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Abstract

Arsenic is highly toxic element to all forms of life and is a major environmental contaminant. Understanding acquisition, detoxi-
fication and adaptation mechanisms in bacteria that are associated with the host in arsenic-rich conditions can provide novel
insights into the evolutionary dynamics of host-microbe—environment interactions. In the present study, we have investigated
an arsenic-resistance mechanism acquired during the evolution of a particular lineage in the population of Xanthomonas oryzae
pv. oryzae, which is a serious plant pathogen infecting rice. Our study revealed the horizontal acquisition of a novel chromo-
somal 12kb ars cassette in X. oryzae pv. oryzae IX01088 that confers high resistance to arsenate/arsenite. The ars cassette
comprises several genes that constitute an operon induced in the presence of arsenate/arsenite. Transfer of the cloned ars cas-
sette to X. oryzae pv. oryzae BX0512, which lacks the cassette, confers an arsenic-resistance phenotype. Furthermore, the tran-
scriptional response of X. oryzae pv. oryzae IXO1088 under arsenate/arsenite exposure was analysed using RNA sequencing.
Arsenic detoxification and efflux, oxidative stress, iron acquisition/storage, and damage repair are the main cellular responses
to arsenic exposure. Our investigation has provided insights into the existence of a novel detoxification and adaptation mecha-

nism within the X. oryzae pv. oryzae population to deal with high-arsenic conditions outside the rice plant.

DATA SUMMARY

The genome sequence of Xanthomonas oryzae pv. oryzae
strain BXO512 has been submitted to the National Center
for Biotechnology Information (NCBI) GenBank with acces-
sion number CP065228. The transcriptome data of X. oryzae
pv. oryzae strain IXO1088 has been submitted to the NCBI
Gene Expression Omnibus (GEO) database under accession
number GSE163417.

Supplementary information can be found with the online
version of this article and via the following Figshare links.

(1) Data file (.xlsx) Tables S1-S3 (https://figshare.com/arti-
cles/dataset/Discerning_role_of_a_functional_arsenic_
resistance_cassette_in_evolution_and_adaptation_of_
a_rice_pathogen/14501055).

(2) Data file (.pdf) Figs S1-S4 (https://figshare.com/arti-
cles/figure/Discerning_role_of_a_functional_arsenic_

resistance_cassette_in_evolution_and_adaptation_of
a_rice_pathogen/14501121).

INTRODUCTION

Arsenic is a highly toxic metalloid that occurs in the natural
environment either through natural processes (volcanic erup-
tion, mineral activities) or by anthropogenic activities (use
of pesticides, fertilizers, industrial activities and agricultural
practices) [1, 2]. Arsenic exists in different forms in the
environment (organic and inorganic), but arsenate [As(V)]
and arsenite [As(III)] are two predominant inorganic forms
that are toxic to cells. As(III) is more toxic than As(V) and
mostly predominates under anoxic and reduced environ-
ments, whereas arsenate predominates in soil and oxygen-
ated surface water [3]. Accordingly, bacteria have evolved
different mechanisms for resistance and detoxification,
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including As reduction, As oxidation, extrusion of As(III)
out of cells mediated by efflux transporters, As methylation,
etc. [4-7]. These resistance mechanisms in the bacterial popu-
lation are encoded by the ars operons that include arsRBC,
arsRABC and arsRDABC [6, 8]. In some cases, ars genes also
exist in a single copy. These operons are either chromosom-
ally encoded or plasmid encoded, the latter often acquired
through horizontal gene transfer events [8]. The major genes
in the operon include the arsR gene that encodes a tran-
scriptional regulator, arsC that encodes arsenate reductase
which transforms arsenate to arsenite, arsB that encodes a
membrane-bound arsenite carrier protein ArsB which causes
efflux of arsenite out of the cell, and arsA that encodes an
ATPase subunit which forms a complex with ArsB to form an
arsenite efflux pump [4, 6]. The complex operons also include
arsD, which encodes a metallo-chaperone to deliver arsenite
to ArsA. Other than these, recently characterized ars genes
include arsH, arsM, arsP and arsl, which broaden resistance
towards organic arsenicals [9, 10]. The arsH gene encodes
an organoarsenical oxidase enzyme that confers resistance to
methyl As(III) [11]. The arsM gene encoding ArsM (arsenite
S-adenosylmethionine methyltransferase) methylates arsenite
forming trimethyl arsenite [12].

Arsenic contamination from agricultural sources is a growing
concern. In countries like India, Bangladesh, Argentina
and China, As-contaminated groundwater used for irriga-
tion adds to the accumulation of As in soil and water, and
uptake of As by crop plants [13-16]. Accumulation of As
in rice has become a great disaster, as rice is a staple food
for half of the world population [17-20]. Unlike in other
crops, the anaerobic conditions prevailing in the paddy field
make the environment suitable for As accumulation [21, 22].
Usually, plant species have successfully adapted different
mechanisms to cope with the toxic metal’s effects, such as
detoxification, elimination and heavy-metal accumulation.
Studies have elucidated the mechanisms of As uptake and
its translocation to different parts of rice plants, including
roots, shoots, grains and seeds [20, 23]. Besides affecting the
plants’ systems, arsenic present in the environment can also
positively or negatively affect the bacterial population that
grows in association with plants [24]. There is a response to
environmental stress specifically posed by toxin pressure and
selection for bacteria to evolve under high selection pressure
or acquire resistance against toxic substances [25]. Some of
the bacteria that co-evolve with plants or exposure to heavy
metals have acquired resistance mechanisms to cope with
metal toxicity [26, 27]. These resistance mechanisms help
bacteria to not only prevent metal toxicity, but also provide
cross-protection against plant defence responses. Studies have
shown that arsenite exposure can induce oxidative stress in
bacteria, leading to the expression of stress-inducible genes
[28]. Induction of such responses can provide a survival
advantage to the bacteria during plant-pathogen interactions.
Various antioxidant enzymes that are induced on exposure to
arsenite can provide cross-protection against reactive oxygen
species (ROS), which are generated by plants as an initial
defence response against invading pathogens [29, 30].

