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Abstract

Background: Thiomonas strains are ubiquitous in arsenic-contaminated environments. Differences

between Thiomonas strains in the way they have adapted and respond to arsenic have never been

studied in detail. For this purpose, five Thiomonas strains, that are interesting in terms of arsenic

metabolism were selected: T. arsenivorans, Thiomonas spp. WJ68 and 3As are able to oxidise As(III),

while Thiomonas sp. Ynys1 and T. perometabolis are not. Moreover, T. arsenivorans and 3As present

interesting physiological traits, in particular that these strains are able to use As(III) as an electron

donor.

Results: The metabolism of carbon and arsenic was compared in the five Thiomonas strains

belonging to two distinct phylogenetic groups. Greater physiological differences were found

between these strains than might have been suggested by 16S rRNA/rpoA gene phylogeny,

especially regarding arsenic metabolism. Physiologically, T. perometabolis and Ynys1 were unable to

oxidise As(III) and were less arsenic-resistant than the other strains. Genetically, they appeared to

lack the aox arsenic-oxidising genes and carried only a single ars arsenic resistance operon.

Thiomonas arsenivorans belonged to a distinct phylogenetic group and increased its autotrophic

metabolism when arsenic concentration increased. Differential proteomic analysis revealed that in

T. arsenivorans, the rbc/cbb genes involved in the assimilation of inorganic carbon were induced in

the presence of arsenic, whereas these genes were repressed in Thiomonas sp. 3As.

Conclusion: Taken together, these results show that these closely related bacteria differ

substantially in their response to arsenic, amongst other factors, and suggest different relationships

between carbon assimilation and arsenic metabolism.
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Background
Microorganisms play an essential role in shaping the nat-
ural environment. They have evolved specific metabolic
pathways allowing them to utilise a wide range of sub-
strates, many of which are toxic to higher organisms.
Through the conversion of both anthropogenic and natu-
rally occurring pollutants to less toxic products, such
microorganisms effect widespread natural bioremedia-
tion. An important toxic compound is arsenic, a metalloid
that can cause multiple health effects including diabetes,
hypertension, skin lesions and skin and internal cancers
[1]. Arsenic occurs in soils and water bodies both natu-
rally and as a result of anthropogenic processes. A major
anthropogenic source is the mining industry, where the
processing of sulfide ores produces large quantities of
sulfidic wastes which may be rich in arsenic-bearing com-
pounds such as arsenopyrite. The weathering of these
minerals leads to the formation of acid mine drainage
(AMD), generally characterised by elevated sulfate, iron
and other metal concentrations [2], and thus the transport
of many toxic elements such as inorganic forms of arsenic,
arsenite (As(III)) and arsenate (As(V)). This often results
in chronic and severe pollution of the surrounding envi-
ronment, with a substantial reduction of the indigenous
biota.

Numerous arsenic-oxidising microorganisms, especially
Proteobacteria, are able to oxidise As(III) to As(V) in order
to detoxify their immediate environment. This biological
As(III) oxidation is of particular importance, As(III) being
more soluble and more toxic than As(V) [3]. Additionally,
in acidic environments such as those impacted by AMD,
natural remediation can occur as a result of the concurrent
oxidation of ferrous iron and arsenite, leading to the
coprecipitation of both [4]. Therefore, understanding fac-
tors that influence the competitiveness, diversity and role
of these organisms is an essential step in the development
of bioremediation systems treating arsenic contaminated
environments.

Certain bacterial strains are able to use arsenite as an elec-
tron donor. By gaining energy, as well as removing the
more toxic arsenic species, such bacteria may gain an
advantage over other microorganisms [5]. Arsenite oxi-
dase, the enzyme catalysing As(III)-oxidation, has been
well characterised in several bacterial strains [6-11]. An
important group of As(III)-oxidising bacteria belong to
the Thiomonas genus, and are ubiquitous in arsenic-con-
taminated environments [12-15]. Thiomonas strains are
able to gain energy from the oxidation of reduced inor-
ganic sulphur compounds (RISCs) [16], and are defined
as facultative chemolithoautotrophs which grow opti-
mally in mixotrophic media containing RISCs and
organic supplements. These bacteria are also capable of
organotrophic growth [17]. The original description com-

prised Thiomonas cuprina, T. intermedia, T. perometabolis
and T. Thermosulfata [17,18]. Thiomonas perometabolis was
isolated from soil at a building site in Los Angeles, U.S.A.,
as Thiobacillus perometabolis [19]. It was differentiated from
Thiobacillus intermedius (now T. intermedia, the type spe-
cies of the genus) as it was apparently unable to grow
autotrophically. However, Katayama-Fujimura and Kurai-
shi [20] have since suggested that this is not true. Recently
described species include Thiomonas. arsenivorans [21] and
the Thiomonas strains 3As [12], Ynys1 [22] and WJ68 [14].
Thiomonas sp. 3As was obtained from the Carnoulès mine
tailings, Southern France [12]. It was shown that this bac-
terium could gain energy from the oxidation of arsenic.
The presence of carboxysomes and the detection of the
cbbSL genes encoding ribulose 1,5-bisphosphate carboxy-
lase/oxygenase, led the authors propose that this strain
may be able to fix CO2. T. arsenivorans was isolated from
another arsenic-rich mine residue at the Cheni former
gold mine, Limousin, France [21]. The Cheni site is not
very acidic (pH ~6.0), but is highly contaminated with
arsenic (6.0 mg g-1 in the solid phase and ~1.33 mM in the
liquid phase) [23]. T. arsenivorans has been shown to oxi-
dise arsenic and ferrous iron, and is able to grow
autotrophically using arsenic as the sole energy source
[21]. Strain Ynys1 was isolated from ferruginous waters
which have been draining from an adit since the closure
of several coal mines near to the village of Ynysarwed,
Wales, U.K. [22]. The waters were of relatively neutral pH
(pH 6.3) with elevated iron loading (300 mg L-1) and have
led to significant pollution of the area [22]. Strain WJ68
was the dominant isolate obtained from effluent draining
all three of the compost bioreactors of a pilot-scale biore-
mediation plant receiving water from the Wheal Jane tin
mine, Cornwall, U.K. [14]. Both WJ68 and Ynys1 are
known to oxidise ferrous iron, while WJ68 has been
shown to oxidise arsenite [15].

These five strains are interesting in terms of arsenic metab-
olism: T. arsenivorans, WJ68 and 3As are able to oxidise
As(III), while Ynys1 and T. perometabolis are not. Moreo-
ver, T. arsenivorans and 3As present interesting physiolog-
ical traits, in particular that these strains are able to use
As(III) as an electron donor. However, differences
between Thiomonas strains in the way they have adapted
and respond to arsenic have never been studied further.
The connection between carbon and arsenic metabolism
in these strains, particularly inorganic carbon assimilation
and arsenite as energy source, has never been compared.
Therefore, analysis was undertaken to examine these
physiological aspects in these five Thiomonas strains.
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Results
Phylogenetic, phenotypic and genotypic analyses of the 

five Thiomonas strains

Phylogenetic analyses of amplified 16S rRNA and rpoA
gene products confirmed the occurrence of two distinct
monophyletic groups as had been suggested previously
[15]. SuperGene analysis (Figure. 1A) was performed
using concatenated 16S rRNA and rpoA gene sequences of
each strain. These results placed T. perometabolis with
WJ68 and Ynys1. Along with Thiomonas sp. 3As, these
strains grouped together in Group I, while T. arsenivorans
was part of Group II.

Various tests were carried out to examine the physiologi-
cal response of the five strains to arsenic. This was coupled
with a PCR-based approach to determine the presence of
genes involved in arsenic metabolism. In agreement with
previous data, strains 3As, WJ68 and T. arsenivorans oxi-
dised arsenite to arsenate in liquid media whereas T. per-
ometabolis and Ynys1 did not (Table 1). The aoxAB genes
encoding the arsenite oxidase large and small subunits of
Thiomonas sp. 3As and T. arsenivorans have previously
been characterised [12,24]. Positive PCR results using
primers which targeted a region of the aoxAB genes were
obtained with DNA from all strains except Ynys1 and T.

perometabolis. The aoxAB genes of WJ68 were much more
divergent than those of T. arsenivorans and 3As (data not
shown). This is in agreement with previous findings
showing that the aoxB gene of WJ68 groups neither with
T. arsenivorans nor the Group I thiomonads [10],
(Quéméneur, personal communication). The inability of
T. perometabolis and Ynys1 to oxidise arsenite further
implied that the aox operon was absent in these strains.

The MIC of As(III) for strains 3As, WJ68 and T. arsenivo-
rans was 10 mM, higher than for strains Ynys1 and T. per-
ometabolis (Table 1). Additionally, strain Ynys1 was more
sensitive to As(V) than the other strains. Arsenic resistance
in bacteria is in part due to the expression of aox genes but
also of the ars arsenic-resistance genes [8]. Among these,
arsC encodes an arsenate reductase and arsA and arsB
encode an arsenite efflux pump. Analysis of the Thiomonas
sp. 3As genome (Arsène-Ploetze & Bertin, unpublished)
revealed the presence of two copies of the arsB gene,
denoted arsB1 and arsB2. These genes were found to be
distantly related, sharing just 70.2% sequence identity. In
order to compare the occurrence, copy number and type
of ars genes present in the different Thiomonas strains, PCR
amplifications using generic arsB primers were performed.
As expected, RFLP and sequence analysis confirmed the

Phylogenetic dendrogram of the SuperGene construct of both the 16S rRNA and rpoA genes (A) of the Thiomonas strains used in this studyFigure 1
Phylogenetic dendrogram of the SuperGene construct of both the 16S rRNA and rpoA genes (A) of the Thi-
omonas strains used in this study. Ralstonia eutropha H16 served as the outgroup. Numbers at the branches indicate per-
centage bootstrap support from 500 re-samplings for ML analysis. NJ analyses (not shown) produced the same branch 
positions in each case. The scale bar represents changes per nucleotide. (B) Phylogenetic dendrogram of the arsB genes of the 
Thiomonas strains used in this study and some other closely-related bacteria. Both ML and NJ (not shown) analysis gave the 
same tree structure. The scale bar represents changes per nucleotide. Sequences obtained using the arsB1- and arsB2-specific 
internal primers were not included in the analysis as the sequences produced were of only between 200 – 350 nt in length.
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presence of the arsB1 and arsB2 genes in strain 3As (Table
1). In contrast, only the arsB1 gene could be detected
using DNA from T. perometabolis, Ynys1 and WJ68, even
when internal primers specific for the arsB2 gene were
used. Conversely, only the arsB2 gene was detected in T.
arsenivorans.

The phylogeny of the arsB1 and arsB2 genes was analysed,
excluding the sequences obtained using the arsB2 internal
primers that were too short. The arsB2 gene sequence for
strain 3As was taken directly from the annotated genome
(Arsène-Ploetze & Bertin, unpublished). The data showed
that while they are all related to the arsB genes of Lept-
ospirillum spp. and Acidithiobacillus caldus, the type 1 and
type 2 genes formed two very distinct clades and have
clearly diverged at an evolutionarily distant point in time
(Figure. 1B).

The motility of Herminiimonas arsenicoxydans, an arsenic-
oxidising bacterium is greater in the presence of arsenite
[25]. Motility tests revealed that the five Thiomonas strains
reacted differently to the metalloid (Table 1). Strain T. per-
ometabolis was found to be non-motile irrespective of
arsenite concentrations. Among the motile strains, three
distinct phenotypes were observed: those for whom
motility was not affected by arsenite concentration (strain
3As); those who showed increased motility with increas-
ing arsenite concentrations (strains T. arsenivorans and
WJ68) and those who showed decreased motility with
increasing arsenite concentration (Ynys1). WJ68 was three
to four times more motile than all of the other strains. A
concentration of 2.67 mM arsenite appeared to have an
inhibitory effect on T. arsenivorans and WJ68 motility
(data not shown).

All the physiological and genetic analyses revealed that
the response to arsenic differed in the five Thiomonas
strains; some of these differences were correlated with dif-
ferences in the genetic content.

As(III) as an energy source, and the fixation of carbon 

dioxide

Only T. arsenivorans, 3As and WJ68 were able to grow in
basal media with yeast extract as the sole energy source
(Table 1). During these growth experiments, soluble sul-
fate concentrations remained the same or decreased
slightly (data not shown), indicating that energy was
gained from the oxidation of compounds other than any
trace RISCs in the yeast extract, most probably organic car-
bon. These observations suggest that all strains except
Ynys1 and T. perometabolis are organotrophic. All strains
were able to grow in the presence of YE and thiosulfate
(Table 1). In these thiosulfate-amended cultures, sulfate
concentrations increased following incubation (data not
shown), indicating that thiosulfate had been oxidised.
This suggests that all strains were able to use this RISC as
an energy source and are therefore chemolithotrophic. In
all cases, greater growth occurred in thiosulfate-amended
cultures, suggesting that mixotrophic conditions are opti-
mal for the growth of these strains. It was however
observed that T. arsenivorans grew better in MCSM liquid
medium, whereas T. perometabolis and Ynys1 grew better
in m126 medium (3As and WJ68 grew equally well in
both; data not shown). MCSM contains 2 times less thio-
sulfate and suggests that the optimal thiosulfate concen-
tration is lower in the case of T. arsenivorans.

Only T. arsenivorans was able to grow in basal media with-
out yeast extract with either thiosulfate or arsenite as the
sole energy source (Table 1). Although direct cell enumer-
ation of T. perometabolis cultures was not possible due to
its propensity to form flocs during growth, no growth,
flocular or otherwise, was observed in the YE-free media.
The growth of T. arsenivorans was stimulated by 1.33 mM
As(III) in presence of 0.1 g L-1 yeast extract, but this posi-
tive effect was no longer detected in presence of 0.2 g L-1

yeast extract. The ability of T. arsenivorans to grow
autotrophically using As(III) as the sole energy source was
confirmed by the observation of increasing quantities of
carbon fixed as more As(III) was oxidised (Figure. 2). This
demonstrated that T. arsenivorans was able to use energy
gained from the oxidation of As(III) to fix inorganic car-
bon. In contrast, strain 3As was unable to fix inorganic
carbon under the same conditions (in MCSM), as 1.33
mM As(III) was found to inhibit growth in presence of 0.1
or 0.2 g L-1 yeast extract (Table 1), and this strain was una-
ble to grow in presence of As(III) as the sole energy source.

Figure 2 shows an essentially linear relationship between
carbon fixed and arsenic oxidised, corresponding to 3.9

Carbon fixed as a product of As(III) oxidised by T. arsenivo-ransFigure 2
Carbon fixed as a product of As(III) oxidised by T. 
arsenivorans. Error bars, where visible, show standard devi-
ation; n = 3 for each data point.
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Table 2: Arsenic-induced or repressed proteins in T. arsenivorans and Thiomonas sp. 3As.

Functional class Metabolic pathway Gene Protein Induction/repression by Asa

T. arsenivorans Thiomonas sp. 3As

Energy and carbon 
metabolism

Calvin Cycle rbcL Ribulose-1,5-bisphosphate carboxylase/
oxygenase large subunit

+ -

cbbFC1 Fructose-1,6-bisphosphatase + 0

cbbA1 Fructose biphosphate aldolase 0 -

TCA cycle/reductive 
carboxylate cycle

icd Isocitrate dehydrogenase, specific for 
NADP+

+ 0

Glyoxylate and 
dicarboxylate metabolism

aceB Malate synthase A + 0

gltA Citrate synthase + 0

aceA Isocitrate lyase 0 +

/ Tartrate dehydrogenase/decarboxylase 
(TDH) (D-malate dehydrogenase 

[decarboxylating])

0 +

Glycolyse/gluconeogenesis ppsA Phosphoenolpyruvate synthase + -

aceE Pyruvate dehydrogenase E1 component + -

lpdA Dihydrolipoyl dehydrogenase 
(Pyruvate dehydrogenase E3 component)

+ 0

eno2 Enolase 0 -

Thiosulfate oxydation / Putative sulfur oxidation protein SoxB 0 -

Cellular processes, 
transport and binding 

proteins

Arsenic resistance arsA2 Arsenical pump-driving ATPase + 0

arsC1 Arsenate reductase 0 +

High temperature 
resistance

hldD ADP-L-glycero-D-manno-heptose-6-
epimerase

+ 0

General stress groL GroEL, 60 kDa chaperonin + 0

Other stresses ahpF Alkyl hydroperoxide reductase subunit F 0 -

Twitching/motility/
secretion

/ Putative methyl-accepting chemotaxis 
protein

0 -

/ Putative type IV pilus assembly protein PilM 0 -

Cell division / Putative cell division protein 0 -

DNA metabolism, 
transcription and 
protein synthesis

DNA bending, supercoiling, 
inversion

gyrA DNA gyrase subunit A + -

RNA degradation pnp Polyribonucleotide nucleotidyltransferase + -

Protein synthesis fusA Elongation factor G (EF-G) + 0

tufA Elongation factor Tu + 0

rpsB 30S ribosomal protein S2 + 0

rpsA 30S ribosomal protein S1 0 -

a + and -: these proteins are more or less abundant in the presence of As(III), respectively. 0: no difference observed (for details, see Additional File 1).
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mg C fixed for 1 g of As(III) oxidised, i.e. 0.293 mg C fixed
mM-1 As(III). It requires 40 J to produce 1 mg of organic
carbon cellular material from CO2 [26]. The energy pro-
duced from the oxidation of As(III) with O2 is 189 J
mMol-1 [27]. As a consequence, if 100% of this energy was
used for carbon fixation, 4.73 mg C would be fixed for 1
mM As(III) oxidised. Thus, in this experiment, 6% of the
energy available from arsenic oxidation was used for car-
bon fixation. This result is in accordance with the 5 to
10% range of efficiency for carbon fixation by various
autotrophic bacteria [26].

Enzymes involved in carbon metabolism and energy 

acquisition are expressed differently in T. arsenivorans 

and 3As in response to arsenic

Protein profiles expressed in MCSM or m126 media, in
the presence and absence of arsenic were compared in

each strain (Figure. 3, Table 2 and see Additional file 1).
In both strains, arsenic-specific enzymes (ArsA2 in T.
arsenivorans, ArsC1 in 3As) were more abundant in the
presence of As(III), suggesting that a typical arsenic-spe-
cific response occurred in both strains. ArsA2 is part of the
efflux pump with ArsB2 and is encoded by the ars2
operon. Moreover, expression of a putative oxidoreduct-
ase (THI3148-like protein) was induced in the presence of
arsenic. This protein is conserved in At. caldus, with 90%
amino-acid identity (Arsène-Ploetze & Bertin, unpub-
lished). The At. caldus gene encoding this THI3148-like
protein is embedded within an ars operon. This protein is
also conserved in more than 56 other bacteria, for exam-
ple in Mycobacterium abscessus (51% identity) and Lactoba-
cillus plantarum (48% identity). In these two cases the
corresponding gene was also found in the vicinity of ars
genes.

Differential proteomic analysis in T. arsenivorans and Thiomonas sp. 3As strains, in response to As(III)Figure 3
Differential proteomic analysis in T. arsenivorans and Thiomonas sp. 3As strains, in response to As(III). On the gel 
presented are extracts obtained from (A) T. arsenivorans or (B)Thiomonas sp. 3As cultivated in the absence (left) or in the pres-
ence (right) of 2.7 mM As(III). Spots that are circled showed significant differences of accumulation pattern when the two 
growth conditions were compared. Protein sizes were evaluated by comparison with protein size standards (BenchMark™ 
Protein Ladder, Invitrogen).
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The expression of several proteins involved in other met-
abolic pathways changed, suggesting that in the presence
of arsenic, the general metabolism of T. arsenivorans and
3As was modified. Indeed, enzymes involved in glyoxy-
late metabolism were more abundant in the presence of
arsenic, suggesting that expression of such proteins is reg-
ulated in response to arsenic in both strains. However,
several changes observed were clearly different between
both strains. In T. arsenivorans, two proteins involved in
CO2 fixation (ribulose-1,5-biphosphate carboxylase
(RuBisCo) and fructose-1,6-biphosphatase) were more
abundant when cells were grown in the presence of
arsenic, whereas in Thiomonas sp. 3As, such proteins were
less abundant in the presence of As(III). In addition to
these proteins, it was observed that enzymes involved in
major carbon metabolism (glycolysis, neoglucogenesis)
or energy metabolism (thiosulfate oxidation, oxidative
phosphorylation) were less abundant in 3As in the pres-
ence of As(III). This observation correlated with the phe-
notypic observation that the strain 3As grew better in the
absence of arsenic (Table 1).

Discussion
Two groups could be distinguished within the Thiomonas
strains studied: Group I comprises all the strains in this
study except T. arsenivorans, which is part of a second
group, Group II. As described by Moreira and Amils [17],
all of the strains grew better in mixotrophic media con-
taining both thiosulfate and organic supplements, and
used RISCs as an energy source. This suggests that lithotro-
phy is a general characteristic of the Thiomonas genus. In
contrast, neither strain Ynys1 nor T. perometabolis could
grow organotrophically in the absence of a reduced sulfur
compound, suggesting that, despite previous findings, fac-
ultative organotrophy is not a general property of the Thi-
omonas genus. To improve our understanding of these
important arsenic-resistant bacteria, several metabolic
and genetic properties were investigated. It appears that
much greater physiological differentiation regarding
arsenic response was possible between these Thiomonas
strains than may have been previously suggested. Clearly
organisms that are phylogenetically close can differ greatly
physiologically, in particular concerning specific meta-
bolic traits such as the metabolism of arsenic. For exam-
ple, the effects of arsenic on the motility of all strains
appeared to be somewhat random, and cannot easily be
related to any of the phylogenetic or physiological data
obtained. It is worth noting that both T. arsenivorans and
WJ68 strains exhibited increased motility in the presence
of arsenic. This may indicate a potential energetic role of
the element for these strains, as proposed for the arsenic-
oxidising bacterium, H. arsenicoxydans [25].

