt across the entire genome). The
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fact that this GI is subject to mutation in Thiomonas may
be important for the evolution of resistance among these
bacteria. ICE19, a previously described GI in CB2 [28], has
characteristics of an ICE, essentially a mobile DNA element
encoding fully functioning conjugative machinery present
in two states (either excised or integrated) [45, 46]. Gener-
ally, ICEs are silent, integrated in the genome and verti-
cally transmitted. In some conditions and select ‘dedicated’
cells, the ICE is excised after site-specific recombination
between duplicated extremities (attL and attR), which
requires an integrase and sometimes auxiliary proteins
known as excisionases, recombination directionality factors
or integration host factors. In some cases, a DDE trans-
posase is involved in the replicative excision process. At low
frequency, additional chromosomal regions can be added
into the excised ICEs, as a result of defective excision [46].
The circular form of an ICE can be potentially transferred
horizontally by conjugation, involving an oriT sequence
and a relaxase-encoding gene. The transferred circular
ICE can then integrate in the new host genome at specific
recombination sites involving the attI (also known as attP)
region of the ICE and a similar site in the genome known
as attB. This site-specific integration is catalysed by an
integrase, and results in the formation of the attL and attR
duplicated extremities [45, 46]. The excision, transfer and
integration processes are regulated in almost all bacteria
where such ICEs have been studied in detail; however, the
regulation process may be very different from one ICE to
another [46]. ICEs often carry cargo genes, such as antibi-
otic or virulence genes, that can confer the new host selec-
tive advantages, possibly playing a major role in bacterial
adaptation and evolution [45, 46]. ICE19 of Thiomonas sp.
CB2 carries genes implicated in resistance to various heavy
metals (arsenic, mercury, copper, zinc and cadmium),
sulfate assimilation (cys genes) and biotin synthesis (bio
genes). It also harbours many genes encoding integrases,
as well as genes involved in conjugation [28]. At the two
extremities of ICE19, 49 bp nearly perfect direct repeats
called attL and attR have been identified, and the region
between these two repeats contains the tra and trb genes
potentially involved in conjugation [28]. The amplification
of the junction boundary formed by this ICE excision using
PCR was possible, suggesting that it could be excised in
some cells and, therefore, was functional [28].

The two att regions of ICE19 were more similar to each
other in the two arsenic-resistant variants (Sup16B3 and
Bio17B3) than in CB2, due to the presence of several shared
mutations. As mentioned above, in each of these variants
the region was 63 nt long, while in CB2 it was only 49 nt
and only shared 88 % identity with the region found in the
variants. These two regions are probably important for the
excision/integration of this ICE, as described elsewhere
[46]. Interestingly, this ICE was present in the population of
the two variants both in the integrated form and the stable
excised form. Using our data, we were not able to determine
whether select cells had one copy integrated in the genome
(as in CB2), while others had excised forms, or whether
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the same cell contained both the integrated and excised
forms. Delavat and collaborators have suggested that in the
case of the Pseudomonas ICEclc, the excised and integrated
forms of ICEs do not coexist in an individual cell, because
the excision process is tightly regulated, and the two states
have different requirements, a phenomenon referred to as
bistability [46, 61]. Nevertheless, in some cases, such coex-
istence may occur when an element relies on replication
for excision (as in B. subtilis) or if mutations could impair
this bistability [46]. In our data, it appeared that the ICE19
was stable as an excised form at least in a portion of the
population in Sup16B3 and Bio17B3. Once in the excised
form, this ICE could potentially be transferred to other
bacteria. We previously tried to transfer ICE19 by conjuga-
tion from Thiomonas sp. CB2, Sup16B3 or Bio17B3 to an aio
mutant of H. arsenicoxydans, which had lost the capacity to
oxidize arsenite [62, 63], in order to select transconjugants
that exhibited arsenite oxidase activity. Unfortunately,
this approach did not work, possibly because the transfer
frequency was very low (as demonstrated in the case of
other ICEs), if post-transfer ICE19 was not integrated, or if
genes involved in arsenite oxidation were not expressed (or
inactive). In the future, several other recipient cells must be
tested to determine whether this ICE could be transferred
by conjugation.

The mutations found in the att region in Supl16B3 and
Bio17B3 could, in part, play a role in the increased propor-
tion of the cells carrying the ICE19 in an excised form.
Excision, which also requires the integrase, is performed
via recombination between the attR and attL sites. We
observed that whereas the two sites were not identical to
CB2 (6 mismatches in 49 nt), in Bio17B3 and Sup16B3 both
attL and attR are highly conserved (100% identity) over a
longer region (63 nt). We hypothesize that the excision may
be more efficient thanks to improved excisionase activity
or perhaps RecA-dependent recombination. The shortest
length of sequence homology necessary for efficient RecA-
dependent recombination can vary greatly, depending on
the bacteria, from 23 nt for E. coli, approximately 50 nt
for Ralstonia solanacearum, to approximately 70 nt for
B. subtilis [64-66]. A relationship between the flanking
region length and recombination efficiency was demon-
strated for several bacteria, and the fact that the att region
size increased from 49 to 63 nt, while the identity also
increased between both att regions, may favour the RecA-
dependent mechanism as well as site-specific recombination
and consequently the excision of the ICE19. Interestingly,
it was demonstrated that the expression of SOS genes may
influence the excision of such ICEs in some bacteria [46].
More generally, these genes might alter the role of LexA,
the regulator of the SOS response in the regulation of
genes from mobile genetic elements (MGEs) [67]. In our
experiments, under the conditions when the SOS response
was induced, variants appeared that were more resistant
to arsenite, some of which accumulated mutations in
one putative MGE (ICE19), leading to an increase in the
excision efficiency of this ICE19. Finally, the variants we
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isolated bring new opportunities to decipher the regulation
of excision and integration of ICEs and how such MGEs
could evolve in response to heavy metals or growth within
biofilm communities.
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