Impact Statement

Arsenic accumulation in rice is a serious and unique
agronomic issue. Arsenic-contaminated groundwater
used for irrigation purposes is adding to the accumula-
tion of arsenic in rice. Submerged conditions in the paddy
fields further induce the prevalence of toxic inorganic
arsenic species in the environment. Our genomics- and
transcriptomics-based study reveals how a rice path-
ogen is coping with the lethal concentrations of arsenic
by acquiring a novel resistance cassette during diversi-
fication into lineages. Presence and selection of arsenic
operons in a lineage suggest that a rice pathogen is
exposed to high-arsenic conditions, probably outside
the rice plant. Our study highlights the importance of
genome-based studies on the role of environmental
conditions in the evolution of host-adapted pathogens.

In the present study, we demonstrate the arsenic-resistance
mechanism in Xanthomonas oryzae pv. oryzae, which causes
bacterial blight disease in rice plants and is a serious threat
to rice cultivation. As X. oryzae pv. oryzae is a pathogen of
rice, it is likely that the X. oryzae pv. oryzae population is
exposed to an arsenic environment (through either paddy
field water or soil) and is under selection for adaptation to
a higher arsenic concentration, which is particularly found
in the submerged rice cultivation conditions. Inspection of
the genomic sequence of X. oryzae pv. oryzae strain IXO1088
revealed the presence of a 12 kb ars cassette acquired through
horizontal gene transfer events and expanded in a particular
lineage of the X. oryzae pv. oryzae population. The cassette
confers high arsenic resistance to X. oryzae pv. oryzae strain
IXO1088 carrying the ars cassette, whereas a X. oryzae pv.
oryzae strain BXO512 lacking this cassette was sensitive to
arsenic ions. Cloning and transfer of the ars cassette rescued
the sensitive strain BXO512 from a lethal concentration of
arsenic. The transcriptional analysis demonstrated that the
expression of ars operon is induced by arsenate and arsenite,
and is regulated by arsR. Furthermore, to investigate the
genome-scale transcriptional response of X. oryzae pv. oryzae
to arsenic stress, we performed RNA sequencing under both
As(V) and As(III) exposure. Our results provided the set of
differentially expressed genes (DEGs) under both conditions,
highlighting the mechanisms employed by X. oryzae pv.
oryzae in response to arsenic treatment. Overall, our study
shows how arsenic resistance mediated by horizontal gene
transfer of a novel arsenic-resistance cassette has shaped the
population structure and lineage of a rice pathogen.

METHODS
Bacterial growth and arsenic-sensitivity assay

X. oryzae pv. oryzae strains IXO1088 and BXO512 were used
in the present study to represent arsenic-resistant and -sensi-
tive strains, respectively. A list of strains, vectors and primers
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used in the study is given in Table S3. The complete genome
sequence of IXO1088 is available from the National Center for
Biotechnology Information (NCBI) GenBank under acces-
sion number CP040687, and the complete genome of BXO512
was sequenced using Nanopore sequencing technology, as
described in our previous study [31]. The BXO512 genome
was submitted to the NCBI GenBank with accession number
CP065228. For the sensitivity assay, strains were grown in
nutrient broth (NB) media at 28°C at 180r.p.m. Cultures
were diluted to an optical density at 600 nm of 1.0. One per
cent of the culture was added to fresh 10ml NB aliquots
containing increasing concentrations of sodium arsenate
(Na,HAsO,.7H,0) or sodium arsenite (NaAsO,) (purchased
from Himedia) added at the zero time point. Then, cultures
were incubated for 48 h, and after that growth was measured
at OD, . Cultures without arsenate/arsenite treatment were
used as controls. For the growth curve assay, cultures were
treated with given concentrations of arsenate and arsenite,
and incubated for 78 h. Samples were taken at regular inter-
vals (6h), and growth was measured as OD,  values.

Sequence characterization and distribution of
a novel ars cassette in the X. oryzae pv. oryzae
population

The genomic islands (GEIs) were identified with GIPSy
(Genomic Island Prediction Software) (v1.1.3) [32]. X. oryzae
pv. oryzae BXO512 was used as a reference genome. Putative
promoter sequences were identified using BPROM software
(http://www.softberry.com/berry.phtml?topic=bprom&
group=programs&subgroup=gfindb). Protein BLAST (basic
local alignment search tool) was used to find out the homo-
logues of the ArsR protein. Homologue proteins obtained
from different species were then used for multiple sequence
alignment using ClustalW (https://www.genome.jp/tools-
bin/clustalw). Phylogenetic analysis was performed using
MEGAG software by the neighbour-joining method [33]. A
core-genome tree of all X. oryzae pv. oryzae genomes available
at the NCBI was reconstructed using PhyML [34]. Briefly, a
core-genome alignment was obtained using Roary v3.11.2
[35] and converted to Phylip format using SeaView v4.4.2-1
[36]. Then, PhyML was used to obtain a Newick tree file,
which was visualized using iTOL [37]. The presence of the ars
cassette in other X. oryzae pv. oryzae was scanned by taking
the cassette sequence as a query and performing nucleotide
BLAST against all the X. oryzae pv. oryzae genomes available
in the NCBI database.