Other physiological divergences concern arsenic resist-
ance. Ynys1 and T. perometabolis were approximately twice

as sensitive to As(III) as the other strains. Moreover, the
inhibitory effect of arsenite on Ynys1 motility suggests a
greater susceptibility of this strain to the metalloid. This
could be due to the absence of aox or ars genes. Indeed,
these two strains are unable to oxidize As(III), probably as
they lack aox genes. Moreover, arsB2 genes were not
detected in Ynys1 and T. perometabolis. Therefore, it is
probable that these two strains have only a single set of
arsenic resistance genes that can be expressed. Interest-
ingly, WJ68 was found to be equally resistant to arsenic as
these strains, yet no arsB2 gene could be amplified by
PCR. The same is true for T. arsenivorans, for which no
arsB1 gene was detected by PCR, yet it was again as resist-
ant as those strains shown to possess both the ars1 and
ars2 operons. One possible explanation is that WJ68 pos-
sesses two copies of the ars1 operon and T. arsenivorans
has two copies of the ars2 operon. Alternatively, the
higher resistance capacities of T. arsenivorans, Thiomonas
sp. 3As, and WJ68, as compared to Ynys1 and T. perome-
tabolis may be due to greater As(III) oxidation capacity of
these strains.

The arsenic response observed in T. arsenivorans and 3As
revealed that the proteins involved in arsenic resistance
(ars genes) were more highly expressed in the presence of
arsenic, as shown previously for H. arsenicoxydans [25,28],
Pseudomonas aeruginosa [29] and Comamonas sp. [30].
Therefore, such a feature seems to be a common arsenic
response. In H. arsenicoxydans, other proteins that were
shown to be more abundant in the presence of arsenic
were involved in oxidative stress, DNA repair and motil-
ity. In this study, such proteins (hydroperoxide reductase,
methyl-accepting chemotaxis protein, PilM) were induced
in Thiomonas sp. 3As whereas in T. arsenivorans, only gen-
eral stress proteins were induced. These observations sug-
gest that the response to the stress induced by arsenic
involves different regulatory mechanisms in 3As and T.
arsenivorans. Contrary to this arsenic-specific response, the
other arsenic-regulated proteins identified in the Thi-
omonas strains did not share a similar expression pattern
with other arsenic-resistant bacteria. Thus it appears that
while there may be a common arsenic response between
all the bacteria, the general metabolism may be differen-
tially adapted to each environment from which these
strains originated. In particular, T. arsenivorans has unique
traits in terms of arsenic, carbon and energy metabolism
that distinguish it from the other strains examined.

Thiomonas arsenivorans can grow autotrophically using
either As(III) or thiosulfate as the sole energy source. Sur-
prisingly, the differential protein expression analysis
revealed that even in the presence of yeast extract, proteins
involved in CO2 fixation through the Calvin-Benson-Bas-
sham cycle and enzymes involved in the glycolysis/
neoglucogenesis were expressed. In addition, it was
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shown in the present study that T. arsenivorans induces
expression of carbon fixation-specific enzymes in the pres-
ence of arsenic. This observation was correlated with an
increased CO2 fixation efficiency when arsenic concentra-
tion increased. This suggests that an increase in cbb genes
expression in the presence of arsenic improves its capacity
to fix CO2. On the other hand, the opposite observation
was seen with Thiomonas sp. 3As. Therefore, the proteomic
results obtained from the present study suggest that these
two Thiomonas strains react differently to their arsenic-
contaminated environments. The other differences
observed concern DNA metabolism, transcription and
protein synthesis. It appears that, in the presence of
arsenic, T. arsenivorans is still able to express proteins
required for optimal growth whereas 3As is not.

Conclusion
These observations revealed that carbon assimilation,
energy acquisition and arsenic metabolism of these strains
are linked. However, they do not share a common mech-
anism, since metabolisms required for growth and carbon
assimilation are stimulated in T. arsenivorans in the pres-
ence of arsenic, but repressed in Thiomonas sp. 3As. Fur-
ther work is needed to test if a common mechanism
occurs to regulate carbon assimilation and arsenic
response in other Thiomonas strains. However, to our
knowledge, this is the first example of such a link between
arsenic metabolism and carbon assimilation.

Methods
Culture media

All strains except T. arsenivorans were routinely cultured
on m126 (modified 126 medium) gelled or liquid
medium. Medium m126 contains: (g L-1) yeast extract
(YE; 0.5); Na2S2O3 (5.0); KH2PO4 (1.5); Na2HPO4 (4.5);
MgSO4·7H2O (0.1); (NH4)Cl (0.3), adjusted to pH 5.0
with H2SO4 prior to sterilisation. T. arsenivorans was rou-
tinely cultured on a modified MCSM medium (MCSM)
[31] with vitamins and trace elements omitted, yeast
extract added to a final concentration of 0.5 g L-1 and
Na2S2O3 to a final concentration of 2.5 g L-1. Variations of
these media included omitting yeast extract and/or thio-
sulfate. Where no yeast extract was included, trace ele-
ments were added, as described previously [32]. Where
required, the media were gelled by the addition of 12 g L-

1 agar (final concentration). Arsenite (As(III)) and arse-
nate (As(V)) were added to media to the desired concen-
tration from sterile stocks of 667.4 mM of the metalloid
ion in ddH2O, from NaAsO2 (Prolabo) and
Na2HAsO4·7H20 (Prolabo) salts, respectively.

Physiological tests

Minimum inhibitory concentration (MIC) experiments
were performed using gelled media, amended with a
range of concentrations of either arsenite or arsenate.

Concentrations of 10, 5.0, 2.25, 1.25 and 0 mM As(III) or
100, 50, 25, 12.5, 6.3 and 0 mM As(V) were tested at 30°C
for up to 10 days. The ability of each strain to oxidise
arsenite was tested in triplicate, in liquid media amended
with 0.67 mM arsenite. Detection of As(III) and As(V) was
performed by inductively coupled plasma-atomic emis-
sion spectrometry (ICP-AES) as described by Weeger et al.
[33]. To test the ability of each strain to grow in the
absence of a reduced inorganic sulfur source or organic
carbon source, pre-cultures grown in standard media were
harvested by centrifugation at 10 K g for 10 min, washed
and resuspended in a basal medium (m126 medium with
no thiosulfate or yeast extract). These were then used to
inoculate the test liquid media and incubated at 30°C for
10 days. Soluble sulfate concentrations were determined
turbidimetrically by the formation of insoluble barium
sulfate, as described by Kolmert et al. [34]. Bacterial
growth in media containing YE was assessed using optical
density at 600 nm. Viable cell counts were used to meas-
ure growth in the media lacking YE, as described by Miles
and Misra [35] using appropriate gelled media, as the
autotrophic growth yield would be much lower. Where YE
was omitted, the media contained either the normal con-
centration of thiosulfate or 5.33 mM arsenite (or 2.67 mM
for those strains sensitive to arsenite) as an electron
donor. In the case of arsenite-amended media, pre-cul-
tures were grown in the presence of 2.67 mM arsenite.

To determine autotrophic growth yield as a product of
As(III) oxidised, triplicate cultures were grown in liquid
MCSM without YE or thiosulfate containing either 0.66 or
1.33 mM As(III), at 25°C in static conditions. To test con-
centrations greater than 1.33 mM, initial cultures contain-
ing 1.33 mM As(III) were inoculated. As soon as the
As(III) had been oxidised, more As(III) was added from a
concentrated (0.13 M) stock solution to a final concentra-
tion of 1.33 mM. Once this had been oxidised, the process
was repeated until the desired total quantity of As(III) had
been added. The oxidation of As(III) to As(V) was ana-
lysed as described by Battaglia-Brunet et al. [31]. The pH
was adjusted to pH 6.0 using a sterile NaOH solution
before each As(III) addition. Once all of the As(III) had
been oxidised, each culture was centrifuged at 10 kg for 15
min and the pellet resuspended in 10 mL MCSM. The
total organic carbon concentration of this suspension was
analysed using an OI ANALYTICAL 1010 apparatus
according to the AFNOR NF EN 1484 method. The influ-
ence of As(III) on final cell concentration in the presence
of an organic substrate was determined with strains 3As
and T. arsenivorans in MCSM complemented with 0.1 or
0.2 g L-1 yeast extract. Final cell concentration was deter-
mined by measuring optical density at 620 nm.

Strain motility was assessed using growth media supple-
mented with 0.3% agar as described previously [36].
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Three separate cell cultures of each strain were analysed in
triplicate.

Differential protein expression analysis

T. arsenivorans and Thiomonas sp. 3As strains were grown
in MCSM and m126, respectively, with or without 2.7
mM As(III). Cells were harvested by centrifugation (7 K g,
10 min, 4°C). Cell lysis was performed as described pre-
viously [37]. Proteins were precipitated using the 2-D
Clean-up kit (Amersham Biosciences) and resuspended in
rehydratation buffer (364 g L-1 thiourea, 1000 g L-1 urea,
25 g L-1 CHAPS, 0.6% (v/v) IPG buffer Pharmalyte, 10 g L-

1 DTT and 0.01% (w/v) bromophenol blue). Protein con-
centration was determined using the 2-D Quant kit
(Amersham Biosciences).

Three hundred  g of this extract were loaded onto an 18
cm pH 4–7 IPG strip using the cup-loading technique
(manifold, GE Healthcare Biosciences, Australia). IEF was
conducted using the IPGPhor system (10 min at 150 V, 10
min at 500 V, 10 min at 1,000 V, 1.5 h at 4,000 V, and 4
to 5 h at 8,000 V, total = 50 kVh; GE Healthcare Bio-
sciences, Australia). The second dimension was per-
formed on 11.5% SDS-PAGE, using the EttanDAlt system
(GE Healthcare Biosciences, Australia). Gels were stained
with Colloidal Brilliant Blue (CBB), and digitised using an
Image Scanner (Amersham Pharmacia) and the LabScan
software (v 3.0, Amersham Pharmacia Biotech). Differen-
tial protein expression analysis was performed using the
ImageMaster 2D platinum software (v. 6.01, GE Health-
care Biosciences, Australia), as previously described [37].
Only spots with a Student's-t value greater than 2 (P value
less than 0.05) and ratio greater than 2 were analysed. The
selected spots were cut from the 2D-gel. Destaining,
reduction/alkylation steps by the liquid handling robot
QuadZ215 (Gilson International, France) and analyses by
MALDI-TOF were performed as previously described [37].
Tryptic mass searches retained only data with up to one
missed tryptic cleavage and optional methionine oxida-
tion, with mass accuracy limited to 50 ppm. If necessary,
unidentified proteins were subjected to Nano LC-MS/MS
analysis. The resulting digest solution was diluted 1:4 into
Nano HPLC solvent A (97.9% H2O, 2% ACN and 0.1%
(v/v) HCOOH). The digested proteins were analysed

using a CapLC capillary LC system (Waters, Altrincham,
UK) coupled to a hybrid quadrupole orthogonal accelera-
tion time-of-flight tandem mass spectrometer (Q-TOF
Micro, Waters). Diluted sample (5  L) was first loaded,
concentrated and cleaned up onto a C18 PepMap precol-
umn cartridge (LC Packings) and then separated on-line
by the analytical reversed-phase capillary column
(NanoEase C18, 75  m i.d., 15 cm length; Waters) with a
200  L min-1 flow rate. The gradient profile used consisted
of a linear gradient from 97% A (97.9% H2O, 2% ACN
and 0.1% (v/v) HCOOH) to 95% B (98% ACN, 1.9%
H2O and 0.1% (v/v) HCOOH) for 45 min followed by a
linear gradient to 95% B for 3 min. Internal calibration
was assumed by the Lockspray module (Waters) that
switches to a reference source (leucine enkephalin M2+ =
556.2551 m/z) every 10 seconds during the acquisition
run. The spray system (liquid junction) was used at 3.6
kV. Mass data acquisitions were piloted by MassLynx 4.0
software (Waters). Nano-LC-MS/MS data were collected
by data-dependent scanning, that is, automated MS to
MS/MS switching. Fragmentation was performed using
argon as the collision gas and with a collision energy pro-
file optimised for various mass ranges of ion precursors.
Four ion precursors were allowed to be fragmented at the
same time. Mass data collected during a NanoLC-MS/MS
analysis were processed automatically with the ProteinL-
ynx Process (Waters) module. Data analysis was per-
formed with Mascot (Matrix Science Ltd., London, U.K.)
against the in-house Thiomonas sp. 3As protein database
with carbamidomethylation (Cys), oxidation (Met), 0.25
Da mass error and one miss cleavage. All identifications
were incorporated into the "InPact" proteomic database
developed previously http://inpact.u-strasbg.fr/~db/[38].

Molecular microbiology

DNA was extracted and purified from liquid cultures of
pure isolates using the Wizard genomic DNA extraction
kit (Promega, U.S.A.). The 16S rRNA genes were amplified
by PCR using the 27f:1492r primer pair [39]. A 743 nt-
long fragment of the rpoA gene of each organism was
amplified using the rpoAf2a:rpoAr2a primer pair (GGB-
GTGSTCCACGARTAY and GCRAGSACTTCCTTRATYTC,
respectively). The aoxAf:aoxABr primer pair (TGYACCCA-
YATGGGMTGYCC and CSATGGCTTGTTCRGTSASGTA,

Table 3: PCR target and GenBank Accession IDs for strains used in this study.

Strain 16S rpoA aoxAB arsB1 arsB2

3As AM492684a EU339226 EU339209 EU339214 EU339217

Ynys1 AF387302a EU339223 n/d EU339216 n/d

WJ68 AY455805a EU339224 EU339213 n/s n/d

T. arsenivorans AY950676a EU339231 EU304260a n/d EU339222

T. perometabolis AY455808a EU339230 n/d EU339215 n/d

a Accession IDs from other studies; n/d, no data; n/s, sequence not submitted: the arsB1 and arsB2 sequences obtained with the internal primers 
were short and therefore were not submitted to the GenBank sequence repository.
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respectively) were used to amplify 1451 nt of the aoxA and
aoxB genes, including the short (~27 nt) intragenic region.
The generic arsBf:arsBr primer pair (GGTGTGGAA-
CATCGTCTGGAAYGCNAC and CAGGCCGTACACCAC-
CAGRTACATNCC, respectively) were designed to amplify
between 740 and 760 bp of both copies of the arsB gene
in all Thiomonas strains. Following subsequent analysis,
arsB1- and arsB2-specific internal forward and reverse
primers were designed. The arsB1i2f:arsB1i2r primer pair
(TGGCGTTCGTGATGGCNTGCGG and CACCG-
GAACACCAGCGSRTCYTTRAT, respectively) amplified
268 bp of the arsB1 gene, whereas the arsB2i2f:arsB2i1r
primer pair (TGGCCGTGGCCTGTTYGCNTTYYT and
ACCCAGCCAATACGAAAGGTNGCNGGRTC, respec-
tively) amplified 417 bp of the arsB2 gene. Virtual diges-
tions of the arsB1 and arsB2 genes of strain 3As suggested
that the two genes should be differentiated by restriction
fragment length polymorphism (RFLP) analysis using the
restriction enzyme RsaI.

Phylogenetic analysis

Sequences were aligned using the ClustalX alignment pro-
gramme [40]. SuperGene analysis was performed by con-
catenating the 16S rRNA and rpoA gene sequences of each
organism, to improve the phylogenetic analysis as pro-
posed recently [41]. Neighbour-Joining trees were con-
structed using ClustalX, with bootstrap values determined
from 1000 replications. Maximum likelihood (ML) trees
were constructed using the PhyML algorithm [42]. The
ModelGenerator programme [43] was used to select the
optimal nucleotide substitution model for ML analysis.
Bootstrap values were determined from 500 replications.
A list of sequences generated during this study and their
GenBank Accession IDs can be found in Table 3.
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Durance, France, 6 Institut de Génomique, CEA-DSV, Génoscope, Evry, France, 7 Environnement et Procédés, Ecotechnologie, BRGM, Orléans, France, 8 Laboratoire
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Adaptation, Pathogénie, CNRS-INSA-UCB UMR 5240, Université Lyon 1, Villeurbanne, France, 12Génétique des Génomes Bactériens, URA2171, Institut Pasteur, Paris,

France

Abstract

Bacteria of the Thiomonas genus are ubiquitous in extreme environments, such as arsenic-rich acid mine drainage (AMD).
The genome of one of these strains, Thiomonas sp. 3As, was sequenced, annotated, and examined, revealing specific
adaptations allowing this bacterium to survive and grow in its highly toxic environment. In order to explore genomic
diversity as well as genetic evolution in Thiomonas spp., a comparative genomic hybridization (CGH) approach was used on
eight different strains of the Thiomonas genus, including five strains of the same species. Our results suggest that the
Thiomonas genome has evolved through the gain or loss of genomic islands and that this evolution is influenced by the
specific environmental conditions in which the strains live.
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Introduction

In environments such as those impacted by acid mine drainage

(AMD), high toxic element concentrations, low levels of organic

matter and low pH make growth conditions extreme. AMD is

generally characterized by elevated sulfate, iron and other metal

concentrations, in particular, inorganic forms of arsenic such as

arsenite (As(III)) and arsenate (As(V)) [1,2]. While these waters are

toxic to the majority of prokaryotic and eukaryotic organisms, a

few Bacteria and Archaea are not only resistant to but also able to

metabolize some of the toxic compounds present [1]. Members of

the Thiomonas genus are frequently found in AMD and AMD-

impacted environments, as Thiomonas sp. 3As and ‘‘Thiomonas

arsenivorans’’ [2–6]. These Betaproteobacteria have been defined as

facultative chemolithoautotrophs, which grow optimally in

mixotrophic media containing reduced inorganic sulfur com-

pounds (RISCs) and organic supplements. Some strains are

capable of autotrophic growth and others are capable of

organotrophic growth in the absence of any inorganic energy

source [5,7,8]. Recently described species and isolates include

‘‘Tm. arsenivorans’’ [9], Tm. delicata [10], Thiomonas sp. 3As [5] and

Ynys1 [11]. Thiomonas sp. 3As as well as other recently isolated

strains from AMD draining the Carnoulès mine site (southeastern

France) containing a high arsenic concentration (up to 350 mg

L21) [3,12], present interesting physiological and metabolic

capacities, in particular an ability to oxidize As(III).

Over the past few years an increasing number of genomes has

been sequenced, revealing that bacterial species harbor a core

PLoS Genetics | www.plosgenetics.org 1 February 2010 | Volume 6 | Issue 2 | e1000859



genome containing essential genes and a dispensable genome

carrying accessory genes [13]. Some of these accessory genes are

found within genomic islands (GEIs) [14] and have been acquired

by horizontal gene transfer (HGT). These GEIs are discrete DNA

segments (from 10 to 200 kbp) characterized by nucleotide

statistics (G+C content or codon usage) that differ from the rest

of the genome, and are often inserted in tRNA or tRNA-like

genes. Their boundaries are frequently determined by 16–20 bp

(up to 130 bp) perfect or almost perfect direct repeats (DRs). These

regions often harbor functional or cryptic genes encoding

integrases or factors involved in plasmid conjugation or related

to phages. GEIs encompass other categories of elements such as

integrative and conjugative elements (ICE), conjugative transpo-

sons and cryptic or defective prophages. Such GEIs are self-mobile

and play an important role in genome plasticity [14]. In almost all

cases, GEIs have been detected in silico, by the comparison of

closely related strains. Nevertheless, the role of GEIs in genome

plasticity has also been experimentally demonstrated in several

pathogenic bacteria such as Staphylococcus aureus or Yersinia

pseudotuberculosis [15,16] or in Pseudomonas sp. strain B13 isolated

from a sewage treatment plant [17].

Deciphering dispensable genomes has revealed that the loss or

gain of genomic islands may be important for bacterial evolution

[18]. Indeed, these analyses allow the determination of the genome

sequence, called pan-genome or supragenome, not just of

individual bacteria, but also of entire species, genera or even

bacterial kingdom [19,20]. These data result in debates on

taxonomic methods used to define the bacterial species [21,22],

e.g. pathogens such as Streptococcus agalactiae [21,23] or environ-

mental bacteria such as Prochlorococcus [24,25] or Agrobacterium [26].

However, beyond these well-known and cultivable microorgan-

isms, the diversity of bacteria, in particular those found in extreme

environments, has hitherto been comparatively poorly studied.

Genome analysis of such extremophiles may yet reveal interesting

capacities since these bacteria may express unexpected and

unusual enzymes [27]. Since the role of GEIs in extremophiles

has not been yet well explored, little is known about their

evolution.

In the present study, the genome of Thiomonas sp. 3As was

sequenced and analyzed. It was next compared to the genome of

other Thiomonas strains, either of the same species or of other

species of the same genus. This genome exploration revealed that

Thiomonas sp. 3As evolved to survive and grow in its particular

extreme environment, probably through the acquisition of GEIs.

Results

General Features of the Thiomonas sp. 3As Genome
The genome of Thiomonas sp. 3As comprises a 3.7 Mbp circular

chromosome and a 46.8 kbp plasmid (Table 1). The single circular

chromosome contains 3,632 coding sequences (CDSs) (Table 1,

Figure S1A). The mean G+C content of the Thiomonas sp. 3As

genome is 63.8%. However, the distribution along the genome

revealed several regions with a G+C content clearly divergent

from this mean value (Figure S1). This suggests that several

genomic regions are of exogenous origin. Indeed, 196 genes

having mobile and extrachromosomal element functions were

identified in the genome, among which a total of 91 ISs (Figure

S1A, Table S1) representing 2.5% of total CDS. None of these ISs

were found as part of composite transposons, while several were

identified as neighbors of phage-like site-specific recombinases.