RNA sequencing and data analysis

Sublethal concentrations of arsenate (0.5 and 1mM) and
arsenite (0.6 mM) were selected by growing cultures in the
different concentrations and measuring growth at regular
time intervals. Strains were grown in NB media at 28°C at
180r.p.m. to an OD_, of 1.0. One per cent of the aliquot
was added to fresh media and grown up to OD, 0.4;
then, cultures were treated with different concentrations of
arsenate (0.5 and 1 mM) or arsenite (0.6 mM) for 30 min.
Culture without treatment was used as a control. The cells

were harvested by centrifugation at 6000 g for 5min for RNA
isolation. Total RNA was isolated using a Direct-zol RNA
miniprep kit (Zymo Research), and samples were shipped to
Agrigenome Labs (India). Briefly, the purity of isolated RNA
was determined using a NanoDrop spectrophotometer (Ther-
moFisher Scientific) and quantified using the Qubit4 system
(Invitrogen). RNA integrity was checked using an Agilent
2200 Tape Station system (Agilent Technologies). The rRNA
was removed using si-TOOLs pan-prokaryote riboPOOL
probes, and further library preparation was done using a
TruSeq stranded RNA library prep kit. Prepared libraries
were sequenced using the Illumina HiSeq X Ten platform,
and 150 bp paired-end reads were generated. Clean reads that
passed the quality filter were mapped to the reference genome
(X. oryzae pv. oryzae 1XO1088, accession no. CP040687)
using EDGE pro (version 1.3.1). Differential-gene-expression
analysis of treated samples with respect to the control was
performed using the DESeq program [38]. DEGs with
adjusted P values <0.05and log fold change values >1 or <-1
were used for further analysis. Common and unique DEGs
were visualized by Venn diagram and volcano plots using the
R software package. Heat maps were generated using log,fold
change values of treated versus control samples using GENE-E
software. DEGs with log fold change values >1or <-1 were
classified into different COG (cluster of orthologous groups)
classes using the eggNOG tool [39].

Validation of RNA-Seq data by quantitative real-
time PCR (qPCR)

To check the induction of the ars cassette and to validate
RNA-Seq data, qPCR experiments were performed. The
primers used are listed in Table S3. The qPCR assay was
performed with a SuperScript ITI Platinum SYBR Green one-
step qQRT-PCR kit (ThermoFisher Scientific). Three technical
replicates were included for each sample, and reactions were
set up according to the manufacturer’s instructions. The
amplification conditions were: cDNA synthesis at 50 °C for
45min; initial denaturation at 95°C for 5min; 40 cycles of
denaturation at 95 °C for 155, followed by annealing at 60 °C
for 30s and extension at 40°C for 30s. ftsZ was used as an
endogenous control. Each gene’s relative expression in the
treated and untreated sample was expressed as a fold change
calculated using the 2724 method. Three biological replicates
were included for each condition and used for statistical
analysis. Student’s paired t-test was performed to calculate P
values. P <0.05 was considered statistically significant.

Cloning of the ars cassette

X. oryzae pv. oryzae strain IXO1088 genomic DNA was
isolated from an overnight grown culture using a Zymo Kkit.
The complete ars gene cassette was amplified using primers
listed in Table S3. PCR conditions were as follows: initial dena-
turation 95 °C for 305; 35 cycles of denaturation 95°C for 105,
annealing 60 °C for 30s, extension 72 °C for 3 min; and final
extension 72°C for 10 min. The amplified fragment was gel
extracted using the QIAquick gel extraction kit, given kinase
treatment, purified and ligated into the pUFR034 vector. The
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vector was linearized using inverse M13 primers. The liga-
tion mix was used to transform Escherichia coli Top10 cells.
The recombinant plasmid was verified using M13 forward
and reverse universal primers and insert-specific primers.
For transformation of E. coli cells, ligation mix was added to
100 pl competent cells and incubated on ice for 15 min. Then,
the competent cells were subjected to heat shock at 42 °C for
60s. Cells were immediately shifted to ice for 2min. Then,
1 ml LB media was added, and cells were incubated at 37°C
at 200r.p.m. for 1 h. After incubation, cells were plated on
LB agar plates containing kanamycin (50 ug ml™). Plates were
incubated at 37°C for 12 h for the growth of recombinants.

Preparation of electrocompetent cells and
transformation of X. oryzae pv. oryzae

For the preparation of electrocompetent cells, X. oryzae pv.
oryzae strain BXO512 was inoculated in 6 ml NB media and
cultured until late exponential phase (OD=0.8-1.0) at 28°C
with 180 r.p.m. shaking. The culture was then equally divided
into four centrifuge tubes, and cells were harvested by centrif-
ugation at 16000 g for 2 min at room temperature. The pellets
in each tube were then washed with 1 ml of 300 mM sucrose.
The washing step was repeated three times at the same speed.
Finally, the cells in the four tubes were resuspended with a
total of 100l of 300mM sucrose. A 100l aliquot of the
competent cells was used for one electroporation experiment.

For electro-transformation, 100ul electrocompetent cells
was mixed with 10 pl (500 ng-1 pg) plasmid DNA and trans-
ferred to 2 mm ice-cold electroporation cuvettes [ Gene Pulser
cuvettes (BioRad)] and tapped gently to remove air bubbles.
Cells without plasmid were used as a negative control. Further-
more, electrocompetent cells were subjected to electropora-
tion at 2.5 kV, 25uF and 200 Q) using the Gene Pulser Xcell
electroporation system (BioRad). After the electric shock,
1ml NB broth was added immediately to the cuvette, mixed
properly and transferred to 5 ml micro-centrifuge tubes. The
electroporated cells were incubated at 28 °C at 180 r.p.m. for
6h. After recovery, cells were plated on nutrient agar plates
containing kanamycin antibiotic (15ugml™) and incubated
at 28°C until colonies appeared (usually 72h).

RESULTS

X. oryzae pv. oryzae 1X01088 harbours a novel
arsenic-resistance cassette

In the present study, we identified a unique 12214 bp ars
cassette in the X. oryzae pv. oryzae strain IXO1088 genome
related to arsenic resistance (Fig. 1a). Genes in the cassette
include a transcriptional regulator, two arsC genes, which
encode arsenate reductase, the arsH gene that encodes
arsenical-resistance protein, an arsenic transporter, two
AAA family ATPase, a sulfurtransferase and a site-specific
integrase, and the cassette is flanked by transposases on both
sides. Investigation of upstream and downstream regions of
this cassette revealed that it is part of a GEI. The identification
of GEIs in the IXO1088 genome was performed with GIPSy
based on the criteria: deviation in nucleotide composition

(anomalous G+Cand codon usage), presence of transposase
and virulence or flanking tRNA genes (Table S1). One GEI
(IXO1088_RS11210-IXO1088_RS11325) was predicted as
harbouring both pathogenicity- and metabolic-related factors
and comprises our identified ars cassette. The features of GEIs
are listed in Table S1. The presence of this island probably
suggests the acquisition of this ars operon through horizontal
gene transfer events. Then, we investigated the cassette's
G+C content, and the presence of genes with atypical G+C
content [IXO1088 RSI11270 (66%), I1XO1088 RS11275
(59.6%), IXO1088 RS11310 (60.2%), IXO1088_RS11315
(66.1%) and IXO1088_RS11320 (60.9%)] that differ from the
mean G+C content of the IXO1088 genome 63.7% (£2.5%)
further suggested the acquisition of this cassette from other
organisms (Table S1). A more detailed analysis of the cassette
revealed a putative promoter region recognized by a 670
transcription factor in the 5 upstream of the helix-turn-
helix transcriptional regulator (Fig. 1b). The other ars genes
in the cassette, arsC, arsH and the gene encoding the arsenic
transporter, do not contain promoter regions as predicted by
BPROM tool. This gene organization suggested that the ars
cassette constitutes an operon, whose expression is regulated
by a helix-turn-helix transcriptional regulator. The transcrip-
tional regulator present in the cassette showed homology to
the ArsR/Smt family of transcriptional regulators. Sequence
alignment of the regulator with ArsR family proteins from
other bacteria indicates conservation of the helix-turn-helix
domain (Fig. 1c). This suggested that the transcriptional regu-
lator in the cassette belongs to ArsR family regulators and its
regulation is by arsenic ions.

Phylogenetic relatedness of arsenate reductase
and arsenic transporter encoding genes

To identify the related neighbours of arsenate reductase
encoding genes (IXO1088_11290 and IXO1088_11295) and
the arsenite transporter encoding gene (IXO1088_11305),
we performed phylogenetic analysis of these proteins with
the ArsC and ArsB proteins from various arsenic-resistant
micro-organisms, respectively. The phylogenetic tree of
ArsC protein sequences revealed that the two ArsC proteins
encoded in the cassette fall into two groups, one ArsC1 protein
(IXO1088_11290) falls in the ArsC arsenate reductases of the
thioredoxin (Trx) family, whereas the other ArsC2 protein
(IXO1088_11295) grouped with the arsenate reductases of
the glutaredoxin (Grx) family (Fig. 2a). Usually, the primi-
tive arsRBC operon comprises an ArsB arsenite efflux pump
that extrudes arsenite from the cells. Later, it was found that
Bacillus subtilis contained a novel arsenite transporter that
showed homology to the Acr3 protein from yeast Saccharo-
myces cerevisiae, which confers arsenic resistance. The acr3
gene was subsequently found in many micro-organisms
such as Rhodopseudomonas palustris, Campylobacter jejuni,
Herminiimonas arsenicoxydans, Microbacterium sp., etc.
[8]. The phylogenetic analysis of the arsenic transporter
(IXO1088_11305) present in the IXO1088 cassette revealed
that it is closely related to ArsB family transporters and all
Acr3 transporters fall in the other clade (Fig. 2b).
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1X01088_RS11270 1X01088_RS11275 1XO1088_RS11280 IXO1088_RS11285 A IXO1088_RS11295 1X01088_RS11305 1XO1088_RS11310 IXO1088_RS11315 1XO1088_RS11320
(349 aa) (542 aa) (377 aa) (117 aa) (141 aa) (448 aa) (120 aa) (322 aa) (1018 aa)
IXO1088_RS11290  1XO1088_RS11300
(180 aa) (249 aa)
[EEEH arsenate reductase
[EEBHE arsenical resistance protein
[EEB arsenic transporter protein