The plasmid, pTHI, contains 68 predicted CDS. 21 genes were

found in synteny with genes carried by the R. eutropha JMP134

plasmid pJP4, and among them, par/trf/pem genes necessary for

plasmid partitioning, stability and replication (Figure S1B). These

observations suggest that pTHI, as JMP134, belongs to the IncP-

1b group [28]. pTHI contains 13 of the 14 genes involved in

conjugation (vir and tra genes) and genes that could fulfill the

function of the missing components were found on the

chromosome. Therefore, Thiomonas sp. 3As may be able to express

a complete Type IV secretory system (T4SS) of the Vir/Tra type

required for pTHI conjugal transfer. IncP-1b members are known

to carry multi-resistance determinants and degradative cassettes

[28], and plasmid pTHI indeed carries a Tn3-related transposon.

This transposon contains part of a mercury resistance operon

found in many other Gram negative bacterial transposon such as

Tn21, Tn501 and Tn5053 [29].

Carbon and Energy Metabolism
Thiomonas sp. 3As is able to use organic compounds as a carbon

source or electron donor [5,8]. However, under certain conditions

this bacterium may also be able to grow autotrophically [5]. A

complete set of cbb/rbc/cso genes involved in carbon fixation via the

Calvin cycle, and genes involved in glycogen, starch and

polyhydroxybutyrate (PHB) biosynthesis pathways were identified

(Figure 1 and [5]). Fructose, glucose, several amino acid, C4-

dicarboxylates, propionate, acetate, lactate, formate, ethanol and

glycerol are potential carbon sources or electron donors, since

genes involved in their import or degradation via the glycolysis, the

Entner-Doudoroff, the TriCarboxylic Acid (TCA) or the ‘‘rubisco

shunt’’ pathways are present in the genome. The presence of all

genes involved in the oxidative phosphorylation pathway (Figure 1)

suggests that Thiomonas sp. 3As has a respiratory metabolism.

Moreover, since several genes coding for terminal oxidases (i.e.

cbb3, bd or aa3) were found, this respiratory metabolism may occur

over a wide range of oxygen tensions. Finally, the presence of a

nitrate reductase and of several formate dehydrogenases suggests

that Thiomonas sp. 3As is able to use nitrate anaerobically as an

electron acceptor and formate as electron donor. In the absence of

carbohydrates, Thiomonas sp. 3As is a chemolithotroph and may

use reduced inorganic sulfur compounds (RISCs) as an electron

donor [5]. The presence of soxRCDYZAXB, dsr, sorAB, sqr and fccAB
genes revealed that Thiomonas can oxidize thiosulfate, sulfite, S0 or

H2S to sulfate (Figure 1) [30,31].

Adaptive Capacities of Thiomonas sp. 3As to Its Extreme
Environment
Thiomonas sp. is a moderate acidophile. Its optimum pH is 5 but

this bacterium can withstand to pH as low as 2.9 (Slyemi, Johnson

Author Summary

Recent advances in the field of arsenic microbial metab-
olism have revealed that bacteria colonize a large panel of
highly contaminated environments. Belonging to the order
of Burkholderiales, Thiomonas strains are ubiquitous in
arsenic-contaminated environments. The genome of one
of them, i.e. Thiomonas sp. 3As, was deciphered and
compared to the genome of several other Thiomonas
strains. We found that their flexible gene pool evolved to
allow both the surviving and growth in their peculiar
environment. In particular, the acquisition by strains of the
same species of different genomic islands conferred heavy
metal resistance and metabolic idiosyncrasies. Our com-
parative genomic analyses suggest that the natural
environment influences the genomic evolution of these
bacteria. Importantly, these results highlight the genomic
variability that may exist inside a taxonomic group,
enlarging the concept of bacterial species.

Thiomonas Genome Diversity
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and Bonnefoy, personal communication). Thiomonas sp. 3As pH

homeostasis mechanisms may therefore be strictly controlled as

previously described [32,33]. First, genes encoding a potassium-

transporting P type ATPase (kdpABC) are present in the Thiomonas

sp. 3As genome. This ATPase could be involved in the generation

of a positive internal potential produced by a greater influx of

potassium ions than the outward flux of protons. Second, to

strengthen the membrane, likely by lowering membrane proton

conductance, Thiomonas sp. has cyclopropane fatty acids [5].

Accordingly, two putative cfa genes encoding cyclopropane fatty

acid synthase have been detected. Third, cytoplasmic buffering

can be mediated either by amino acid decarboxylation and/or by

polyphosphate granules. Genes encoding decarboxylases for lysine

(4 CDS), phosphatidyl serine and glycine are present on Thiomonas

sp. 3As genome. Moreover, urea (formed from arginine by

arginase) may be degraded by urease (ure genes) or urea

carboxylase and allophanate hydrolase. Urease encoding genes

are known to be involved in acid tolerance in Helicobacter pylori [34].

Protons may be captured during polyphosphate synthesis.

Polyphosphate granules have indeed been observed in electron

micrographs of thin sections of Thiomonas sp. 3As [5]. Genes

involved in such mechanisms (ppk, pap, ppx) were found in 3As

genome. Fourth, primary and secondary proton efflux transporters

were predicted by genome sequence analysis, including four

putative Na+/H+ exchangers and voltage gated channels for

chloride involved in the extreme acid resistance response in E. coli

(clcAB) [35]. Finally, the elimination of organic acids can lead to

pH homeostasis. Some organic acid degradation pathways have

been detected in Thiomonas sp. such as an acetyl-CoA synthetase-

like. Moreover, formate oxidation was observed (Slyemi, Johnson

and Bonnefoy, personal communication) and two formate

dehydrogenases are encoded by the Thiomonas sp. 3As genome,

these enzymes could convert acetate to acetyl-CoA and formate to

CO2 and hydrogen, respectively.

The Carnoulès AMD contains a high concentration of heavy

metals such as zinc or lead. To resist to heavy metals, bacteria

usually develop several resistance mechanism including toxic

compounds extrusion pumps [36] or biofilm synthesis [37].

Flagella are important for the first steps of biofilm formation and

all genes involved in motility, twitching and chemotaxis, were

found in its genome. Thiomonas sp. 3As is motile but, unlike H.

arsenicoxydans, this motility was not affected by arsenic concentra-

tion (Table S2, [38]). Finally, Thiomonas sp. 3As is able to

synthesize exopolysaccharides (Table S2), and one eps operon

involved in their synthesis was identified in the genome, as well as

two mdoDG clusters involved in glucan synthesis. Several genes

Table 1. General genome and plasmid features.

Molecule Category Feature Value

Plasmid General characteristics Size (bp) 46,756

GC content (%) 60.49

Coding density (%) 88.19

Predicted CDSs 68

Proteins with predicted function Percent of total CDSs 48.52

Secretion (%) 11.76

Partitioning 2.94

Replication, recombination 8.82

Inorganic ion transport and metabolism (Hg) 2.94

Proteins without predicted function Conserved hypothetical proteins (%) 13.24

No homology to any previously reported sequences (%) 38.24

Percent of total CDSs 51.48

Genome General characteristics Size (bp) 3,738,778

GC content (%) 63.8

Coding density (%) 90.01

16S-23S-5S rRNA operons 1

tRNAs 43

Predicted CDSs 3,632

Proteins with predicted function Percent of total CDSs 74.2

Heavy metal resistance (%) 1.6

Related to arsenic metabolism/transport (%) 0.6

Proteins without predicted function Conserved hypothetical proteins (%) 13.54

Hypothetical proteins (%) 11.95

Percent of total CDSs 25.8

Mobile and extrachromosomal element functions Percent of total CDSs 5.4

Transposases (nb CDSs) 101

Phage related (nb CDSs) 61

Repeated regions (%) 7.62

doi:10.1371/journal.pgen.1000859.t001
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conferring resistance to cadmium, zinc, silver, (cad, czc, and sil

genes), chromium (chr genes), mercury (2 mer operons encoding

both MerA reductase but no organomercury lyase MerB), copper

(cop and cus genes) and tellurite (transporters THI_0898-0899) are

likely involved in Thiomonas sp. 3As heavy metal resistance

(Figure 1). Arsenic resistance in bacteria is partly due to the

expression of ars genes, among which, arsC encodes an arsenate

reductase, arsA and arsB encode an arsenite efflux pump, arsR

encodes a transcriptional regulator [39]. Thiomonas sp. 3As is

resistant to up to 50 mM As(V) and up to 6 mM As(III) (Table S2,

[8]). The analysis of the Thiomonas sp. 3As genome revealed the

presence of two copies of the ars operon, an arsRBC operon (ars1)

and an arsRDABC operon (ars2). Thiomonas sp. 3As is able to oxidize

As(III) to As(V) [5] and this metabolism involves the arsenite

oxidase encoded by aoxAB genes [5] (Figure 1). It has been shown

that arsenite is imported via the aquaglyceroporin GlpF in E. coli

[40]. However, as in H. arsenicoxydans [38], no homologue of GlpF

was identified in the Thiomonas sp. 3As genome, suggesting that

As(III) is imported via an unknown component.

As(III) is known to induce DNA damage and oxidative stress

[41,42]. 24 genes involved in such stress responses were identified

in the Thiomonas sp. 3As genome (Figure 1). Moreover, this genome

carries 54 genes involved in DNA repair. However, this strain

lacks some genes present in H. arsenicoxydans, such as alkB, whereas

two genes involved in mismatch repair were duplicated. Orthologs

of genes that have been shown to be induced in response to arsenic

in H. arsenicoxydans [38] were found in Thiomonas sp. 3As, i.e. radA,

recQ, ruvA, recA, xseA, polA, holB-like, dinB-like and parC. The

expression of polA has been previously shown to be induced in the

presence of arsenic [8], suggesting that the Thiomonas sp. 3As

response to arsenic include the expression of genes involved in

DNA repair.

Comparative Genomic Analyses Allowed the Definition of
19 Genomic Islands (GEIs)
Several Thiomonas strains called CB1, CB2, CB3 and CB6 were

isolated from the same environmental site as Thiomonas sp. 3As.
The 16S rRNA/rpoA-based phylogeny of these isolates (.97%

nucleotide identity), as well as DNA-DNA hybridization experi-

ments (Figure 2A), revealed that they represent different strains of

the same species. All these strains are able to oxidize As(III) and

are resistant to As(III) (Table S2). Nevertheless, subtle physiolog-

ical differences were observed (Table S2).

The existence of both phylogenetical relationships and physi-

ological differences between these strains prompted us to perform

a comparative genome analysis in order to address the evolution of

Thiomonas strains. Therefore, genome variability was searched for

by investigating genetic similarities and diversities among these

closely related Thiomonas strains, using a Comparative Genomic

Hybridization (CGH) approach (Figure 3). These experiments

revealed the presence of a flexible CDS (duplicated, absent or

highly divergent) pool in CB1, CB6 CB3 and CB2 (Figure 2B,

Figure 3, ArrayExpress database, accession number E-MEXP-

2260) representing 2.5%, 3.2%, 24.1% and 23.1% of the genome

of strain 3As (Figure 2B), respectively. Altogether, these experi-

ments led to the definition of 919 dispensable CDS, i.e. absent or

Figure 1. Schematic representation of the major metabolic pathways in Thiomonas sp. 3As. These metabolic pathways were ascertained
using genome and physiological data ([5], this study). Light blue, carbon metabolism; Red, oxidative phosphorylation; Green, stress response; Yellow,
heavy metal resistance; Orange, iron metabolism; Dark blue, phosphate import (pst genes).
doi:10.1371/journal.pgen.1000859.g001
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highly divergent in at least one strain, accounting for 25.3% of

strain 3As genes (Figure 2D). The remaining conserved CDS

(2713 CDS, 74.7% of the genome of strain 3As) represent a

common backbone of the ‘‘core’’ genes of this species.

In order to enlarge our comparative analysis, genomic

similarities were similarly searched for in other Thiomonas species:

an arsenite-oxidizing strain, ‘‘Tm. arsenivorans’’, and two closely

related strains that are unable to oxidize arsenite, Tm. perometabolis

and Thiomonas sp. Ynys1 (Table S2, Figure 2, ArrayExpress

database, accession number E-MEXP-2260). No significant

hybridization was observed with oligomers corresponding to the

plasmid, suggesting that pTHI is absent in all these strains. 18.4,

37.9 and 53.6% of the 3As CDS were flexible in ‘‘Tm. arsenivorans’’,

Ynys1 and Tm. perometabolis, respectively. Altogether, 1571 CDS

accounting for at least 43.3% of the Thiomonas sp. 3As genome

were found in the Thiomonas genus dispensable genome (Figure 3D).

Finally, these CGH experiments revealed that the Thiomonas core
genome contains 2,061 CDS (56.7% of the Thiomonas genome).

Interestingly, almost all genes involved in acid resistance described

above, were found in this core genome, as for example genes

involved in polyphosphate granule synthesis, cfa and kdp genes,

genes encoding ion transporter amino acid decarboxylase, formate

dehydrogenase and other hydrogenases. One ars operon involved

in arsenic resistance, i.e. ars1, and almost all genes involved in

DNA repair were also conserved in all strains.

Among the flexible pool, 19 regions (ThGEI-A - ThGEI-S) had

similarities with GEIs found in other bacterial genomes, suggesting

that they were possibly acquired by horizontal gene transfer: (i) an

abnormal deviation of the codon adaptation index (CAI) and the

GC content at the 3rd nucleotide position of each codon (GC3) was

observed in these regions as compared to the rest of the genome

(Figure 3), (ii) many of their genes formed syntenic blocks that

Figure 2. Genomic diversity among Thiomonas strains. (A) Phylogenetic dendrogram of the SuperGene construct of both the 16S rRNA and
rpoA genes of the Thiomonas strains used in this study. Ralstonia eutropha H16 served as the outgroup. The DNA-DNA hybridization percentage is
included in brackets. nd: not determined (CB1 and CB6 were almost identical at the genetic content level. For this reason, DNA-DNA hybridization
analyses were performed only with CB1). Numbers at the branches indicate percentage bootstrap support from 500 re-samplings for ML analysis. NJ
analyses produced the same branch positions (not shown). The scale bar represents changes per nucleotide; (B) number of variable CDS exhibited by
each strain determined by CGH, expressed as a percent of the total number of 3As CDS; (C) hierarchical clustering established based on CGH
experiments, represented as a composite view of genome diversity in Thiomonas strains compared to 3As. The column represents genes as they are
found along 3As genome, starting from the origin of replication (THI0001). Results for each strain are shown in each row. Red color indicates absence
or strong divergence leading to reduced hybridization efficiency as compared to the corresponding Thiomonas sp. 3As gene (Log2(A635 nm/A532 nm)
#21)); Green color indicates a Log2(A635 nm/A532 nm)$1, suggesting duplication of this gene. The regions corresponding to ThGEI-A, B, C, E, F, G, H, I,
J, K, O, P, Q, R and S are indicated by a blue arrow or a grey rectangle; (D) percent of CDS found in core (in grey) or in dispensable (in red) genome, in
3As and CB strains (1st column), in AMD-originated strains (3As, CB strains and ‘‘Tm. arsenivorans’’, 2nd column), or in all Thiomonas strains (3rd

column).
doi:10.1371/journal.pgen.1000859.g002
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differed from the general synteny observed in the rest of the

genome (Table S3), (iii) genes with mobile and extrachromosomal

element functions such as those coding for integrases were

localized within these regions, (iv) these regions were present at

the 39-end of tRNA or miscRNA genes, and/or (v) the borders of

five deletions were verified in CB strains, by PCR and direct

Figure 3. Deleted or duplicated regions in CB strains, obtainedbyCGHexperiments. The codon adaptation index (CAI) and the GC content at
the 3rd nucleotide position of each codon (GC3) of Thiomonas sp. 3As is shown in the upper part. Y-axis displays the log2-ratios (Cy5 (measured at
635 nm)/Cy3 (measured at 532 nm)). Red stars: variable regions found in CB strains and corresponding to GEIs; Blue stars: other variable regions.
doi:10.1371/journal.pgen.1000859.g003
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repeats (10 to 112 bp-long) bordering these GEIs were found

(Table S3).

Genetic Content of the 19 Genomic Islands Found in
Thiomonas sp. 3As Genome
Genes found in the 19 Thiomonas sp. 3As GEIs and the syntenies

they share with genes in other bacteria are shown in Table S3.

Interestingly, 70 (76.9%) of the 91 complete and partial ISs

identified in the genome were located in genomic islands which

represent only 21.5% of the genome (Figure S1A). In addition to

the high numbers of ISs found in these GEIs, many hypothetical

proteins as well as modification/restriction enzymes were encoded

by these regions. In ten GEIs, accessory genes are involved in a

particular metabolism such as acetoin, atrazin, benzoate, ethyl

tetra-butyl ether (ETBE) hydroxyisobutyrate phenylacetic acid and

urea degradation (ThGEI-E, ThGEI-C, ThGEI-S or ThGEI-R),

or heavy metal resistance (ThGEI-J, ThGEI-L, ThGEI-O).

Interestingly, several genes found in distinct GEIs shared high

amino acid identity (.70%, Figure S2). In addition, 47 genes

found in the two regions ThGEI-C and ThGEI-S shared 100%

identity. Because of this duplication, a 7 kbp region in ThGEI-S

could not be sequenced and this gap may correspond to duplicated

genes of ThGEI-C. These observations suggest that genomic

rearrangements occurred between several GEIs. Moreover, several

islands seem to be composite, since some fragments of such islands

are deleted or duplicated in Thiomonas strains. Such composite

structure may originate from insertion or excision of DNA

elements in these GEIs, which involve integrase or excisionase.

This hypothesis is strengthened by the observation that 32

integrases were found in almost all GEIs except for ThGEI-B

and ThGEI-R. Some of such integrases are similar to phage

integrases. In addition, 2 excisionases are present in ThGEI-H and

ThGEI-P and such genes were localized in the vicinity of tRNA,

an additional phage-like character.

One GEI, ThGEI-J, contains a prophage region (55.6 kbp) and

a cluster of 6 heavy metal resistance genes (39.4 kbp, i.e., cad, cus,

czc and sil genes involved in resistance to Cd, Cu, Zn, Co and Ag)

(Figure 4). The prophage region comprises 27 phage-related genes

coding for structural and capsid or tail assembly proteins,

replication, lysis and virulence factors. No conserved synteny with

any previously described prophage could be observed. However,

filamentous phage-like particles with icosahedral symmetry (capsid

diameter of approximately 100 nm) and a various length tail

(.600 nm), were observed by TEM from Thiomonas sp. 3As liquid

Figure 4. Prophage-like region and phage-like particle. (A) Schematic representation of the prophage-like region (55.6 kbp) and the
contiguous metal resistance gene cluster (39.4 kbp). The total region is flanked by two ISs (light grey rectangles), and a partial transposase gene
(THI_1986, dark grey rectangle) delimiting the two clusters. Genes in italics are duplicated in the Thiomonas sp. 3As genome; (B) organization of the
prophage-like region. The 71 putative CDS, colored according to their category, are shown by arrows representing their direction. This cluster
corresponds to the unique prophage-like region of the genome, containing notably structural, lysis and virulence associated phage genes; (C)
transmission-electron micrographs of tailed bacteriophage-like particles from Thiomonas species. No bacteriophage-like particle was observed in
Thiomonas sp. CB2 culture supernatant. Cultures were amended with mitomycin C (0.5 mg/mL). Bars: 100 nm. The 3As phage-like particle is
hypothetically coded by the prophage-like region described above.
doi:10.1371/journal.pgen.1000859.g004
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cultures exposed to the phage lytic phase inducer mitomycin C.

Similar phage-like particles were observed in growth culture

supernatants from CB1, CB3, CB6 and ‘‘Tm. arsenivorans’’ (Figure 4)
but not from CB2, Ynys1 and Tm. perometabolis (data not shown), in

agreement with CGH results showing that the ThGEI-J is absent

in these strains (Figure 3, Table S3, ArrayExpress database,

accession number E-MEXP-2260). These observations suggest

that this prophage-like region may be functional in 3As, CB1,

CB3, CB6 and ‘‘Tm. arsenivorans’’ under stress conditions, resulting

in the formation of phage-like particles.

ThGEI-L and ThGEI-O Gene Content and Their Probable
Acquisition by HGT
GEIs contribute to the adaptation of microorganisms to their

ecological niches and participate in genome plasticity and

evolution [14]. Therefore, the environmental conditions may

influence the loss or conservation of GEIs. Such hypothesis was

checked by searching for genome similarities between strains

originated from similar environments, i.e. AMD. To this aim, a

hierarchical clustering was established based on genomic compar-

isons (Figure 2C). Interestingly, the clustering obtained was

different from that of the 16S rRNA/rpoA-based phylogenetic

trees (Figure 2A). Indeed, all strains that originated from AMD

heavily loaded with arsenic, i.e. ‘‘Tm. arsenivorans’’ and strains 3As,

CB1, CB2, CB3 and CB6, grouped together, whereas Ynys1 and

Tm. perometabolis formed a distinct group. Genes possibly

dispensable for AMD survival were therefore searched for and

we identified 2541 CDS conserved in all strains originated from

AMD, and these CDS may constitute the ‘‘AMD’’ core genome of

Thiomonas. Interestingly, several genes present in the ThGEI-L and

ThGEI-O were conserved in AMD-originated strains but absent

in the other strains (Figure 5).