GACCTGATCGACGCCGAATTGCCCTCTATTCTTGCATTATACAAGGATATTTGTAGAATTGACGAATG

-35 -10

helix-turn-helix
transcriptional
regulator

IXO1088_RS11285
1X01088_RS11290

(c)

ArsR family transcription factor Aureimonas leprariae 1
ArsR family transcription factor Jiella sp. R10 1
ArsR family transcription factor Xoo strain IXO1088 1
ArsR family transcription factor Lysobacter sp. HDW10 1
ArsR family transcription factor Roseibium sp. RKSG952 1

ArsR family transcription factor Aureimonas leprariae 61
ArsR family transcription factor Jiella sp. R10 61
ArsR family transcription factor Xoo strain IXO1088 61
ArsR family transcription factor Lysobacter sp. HDW10 61
ArsR family transcription factor Roseibium sp. RKSG952 61

IXO1088_RS11295

IXO1088_RS11305

1X01088_RS 11300

Helix-turn-helix domain

IBG-DAFAS|

IWENSITP--[@T.

Fig. 1. Genetic organization of the ars operon present in X. oryzae pv. oryzae strain IX01088. (a) The arrows represent genes present in
the cassette and the direction of the transcription. Below the arrows, the locus tags are given for each gene along with the size (number
of amino acid residues). (b) The putative promoter sequence upstream of the arsR gene with the predicted conserved regions -35 and
-10 highlighted in red, and the initiation codon in blue. (c) Multiple sequence alignment of the ArsR family regulator of IXO1088 with the
ArsR family transcription factor homologues from other bacterial species. The dashed line represents the helix-turn-helix domain. The
black background indicates identical amino acid residues. Xoo, X. oryzae pv. oryzae.

Distribution of the ars cassette in the X. oryzae pv.
oryzae population

Core-genome phylogenetic analysis of 413 X. oryzae pv.
oryzae genomes available in the NCBI database from different
geographical regions was performed, and then we looked for
the presence of the ars cassette in all the genomes. Phyloge-
netic analysis revealed six distinct lineages of the X. oryzae pv.
oryzae population. Interestingly, we observed that the cassette
was restricted to a particular lineage comprising 55 isolates
(Fig. 3). The lineage predominantly constitutes strains from
Asia, including 22 strains from India, 21 from China, 9 from
Philippines and 1 from Nepal. One strain each from Colombia
and Bolivia was also present. Furthermore, we observed that
in India, the strains carrying the ars cluster were isolated from
areas where arsenic contamination in groundwater or irriga-
tion water is a problem (Fig. S1).

Regulation and functional characterization of the
arsenic-resistance gene cassette present in
X. oryzae pv. oryzae 1X01088

Arsenic sensitivity assay showed that X. oryzae pv. oryzae
IXO1088 could tolerate significantly higher concentrations
of arsenate and arsenite compared to another X. oryzae pv.
oryzae, BXO512, that lacks the ars cassette. Significant growth
inhibition of the IXO1088 strain with arsenic ions was only
observed above 12 mM arsenate and 0.6 mM arsenite (Fig. 4a,
b). Compared to the IXO1088 strain, the BXO512 strain could
not grow even in the presence of 0.1 mM arsenite (Fig. 4b).
However, the BXO512 strain tolerated a slight concentration
of arsenate, but significant inhibition was observed even at the
0.5 mM concentration (Fig. 4a). To check whether the arsenic-
resistance phenotype is directly linked with the ars cassette, we
cloned the complete ars gene cluster in the pUFR034 cosmid
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ArsC Pseudomonas aeruginosa PAO1 (AAG05667.1)
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indicates number of substitutions per site.

vector, transferred recombinant plasmid (pUFR034+ars)
to the BXO512 strain and performed an arsenic-sensitivity
assay. As expected, the BXO512 strain with this cassette was
resistant to both arsenate and arsenite as compared to the
strain with only empty vector (pUFR034) (Fig. 4c, d). The

plasmid presence not only increased arsenate resistance, but
also conferred an increased level of resistance against arsenite.
The data indicated that the X. oryzae pv. oryzae IXO1088 ars
cassette is functional when transferred to the other X. oryzae
pv. oryzae strain.



Kaur et al., Microbial Genomics 2021;7:000608

Lineages

I:l Lineage |
[ Lineage Il
[ Lineage lll
[ Lineage IV
[ Lineage V
[ Lineage VI

Location

China
India
Phillipines
Africa
Nepal
Coloumbia
Thailand
Korea
Australia

Bolivia

BIO00CNORNND

Japan

ars cluster

[_eeee ]

Tree scale: 0.001 +——
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countries from where strains were isolated, and the outermost circle (red circles) refers to strains in which the ars cassette is present.

The scale bar indicates number of substitutions per site.