The ThGEI-L carries genes involved in panthotenate and

biotine synthesis, and may confer auxotrophy to the strains

carrying this island. Moreover, genes encoding Co/Zn/Cd efflux

pump were present in this GEI. In addition, this island is

particularly rich in proteins with GGDEF and EAL domains. The

GGDEF or EAL domain proteins are involved in either synthesis

or hydrolysis of bis-(39-59) cyclic dimeric GMP (c-di-GMP), an

ubiquitous second messenger in the bacterial world that regulates

cell-surface-associated traits and motility [43,44]. Because of the

presence of such genes in the vicinity of 2 genes involved in

chemotaxis, this island may be important for Thiomonas strains to

form biofilm, a cellular process involved in resistance to toxic

compounds [37]. Indeed, some of these genes are duplicated in

CB2 and CB3 and these two strains were shown to develop better

biofilm synthesis capacities (Table S2). This island also carries

several genes encoding integrases and components of T4SS, such

as virB1, virB4, trbBCD, traCEFGI, mob and a pilE-like gene. The

presence of such genes suggests that this island originated from an

integrative and conjugative element (ICE) that disseminates via

conjugation [45]. These observations suggest that this island may

be still mobile.

ThGEI-O contains the aox and ars2 genes (Figure 5). In

addition, several other genes were found such as mer, cop, cus and

cad genes involved in mercury, copper and cadmium resistance,

respectively, cys involved in sulfate assimilation, and moe/moa genes

involved in molybdenum cofactor biosynthesis as well as genes

involved in exopolysaccharide production. The synteny of the

genes found in Thiomonas sp. 3As ThGEI-O is not conserved in

other arsenic-oxidizing bacteria (Figure 5). Several genes present

in this region are duplicated in CB1 and CB6 (i.e. the cop and aox

genes), or in CB3 (i. e. mer, cop, cus, dsb, cys, ars, moe/moa, aox, and
ptxB genes). Only a single copy of this region is present in CB2 and

3As. PCR amplification and sequencing revealed that this ThGEI-

O island is located in a different genomic region in CB2 as

compared to 3As. Moreover, the aox and ars genes found in the

ThGEI-O are duplicated in ‘‘Tm. arsenivorans’’ but absent in Ynys1

and Tm. perometabolis. Indeed, these two strains were unable to

oxidize As(III), their As(III) resistance was lower than that of the

other strains, and gene PCR amplification of aox and ars2 failed

with DNA extracted from these strains (Table S2). Altogether, the

presence of at least one copy of these genes in all six strains isolated

from arsenic-rich environments (i.e. 3As, CB strains and ‘‘Tm.

arsenivorans’’) suggests that this GEI is of particular importance for

the growth of Thiomonas strains in their toxic natural environment,

AMD.

The evolutionary origin of the ThGEI-L and –O was

investigated using two different approaches. First, we performed

the phylogenetic analysis of the 196 genes contained in these two

islands (Table S4, Table S5). The resulting trees revealed that

these genes have very different evolutionary histories suggesting

that the formation of ThGEI-L and –O islands occurred through

the recruitment of genes from various origins by HGT (Table S4,

columns 2–5). Interestingly, the closest homologue of 30/75 and

22/121 3As genes, in ThGEI-L and –O respectively, is found in

other Thiomonas species (mainly Tm. intermedia), suggesting that the

formation of these islands occurred prior to the diversification of

the Thiomonas genus and is thus relatively ancient. This hypothesis

is supported by the global correspondence analysis (COA)

performed on the entire genome. Our results did not reveal any

particular codon usage bias, strengthening the hypothesis that

these ThGEIs are ancient in Thiomonas genus (Figure S3). This

may explained why the major genes of these two islands are

present in 3As, CB1, CB2, CB3, CB6 and ‘‘Thiomonas arsenivorans’’,

as for example, the ars2 operon and aox genes of the ThGEI-O.

The phylogenetic analysis of aox genes revealed that all Thiomonas

sequences grouped together with relationships that are very similar

to organism relationships inferred with rpoA (Figure S4A and S4B).

This indicates that these genes were already present in the

Thiomonas ancestor and vertically transmitted in this genus, but lost

in Ynys1 and Tm perometabolis. The phylogenetic analysis of the

arsB genes, revealed that all Thiomonas sequences found in the

ThGEI-O (i.e. arsB2 from 3As, CB1, CB2, CB3, CB6 and ‘‘Tm.

arsenivorans’’), grouped together but not with arsB1 genes that are

part of the core genome of Thiomonas. Moreover, the evolutionary

histories of these two proteins are different: ArsB1 proteins belong

in a group containing mainly Alpha-Proteobacteria, whereas

ArsB2 seems more closely related to Gamma-Proteobacteria

(Figure S4C). These observations revealed that the ars1 and ars2

operons were not acquired from the same source or at the same

time.

Discussion

The exploration of the Thiomonas sp. 3As genome suggests that

this strain has a wide range of metabolic capacities at its disposal.

Many of them may make this bacterium particularly well suited to

survive in its extreme environment, the acidic and arsenic-rich

waters draining the Carnoulès mine tailings, as for example

biofilm formation and heavy metal resistance. Moreover, some

metabolic capacities are unique as compared to another arsenic-

resistant bacterium, whose genome has been recently sequenced

and annotated, H. arsenicoxydans, a strict chemoorganotroph,

isolated from activated sludge [38]. The first metabolic idiosyn-

crasy of Thiomonas sp. 3As is its particular carbon and energy

metabolic capacities. Indeed, several organic or inorganic electron

donors, such as reduced inorganic sulfur compounds [31], could
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be used. Second, some Thiomonas strains, i.e. CB1, CB3, CB6 and

Tm. arsenivorans, carry two copies of the aox operon. As far as could

be ascertained, this is the first example of aox gene duplication.

Finally, Thiomonas sp. 3As is able to grow at pH 3. Several genes

potentially involved in acid resistance were found in Thiomonas

genome. In addition, the Carnoulès toxic environment may cause

severe DNA damage in Thiomonas sp. 3As, since arsenic is a co-

mutagen that inhibits the DNA repair system [41]. DNA repair

genes that have been previously shown to be induced in the

presence of arsenic in H. arsenicoxydans were all found in Thiomonas

sp. 3As genome, and the expression of polA has been shown to be

induced in the presence of arsenic [8]. These observations suggest

that this bacterium may respond to DNA damage. Nevertheless,

we can hypothesize that these stressful conditions may lead to

genomic rearrangements in Thiomonas genome. This could explain

the important genomic diversity observed among the members of

both the 3As species and the Thiomonas genus.

At the intra-species level, the dispensable genome defined by

comparison of the CB strains with the 3As genome corresponds to

25.3% of Thiomonas sp. 3As genome. By comparison, this value is

higher than that observed, with the same approach, in other

bacteria such as S. agalactiae (18%) [46], lower than values

calculated in the case of a pathogenic E. coli (32.4%) [47], and

similar to the value obtained in Bacillus subtilis (27%) [48]. The

value calculated for Thiomonas 3As and CB strains is very high,

considering that these strains were isolated from the same site,

closely related, and appear to share a recent common ancestor, as

illustrated by our phylogenetical analyses. Consequently, we

observed that despite strong sequence identities of housekeeping

genes such as 16S rRNA or rpoA, the whole genome DNA-DNA

Figure 5. Genomic Island ThGEI-O containing genes involved in arsenic metabolism, and ThGEI-L. The best synteny results of the genes
were obtained with genes of Polaromonas naphthalenivorans CJ2, Leptothrix cholodnii SP-6, Rhodopseudomonas palustris BisB18, Achromobacter
denitrificans (ThGEI-L) or Polaromonas sp. JS666, Rhodobacter ferrireducens, H. arsenicoxydans, Acidithiobacillus ferrooxidans ATCC23270, and
Cupriavidus metallidurans CH34 pMOL30 (ThGEI-O). Blue circles: genes originated from phage; Blue stars: transposases; Blue arrows: direct repeats.
The genes conserved in 3As and CB strains or in AMD-originated strains (3As, CB strains and ‘‘Tm. arsenivorans’’), are indicated by pink and red lines,
respectively. Red dots indicate proteins with GGDEF and EAL domains.
doi:10.1371/journal.pgen.1000859.g005
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hybridization value was relatively low, close to or less than 70%,

for strains CB2 and CB3. Conventionally, this should indicate that

these bacteria belong to separate evolutionary lineages and must

be considered as different species [49]. However, the 16S rRNA-

rpoA based analysis and CGH experiments revealed that the low

DNA-DNA hybridization value correlates with the duplication or

absence of several GEIs in these strains. Consequently, we

proposed that despite low DNA-DNA hybridization values, these

five strains do indeed belong to the same species. Similarly, the

DNA-DNA hybridization values obtained with Thiomonas sp. 3As

as compared to strains Ynys1 and Tm. perometabolis were very low,

as previously observed [5,10]. Altogether, the great genetic

diversity observed in the present study by CGH experiments

revealed that DNA-DNA hybridization method may not be

appropriate to evaluate evolutionary lineages in Thiomonas strains.

In this respect the CGH approach seems to be a reliable

phylogenetic tool for typing these strains, as suggested in previous

studies on other bacteria [47,50].

19 GEIs constitute a large flexible pool of accessory genes that

encode adaptive traits. Some of these genes are not required for

survival in AMD, since they were not found in all AMD-originated

strain genome and correspond therefore to the dispensable gene

pool. On the other hand, CGH-based clustering analysis revealed

a significant relationship between 3As, CB1-6 and ‘‘Tm.

arsenivorans’’, which originate from geographically distinct but

similarly arsenic-rich environments. The Thiomonas sp. 3As strain

and ‘‘Tm. arsenivorans’’ form two distinct groups on the basis of

phylogenetical, physiological and genetic analyses. Nevertheless,

the percent of flexible CDS of Thiomonas sp. 3As with ‘‘Tm.

arsenivorans’’, is relatively low (18.4%), as compared to the value

obtained with Ynys1 and Tm. perometabolis (37.9% and 53.6%,

respectively). This value obtained with ‘‘Tm. arsenivorans’’ was in the

same order of magnitude as the value obtained with CB2 and CB3

(23% and 23.6%, respectively). Altogether, 70% of the Thiomonas

sp. 3As genome was conserved among all strains originated from

AMD. Interestingly, two GEIs were conserved or duplicated in all

these strains originated from AMD, i.e. ThGEI-O that carries the

arsenic-specific operons ars2 and aox, and genes involved in heavy

metal resistance, and ThGEI-L that carries several genes involved

in heavy metal resistance, biofilm formation and/or motility.

Therefore, these GEIs shared by these species are presumably part

of the AMD-originated Thiomonas core genome. This observation

suggests that the acquisition or loss of these GEIs contributes to the

evolution of this subgroup of the Thiomonas genus and that the

evolution of Thiomonas strains has been influenced by their similar

environments.

Several observations suggest that Thiomonas genome evolved by

acquiring GEIs through horizontal gene transfer or by genome

rearrangement. In the case of two islands, ThGEI-L and –O, an

in-deep phylogenetic analysis revealed that these islands have a

composite structure probably due to secondary acquisition or

losses/rearrangements of some genes. In the case of other GEIs,

the existence of HGT is suggested by the fact that genes form

syntenic blocks and their GC% were divergent from the rest of the

genome. Three mechanisms, i. e. conjugation, transduction and

natural transformation, known to be involved in HGT in bacteria

[14] may explain GEIs acquisition in Thiomonas. One prophage

was found in the Thiomonas genome and may contribute to

horizontal gene transfer, as previously shown in pathogenic

bacteria such as Vibrio cholera, Yersinia pseudotuberculosis, Bartonella

[51–54], Cyanobacteria [55,56] or for the transfer of pathogenic

island from S. aureus to Listeria monocytogenes [57]. In addition, genes

encoding Type IV secretion systems (T4SS) were carried by the

pTHI plasmid and the ThGEI-L. It has been recently proposed

that GEI-type T4SS are involved in the propagation of GEIs

[45,58]. Therefore, it could also be possible that Thiomonas

acquired such islands by conjugation. Orthologs of Neisseria

gonorrhoeae genes involved in natural transformation [59] were also

found in Thiomonas sp. 3As genome, i.e. the pil genes encoding a

type IV pili components and comALMP. This suggests that

Thiomonas strains are able to acquire exogenous DNA. Finally,

several observations suggest that Thiomonas genome has undergone

genomic rearrangements contributing to its evolution, as illustrat-

ed for the two GEIs, ThGEI-L and -O. Such rearrangements may

be promoted by repeat sequences or duplications, that are at the

origin of recombination [60]. Indeed, repeats sequences represent

7.62% of the Thiomonas sp. 3As genome, and some of the loci

found in the GEIs are duplicated with high sequence identities, as

ThGEI-C and ThGEI-S that are almost identical. In addition,

several IS elements are highly similar, sharing more than 70%

nucleotide identity. Interestingly, the majority of the ISs present in

the Thiomonas sp. 3As genome are found in GEIs. This observation

suggests that ISs duplication has played a significant role in both

assembly and evolution of these islands, or participated in GEI

reshuffling. Altogether, conjugation, transduction, natural trans-

formation and recombination may be at the origin of the high

genomic content divergence observed among Thiomonas strains.

In conclusion, evidences presented here suggest that Thiomonas

sp. 3As has acquired some of its particular capacities that

contribute to its survival and proliferation in AMD by horizontal

gene transfer and genomic rearrangement. Furthermore, these

data revealed a high degree of genetic variability within the

Thiomonas genus, even at the intra-species level. Indeed, the

analysis of duplications and deletions of GEIs in several strains

revealed the huge significance of these GEIs in the evolution of the

Thiomonas genus, as well as the influence of the natural

environment on the genomic evolution of this extremophile. The

majority of intra or inter-species comparisons carried out thus far

have concerned pathogens. Our analysis shows that GEIs play also

an important role in the evolution of environmental isolates

exposed to toxic elements.

Materials and Methods

Bacterial Strains
Thiomonas sp. 3As was obtained from the acidic waters draining

the Carnoulès mine tailings, southeastern France [5]. Thiomonas

strains CB1, CB2, CB3 and CB6 were isolated from the same site:

briefly, the isolates were purified by repeated single colony

isolation on either R2A medium (Difco; strains CB1, CB2 and

CB3) or 100:10 medium ([61]; strain CB6). Physiological,

phylogenetic and genetic analyses of these four strains were

performed as described previously (Tables S2, S6, [8]). Strains

Thiomonas Ynys1 [62], Tm. perometabolis [63] and ‘‘Tm. arsenivorans’’

[9] were cultivated as previously described [8]. DNA-DNA

hybridization was carried out as described by [64] under

consideration of the modifications described by [65] using a

model Cary 100 Bio UV/VIS-spectrophotometer equipped with a

peltier-thermostated 666 multicell changer and a temperature

controller with in situ temperature probe (Varian).

DNA Preparation, Sequencing, and Annotation
DNA was extracted and purified from liquid cultures of pure

isolates as previously described [8]. The complete genome

sequence of Thiomonas sp. 3As was determined using the whole-

genome shotgun method. Three libraries were constructed, two

plasmids and one BAC to order contigs, as previously described

[38]. From these libraries, 26,112, 7,680 and 3,840 clones were
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end-sequenced, and the assembly was performed with the Phred/

Phrap/Consed software package (www.phrap.com), as described

previously [38]. An addition of 3,292 sequences was needed for the

finishing phase. Coding sequences were predicted as previously

described [38]. Putative orthology relationships between two

genomes were defined by gene pairs satisfying either the

Bidirectional Best Hit criterion or an alignment threshold (at least

40% sequence identity over at least 80% of the length of the

smallest protein). These relationships were subsequently used to

search for conserved gene clusters (synteny groups) among several

bacterial genomes using an algorithm based on an exact graph-

theoretical approach [66]. This method allowed for multiple

correspondences between genes, detection of paralogy relation-

ships, gene fusions, and chromosomal rearrangements (inversion,

insertion/deletion). The ‘gap’ parameter, representing the maxi-

mum number of consecutive genes that are not involved in a

synteny group, was set to five. Manual validation of automatic

annotations was performed in a relational database (ArsenoScope,

https://www.genoscope.cns.fr/agc/mage/wwwpkgdb/MageHome/

index.php?webpage=mage) using the MaGe web interface [67]. The

EMBL (http://www.ebi.ac.uk/embl) accession numbers for the

genome of Thiomonas sp. 3As are FP475956 (chromosome) and

FP475957 (plasmid).

Comparative Genome Hybridization (CGH) Array
A custom 385K array for the Thiomonas sp. 3As chromosome

and plasmid was designed and constructed by NimbleGen

Systems. This DNA array encompasses 3,645 CDS of the 3As

genome. Probe length was 50 nt and current mean probe spacing

was 7 nt. Genomic DNAs from all strains were extracted with the

Wizard Genomic DNA Purification Kit (Promega). DNA samples

were labeled and purified using the BioPrime Array CGH

Genomic Labeling System protocol (Invitrogen). Test (Cy3-

labeled) and reference (Thiomonas sp. 3As genomic DNA, Cy5-

labeled) genomic DNAs were combined (400 pmol fluorescent dye

each) and were co-hybridized to the array for 16 h at 42uC in a

MAUI Hybridization System (BioMicro System) and slides were

washed according to NimbleGen’s recommendations. Dye swap

experiments were used to compare Thiomonas sp. 3As and

Thiomonas sp. CB1 genomic DNAs. Arrays were scanned with an

Axon 4000B scanner. Data were acquired and analyzed using

NimbleScan 2.0 and SignalMap 1.9 software (Roche, NimbleGen)

and analyzed using the Partek Genomics Suite software (Partek

Incorporated, St. Louis, Missouri, U.S.A.). Briefly, log2-ratios

(Cy5/Cy3) were calculated using the segMNT algorithm and gains

and losses of genomic material were identified using Partek

Genomics Suite Software, as follows: the files were imported and

normalized with the qspline normalization [68] by NimbleScan.

These data were then imported into the Partek Genomics Suite

Soft. The segmentation was performed using the circular binary

segmentation algorithm from Olshen et al. [69]. Permutations are

used to provide the reference distribution to check a second time.

1000 permutations are run using the Partek software. If the

resulting p-value is below the threshold (p= 0.01), then a

breakpoint is added. To verify deletions, PCRs were performed

as described in supplementary materials, using primers designed to

anneal at the borders of the expected deletions. The CGH data are

available in the database ArrayExpress, with the accession number

E-MEXP-2260.

Phage Excision and Electron Microscopy
Phage formation was induced by treating exponential cultures

with mitomycin C (0.5 mg/mL) for 24 h. The suspension was

negatively stained with 16% ammonium molybdate for 10 seconds

and dried over Formvar-coated nickel grids. Grids were examined

at 40,000-fold magnification using a Hitachi 600 transmission

electron microscope at 75 kV and photographed using a

Hamamatsu ORCA-HR camera (Hamamatsu City, Shizuoka,

Japan) with the AMT software (Advanced Microscopy Techniques

Corp., Danvers, MA).

Phylogenetic and Correspondence Analysis
For each CDS, homologues were searched in NCBI databases.

The 300 sequences with the best score were aligned using

ClustalW [70]. Alignments were checked by hand and positions

with more than 5% of gaps were automatically removed.

Neighbor-Joining trees were constructed and analyzed to deter-

mine the evolutionary origin of each CDS (Table S4). The

correspondence analysis (COA) [71] was performed using the

library FactoMineR (http://factominer.free.fr) from the statistical

package R (http://www.r-project.org). For all annotated genes of

Thiomonas sp. 3As, we determined all the relative synonymous

codon usage values [72] obtaining a matrix where the rows

represent the genes and the 57 columns are the RSCU values for

individual codons. As usual, the 3 TER codons were excluded

from the analysis. Codons corresponding to Cystein (TGC/TGT)

and the duet of Arginine (AGG/AGA) were also removed from

the analysis as they induce systematic artefactual biases [73].

Supporting Information

Figure S1 Circular representations of Thiomonas chromosome

and pTHI plasmid. Gene organization found in (A) the Thiomonas

sp. 3As chromosome. The localisation of the 19 GEIs (A-S) is

schematized with grey triangles; (B) the plasmid pTHI. Circles

display (from the outside): (1) GC percent deviation (GC window -

mean GC) in a 1000-bp window; (2) Predicted CDSs transcribed

in the clockwise direction (red); (3) Predicted CDSs transcribed in

the counterclockwise direction (blue); (4) GC skew (G+C/G2C) in

a 1000-bp window; (5) Transposable elements (pink) and

pseudogenes (grey).

Found at: doi:10.1371/journal.pgen.1000859.s001 (26.67 MB

TIF)

Figure S2 Duplication of genes found in the several GEIs. Only

those with high amino acid identities are shown.

Found at: doi:10.1371/journal.pgen.1000859.s002 (0.95 MB TIF)

Figure S3 Factor maps obtained by crossing the first and second

axes of the correspondence analysis computed on 3,632 Thiomonas

sp. 3As genes. For clarity, genes that are not harbored in the 19

GEIs (defined in Table S3) are not represented.

Found at: doi:10.1371/journal.pgen.1000859.s003 (0.94 MB TIF)

Figure S4 Phylogenetic trees of arsenic specific genes compared

to rpoA. blue: gamma-Proteobacteria; brown: Hydrogenophilales;

orange: Methylophilales; light green: Nitrosomonadales; deep

green: Rhodocyclales; red: Neisseriales; pink: Burkholderiales. (A)

rpoA; (B) aoxB; (C) arsB.

Found at: doi:10.1371/journal.pgen.1000859.s004 (2.19 MB TIF)

Table S1 List of ISs present in Thiomonas sp. 3As genome and

plasmid.

Found at: doi:10.1371/journal.pgen.1000859.s005 (0.05 MB

XLS)

Table S2 Summary of physiological and genetic data obtained

from the Thiomonas strains used in this study.

Found at: doi:10.1371/journal.pgen.1000859.s006 (0.04 MB

DOC)
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Table S3 Genomic Islands (GEIs) or islets found in the

Thiomonas sp. 3As genome.

Found at: doi:10.1371/journal.pgen.1000859.s007 (0.04 MB

XLS)

Table S4 Phylogenetic analysis of the 75 genes contained in the

ThGEI-L island.