To determine whether the arsenic ions regulate the expres-
sion of the ars cassette, quantitative reverse-transcriptase
PCR (qRT-PCR) was used to compare the transcription of
the arsR, arsCl, arsC2, arsH and arsB genes in X. oryzae
pv. oryzae IXO1088 grown in the presence and absence of
subinhibitory concentrations of arsenate (0.5 and 1 mM)
and arsenite (0.6mM) (as described in Methods). The
subinhibitory concentration was decided by performing
a growth curve assay by growing cells in the presence of
different concentrations of arsenate and arsenite (Fig. S2).
The transcription of the ars operon was regulated in the pres-
ence of both arsenate and arsenite. The expression of arsR,
arsCl, arsC2, arsH and arsB genes was induced sixfold to
eightfold in arsenate- and arsenite-treated samples compared
to the control cells without any treatment (Fig. 4e). The
data suggested that the presence of arsenic ions induces

the ars operon. The expression level for the other two genes
encoding the AAA family ATPase remained unchanged (data
not shown).

Transcriptomics of X. oryzae pv. oryzae 1X01088
under arsenic stress

To study the defence mechanism employed by X. oryzae
pV. oryzae in response to arsenic treatment, we carried out
RNA sequencing at three concentrations, two for arsenate
(0.5 and 1 mM) and one (0.6 mM) for arsenite, as described
in Methods. On average, 30 million reads were obtained for
each sample, and more than 98% of the reads were mapped to
the reference genome. We further analysed the DEGs. Genes
with an adjusted P value <0.05 were considered significant,
genes with log fold change >1 were considered upregu-
lated, and those with log,fold change <-1 were considered
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downregulated (Fig. S3). The complete list of DEGs under
all three conditions is shown in Table S2. Further analysis of
DEGs revealed that a total of 21 upregulated and 15 down-
regulated genes were shared by all three conditions. As As(III)
is highly toxic compared to As(V), the number of DEGs in the
As(III)-treated samples was more, with 202 upregulated and
204 downregulated genes. Whereas, in the 0.5mM As(V)-
treated samples, 48 upregulated and 76 downregulated genes
were found, and in the sample treated with 1 mM As(V), 45
upregulated and 55 downregulated genes were found (Fig. 5a).
This shows that 0.5 and 1 mM As(V) concentrations could be
less stressful conditions for the cells than As(III).

The DEGs were further classified into different COGs. A total
of 552 genes were classified into 19 COG categories (Fig. 5b).
The COG analysis revealed that the maximum number of

DEGs fall in the function unknown category (89; 16.1%);
followed by other categories including translation, ribosomal
structure and biogenesis (53; 9.6%); posttranslational modifi-
cation, protein turnover, chaperones (48; 8.7%); inorganic ion
transport and metabolism (44; 8.0%); energy production and
conversion (43; 7.8%); replication, recombination and repair
(43; 7.8%); transcription (38; 6.9%); amino acid transport
and metabolism (36; 6.5%); cell wall/membrane/envelope
biogenesis (26; 4.7%); intracellular trafficking, secretion
and vesicular transport (22; 4.0%); cell motility (22; 4.0%);
carbohydrate transport and metabolism (20; 3.6%); and signal
transduction mechanisms (18; 3.3%). The other categories
with the lowest numbers include nucleotide transport and
metabolism, lipid transport and metabolism, secondary
metabolites biosynthesis, transport and catabolism, defence
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mechanisms, coenzyme transport and metabolism, cell cycle,
which contributes (50; 9.0%) in total.

Gene expression pattern common to both arsenate
As(V) and arsenite As(lll)

Significantly, upregulated genes induced by all three condi-
tions include the ars operon encoding a helix-turn-helix
transcriptional regulator (RS_11285), arsenate reductase
(RS_11290), arsenate reductase (glutaredoxin) (RS_11295),
arsenical-resistance protein (RS_11300) and arsenic trans-
porter (RS_11305) (Fig. 6a). The upregulation of the operon
in the RNA-Seq experiment was consistent with our induc-
tion results. Additionally, other genes that were upregulated
encode DNA binding protein (RS_14295), Abr family
transcriptional regulator (RS_14300), MarR transcriptional
regulator (RS_01475), (2Fe-2S)-binding protein (RS_02860),
TonB-dependent siderophore receptor (RS_06840), hemin
transporter HemP (RS_19500) and BON-domain-containing
protein (RS_20250) (Fig. 6a). In contrast, significantly
downregulated genes encode bacterioferritin (RS_02865 and
RS_09635), potassium ATPase subunit F (RS_19820), potas-
sium ATPase subunit A (RS_19815), RND-efflux transporter
subunits (RS_15130 and RS_15135) and methionine synthase
(RS_10005) (Fig. 6a).

Gene expression pattern specific to arsenite As(lll)
exposure

More genes were differentially expressed in response to
As(IIT) treatment, and their expression levels were different
compared to after As(V) treatment (Fig. 6b, c). The genes
regulated in response to As(III) treatment were grouped into
different categories as below.

Oxidative stress proteins

Several genes encoding stress-related proteins and which
are known to protect against oxidative damage were upregu-
lated in response to As(III) treatment. These genes encode
superoxide dismutase (RS_13380), flavin-dependent oxidore-
ductase (RS_14885), serine endopeptidase (RS_00295),
organic hydroperoxide resistance protein (RS_01470),
peptide methionine sulfoxide reductase MsrA and MsrB
(RS_19100 and RS_03230), alkyl hydroperoxide reductase
subunit F (RS_19060), oxidative stress transcriptional regu-
lator (RS_19065), nucleoside diphosphate kinase regulator
(RS_19070) and catalase (RS_22515) (Fig. 6b, c).