Found at: doi:10.1371/journal.pgen.1000859.s008 (0.04 MB

XLS)

Table S5 Phylogenetic analysis of the 121 genes contained in the

ThGEI-0 island.

Found at: doi:10.1371/journal.pgen.1000859.s009 (0.05 MB

XLS)

Table S6 PCR targets and GenBank Accession IDs of strains

used in this study.

Found at: doi:10.1371/journal.pgen.1000859.s010 (0.03 MB

DOC)
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Gene Closest relative
a

Belong in a subgroup composed of
b

Origin
c

Global phylogeny
d

HGT
e

THI_2314 Thiomonas intermedia Beta-Proteobacteria Proteobacteria

THI_2315 Thiomonas intermedia Beta/Gamma-Proteobacteria Proteobacteria

THI_2316 Thiomonas intermedia Beta/Alpha-Proteobacteria Proteobacteria
Numerous 

HGT

THI_2317 Thiomonas intermedia Beta/Gamma-Proteobacteria Proteobacteria
Numerous 

HGT

THI_2318

THI_2320

THI_2321 Thiomonas intermedia Two homologues only (Alpha and Beta)

THI_2322 Thiomonas intermedia ? Few homologues in various phyla

THI_2323 Acidovorax delafieldii Beta/Gamma-Proteobacteria Proteobacteria

THI_2324 Thiomonas intermedia Beta/Gamma-Proteobacteria Alpha-Proteobacteria

THI_2325 Thiomonas intermedia Beta/Gamma/Alpha-Proteobacteria Proteobacteria Few homologues

THI_2326 Thiomonas intermedia Beta/Gamma/Alpha-Proteobacteria Proteobacteria

THI_2327

THI_2328 Thiomonas intermedia Beta-Proteobacteria Beta-Proteobacteria Two homologues only

THI_2329 Thiomonas intermedia Beta/Gamma/Alpha-Proteobacteria Proteobacteria Few homologues

THI_2330 Thiomonas intermedia Beta/Gamma/Alpha-Proteobacteria Proteobacteria Few homologues in other phyla

THI_2331 Thiomonas intermedia Beta/Gamma/Alpha-Proteobacteria Proteobacteria Few homologues in other phyla

THI_2333

THI_2334 Beta-Proteobacteria Beta/Gamma/Alpha-Proteobacteria Proteobacteria Few homologues in other phyla

THI_2335

THI_2336

Burkholderia 

phytofirmans /Thiomonas 

intermedia

Beta-Proteobacteria Beta-Proteobacteria
Homologues found in other proteobacterial and non proteobacterial 

lineages

THI_2337
Leptospirillum ferrodiazotrophum 

(Nitrospirae )
Beta/Alpha-Proteobacteria ?

Homologues found in other proteobacterial and non proteobacterial 

lineages
Many HGT

THI_2338 Thiomonas intermedia Gamma-Proteobacteria Beta/Gamma-Proteobacteria
Homologues found also in Delta-Proteobacteria and few other 

lineages

THI_2339 Halorhodospira halophila Beta/Gamma/Delta-Proteobacteria Proteobacteria HGT HGT

THI_2340 Thiomonas intermedia Beta/Gamma/Alpha/Delta-Proteobacteria mixed ?
Homologues found in other proteobacterial and non proteobacterial 

lineages
Many HGT

THI_2341 Thiomonas intermedia Beta/Gamma-Proteobacteria Proteobacteria Homologues found also in Alpha-Proteobacteria and Eucarya

THI_2342 Thiomonas intermedia Beta/Gamma/Alpha-Proteobacteria ? Homologues found also in few Eucarya and Archaea

THI_2343 Thiomonas intermedia ? ? Homologues found in various phyla Many HGT

THI_2344

THI_2345
3 homologues found in Alpha-

Proteobacteria and Cyanobacteria

THI_2346 Thiomonas intermedia Beta/Gamma-Proteobacteria ? Homologues found in various phyla Many HGT

THI_2347

THI_2348 Thiomonas intermedia Beta/Gamma-Proteobacteria Beta/Gamma-Proteobacteria No homologues present in other bacterial phyla

THI_2350 3 Beta-Proteobacteria ? ?
Homologues found in various phyla (mainly Actinobacteria and 

Firmicutes) 

THI_2351 Beta-Proteobacteria Beta-Proteobacteria Beta-Proteobacteria Homologues found also in Gamma/Alpha-Proteobacteria

THI_2352 Beta-Proteobacteria Beta-Proteobacteria Beta-Proteobacteria Homologues also found in Gamma-Proteobacteria

THI_2353 Beta-Proteobacteria Beta-Proteobacteria Beta-Proteobacteria
Homologues also found in Gamma-Proteobacteria and in few other 

phyla

THI_2354 Beta-Proteobacteria Beta-Proteobacteria Beta-Proteobacteria
Homologues also found in Epsilon-Proteobacteria and in few other 

phyla

THI_2355 Beta-Proteobacteria Beta/Gamma/Alpha-Proteobacteria ? Homologues also found in few other phyla HGT

THI_2356 3 Aquificales No other homologues detected

THI_2357 Beta/Gamma-Proteobacteria ? Homologues also found in few other phyla (mainly Actinobacteria) HGT

THI_2358 Thiomonas intermedia Mixed Proteobacteria ? Homologues also found in few other phyla Mainy HGT

THI_2359

THI_2361 Beta-Proteobacteria Few Beta/Gamma/Alpha-Proteobacteria mixed ? Homologues found in few Actinobacteria

THI_2362 Beta-Proteobacteria Few Beta/Alpha-Proteobacteria mixed ? Homologues found in few Actinobacteria

THI_2363 Thiomonas intermedia Mixed Proteobacteria

THI_2364 Thiomonas intermedia Mixed Proteobacteria ? Distant homologues found in other phyla

THI_2366 Beta/Gamma-Proteobacteria Mixed Proteobacteria ? Distant homologues found in other phyla

THI_2367

THI_2369

THI_2370

THI_2371

THI_2372 Thiomonas intermedia Mixed Proteobacteria ? Few homologues also found in Eucarya

THI_2373 Delta-Proteobacteria ? ?
Homologues found in Beta/Gamma/Alpha-Proteobacteria and 

Firmicutes/Actinobacteria

THI_2374 Few Beta/Gamma-Proteobacteria No homologues present in other bacterial phyla

THI_2375 Thiomonas intermedia Mixed Proteobacteria ? Distant homologues found in other phyla

THI_2376 Beta/Gamma-Proteobacteria mixed Beta/Gamma-Proteobacteria mixed ?

THI_2377 Chloroflexi /Lentisphaerales Mixed bacteria ? Many HGT

THI_2378
Few Beta-Proteobacteria including 

Thiomonas intermedia
Beta-Proteobacteria Beta-Proteobacteria No other homologues detected

THI_2379
Few Beta-Proteobacteria including 

Thiomonas intermedia
Beta-Proteobacteria Beta/Gamma-Proteobacteria Homologues also found in few other phyla Mainy HGT

THI_2380 Thiomonas intermedia Mixed Proteobacteria Few homologues also found in other bacterial phyla

THI_2382 Gamma-Proteobacteria Mixed Proteobacteria ? Homologues also found in few other phyla Mainy HGT

THI_2383

THI_2384

THI_2385 Thiomonas intermedia Mixed Proteobacteria ? HGT

THI_2386

THI_2387

THI_2388 Thiomonas intermedia Mixed Proteobacteria ? Homologues also found in few other phyla HGT

THI_2389

THI_2390

THI_2391

THI_2393

THI_2394
Mixed Nitrospirae  and 

Beta/Gamma/Alpha-Proteobacteria
Mixed Nitrospirae and Beta/Gamma/Alpha-Proteobacteria ? Homologues also found in few other phyla HGT

THI_2395 Thiomonas intermedia Mixed Proteobacteria ? HGT

THI_2396 Thiomonas intermedia 3 homologues in Gamma-Proteobacteria

Table S4. Phylogenetic analysis of the 75 genes contained in the ThGEI-L  island

Lines sharing same colour had a similar evolutionary route; 
a
Determination of the closely related sequence to the gene of interest; 

b
Composition of the taxonomic group containing the sequence of interest; 

c
Non ambiguous evolutive origin of the sequence of interest; 

d
Description of the general taxonomy of the homologous sequences; 

e
based on the phylogenetic tree 



Gene Closest relative
a

Belong in a subgroup composed of
b

Origin
c

Global phylogeny
d

HGT
e

THI_3048 Beta-Proteobacteria Beta-Proteobacteria ? Few other various bacterial sequences

THI_3050 Beta/Gamma/Alpha-Proteobacteria Beta/Gamma/Alpha-Proteobacteria Proteobacteria Few homologues in other bacterial phyla

THI_3051
Xanthomonas oryzae /Polaromonas 

naphthalenivor
Few Beta/Gamma/Alpha-Proteobacteria Few homologues in various bacterial phyla (mainly Firmicutes) HGT

THI_3052
Xanthomonas oryzae /Polaromonas 

naphthalenivor
Few Beta/Gamma/Alpha-Proteobacteria ? Few homologues in various bacterial phyla (mainly Firmicutes) HGT

THI_3053

THI_3054 2 Pseudomonas Beta/Gamma/Delta/Epsilon-Proteobacteria ? Few homologues in other bacterial phyla and in euka/archaea Many HGT

THI_3055

THI_3056

THI_3057 Beta-Proteobacteria Beta/Gamma/Alpha-Proteobacteria mixed ? Many HGT

THI_3058

THI_3059 Few Beta/Gamma-Proteobacteria ? Few homologues present in other bacterial phyla Many HGT

THI_3060 2 Thiomonas intermedia No other homologues

THI_3062 Beta/Gamma-Proteobacteria Beta/Gamma/Alpha-Proteobacteria Proteobacteria

THI_3063

THI_3065

THI_3066 2 Beta-Proteobacteria No other homologues

THI_3067 Acidovorax  sp. Beta/Gamma-Proteobacteria
Beta/Gamma/Alpha-

Proteobacteria
Few homologues present in other bacterial phyla Many HGT

THI_3068 Acidovorax  sp. Beta/Gamma-Proteobacteria
Beta/Gamma/Alpha-

Proteobacteria
Few homologues present in other bacterial phyla Many HGT

THI_3069

THI_3070 Leptothrix , Burkholderia Beta/Gamma/Alpha-Proteobacteria Proteobacteria Few homologues present in other bacterial phyla Many HGT

THI_3071 Bradyrhizobium japonicum Few Beta/Gamma/Alpha-Proteobacteria ? Homologues present in other bacterial phyla Many HGT

THI_3072 Thiomonas intermedia Beta/Gamma-Proteobacteria mixed Beta/Gamma-Proteobacteria Homologues present in other bacterial phyla Many HGT

THI_3073 Gamma-Proteobacteria Gamma-Proteobacteria Few Beta/Alpha-Homologues

THI_3074 Thiomonas intermedia Beta/Gamma/Alpha-Proteobacteria Proteobacteria Few homologues present in other bacterial phyla Many HGT

THI_3075 Thiomonas intermedia Beta/Gamma/Alpha-Proteobacteria Proteobacteria No homologues present in other bacterial phyla

THI_3076 Thiomonas intermedia Beta/Gamma-Proteobacteria mixed
Beta/Gamma/Alpha-

Proteobacteria
Few homologues present in other bacterial phyla  HGT

THI_3077 2 Alpha-Proteobacteria 1 Beta/2 Gamma-Proteobacteria ?
Homologues found only in 4 Actinobacteria/1 

Firmicutes/3Deinococci

THI_3078 2 Alpha-Proteobacteria 1 Beta/2 Gamma-Proteobacteria ? Homologues found only in few archaeal methanogens

THI_3079 2 Alpha-Proteobacteria 1 Beta/2 Gamma-Proteobacteria ?
Many proteobacterial homologues/Few non proteobacterial 

homologues

THI_3081 Photobacterium profondum 2 Gamma-Proteobacteria/1 Acidobacteria ?
Homologues found also in 2 Cyanobacteria/1 Firmicute/2 

Bacteroidetes

THI_3082

THI_3083

THI_3084 Beta-Proteobacteria Beta-Proteobacteria Beta-Proteobacteria Few homologues present in other bacterial phyla (mainly Firmicutes) Many HGT

THI_3085 Bordetella petri Gamma-Proteobacteria Proteobacteria Few homologues present in other bacterial phyla HGT

THI_3086 Bordetella petri Few Gamma/Beta/Epsilon-Proteobacteria Proteobacteria 2 homologues present in other bacterial phyla

THI_3087 Thiobacillus denitrificans No other homologues detected

THI_3088

THI_3089

THI_3090 Burkholderia  sp. Beta-Proteobacteria
Beta/Gamma/Alpha-

Proteobacteria

THI_3091 Burkholderia multivorans Beta/Gamma-Proteobacteria
Beta/Gamma/Alpha-

Proteobacteria
Few homologues present in other bacterial phyla  HGT

THI_3092 Beta/Gamma-Proteobacteria Beta/Gamma-Proteobacteria
Beta/Gamma/Alpha-

Proteobacteria
Few homologues present in other bacterial phyla  HGT

THI_3093 Beta/Gamma-Proteobacteria Beta/Gamma-Proteobacteria
Beta/Gamma/Alpha-

Proteobacteria
Few homologues present in other bacterial phyla  HGT

THI_3094 Nitrosomonas eutropha Beta/Gamma-Proteobacteria Beta/Gamma-Proteobacteria Few homologues present in other bacterial phyla  HGT

THI_3095

THI_3096

THI_3097 Acidithiobacillus ferrooxidans Beta/Gamma-Proteobacteria ?
Few homologues present in other bacterial phyla (mainly 

Actinobacteria)
HGT

THI_3098 Delta-Proteobacteria Few Beta/Gamma/Delta/Epsilon-Proteobacteria Proteobacteria Few homologues present in other bacterial phyla  HGT

THI_3099 3 Beta-Proteobacteria Firmicutes Firmicutes Homologues found also in Actinobacteria

THI_3100 Bordetella petri Few Gamma/Delta-Proteobacteria (Desulfovibrio ) Proteobacteria Few homologues in various other phyla

THI_3101 Beta-Proteobacteria Beta-Proteobacteria Beta-Proteobacteria Other homologues in few other phyla

THI_3102

THI_3103 Beta-Proteobacteria Beta-Proteobacteria ? Few homologues in various other phyla

THI_3104

THI_3105 Azotobacter vinelandii Beta/Gamma/Alpha-Proteobacteria ?

THI_3106 Marinobacter sp. ELB17 Few Beta/Gamma/Alpha-proteobacteria ?

THI_3107 Lutiella nitroferrum Alpha/BetaProteobacteria ? Archaeal and other bactarial homologues

THI_3109 Beta/Gamma/Alpha-Proteobacteria Beta/Gamma/Alpha-Proteobacteria ?

THI_3110 Verminephrobacter /Xanthomonas Beta/Gamma-Proteobacteria Gamma-Proteobacteria Few homologues on others bacteria phyla

THI_3111 2 Burkholderia Beta-Proteobacteria Beta/Gamma-Proteobacteria Few homologues on others bacteria phyla

THI_3112

THI_3113 1 Delta/1 Alpha-Proteobacteria Actinobacteria ? Actinobacteria/Beta/Gamma/Alpha-Proteobacteria

THI_3114 1 Delta/2 Alpha-Proteobacteria ? ? Present in many bacterial/archaeal/eukaryotes phyla Many HGT

THI_3115 5 Actinobacteria Beta/Gamma-Proteobacteria ? Present in many bacterial/archaeal/eukaryotes phyla  Many HGT

THI_3116 Beta/Gamma/Alpha-Proteobacteria ? Present in many bacterial/archaeal/eukaryotes phyla Many HGT

THI_3117

Beta-

Proteobacteria/Verrucomicrobia /Chla

mydiales

Proteobacteria? Present in few non proteobacterial phyla

THI_3118

Beta-

Proteobacteria/Verrucomicrobia /Chla

mydiales

Proteobacteria? Present in few non proteobacterial phyla

THI_3119 Pelobacter propionicus Beta/Gamma-Proteobacteria Proteobacteria

THI_3120 Pelobacter propionicus Beta/Gamma-Proteobacteria Beta-Proteobacteria Present in few non proteobacterial phyla

THI_3121 Beta/Delta-Proteobacteria ? Present in few non proteobacterial phyla

THI_3122

THI_3123 Plesiocystis pacifica Beta/Delta-Proteobacteria ? Present in few non proteobacterial phyla Many HGT

THI_3124 Thiomonas intermedia 2 Beta/2 Delta-Proteobacteria

THI_3125 Thiomonas intermedia Beta/Gamma/Alpha-Proteobacteria Proteobacteria

THI_3126 Thiomonas intermedia Beta/Gamma/Alpha-Proteobacteria Proteobacteria

THI_3127 Beta/Gamma/Alpha-Proteobacteria/Chlorobi ?

THI_3128

THI_3129

Table S5. Phylogenetic analysis of the 121 genes contained in the ThGEI-0  island



THI_3130

THI_3131 Nitrospirae Actino/Beta-Proteobacteria ? Present in few non proteobacterial phyla Many HGT

THI_3133

THI_3134 Beta-Proteobacteria Beta-Proteobacteria Beta-Proteobacteria? Present in few non proteobacterial phyla Many HGT

THI_3135 Methylibium /Lepthotrix Beta-Proteobacteria Beta-Proteobacteria Beta/Gamma/Alpha-Proteobacteria

THI_3136 Methylibium /Lepthotrix Beta-Proteobacteria Beta-Proteobacteria Beta/Gamma/Alpha-Proteobacteria

THI_3137 Methylibium /Lepthotrix Beta-Proteobacteria Beta-Proteobacteria
Beta/Gamma/Alpha-Proteobacteria and few other non proteobacterial 

phyla

THI_3138 Methylibium /Lepthotrix Beta-Proteobacteria Beta-Proteobacteria Beta-Proteobacteria/Actinobacteria/Bacteroidetes

THI_3139 Methylibium /Lepthotrix Beta-Proteobacteria Beta-Proteobacteria
Beta/Gamma/Alpha-Proteobacteria and few other non proteobacterial 

phyla

THI_3140 Methylibium /Lepthotrix Beta-Proteobacteria
Beta/Gamma/Alpha-

Proteobacteria
Present in few non proteobacterial phyla  Many HGT

THI_3141 Thiomonas intermedia Beta-Proteobacteria
Beta/Gamma/Alpha-

Proteobacteria

THI_3142 Thiomonas intermedia Beta-Proteobacteria Beta/Alpha-Proteobacteria Present in many Firmicutes/Bacteroidetes/Chlorobi

THI_3143 Salmonella /Pseudomonas Beta/Gamma/Alpha-Proteobacteria
Beta/Gamma/Alpha-

Proteobacteria

THI_3144 Beta/Gamma-Proteobacteria Beta/Gamma-Proteobacteria Proteobacteria

THI_3145 Beta/Gamma-Proteobacteria Few Beta/Gamma-Proteobacteria Present in few non proteobacterial phyla (Firmicutes)  Many HGT

THI_3146 Beta/Gamma-Proteobacteria Few Beta/Gamma-Proteobacteria Present in few non proteobacterial phyla (Firmicutes, eukaryotes) Many HGT

THI_3147 Beta/Gamma-Proteobacteria Beta/Gamma-Proteobacteria
Beta/Gamma/Alpha-

Proteobacteria

THI_3148 Acidithiobacillus caldus Few Actinobacteria/Firmicutes/Cyanobacteria ? Present in few non proteobacterial phyla (Firmicutes, eukaryotes) Many HGT

THI_3149
Few Beta/Gamma/Alpha-

Proteobacteria
Few Actinobacteria ? Present in non proteobacterial phyla Many HGT

THI_3150 Various Thiomonas Beta-Proteobacteria ? Present in many bacterial phyla Many HGT

THI_3151
Few Beta/Gamma/Alpha-

Proteobacteria
Beta/Gamma/Alpha-Proteobacteria

Beta/Gamma/Alpha-

Proteobacteria
Many HGT

THI_3152 Thiomonas intermedia Few Beta/Gamma/Alpha-Proteobacteria ? Present in one Bacteroidetes

THI_3153

THI_3154 Beta-Proteobacteria Beta-Proteobacteria Beta-Proteobacteria Present also in Gamma-Proteobacteria

THI_3155 Thiomonas intermedia Beta-Proteobacteria Beta-Proteobacteria Present also in Firmictes and few other bacteria

THI_3156 Thiomonas intermedia Various bacteria ? Many HGT

THI_3157 Thiomonas intermedia No other homologues No other homologues No other homologues

THI_3158 Thiomonas intermedia Beta-Proteobacteria Proteobacteria Beta/Gamma/Alpha-Proteobacteria

THI_3159 Thiomonas intermedia Beta-Proteobacteria Beta-Proteobacteria Few homologues pesent in few other bacterial phyla

THI_3160 Thiomonas intermedia Beta/Gamma/Alpha-proteobacteria/Aquificales

THI_3161 Thiomonas intermedia Actinobacteria/Beta-Proteobacteria ? Few homologues present in Chlorobi/Cyanobacteria

THI_3162 Thiomonas intermedia Beta/Gamma-Proteobacteria Beta-Proteobacteria? Homologues present in Bacteroidetes and Aquificales

THI_3163 Various Thiomonas Beta-Proteobacteria Proteobacteria Present in few non proteobacterial phyla HGT

THI_3164 Thiomonas intermedia Beta-Proteobacteria ? Various bacteria/archaea

THI_3165 Thiomonas intermedia Beta/Alpha-Proteobacteria
Beta/Alpha/Delta-

Proeobacteria
Many HGT

THI_3166 Thiomonas intermedia Beta/Alpha-Proteobacteria
Beta/Alpha/Gamma/Delta-

Proeobacteria
Many HGT

THI_3168 Bacillus mycoides Virus ? Various bacteria phyla Many HGT

THI_3169

THI_3170

THI_3171

THI_3172 Ammonifex degensii Beta/Gamma-Proteobacteria Beta/Gamma-Proteobacteria Few homologues

THI_3173 Thiomonas intermedia Various bacterial phyla ?
Many HGT/ 

duplications

THI_3174 Few Beta/Gamma-Proteobacteria Few Beta/Gamma-Proteobacteria Proteobacteria

THI_3175 Beta/Gamma/Alpha-Proteobacteria Various bacterial phyla ? Many HGT

Lines sharing same colour had a similar evolutionary route; 
a
Determination of the closely related sequence to the gene of interest; 

b
Composition of the taxonomic group containing the sequence of interest; 

c
Non 

ambiguous evolutive origin of the sequence of interest; 
d
Description of the general taxonomy of the homologous sequences; 

e
based on the phylogenetic tree 
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Herminiimonas arsenicoxydans is a Gram-negative bacterium able to detoxify arsenic-

contaminated environments by oxidizing arsenite [As(III)] to arsenate [As(V)] and by scavenging

arsenic ions in an extracellular matrix. Its motility and colonization behaviour have been previously

suggested to be influenced by arsenite. Using time-course confocal laser scanning microscopy,

we investigated its biofilm development in the absence and presence of arsenite. Arsenite was

shown to delay biofilm initiation in the wild-type strain; this was partly explained by its toxicity,

which caused an increased growth lag time. However, this delayed adhesion step in the presence

of arsenite was not observed in either a swimming motility defective fliL mutant or an arsenite

oxidase defective aoxB mutant; both strains displayed the wild-type surface properties and

growth capacities. We propose that during the biofilm formation process arsenite acts on

swimming motility as a result of the arsenite oxidase activity, preventing the switch between

planktonic and sessile lifestyles. Our study therefore highlights the existence, under arsenite

exposure, of a competition between swimming motility, resulting from arsenite oxidation, and

biofilm initiation.

INTRODUCTION

For many years human activities have resulted in a huge
accumulation of toxic elements in the biosphere, including
heavy metals and metalloids. These elements, unlike most
organic contaminants, are not degradable, leading to their
persistence in the environment. Metallic pollution of
waters has also gradually become a major concern world-
wide, and particular attention has been given to arsenic,
one of the most toxic elements among the metalloids and
metallic ions currently found in the environment. This
metalloid can have multiple health effects, including
diabetes, hypertension and skin lesions. Furthermore,
long-term exposure has been associated with the devel-
opment of skin and internal cancers (Abernathy et al.,
1999).

Inorganic forms of arsenic are the dominant species in
waters, arsenite [As(III)] being considered as more toxic
than arsenate [As(V)] (Oremland & Stolz, 2003). The
financial and ecological costs of the chemical techniques
currently used to remove arsenic from waters prompted the
development of biological processes (Lièvremont et al.,

2009). In this respect, bacteria possessing the arsenite
oxidase enzyme, which oxidizes As(III) to the less toxic and
also less soluble form As(V), are of particular interest.
Herminiimonas arsenicoxydans is an arsenite-oxidizing
bacterium originally isolated from the activated sludge of
an industrial water treatment plant contaminated with
heavy metals and arsenic (Muller et al., 2006). This Gram-
negative bacterium is also able to scavenge arsenic in an
exopolysaccharide matrix (Muller et al., 2007). Both
properties make H. arsenicoxydans of particular interest
for use in bioremediation.

Physiological tests and proteomic analyses have revealed
that the colonization abilities of H. arsenicoxydans are
specifically affected by As(III) under planktonic growth
conditions. As(III) was shown to induce both motility and
the synthesis of extracellular polysaccharides (Muller et al.,
2007; Weiss et al., 2009), known to play a role in biofilm
formation and development. Extracellular polymeric sub-
stances (EPS) can mediate adhesion to surfaces and
cohesion of biofilm structures, representing the matrix in
which bacteria are embedded (Flemming & Wingender,
2001). Moreover, EPS are known for their protective role
against various bactericidal compounds, including metallic
ions (Harrison et al., 2007). In particular, they have been
shown to trap arsenic ions in H. arsenicoxydans (Muller
et al., 2007).

Abbreviation: CLSM, confocal laser scanning microscopy.

Two supplementary tables and two supplementary figures are available
with the online version of this paper.
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The relationship between biofilm and flagellar motility is
diverse among bacterial species, andmotility can be involved
at different levels (Verstraeten et al., 2008). Firstly, motility
can play an essential role in biofilm formation, promoting
adhesion to the surface (Pratt & Kolter, 1998), biofilm
maturation (Klausen et al., 2003a, b; Todhanakasem &
Young, 2008) and/or dispersal processes (Sauer et al., 2002;
Tolker-Nielsen et al., 2000). Flagellar motility can also
compete with biofilm formation when bacteria have to select
between sessile and planktonic lifestyles, both processes
involving similar pathways and being regulated by envir-
onmental factors (Verstraeten et al., 2008).

Even though the role of motility in the early stages of
biofilm formation is difficult to predict, a good knowledge
of the colonization behaviour of a strain is essential to
develop a bioremediation strategy. The aim of the present
study was to explore both biofilm initiation and devel-
opment in H. arsenicoxydans and to elucidate the role of
motility and the effects of arsenite in these steps. For this
purpose, biofilm formation of the wild-type strain, a DfliL
mutant affected in its swimming properties (Muller et al.,
2007) and an DaoxBmutant defective in its arsenite oxidase
activity (Muller et al., 2003) was compared using confocal
and epifluorescence microscopy in the absence and in the
presence of subinhibitory As(III) concentrations. We
observed delayed biofilm formation in the presence of
arsenite in the wild-type strain, but not in either the
motility or the arsenite oxidase defective mutant.

METHODS

Bacterial strains and culture conditions. Herminiimonas arsenic-

oxydans, a b-proteobacterium, was isolated from industrial activated

sludge contaminated with heavy metals and arsenic, and shown to be

resistant to up to 5 mM As(III) (Weeger et al., 1999). The DfliL

mutant, shown to be defective in swimming motility (Muller et al.,

2007), was obtained by in-frame insertion of a mini-Tn5 : : lacZ2 in

the 88th codon of the fliL gene (Carapito et al., 2006). The DaoxB

mutant, defective in arsenite oxidase activity, was obtained by

insertion of a mini-Tn5 : : lacZ2 in the 335th codon of the aoxB gene

(Muller et al., 2003). The mini-Tn5 : : lacZ2 does not carry

transcriptional terminators (de Lorenzo et al., 1990). Strains were

cultivated at 25 uC in a chemically defined medium (CDM; Muller

et al., 2006). Arsenic was added to the medium to the desired

concentration from sterile stocks of 666.7 mM (50 000 p.p.m.) of the

metalloid ion in deionized water, from either NaAsO2 [(As(III)] or

Na2HAsO4.7H2O [As(V)] salts (Prolabo).

Planktonic growth measurements. Growth rates were measured in

the presence of various arsenic concentrations. Cells were diluted from

an exponential culture to an OD600 of 0.01 on a Spectronic 20 Genesis

spectrophotometer. Generation times and lag times were determined

by measuring OD600 as a function of time by using a Tecan Sunrise

plate reader. Growth curves were determined with four replicates.

RNA extraction. RNA was extracted as previously described (Weiss

et al., 2009) from exponential cultures grown at 25 uC for 24 h

(OD600 0.15 on a Spectronic 20 Genesis spectrophotometer). RNA

aliquots were purified with the RNeasy Plus Mini kit (Qiagen) to

ensure elimination of genomic DNA. RNA integrity was checked on

an agarose gel and total RNA concentration was determined
spectrophotometrically with a Nanodrop.

RT (reverse transcription)-PCR. Expression of the fliM gene in the
DfliL mutant was checked by RT-PCR in order to confirm that only
the fliL gene was inactivated by the mini-Tn5 and not the full
fliLMNOPQR operon. RT-PCRs were performed on 200 ng of
total RNA for a total reaction volume of 25 ml using SuperScript
One-Step RT-PCR with Platinum Taq (Invitrogen), according to the
manufacturer’s recommendations. Primers used were as follows: 59-
ACAGGAAGAAGTTGATGCTCTTTTA-39 and 59-ATGTACTCGAA-
TTCAACCGGATAG-39 (forward and reverse primers, respectively,
for the fliM gene).

Assessment of cell wall properties. The surface properties of the
strains were investigated using the MATS (microbial adhesion to
solvents) method (Bellon-Fontaine et al., 1996) on 1 ml of an
exponential culture (OD600 0.15 on a Spectronic 20 Genesis
spectrophotometer) harvested and resuspended in 1 ml 150 mM
NaCl. Affinity tests were performed in chloroform and hexadecane
solvents (Sigma).

Transmission electron microscopy. To assess the presence of a
flagellum on the bacterial cells, exponential-phase cultures were
carefully deposited on Formvar-coated nickel grids, without any
staining. Grids were examined using a Hitachi H600 transmission
electron microscope at 75 kV and photographed using a Hamamatsu
ORCA-HR camera with the AMT software (Advanced Microscopy
Techniques).

Confocal laser scanning microscopy (CLSM). Cultures were
performed in microscopy-quality 35 mm polystyrene dishes (ibiTreat
low 35 mm m-Dish, Ibidi, Integrated BioDiagnostics) as follows.
Samples (1.5 ml) of growth medium supplemented or not with
0.67 mM As(III) were inoculated with 15 ml of an exponential-phase
culture grown to an OD600 of 0.15 on a Spectronic 20 Genesis
spectrophotometer. Incubation was performed at 25 uC under
stagnant culture conditions. The medium was renewed every day to
avoid growth limitation due to nutrient depletion. Before staining,
samples were gently rinsed with 1 ml 150 mM NaCl to remove
loosely adherent planktonic cells. Cells were labelled with the cell-
permeable dye SYTO9 (Molecular Probes, Invitrogen). A fluores-
cently labelled lectin, Alexa Fluor 633 conjugated concanavalin A
(Molecular Probes, Invitrogen), which selectively binds a-mannopyr-
anosyl and a-glucopyranosyl residues, was used to visualize biofilm
exopolysaccharides. Fifty microlitres of stock solution of each dye
(6 mM SYTO9 and 1 mg Alexa Fluor 633 conjugated concanavalin A
ml21) were deposited on the cells for 15 min. Z-stacks of horizontal-
plane images of biofilms were acquired with a step of 1 mm using
multimodal CSLM (Leica TCS SP2 AOBS, Leica Microsystems) with a
663 (1.4 NA) oil-immersion lens. Images were recorded at an
excitation wavelength of 488 nm and 633 nm and emission
wavelengths from 500 to 530 nm and from 657 to 757 nm for
SYTO9 and Alexa Fluor 633 conjugated concanavalin A, respectively.
Simulated 3D fluorescence projections were generated using IMARIS

7.0.0 software (Bitplane). The surface coverage was quantified using
NIH ImageJ analysis software (http://rsbweb.nih.gov/ij/). A manual
threshold was applied to binarize images. For each experiment, six
random microscope fields from two replicates were analysed.

Epifluorescence microscopy. Cultures for adhesion assays were
performed in microscopy-quality 35 mm polystyrene dishes as
described above. Attached cells were stained with SYTO9 as described
above. Digital images of the attached bacteria were captured at a
magnification of61000 under oil immersion using a Leica DM 4000 B
epifluorescence microscope equipped with a Leica DFC300 FX digital
camera (Leica Microsystems). Images were recorded at an excitation

Arsenite effect on biofilm initiation
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wavelength of 488 nm and emission wavelengths from 500 to 550 nm.

The surface coverage was quantified as described above for CLSM.

Statistical analysis. The ANOVA test was used for comparing strain

growth parameters, adhesion to solvents and evaluating the strain

surface coverage. Significance was set at P,0.05.

RESULTS

Three-step biofilm development in H.

arsenicoxydans

To investigate biofilm formation in H. arsenicoxydans,
the strain was cultivated in microscope-quality 35 mm

polystyrene dishes, in static conditions. Biofilm devel-
opment was followed using multimodal CLSM. The cells
were stained with SYTO9 and the polysaccharides
surrounding the cells were marked with Alexa Fluor 633
conjugated concanavalin A (ConA). This double staining
highlighted, after 24 h incubation, small microcolonies
(7.2±1.2 mm height) formed by globular structures of a
saccharidic nature, i.e. marked by the ConA, around which
bacterial cells aggregated (Fig. 1). In parallel, the biofilm
surface coverage was measured as a function of time (Figs 2
and 3; see also Supplementary Table S1, available with the
online version of this paper). The same surface coverage
results were obtained using epifluorescence microscopy
(data not shown). This approach highlighted a three-step

Fig. 1. Four-day-old biofilm of H. arsenicoxy-

dans. (a) Single section of the biofilm surface

coverage. Examples of microcolonies, small

bacterial aggregates, are circled. (b) Single

section of a microcolony. (c) Isosurface view of

the microcolony depicted in (b) by IMARIS

7.0.0 software. CLSM images were acquired

with optical section separation (z-interval) of

1 mm. The IMARIS reconstruction was obtained

from a 15-section stack. Cells were stained

with SYTO9 (green) and the extracellular

matrix with Alexa Fluor 633 conjugated

concanavalin A (red).
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biofilm development, i.e. the attachment of the cells to the
surface, the formation of small globular structures and the
biofilm detachment 48 h later. Some microcolonies
remained on the surface after 72 h.

Involvement of motility in the surface colonization
process

The biofilm formation of a DfliL mutant, defective in
swimming motility, was investigated in order to assess the
role of flagellar motility in H. arsenicoxydans biofilm
development. This mutant was obtained by in-frame
insertion of a mini-Tn5 : : lacZ2 in the 88th codon of the
fliL gene, and fliL transcription has been previously shown
to be induced under arsenite stress. This gene being the
first gene of the fliLMNOPQR operon, the presence of fliM
transcripts in the H. arsenicoxydans DfliL mutant was
verified by RT-PCR (data not shown), ensuring that this
insertion did not affect the transcription of other operon
genes, consistent with the fact that the mini-Tn5 : : lacZ2
has no transcriptional terminators. The presence of a
flagellum, which influences the membrane properties of the
cell, was confirmed by transmission electron microscopy
(Supplementary Fig. S1). The surface properties of the
DfliL mutant were also unaffected by the mutation
(Supplementary Table S2). Furthermore, the mutation
did not affect the planktonic growth of the strain (Table 1).

The biofilm development of the DfliL mutant was followed
by CLSM. Globular microcolonies, similar to those
observed in the wild-type strain biofilm, were present
and the surface colonization kinetics appeared to be similar
to that of the wild-type strain (Fig. 3, Supplementary Table
S1 and data not shown). The same surface adhesion results
were obtained using epifluorescence microscopy (data not
shown). Based on these observations, we concluded that, in

the absence of arsenite, swimming motility does not act,
positively or negatively, in H. arsenicoxydans biofilm
development.

Effect of arsenite on biofilm development

We then investigated H. arsenicoxydans biofilm formation
under arsenite stress. The biofilm structure, i.e. the
globular microcolonies, of the wild-type strain was not
affected by As(III) (data not shown). However the three-
step biofilm development was delayed by 24 h (Fig. 2,
Fig. 3 and Supplementary Table S1), even when the strain
was pre-cultivated with As(III) (data not shown). The same
surface coverage results were obtained using epifluores-
cence microscopy (data not shown). In order to explain
this observation, the planktonic growth of the strain was

Fig. 2. H. arsenicoxydans biofilm surface coverage as a function

of time. Cultures were performed in the absence of arsenic ($)

and in the presence of 0.67 mM As(III) (&). The values are

means+1 SD for data from six images (three images from two

replicate biofilms). NIH ImageJ analysis software (http://rsbweb.

nih.gov/ii/) was used to assess surface coverage by the cells

stained with SYTO9.

Fig. 3. Biofilm surface coverage of the wild-type strain (WT) and

the DfliL and DaoxB mutants in the absence or presence of

0.67 mM As(III). The data are depicted as box plot diagrams. Box

plots portray median, quartiles, adjacent values and outlying values

for data from six images (three images from two replicate biofilms).

In the absence of arsenite, the three strains displayed a similar

adhesion behaviour. In the presence of As(III), the surface

adhesion after 24 h of culture was higher in the DfliL and DaoxB

mutants (P,0.05).
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followed in the absence and in the presence of 0.67 mM
As(III) (Table 1). The results showed a marked increase in
lag time in the presence of arsenite, from 1.5 h to about
13 h; this was seen even when the strain was pre-cultivated
with 0.67 mM As(III) (data not shown). This observation
could partly explain the delayed surface colonization in the
presence of arsenite.

Role of motility in biofilm initiation in the
presence of arsenite

Since As(III) is known to induce swimming motility in
H. arsenicoxydans, we hypothesized that it could favour
swimming instead of surface colonization. To address this
hypothesis, we investigated the early stages of biofilm
formation of the DfliL mutant in the presence of arsenite.
Indeed, the mutant displayed an adhesion rate at 24 h
significantly higher than that of the wild-type strain
(P,0.05) (Fig. 3, Supplementary Table S1 and Supple-
mentary Fig. S2). The same surface coverage results were
obtained using epifluorescence microscopy (data not
shown). This adhesion divergence cannot result from a
growth rate difference, as the planktonic generation time of
the mutant was not significantly different from that of the
wild-type strain (P.0.05) (Table 1). Similarly, cell surface
properties, known to play a key role in adhesion processes,
did not significantly differ between wild-type and mutant
strains (P.0.05) (Supplementary Table S2). Taken
together, these results were in agreement with our
hypothesis that the delayed adhesion of the wild-type
strain under arsenite exposure was linked to an induction
of swimming motility.

Induction of swimming motility through arsenite
oxidase activity

To test if this swimming motility induction was dependent
on arsenite oxidase activity, we investigated the surface
colonization behaviour of a DaoxB mutant. This strain
carries a Tn5 transposon insertion in the gene coding for
the large subunit of the arsenite oxidase and displays the

wild-type cell surface properties (P.0.05) (Supplementary
Table S2). Using epifluorescence microscopy, we showed
that, in the absence of arsenite, the mutant exhibited the
wild-type surface colonization behaviour. Interestingly,
under arsenite exposure, the surface colonization of this
mutant was not delayed by 24 h (Fig. 3, Supplementary
Table S1 and Supplementary Fig. S2). Under arsenite stress,
this DaoxB mutant exhibited a planktonic generation time
similar to and a lag time of 2.5 h shorter than those of the
wild-type strain (Table 1). However, this lag time
difference was insufficient to explain the 24 h difference
in the surface colonization behaviour between the wild-
type strain and the DaoxB mutant under arsenite exposure.
According to these data, we concluded that this coloniza-
tion difference was correlated with arsenite oxidase activity.

Effects of As(V) on biofilm initiation

To confirm that the delayed surface adhesion we observed in
the presence of As(III) in the wild-type strain was specific to
the arsenite oxidase activity and not to the presence of As(V),
the final product of the enzymic activity, we investigated H.
arsenicoxydans biofilm initiation in the presence of 0.67 mM
As(V) using epifluorescence microscopy. Even though this
As(V) concentration induced a planktonic lag time of
13±0.4 h similar to that induced by 0.67 mM As(III), its
presence did not delay biofilm initiation (Supplementary
Table S1). This result supports our conclusion that arsenite
oxidase activity, and not As(V), was responsible for the
delayed adhesion observed in the presence of As(III).

DISCUSSION

In the natural environment, most bacteria live in organized
surface communities called biofilms. These aggregated cells
are embedded in an exopolymeric matrix which protects
them against various environmental stresses, e.g. desic-
cation, oxygen and antibacterial compounds (Costerton
et al., 1995; O’Toole et al., 2000). Biofilm formation also
represents an important survival mechanism; biofilm-
forming strains show increased resistance to antibacterial
compounds such as antibiotics and metallic ions. This
increased resistance depends on multiple factors, including
the physical barrier formed by the exopolymeric matrix
(Harrison et al., 2007). The biofilm lifestyle is also
advantageous in stressful conditions as compared to the
planktonic one. The arsenic-resistant bacterium H. arsenic-
oxydans has been shown to synthesize a thicker exopoly-
saccharide matrix in the presence of subinhibitory As(III)
concentrations (Muller et al., 2007). These transmission
electronic microscopy observations have been further
supported by proteomic and quantitative mRNA analysis,
indicating the accumulation of two proteins potentially
involved in exopolysaccharide synthesis – a polysaccharide
biosynthesis protein CapE (HEAR1147) and a phospho-
mannomutase producing a precursor for alginate poly-
merization (HEAR2721) – and a twofold induction of a

Table 1. Growth parameters of the wild-type strain (WT)
and DfliL and DaoxB mutants as a function of arsenite
concentration

Strain Growth parameter* Arsenite concentration (mM):

0 0.67

WT g (h) 3.2±0.1 3.2±0.0

L (h) 1.5±0.9 13.4±0.9

DfliL g (h) 3.2±0.1 3.2±0.1

L (h) 2.7±0.1 14.3±0.9

DaoxB g (h) 3.3±0.1 3.4±0.3

L (h) 2.5±0.4 10.9±1.4

*g, generation time; L, lag time.
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gene coding an EpsF-like protein (HEAR0715) in the
presence of As(III) (Muller et al., 2007; Weiss et al., 2009).
As an exopolysaccharidic matrix is often linked to biofilm
structures (Flemming & Wingender, 2001), we hypothe-
sized that subinhibitory As(III) concentrations induce
biofilm formation in H. arsenicoxydans.