Heat shock proteins (Hsps)

Hsps function as chaperones, and are considered as general
markers of cell damage and stress conditions. Hsps facilitate
proper folding of newly or already translated proteins and
prevent aggregation of inappropriately folded proteins. We
observed the upregulation of major Hsps under arsenic
stress conditions. Many genes including those encoding
heat-inducible transcriptional repressor HrcA (RS_09765),
chaperonin GroEL (RS_02265), Hsp20/alpha_crystallin_
family_protein (RS_04330), ATP-dependent Clp endopepti-
dase proteolytic subunit ClpP (RS_05105), endopeptidase La
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(RS_05115), ATP-dependent chaperone ClpB (RS_06715),
Hsp33 family molecular chaperone HslO (RS_08700), molec-
ular chaperone DnaK (RS_09775), molecular chaperone Dna]
(RS_09780), molecular chaperone HtpG (RS_10250), protease
HtpX (RS_13455), and ATP-dependent protease ATPase
subunit HslU and HslV (RS_20455 and RS_20460) were
found to be upregulated (Fig. 6b). In addition, we observed
downregulation of protein translocase subunits YajC, SecD,
E G and SecE involved in intracellular protein transport
(RS_10440, RS_10445, RS_10450, RS_16485 and RS_18785)
(Fig. 6b).

Iron acquisition, storage or production of siderophores
RNA-Seq results also revealed significant upregulation of
genes related to Fe-S cassette biogenesis and iron recruitment
to alleviate the arsenic stress. Genes related to iron storage
were differentially expressed under both As(V)- and As(III)-
treated conditions. Fe-S binding protein (RS_02860), TonB-
dependent siderophore receptor (RS_06840), hemin uptake
protein HemP (RS_19500) and MarR family transcriptional
regulator (RS_01475) were significantly upregulated in all
conditions. In contrast, iron transporter (RS_06820), MES
(major facilitator superfamily) transporter (RS_06825), IucA/
IucC family siderophore biosynthesis protein (RS_06830),
and iron-sulfur cassette insertion protein ErpA (RS_21865)
were significantly upregulated in As(III)-treated samples
(Fig. 6¢, b).

Recombination and energy metabolism

Interestingly, genes involved in repair and recombination
encoding various transposases such as IS3 family trans-
posase (RS_06850), IS 701 family transposase (RS_I10175
and RS_10240), 1S630 family transposase (RS_10245 and
RS_14245) and bifunctional DNA-formamidopyrimidine
glycosylase (RS_23075) were found to be upregulated (Fig. 6¢).
Also, genes involved in the electron transfer pathway in oxida-
tive phosphorylation including NADH:flavin oxidoreductase
(RS_01985), alkene reductase (RS_09175), LLM class flavin
dependent oxidoreductase (RS_14885), ATP-binding cassette
protein (RS_19445) and FtsX-like permease family protein
(RS_19450) were found to be upregulated. In contrast, FOF1
ATP synthase subunits (RS_03415, RS_03420, RS_03430
and RS_03445), and cytochrome ubiquinol oxidase subunits
(RS_17350,RS_17355 and RS_17360) were found to be down-
regulated in response to arsenite (Fig. 6¢) . Other than this,
genes involved in translation machinery encoding 50S ribo-
somal proteins (L36, L19, L10, L25) (RS_12165, RS_06670,
RS_18765 and RS_18825) and 30S ribosomal proteins (S8,
$10, S21) (RS_18645, RS_18720 and RS_21170) were also
found to be downregulated (Fig. 6b).

gRT-PCR validation

To confirm the RNA-Seq data reliability, the expression
level of eight genes, which included four upregulated genes
(RS_01475, RS_02860, RS_06840 and RS_19500) and four



Kaur et al., Microbial

Genomics 2021;7:000608

(b)

-2

0.5mM As(V)

log2 fold change
o

1mM As(V)

(a) =

0

0.5mM As(V)

1mM As(V)

log2 fold change

2 4

0.6mM As(ill)
1X01088_RS01475
1X01088_RS02855
1X01088_RS02860
1X01088_RS02865
1X01088_RS05075
1X01088_RS06425
1X01088_RS06840
1X01088_RS07095
1X01088_RS08495

I
1X01088_RS08645
1X01088_RS09635
1X01088_RS10005
1X01088_RS10015
IX01088_RS11285 |
1X01088_RS11290 | &
1X01088_RS11295 | 8
1X01088_RS11300 | 3
1X01088_RS11305 | =
1X01088_RS11525
1X01088_RS11650
1X01088_RS14060
1X01088_RS14290
1X01088_RS14295
1X01088_RS14300
1X01088_RS14625
1X01088_RS15130
1X01088_RS15135
1X01088_RS17395
1X01088_RS18800
1X01088_RS18805
1X01088_RS19055
1X01088_RS19500
1X01088_RS19815
1X01088_RS19820
1X01088_RS20040
[ 1X01088_
log2 fold change
(c) m—
2 4 -4 -2 0 2 4
0.6mM As(lll) 05mMAs(V)  1mMAs(V) 0.6mM As(ll)

1X01088_RS00295
1X01088_RS01470
1X01088_RS02265
1X01088_RS03230
1X01088_RS04330
1X01088_RS05105
1X01088_RS05115
1X01088_RS06715
1X01088_RS08700
1X01088_RS09775
1X01088_RS09780
1X01088_RS10250
1XO1088_RS13455
1X01088_RS19060
1X01088_RS19100
1X01088_RS20455
1X01088_RS20460
1X01088_RS06660
1XO1088_RS06670
1X01088_RS09535
1X01088_RS12165
1X01088_RS18645
1X01088_RS18715
1X01088_RS18720
1X01088_RS18765
1X01088_RS18820
1X01088_RS18825
1X01088_RS21170
1XO01088_RS06820
1X01088_RS06825
1XO1088_RS14465
1X01088_RS22515
1X01088_RS06830
1XO1088_RS19445
1XO1088_RS19450
1X01088_RS08905
1X01088_RS10440
1X01088_RS10445
1X01088_RS10450
1XO1088_RS16485