The staining used for biofilm exopolysaccharides in the
present study did not indicate an increased amount of
exopolysaccharide in the presence of As(III), contrary to what
has been previously described under planktonic growth
conditions (Muller et al., 2007). This result may indicate a
difference in regulation of exopolysaccharide synthesis
between the two lifestyles. However, in the stagnant culture
conditions tested in the present study, even though arsenite
did not affect the biofilm structure, we showed that its
presence delayed biofilm initiation. The toxic effect of arsenite
on growth could partly explain this late adhesion. However,
the surface colonization kinetics may also be regulated by
other factors, includingmotility.H. arsenicoxydans possesses a
polar flagellum and is also capable of swimming motility
(Muller et al., 2007). The role of swimming motility in
biofilm initiation and development was investigated using a
non-motile DfliLmutant previously obtained by insertion of
a mini-Tn5 (Carapito et al., 2006; Muller et al., 2007). The
fliL gene is the first gene of the fliLMNOPQR operon,
belonging to the class 2 genes, and encoding flagellar
structural proteins implicated in the specification of the
basal body and hook structure (Macnab, 2004). We showed
that the mutant displays wild-type surface properties,
including the presence of a flagellum, which is known to
influence the surface properties of the cell and can act as an
adhesive appendage (Kirov et al., 2004; Nejidat et al., 2008).
In the absence of arsenite, the mutant also exhibited wild-
type biofilm formation kinetics. Based on these observations
and according to the mutant phenotype, we conclude that in
the absence of arsenite, swimming motility has neither
positive nor negative effects on H. arsenicoxydans biofilm
development, a process that may require other motility
forms, like twitching (Klausen et al., 2003b). However, our
results do not exclude a role of motility in the initiation of
this process, i.e. in the switch between planktonic and sessile
lifestyle. As H. arsenicoxydans swimming motility has
previously been shown to be specifically induced by arsenite
stress (Muller et al., 2007), we hypothesized that As(III)
could favour swimming instead of surface colonization,
which would explain the 24 h delay in surface colonization
observed in the presence of arsenite. This hypothesis is
supported by the fact that, in the presence of As(III), the DfliL
mutant exhibited a prompter initial attachment than the
wild-type strain. As the fliL gene has been previously shown
by b-galactosidase assays and proteomic analysis to be
induced in the presence of arsenite, like the swimming
motility (Carapito et al., 2006; Weiss et al., 2009), we propose
that the presence of As(III) favours swimming mobility
through the fliL gene, resulting in a delayed switch between
motile and sessile lifestyles, a transition that is essential in
biofilm initiation.

In numerous bacteria, such as Pseudomonas aeruginosa,
Salmonella Typhimurium and Vibrio cholerae, the switch
between motile and sessile lifestyles has been shown to be
regulated by a global second messenger, bis-(39,59)-cyclic
dimeric guanosine monophosphate (c-di-GMP) (Barraud
et al., 2009; Jonas et al., 2010; Kolter & Greenberg, 2006;
Pratt et al., 2007). Its intracellular concentration depends
on diguanylate cyclase activities, associated with proteins
possessing GGDEF domains, and the c-di-GMP-specific
phosphodiesterase activities, linked to proteins presenting
EAL domains. High c-di-GMP cellular levels induce
biofilm formation while low levels promote cell motility
(Hengge, 2009). Transcriptional profiling of H. arsenicox-
ydans has been recently performed under arsenite exposure
(Koechler et al., 2010). The transcription of a gene coding
for a hypothetical diguanylate cyclase carrying a GGDEF
domain protein was found to be significantly inhibited
(2.5-fold) in the presence of arsenite (J. Cleiss-Arnold,
personal communication). This gene (HEAR1864) is
located directly upstream of the cluster II flagellar genes
(HEAR1866 to HEAR1904), whose transcription has been
shown to be induced by arsenite (Koechler et al., 2010).
These observations support our hypothesis, i.e. an
induction of swimming motility at the expense of biofilm
formation in the presence of arsenite.

Flagellar motility is a process that is also considered as a
defence mechanism in hostile environments. It allows
bacteria to reach more favourable niches, giving them an
ecological advantage (Eberl et al., 1999; Harshey, 2003).
However, since As(III) has been previously shown to
induce positive chemotaxis in H. arsenicoxydans, the fact
that motility is induced in this bacterium in the presence of
As(III) could not be explained by this hypothesis.
Alternatively the arsenite-dependent motility may be the
result of arsenite oxidase activity: As(III) has been shown to
promote increased motility in H. arsenicoxydans wild-type
but not in arsenite oxidase defective strains (Koechler et al.,
2010; Muller et al., 2007). Indeed, the arsenite oxidase
defective mutant tested in the present study did not exhibit
delayed adhesion under As(III) exposure. Because in the
presence of As(V), the final product of the arsenite oxidase
activity, the wild-type strain did not exhibit delayed surface
adhesion, we conclude that the delayed biofilm initiation
we observed under As(III) exposure was specifically
dependent on the arsenite oxidase activity.

In conclusion, our observations show that As(III) has a
more complex effect on surface colonization than pre-
viously thought. In H. arsenicoxydans, flagellar motility
plays a key role in the switch between planktonic and
sessile lifestyles, inhibiting the initiation of biofilm
formation. Surprisingly, under arsenite stress, H. arsenic-
oxydans favours swimming motility, which results from the
arsenite oxidase detoxification activity. The swimming
motility resulting from this activity may be indicative of an
attempt by the cells to transform their environment before
they initiate a biofilm.

Arsenite effect on biofilm initiation
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de Recherche – Métabolisme de l’Arsenic chez les Microorganismes
(GDR2909-CNRS)’ (http://gdr2909.u-strasbg.fr).

REFERENCES

Abernathy, C. O., Liu, Y. P., Longfellow, D., Aposhian, H. V., Beck, B.,

Fowler, B., Goyer, R., Menzer, R., Rossman, T. & other authors

(1999). Arsenic: health effects, mechanisms of actions, and research
issues. Environ Health Perspect 107, 593–597.

Barraud, N., Schleheck, D., Klebensberger, J., Webb, J. S., Hassett,

D. J., Rice, S. A. & Kjelleberg, S. (2009). Nitric oxide signaling in
Pseudomonas aeruginosa biofilms mediates phosphodiesterase activity,
decreased cyclic di-GMP levels, and enhanced dispersal. J Bacteriol
191, 7333–7342.

Bellon-Fontaine, M.-N., Rault, J. & van Oss, C. J. (1996). Microbial
adhesion to solvents: a novel method to determine the electron-
donor/electron-acceptor or Lewis acid-base properties of microbial
cells. Colloids Surf B Biointerfaces 7, 47–53.

Carapito, C., Muller, D., Turlin, E., Koechler, S., Danchin, A., Van

Dorsselaer, A., Leize-Wagner, E., Bertin, P. N. & Lett, M. C. (2006).

Identification of genes and proteins involved in the pleiotropic
response to arsenic stress in Caenibacter arsenoxydans, a metallore-
sistant beta-proteobacterium with an unsequenced genome. Biochimie
88, 595–606.

Costerton, J. W., Lewandowski, Z., Caldwell, D. E., Korber, D. R. &

Lappin-Scott, H. M. (1995). Microbial biofilms. Annu Rev Microbiol
49, 711–745.

de Lorenzo, V., Herrero, M., Jakubzik, U. & Timmis, K. N. (1990).

Mini-Tn5 transposon derivatives for insertion mutagenesis, promoter
probing, and chromosomal insertion of cloned DNA in gram-
negative eubacteria. J Bacteriol 172, 6568–6572.

Eberl, L., Molin, S. & Givskov, M. (1999). Surface motility of Serratia
liquefaciens MG1. J Bacteriol 181, 1703–1712.

Flemming, H. C. & Wingender, J. (2001). Relevance of microbial
extracellular polymeric substances (EPSs). Part I: structural and
ecological aspects. Water Sci Technol 43, 1–8.

Harrison, J. J., Ceri, H. & Turner, R. J. (2007). Multimetal resistance
and tolerance in microbial biofilms. Nat Rev Microbiol 5, 928–938.

Harshey, R. M. (2003). Bacterial motility on a surface: many ways to a
common goal. Annu Rev Microbiol 57, 249–273.

Hengge, R. (2009). Principles of c-di-GMP signalling in bacteria. Nat
Rev Microbiol 7, 263–273.

Jonas, K., Edwards, A. N., Ahmad, I., Romeo, T., Römling, U. &
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By their metabolic activities, microorganisms play a crucial role in the biogeochemical 

cycles of elements. The complete understanding of these processes requires however the 

deciphering of both the structure and the function, including synecologic interactions, of 

microbial communities. Using a metagenomic approach, we demonstrated here that an 

environment highly contaminated with arsenic is dominated by seven bacterial strains 5 

whose genomes were reconstructed. Five of them represent yet uncultivated bacteria 

and include two strains belonging to a novel bacterial phylum present in some AMD 

ecosystems, and which was named Candidatus Fodinabacter communificans. 

Metaproteomic data unravelled several microbial capabilities expressed in situ, such as 

iron, sulphur and arsenic oxidation that are key mechanisms in biomineralization, or 10 

organic nutrient, amino acid, and vitamin metabolism involved in synthrophic 

associations. A statistical analysis of all data and RT-PCR experiments allowed us to 

build an integrated model of the metabolic interactions that may be of prime importance 

in the natural attenuation of such anthropized ecosystems. 

15 
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Introduction 15 

Microorganisms are involved in biogeochemical nutrient cycles and play therefore a crucial 

role in the biosphere (Falkowski et al., 2008; Haferburg and Kothe, 2007; Konopka, 2009). 

Although microbial ecosystems constitute a major reservoir of our planet’s genetic 

biodiversity, it is generally recognized that most of the microorganisms present in the 

environment are not accessible by culture-dependent techniques. The recent developments in 20 

genomics have given an unprecedented opportunity to gain insight into the structure and the 

functioning of microbial communities (Allen and Banfield, 2005; Bertin et al., 2008; Wilmes 

et al., 2009). Indeed, environmental genomics has extended their analysis far beyond the sole 

taxonomic studies, as the whole community gene pool and its expression can now be 

characterized. Such approaches give rise to an integrated picture of ecosystems and are 25 

therefore of great interest to interpret the metabolisms present in ecological niches considered 

as extreme, including those impacted by human activities. Among the most toxic 

anthropogenic contaminants, arsenic is at the origin of serious forms of water pollution in 

industrial and post-industrial areas all over the world. In particular, high arsenic contents are 

encountered in mine drainage waters, where the metalloid is usually associated with sulphur, 30 

iron and other metals (Vaughan, 2006). Few forms of life are known to thrive in these often 

acid waters, as compared with neutral waters (Denef et al., 2010; Johnson and Hallberg, 

2003). In this respect, the As(III) form (arsenite) can provide chemolithotrophic organisms 

with energy (Silver and Phung, 2005; Stolz et al., 2006). 

The former mine of Carnoulès, Gard (France), provides an outstanding example of 35 

such an extreme environment. The sulphurous wastes contain As-rich pyrite and the leached 

waters are the source of a small stream called the Reigous that contains between 50 and 350 

mg.l-1 of soluble arsenic, mainly in the form of As(III). However, although the arsenic levels 

remain still high, this concentration decreases by 95% between the source of the Reigous and 



 5 

its confluence with the river Amous, 1.5 km downstream. This natural process of attenuation 40 

is mainly due to microbial metabolism, leading to the oxidation of iron and arsenic into 

Fe(III) and As(V), and their co-precipitation with sulphur (Bruneel et al., 2003; Casiot et al., 

2003; Duquesne et al., 2003). However, only a few bacteria belonging to Thiomonas or 

Acidithiobacillus genera have been isolated and characterized so far, even though 16S-based 

community analyses have revealed that other genera are present in this ecosystem (Bruneel et 45 

al., 2003; Duquesne et al., 2003; Duquesne et al., 2008). The biological activity of these 

uncultured bacteria may have a significant impact on the functioning of this ecosystem. In the 

present study, we used a multidisciplinary approach that took advantage of the "omics" 

methods, to decipher the role of uncultured microorganisms in the complex metabolic 

processes at work in the Carnoulès AMD, an arsenic-rich ecosystem. 50 

 

Materials and Methods 

Sampling and chemical analysis 

Samples were collected in May 2007 at the station called COWG located 30 m downstream of 

the spring (Bruneel et al., 2003). Five cm deep white sediments covering the bottom of the 55 

creek were collected using a sterile tube, and the running water (i.e. a thin column, less than 10 

cm) covering these sediments was filtered (300 mL) through sterile 0.22 µm Nuclepore filters. 

These filters were transferred into a collection tube, frozen in liquid nitrogen, and stored at -

80°C until further analysis. This sampling was done in triplicates. The main physico-chemical 

parameters (pH, T°, dissolved oxygen…) were determined in the field and arsenic speciation, 60 

Fe(II) and sulfate analyses were performed as previously described (Bruneel et al., 2008). 
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DNA isolation and sequencing 

DNA was extracted from the cellular fraction either directly using the UltraClean Soil DNA 

Isolation Kit (MoBio Laboratories Inc., Carlsbad, CA, USA), or after separation of microbial 

cells by Nycodenz gradient, using the Wizard Genomic DNA Extraction kit (Promega, 65 

U.S.A.), and stored at -20°C (Supplementary Information). Nebulized DNA fragments 

ranging from 3 and 5 kb were used to construct a genomic library and DNA inserts were 

sequenced, as previously described (Muller et al., 2007), giving rise to 550,920 Sanger reads. 

In parallel, 281,758 DNA reads were obtained by GS-FLEX pyrosequencing using standard 

procedures. Both methods produced a total of 430.3 Mbp. 70 

 

Clone library and phylogenetic analyses 

The bacterial diversity was analyzed by cloning and sequencing PCR amplified 16S rRNA 

genes (Supplementary Information). Sequences were compared with the RDP database 

(http://rdp.cme.msu.edu) and BLAST online searches (Altschul et al., 1997). Phylogenies 75 

were constructed with the Molecular Evolutionary Genetics Analysis v4.0 program (Tamura 

et al., 2007) using Maximum Composite Likelihood model and Neighbour-joining algorithm. 

The sequences of clones CG determined in this study were submitted to the EMBL database 

and were given Accession Numbers FN391809 to FN391849. 

 80 

Bioinformatics, statistical analysis and phylogenomic approach 

Two third of the metagenomic sequences were successfully organized in 7 bins 

(Supplementary Information) and were then integrated into the MicroScope platform for the 

prediction of coding sequences, followed by automatic and expert annotation (Vallenet et al., 

2006). The mean polymorphism frequency in the population was assessed using SNIPer 85 

(Ning et al., 2001). Molecular phylogenies were inferred using 27 universal marker genes 
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chosen from a reference gene set (Ciccarelli et al., 2006) (Supplementary Information). For 

each marker, the corresponding family of homologous genes from the HOGENOM database 

(Perrière et al., 2000) was identified. Each family dataset was then aligned with the program 

MUSCLE (Edgar, 2004) and filtered using the program GBLOCKS (Castresana, 2000; 90 

Talavera and Castresana, 2007). Maximum-likelihood phylogenies were reconstructed with 

PhyML (v2.4.4, (Guindon and Gascuel, 2003)) using the Jones–Taylor–Thornton (JTT) 

model of amino-acid substitution (Jones et al., 1992). The metabolic network was predicted 

by the “Pathway Tools” software (Karp et al., 2002) using MetaCyc (Caspi et al., 2008) as a 

reference pathway database and then analysed by a Multiple Factor Analysis (MFA) from a 95 

two dimensional-matrix (Supplementary Information). DNA sequences were submitted to 

GenBank and were given the following ProjectIDs : 38045 - Carnoules metagenome study 

(top level) ; 41535 - Carnoules metagenome study, bin 1 ; 41537 - Carnoules metagenome 

study, bin 2 ; 41539 - Carnoules metagenome study, bin 3 ; 41541 - Carnoules metagenome 

study, bin 4 ; 41543 - Carnoules metagenome study, bin 5 ; 41545 - Carnoules metagenome 100 

study, bin 6 ; 41549 - Carnoules metagenome study, bin 7. 

 

Protein extraction, gel electrophoresis and mass spectrometry identification 

Proteins were extracted from cells recovered using Nycodenz gradient (Supplementary 

Information), separated by SDS-PAGE using 12 % gradient slab gels (PROTEAN II, Bio-Rad 105 

laboratories), stained with Coomassie Brilliant Blue R-250, and in gel digested, as previously 

described (Weiss et al., 2009). The resulting peptide extracts were analyzed by nanoLC-

MS/MS on a nanoACQUITY Ultra-Performance-LC (UPLC, Waters, Milford, MA) coupled 

to SYNAPT hybrid quadrupole orthogonal acceleration time-of-flight tandem mass 

spectrometer (Waters, Milford, MA). Data were analyzed using the MASCOT 2.2.0. 110 
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algorithm (Matrix Science, London, UK) to search against a target-decoy protein database 

(Supplementary Information). 

 

PCR and reverse transcription 

The rus gene of CARN5 was PCR-amplified with iProof Polymerase High Fidelity (Biorad) 115 

using oligonucleotides RUSf : 5'-ACCCTTAGGGTGCTGCTTTT-3' and RUSr: 5'-

GTCGGATGCCAGGTAAAATC-3' designed on the corresponding sequences in At. 

ferrooxidans strains ATCC23270 and ATCC53993. Amplification conditions were as follows 

: 98°C for 30 sec, then 34 cycles (98°C for 10 sec, 68°C for 30 sec and 72°C for 30 sec) and 

finally 72°C for 10 min. Total RNA was extracted according to (González-Mendoza et al., 120 

2009) from the bacterial community recovered after Nycodenz® gradient density separation. 

Total RNA were purified using the RNEasy Mini kit (Qiagen) and digested with DNAse 

(Fermentas). The reverse transcription of nifQ, punA, soxC and cobS transcripts was 

performed using SuperScript® III One-Step RT-PCR System (Invitrogen) and 5’-

TTGCTGATTTGTTGCTCTGG-3’/5’-TCCAGCAGACTGGACAACAC-3’, 5’-125 

CTCCATCCGAAAAAGTGCTC-3’/5’-AAAGAGGTTTTGCTGCGGTA-3’, 5’-

ATCGACGGATTTCTGGATTG-3’/5’-GGTAACGCTGCCATCTAAGC-3’ and 5’-

TTGCTGATTTGTTGCTCTGG-3’/5’-TCCAGCAGACTGGACAACAC-3’ primers, 

respectively. A negative control was carried out without the first reverse transcription step. 

Amplified fragments were sequenced by Millgen® and the resulting sequences were analyzed 130 

using BLAST program (Altschul et al., 1997). 

 

Bacterial culture and growth medium 

Iron oxidation was tested with At. ferrooxidans B5 strain isolated from Carnoulès (Bruneel et 

al., 2003). 5 106 cells mL-1 were grown at 30°C for 5 days in 100:10 liquid medium (Schrader 135 
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and Holmes, 1988) supplemented or not with 1 mg.L-1 cobalamin (Sigma), and shaken at 140 

rpm. Iron oxidation was followed by the appearance of an orange precipitate and cellular 

growth was estimated by CFU counting. 

 

Results 140 

Phylogeny and genome reconstruction 

The main physico-chemical parameters (pH, T°, dissolved oxygen, iron concentration,…) were 

determined at the sampling site: a pH value of roughly 3.5 was measured, and arsenic, iron and 

sulfate concentrations reached 87, 625 and 3,209 mg.L-1, respectively (Table 1), further 

supporting a persistent contamination by arsenic and other inorganic elements (Casiot et al., 145 

2003). To identify the microbial species present in the ecosystem, DNA was extracted from the 

upper zone of sediments, 16S rRNA sequences were amplified and a clone library was built as 

previously described (Bruneel et al., 2008). Sequence analyses revealed a dominance of 

bacteria belonging to the Proteobacteria phylum (β- and γ-Proteobacteria with 38 and 23%, 

respectively). Remaining clones belonged to Firmicutes (4%), and Acidobacteria (3%), and to 150 

a lesser extent to Spirochaetes (1%) and α-Proteobacteria (1%). This suggests that the 

microbial community at Carnoulès includes a few other bacterial phyla in addition to those 

previously identified (Bruneel et al., 2008). 

To decipher the possible role of microorganisms in the biotransformation of toxic 

elements present at the study site, total DNA extracted from sediments was next fully 155 

sequenced. These genomic data were assembled in 7 major bins called CARN1 to CARN7, 

using a combination of 16S rRNA gene sequences, GC%, mean coverage of the various 

contigs, mean polymorphism frequency and similarity to already sequenced genomes, 

including At. ferrooxidans and Thiomonas sp. 3As 

(https://www.genoscope.cns.fr/agc/mage/arsenoscope). The size of the 7 bins ranged from 1.5 160 
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Mbp to more than 4.0 Mbp and their GC content ranged from 52 to 65% (Table 2). DNA 

sequencing led to a low coverage for some contigs, in particular those of CARN3, which 

suggests that the size of the corresponding genome is underestimated. Finally, even though the 

sequence assembling from ecotypes cannot be excluded, each supercontig group was 

considered to correspond to the genome of one single major organism (Supplementary Figure 165 

S1). 

We evaluated the origin of the 7 bins by a phylogenetic analysis of 16S rRNA 

sequences obtained from both the clone library and metagenome sequencing (Figure 1), except 

for CARN4 whose missing rRNA sequence precluded its 16S-based classification. We also 

made a phylogenomic analysis of the bins using 27 universal marker genes (individually or 170 

combined) sufficiently conserved to build a tree of life (Ciccarelli et al., 2006), except for 

CARN6 where no marker was found. Precisely, the candidates CARN2, CARN3 and CARN5 

were affiliated to the β-Proteobacterium Thiomonas genus, the Acidobacteria clade and to the 

γ-Proteobacterium At. ferrooxidans, respectively (Supplementary Table S1). In addition, the 

comparison of CARN7 16S rRNA gene with sequences in the RDP database using NCBI 175 

BLAST showed that the closest cultivated microorganism belongs to the β-Proteobacterium 

Gallionella genus. These phylogenetic results for the bins were supported by an analysis of 

gene order conservation known to be correlated with evolutive distances (Huynen and Bork, 

1998). 

Remarkably, the candidates corresponding to the CARN1 and CARN4 bins showed an 180 

important phylogenetic relationship and may represent 2 subpopulations according to the 

polymorphism distribution along their genome (Supplementary Figure S2). RDP Classifier 

indicated that those bins did not correspond to any known taxonomic phylum and, according to 

the metabolic properties identified in the present study (see below), this new genus was herein 

named Candidatus Fodinabacter communificans (from fodina, mine and communificare, 185 
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share), in accordance with the recommendations for incompletely characterized 

microorganisms (Murray and Stackebrandt, 1995). 

 

Metabolic potentialities of the 7 dominant bacteria and in situ expressed activities 

To determine the major metabolic potentialities of each bin, an in-depth in silico analysis of 190 

their gene content was performed. In parallel, we investigated the functioning of the bacterial 

community by analyzing the proteins synthezised in situ by all bins. This metaproteomic 

approach allowed the reliable identification of more than 500 unique proteins belonging to 

various functional classes, e.g. membrane and transport, stress response, and energy 

metabolism (Supplementary Tables S2ab). The experimental protein pattern was 195 

representative of the theoretical profile inferred from metagenomic data and the number of 

proteins identified from each bin was in agreement with the level of sequence coverage. In 

this respect, CARN1 and CARN4 bins, which were shown to express 70% of the identified 

proteins, emerged as abundant and very active in the ecosystem (Figure 2). 

The genome of each bin was shown to contain at least one ars operon encoding 200 

arsenite efflux pumps and arsenate reductases. These genes are involved in arsenic resistance, 

and the presence of the corresponding proteins was demonstrated in protein extracts 

(Supplementary Table S2b). In addition, an arsM gene coding for an arsenite S-

adenosylmethyltransferase was identified in the genome of CARN6, in agreement with the 

presence of methylated forms of arsenic in Carnoulès sediments, i.e. monomethylarsonate and 205 

dimethylarsinate (7.10-4 mg MMA and 3.10-4 mg DMA, respectively, per mg dry weight). On 

the other hand, because of the structural similarity between As(V) and phosphate, arsenic 

metabolizing strains may preferentially transport phosphate via the specific Pst phosphate 

transport system rather than the Pit general transport mechanism, in order to reduce the entry 
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of As(V). Accordingly, no Pit protein was identified in metaproteomic data while several Pst 210 

proteins were detected (Supplementary Table S2b). 

The microbial response to arsenic is known to result in various biological effects, 

including oxidative stress, DNA damage, exopolysaccharide synthesis and biofilm formation 

(Beyersmann and Hartwig, 2008; Marchal et al., 2010). Metaproteomic data showed that 

Carnoulès strains indeed express functions protecting against general and oxidative stress, 215 

including chaperones such as DnaK or HtpG, and superoxide dismutase or 

thioredoxin/thioredoxin reductase. Several proteins such as RecA and DPS involved in DNA 

recombination and repair were also identified. In addition, several flagellar proteins 

synthesized by CARN1 and CARN4 were identified in protein extracts (Supplementary Table 

S2b), as well as a protein involved in the synthesis of Type 4 pilus expressed by Thiomonas 220 

sp. and known to play a role in twitching motility and adhesion (Li et al., 2010). The 

corresponding operon, found in the genome of this bin, was also present in the genomes of 

CARN5 and CARN7. These adaptive processes typically depend on multiple regulatory 

mechanisms that allow bacteria to respond to a wide panel of stimuli. This was supported by 

the proteomic identification of proteins such as the nucleoid-associated proteins HU and H-225 

NS, which play a major role in both the structure and the function of chromosomal DNA 

(Grove, 2010; Tendeng and Bertin, 2003). Several regulators, including alternative sigma 

factors such as σH and regulatory proteins belonging to the two-component systems or those 

involved in cell-to-cell signalling, were also expressed by various strains (Supplementary 

Tables S2ab), in agreement with the presence in their genome of multiple genes coding for 230 

proteins involved in stress response. 

In a partly oligotrophic environment such as the Carnoulès AMD, various metabolic 

reactions may be needed for autotrophic metabolism. In this respect, carbon fixation depends 

on proteins such as ribulose 1,5-biphosphate carboxylase/oxygenase (involved in Calvin 
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cycle), carboxysome structural proteins and carbon monoxide dehydrogenase (involved in 235 

acetyl-coenzyme A synthesis). These enzymes were identified in protein extracts, in 

agreement with the presence of corresponding genes in Thiomonas sp. (CARN2), 

Acidithiobacillus sp. (CARN5) or Gallionella-related (CARN7) bins. In addition, CARN5 

and CARN7 may fix nitrogen by the expression of nif genes (Supplementary Figure S3), 

which encode a nitrogenase. These observations suggest that these three strains play a key 240 

role as organic compound primary producers. Nevertheless, other microorganisms may 

preferentially metabolize and recycle some organic compounds released by others. For 

example, the CARN6 bin carries the cellulase encoding gene bczS and the α-amylase amyM 

gene, suggesting that this strain is able to metabolize complex carbohydrates. Similarly, 

several enzymes required for amino acid transport and metabolism were identified in the bins 245 

lacking the carbon and nitrogen fixation genetic determinants, in agreement with a 

mixotrophic or organotrophic metabolism. In particular, the CARN1 and CARN4 bins of 

Candidatus F. communificans contain genes such as liv and opp involved in branched amino-

acid and oligopeptide transport, respectively. In addition, both strains were shown to encode 

multiple peptidases, such as the metallopeptidase M61 and the serine protease S41 250 

(Supplementary Table S2b), and to express the punA gene (Supplementary Figure S3), which 

suggests that they can use purine as a carbon source (Schuch et al., 1999). The CARN1 and 

CARN4 bins also expressed Gcv proteins of the glycine cleavage system that catalyzes the 

degradation of glycine and PdxS proteins involved in active vitamin B6 biosynthesis, which 

plays an important role in amino acid metabolism (Fitzpatrick et al., 2007). Finally, the 255 

identification of multiple Krebs cycle enzymes, e.g. isocitrate, succinate and malate 

dehydrogenases, in CARN1 and 4 also argues in favour of an organotrophic metabolism in 

Candidatus F. communificans. 
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A wide diversity of bioenergetic electron chains may be needed to accommodate the 

fluctuations in physico-chemical parameters. Accordingly, several terminal oxidases might be 260 

operative in all strains of the Carnoulès microorganisms, e.g. the cytochrome oxidase cox and 

cta operons and the cyo and cyd operons encoding quinol oxidases. The identification of 

several NADH-ubiquinone and cytochrome c oxidases in protein extracts supports the 

existence of aerobic metabolism at the sampling site (Supplementary Table S2b). 

Nevertheless, several operons involved in anaerobic respiration were identified, in particular 265 

those in CARN2 and CARN7 bins required in the metabolism of nitrate and nitrite, such as 

ntr, nar, and nas, or the use of fumarate as an electron acceptor. On the other hand, possible 

inorganic electron donors may comprise sulphur compounds. This is supported by the 

presence in Thiomonas sp. (CARN2), Acidithiobacillus sp. (CARN5) or Gallionella-related 

sp. (CARN7) and the expression (Supplementary Figure S3) of genes such as sor, sox, tetH or 270 

sqr involved in the oxidation of reduced inorganic sulphur compounds, e.g. sulfide, sulphur, 

sulphite, thiosulphate or tetrathionate. The oxidation of H2 to protons may also be a source of 

energy due to the presence in CARN2, CARN5 and CARN6 of several hydrogenase-encoding 

genes, in particular hox and hup operons (Friedrich and Schwartz, 1993). Finally, the CARN7 

bin harbours a dsrABEFHCMKLJOPN operon. The DsrA protein showed 72% similarity 275 

with ortholog in the sulphur-oxidising Thiobacillus denitrificans. This suggests that the 

Gallionella-related strain is also able to use sulphur compounds as electron donor in its 

energy metabolism, as suggested in Gallionella ferruginea (Lutters-Czekalla, 1990). 

Additionally, arsenite may constitute a possible inorganic electron donor and 3 

arsenite oxidases possibly involved in the bioenergetic transformation of As(III) to As(V) 280 

were shown to be expressed by the sole Thiomonas sp. (CARN2). In contrast, no respiratory 

arsenate reductase, which allows anaerobic respiration of As(V), was identified in any of the 7 

bins. Importantly, the Acidithiobacillus sp. bin (CARN5) expressed the sole RusA protein 
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(Supplementary Table S2b), which is involved in electron transport with iron used as an 

energy source. This suggests a major role of CARN5 in the iron oxidation observed at 285 

Carnoulès (Duquesne et al., 2003; Morin et al., 2003). Nevertheless, a cytochrome 

synthesized by CARN7 was also identified in protein extracts. Despite a low similarity (i.e. 

34 %) with the Cyt572 protein of Lesptospirillum sp. involved in iron oxidation (Jeans et al., 

2008), we cannot rule out that additional proteins may be involved in this process in the AMD 

under study. 290 

 

Synecologic interactions within the microbial community 

Autotrophic, mixotrophic or heterotrophic metabolisms present at Carnoulès suggest the 

existence of metabolic and nutrient exchanges that may be of prime importance inside the 

microbial community, revealing the importance of syntrophic relationships. To support and 295 

extend these observations, a Multiple Factor Analysis (MFA) of both metagenomic and 

metaproteomic data was performed on a two dimensional-matrix combining bins and 

enzymatic reactions. The most discriminant axes, i.e. capturing the highest dispersion in the 

resulting dot cloud, suggest an important and specific role for each organism inside the 

Carnoulès community. Indeed, factorial planes segregated CARN2 from the other bins 300 

(Figure 3) and separated CARN1-CARN4 from CARN5-CARN7. In addition, CARN3 was 

opposed to CARN6, revealing CARN6-specific reactions (Figure 3). No such correlation was 

observed between our data and those from the acidic AMD biofilm (Denef et al., 2010; Tyson 

et al., 2004), which further supports the marked difference between these two ecosystems 

(Supplementary Figure S4). From the variable classification results, several clusters of 305 

reactions were then associated to bin groups. These include, for example, Cluster A4 which is 

linked to CARN2 (energy metabolism, inorganic nutrient metabolism and arsenic 

detoxification) (Supplementary Table S3a), and Cluster A1 which groups reactions common 



 16 

to CARN2 and CARN5 (Calvin-Benson-Bassham cycle and urea degradation pathways). In 

addition, Cluster A5 contains CARN6-specific reactions, such as those involved in cellulose 310 

metabolism, while Clusters A6, B1 and B4 include reactions related to lysine fermentation 

and to other amino acid or nucleoside degradation pathways in CARN1 and CARN4, and also 

gather reactions related to cobalamin biosynthesis (Supplementary Table S3b). Indeed, the 

CARN1 and CARN4 bins carry the cobSTU operon involved in cobalamin (vitamin B12) 

synthesis (Escalante-Semerena, 2007), which was shown to be expressed in situ 315 

(Supplementary Figure S3). Remarkably, iron oxidation catalysed by At. ferrooxidans was 

strongly increased in the presence of cobalamin (Supplementary Figure S5). These data 

suggest that this vitamin synthesized by CARN1 and CARN4 may be used by CARN5, 

leading to an increase in iron oxidation. 

 320 

Discussion 

The last few years, a huge amount of genomic sequences have been published in databases, 

including a complete characterization of several bacteria metabolizing arsenic (Arsène-

Ploetze et al., 2010; Muller et al., 2007). In microbial ecology, the major challenge remains 

however to determine more precisely the role of microorganisms and their relationships with 325 

other members of the microbial community that result in an efficient functioning of the 

ecosystem. In this respect, metagenomic approaches based on high-throughput technologies 

may be of great interest in synecology since they allow to investigate the role of complex 

microbe consortia as a whole, including that of uncultured microorganisms in the processes 

taking place in situ. In the present study, we performed an in-depth analysis of descriptive and 330 

functional genomic data that allowed us to identify the dominant microorganisms present in 

an arsenic-contaminated ecosystem (Figure 4). Some of them belong to bacterial genera 

already characterized, e.g. Thiomonas (CARN2) and Acidithiobacillus (CARN5). Others 
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correspond however to uncultured microorganisms related to Gallionella sp. (CARN7) and 

the first representative of a novel bacterial phylum, here named Candidatus F. communificans 335 

(CARN1 and CARN4). Interestingly, only two 16S rRNA sequences (97% similarity) similar 

to CARN1 are present in databases and originate from other acid mine environments, 

suggesting that this uncultivated bacterium is widespread in such ecosystems. Finally, the 

presence at the study site of 2 subpopulations of a same strain, i.e. Candidatus F. 

communificans (Supplementary Figures S1 and S2), is reminiscent to what has been observed 340 

in other environmental contexts (Simmons et al., 2008; Wilmes et al., 2008). Such ecotypes, 

which may reflect an important genetic variability resulting from gene gain or loss, has been 

recently described in Thiomonas strains (Arsène-Ploetze et al., 2010). 

Metagenomic and metaproteomic data emphasized the diversity of mechanisms that 

may be active in situ, allowing the 7 dominant bacteria to adapt their metabolic activities to 345 

changes in environmental conditions (Figure 4). One example concerns the ability of 

microorganisms to live in organized surface communities called biofilms, where aggregated 

cells are embedded in an exopolymeric matrix. Such a lifestyle confers them an higher 

resistance to various environmental stresses (Harrison et al., 2007) and favours the physical 

interactions between the cells (Davey and O'toole, 2000). In addition, flagellum biosynthesis 350 

and motility are often known to play a role in the first steps of biofilm formation (Soutourina 

and Bertin, 2003). Metagenomics revealed that most bins contain multiple flagellar and pili 

genes and metaproteomics allowed us to identify the corresponding proteins in 

CARN1/CARN4 and in CARN2, respectively (Supplementary Table S2b). While no flagellar 

operon was identified in Acidithiobacillus sp. (CARN5), as it may be observed in already 355 

sequenced related bacteria (https://www.genoscope.cns.fr/agc/mage/arsenoscope), this bin 

contains several genes such as galE and pgm involved in capsular biosynthesis in At. 
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ferrooxidans (Barreto et al., 2005), suggesting a role of this strain in the formation of a 

biofilm. 

More importantly, combined with Multiple Factorial Analysis of the data, our 360 

observations demonstrated the metabolic partnerships that may exist inside an arsenic-rich 

environment at the benefit of the microbial community as a whole. These processes include 

the fixation of inorganic carbon and nitrogen by several strains, in particular those belonging 

to the Thiomonas (CARN2), Acidithiobacillus (CARN5) and Gallionella-related (CARN7) 

genera. Indeed, these strains were shown to synthesize proteins such as the Rubisco, i.e. 365 

ribulose-1,5-biphosphate carboxylase oxygenase. This enzyme of the Calvin cycle catalyzes 

the first step of carbon fixation. In addition, the genome of CARN5 and CARN7 also contain 

the nif genes, which encode a nitrogenase and were shown to be expressed in situ. This further 

supports a key role of these organisms in nitrogen cycle inside the Carnoulès community. 

Their autotrophic metabolisms may be essential to reach an equilibrium between auto- and 370 

heterotrophy providing other partners with organic nutrients. In this respect, the presence of 

fucP and exuT genes coding for L-fucose and hexuronate transporters, respectively, in 

CARN3 may support, at least in part, the carbon requirements of this organism. In addition, 

CARN6 carries the cellulase encoding gene bczS and the α-amylase amyM gene, suggesting 

its ability to metabolize more complex carbohydrates. 375 

Remarkably, our results highlighted the role of several members of the Carnoulès 

community in the recycling of both mineral and organic resources such as arsenic, iron, 

sulphur, urea, vitamins, nucleosides and amino acids (Figure 4). In this respect, the arsenite 

oxidase activity expressed by Thiomonas sp. (CARN2) associated with metabolisms such as 

iron oxidation by Acidithiobacillus sp. (CARN5) and sulphur oxidation by both strains and 380 

the Gallionella-related strain (CARN7), seems to be of prime importance in the partial but 

efficient attenuation of the arsenic-contaminated ecosystem, leading to the co-precipitation of 
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these inorganic elements (Bruneel et al., 2003; Casiot et al., 2003; Duquesne et al., 2003). 

Other microorganisms, in particular Candidatus F. communificans, may recycle organic 

compounds released by others or provide them with essential cofactors. First, CARN1 and 385 

CARN4 bins expressed genes involved in branched-chain amino acid and oligopeptide 

transport. Second, and unlike other Carnoulès bins, their genome carries drm and punA genes, 

suggesting that they can use purine as a carbon source (Schuch et al., 1999). Third, genes 

involved in amino acid fermentation were also identified in both bins, e.g. those of the lysine 

pathway which converts lysine into butyrate, acetate and ammonia, principally in obligate 390 

anaerobic bacteria (Kreimeyer et al., 2007). Fourth, the CARN1 and CARN4 bins of 

Candidatus F. communificans carry the arginase-encoding gene rocF involved in urea 

biosynthesis, while a complete urease-encoding ure operon was present in Thiomonas sp. bin 

(CARN2). Fifth, genes involved in cobalamin biosynthesis, including the cobSTU operon, 

were identified in both CARN1 and CARN4 bins while BtuC cobalamin transporters are 395 

possibly encoded by others bins such as Thiomonas (CARN2) and Acidithiobacillus sp. 

(CARN5), as it may be observed in already sequenced related bacteria 

(https://www.genoscope.cns.fr/agc/mage/arsenoscope). In addition, cobalamin was shown to 

strongly activate iron oxidation in At. ferrooxidans, the first step in the natural remediation 

observed at the study site. Such a metabolic cooperation may thus be of prime importance in 400 

the natural biomineralization observed at Carnoulès. Finally, cobalamin biosynthesis may also 

be useful to eukaryotes, in particular Euglena sp. present at the study site (Casiot et al., 2004) 

whose cell cycle is known to require this cofactor (Bré et al., 1981; Olaveson and Stokes, 

1989).  

Taken together, our data provide evidence that at least 7 bacteria are involved in the 405 

functioning of the AMD ecosystem under study. In particular, our observations support the 

existence of multiple metabolic cooperations between the Carnoulès microorganisms (Fig. 4) 
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and an indirect but crucial role of the first representative of a novel and uncultured bacterial 

phylum in the biomineralization processes in this arsenic-rich ecosystem. In the future, 

descriptive and functional genomic approaches such as those presented here should give an 410 

integrated view of the biological objects present in any environment, their relationships, their 

role in the nutrient biogeochemical cycles and their possible use in the development of novel 

methods of bioremediation. More routinely used, such strategies will lead to important 

advances in microbial ecology, revealing what was recently regarded as impossible to 

explore. 415 
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Titles and legends to figure 630 

 

Figure 1 Phylogenetic tree representing the taxonomic affiliation of the Carnoulès 

community microorganisms. The 16S rRNA gene sequences were obtained from DNA 

sediments after PCR amplification (clones CG-X) or metagenomic sequencing (CARN bins, 

except for CARN4, see text). A total of 759 positions in the final dataset were obtained after 635 

all positions containing gaps and missing data were eliminated. The distances were computed 

using the Maximum Composite Likelihood method and the tree was inferred using the 

Neighbor-Joining method. The scale bar corresponds to 0.05 substitutions per site. 

Percentages of 1000 bootstrap resamplings that supported the branching orders in each 

analysis are shown above or near the relevant nodes. Bootstrap values are shown for branches 640 

with more than 50% bootstrap support. 

 

Figure 2 Experimental metaproteomic pattern obtained by MS/MS identification of the 

proteins expressed in situ (CARN1, green; CARN2, orange; CARN3, black; CARN4, pink; 

CARN5, light blue; CARN6, brown and CARN7, blue). As a background, the theoretical 645 

distribution predicted from metagenomic data is represented in grey. 

 

Figure 3 Multiple Factorial Analysis of the 7 Carnoulès bins, performed on a two-

dimensional matrix combining bins and enzymatic reactions, respectively. To highlight 

possible metabolic distinctions between bins, 3 axes (F1 to F3) capturing the highest 650 

dispersion in the resulting dot cloud were selected; they represent more than half the total 

dispersion. Colored lines represent the vectors corresponding to the enzymatic reaction 

frequencies, the concentric disks differentiating those identified in the metaproteomic data. 

The reaction vectors were then hierarchically clustered, which led to 7 and 9 classes 
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(indicated by the colors) for the first and second factorial planes, respectively. The 655 

corresponding functions are listed in Supplementary Tables S3ab. For example, Cluster A4 is 

linked to CARN2 (energy metabolism, inorganic nutrient metabolism and arsenic 

detoxification) ; Cluster A1 groups reactions common to CARN2 and CARN5 (Calvin-

Benson-Bassham cycle and urea degradation pathways) ; Cluster A5 contains CARN6-

specific reactions (cellulose metabolism), and Clusters A6, B1 and B4 include reactions in 660 

CARN1 and CARN4 (lysine fermentation other amino acid or nucleoside degradation 

pathways, and cobalamin biosynthesis). 

 

Figure 4 Model of the Carnoulès bacterial community highlighting the major functions 

identified by metagenome sequencing or metaproteome characterization. These activities 665 

include carbon and nitrogen fixation, energy metabolism, flagellum and capsule biosynthesis, 

amino acid transport and degradation, detoxification and stress response, arsenic and iron 

metabolism. The possible interactions between these microorganisms or with other chemical 

or biological components present on the study site are indicated by arrows. CARN bins are 

numbered from 1 to 7. 670 
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