1XO1088_RS18785

1X01088_RS01510
1XO1088_RS01985
1XO1088_RS03415
1XO1088_RS03420
1XO1088_RS03430
1XO1088_RS03445
1X01088_RS05540
1XO1088_RS09175
IXO1088_RS11415
1XO1088_RS11420
IXO1088_RS11425
1XO1088_RS11435
1XO1088_RS13380
1XO1088_RS14885
1XO1088_RS16470
1XO1088_RS17350
1XO1088_RS17355
1X01088_RS17360
1XO1088_RS21865
1XO1088_RS06845
1XO1088_RS13895
IXO1088_RS19075
1XO1088_RS20260
1XO1088_RS09765
1XO1088_RS19065
1X01088_RS19070
1XO1088_RS05660
1XO1088_RS06970
1XO1088_RS09060
1X01088_RS17010
1XO1088_RS20695
1XO1088_RS06850
1XO1088_RS10175
1X01088_RS10240
1XO1088_RS10245
IXO1088_RS14245
1XO1088_RS23075
1X01088_RS00210
IXO1088_RS14115
IXO1088_RS14125
IXO1088_RS18165
1XO1088_RS18170

suosadey JoA0UIN} UIP301d ‘SUOREOIPOW [EUOREISUEIISOd

siseusboiq pue
21mjon1ys ewosoqu ‘uonejsuel)

wsijoqejew pue

Bupjouges JejnjeoeU] oS UE Lo Suehion)

uonaioas pue

UoIs19AU0D pue uoponposd ABiauz

Uondiosuen pue

pioe oulwy  wsijoqeyew sjeipAyoqIen

wsijoqejow

Jiedes pue
uonesydey

uoponpsuex (eubrs

pue Annow 180
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downregulated genes (RS_02865, RS_19815, RS_19820 and
RS_15130) was examined using qRT-PCR, as shown in Fig.
S4. For all the genes, the same expression trend was detected
for both qRT-PCR and RNA-Seq analyses. Upregulation of
genes that constitute the ars operon in the qRT-PCR analysis
(Fig. 4e) further confirmed the reproducibility and reliability
of the RNA-Seq data.

DISCUSSION

Heavy-metal contamination in the environment is a serious
threat to human health. Metals such as arsenic, cadmium,
chromium, lead and mercury are commonly occurring
metals, and rank among the priority metals of public-health
risk. Among these, arsenic contamination in drinking water
and food crops, especially in rice, is a growing concern,
particularly in countries like India, Bangladesh and China
[18, 40, 41]. Unlike in any other crops, the water embedded
conditions in the paddy fields make the environment suitable
for the accumulation of inorganic forms of arsenic, specially
arsenite As(III) that is highly toxic to cells [42, 43]. Studies
have shown the transport and accumulation of arsenic to
different parts of rice plants, including roots, shoots, straw
and grains [20, 23, 44]. Rice is an efficient accumulator of
arsenic compared to other crops, due to arsenite’s mobiliza-
tion and sequestration of arsenite through iron oxides under
anaerobic conditions [45]. Rice is a staple food and human
exposure to arsenic through rice intake is causing serious
health issues. In the present study, we have elucidated an
acquired arsenic-resistance mechanism of X. oryzae pv.
oryzae, which is a serious and highly specific rice pathogen.
The presence of metals in the environment can influence the
survival of pathogens, as well as plants. Our study highlights
the important and specific role of environmental conditions,
such as those found in the submerged water conditions in
paddy fields, can lead to high arsenic stress to both the host
and the microbes associated with it. In this context, acquired
resistance against high arsenic stress by acquiring novel
genomic cassettes in an emerging lineage indicates ongoing
selection pressure on this host-specific pathogen. The absence
of the cassette in other lineages of X. oryzae pv. oryzae and at
the same time in a lineage that is predominant to the Asian
continent reiterates the unique selection pressure on the
X. oryzae pv. oryzae population.

We observed the presence of a GEI comprising an ars cassette
in the X. oryzae pv. oryzae IXO1088 genome, encoding genes
involved in arsenic metabolism. The cassette includes an ars
operon regulated by an ArsR family regulator, and is induced
in the presence of both arsenate and arsenite. The cassette
provides high-level resistance to X. oryzae pv. oryzae IXO1088
against both arsenate and arsenite. Phylogenetic analysis was
carried out to check the relatedness of the arsenate reductase
(ArsC) or arsenite transporter (ArsB) proteins present in the
ars cassette with the already reported or characterized ArsC
or ArsB proteins [8]. The ArsC proteins have been shown to
use either Trx or Grx as an electron source. The ars cassette
we found encodes two copies of arsenate reductase, ArsCl
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and ArsC2. From the phylogenetic analysis, we observed that
ArsCl1 protein displayed a phylogenetic relationship to ArsC
reductase from the Trx family and ArsC2 protein to ArsC
reductase from the Grx family. The presence of two copies
of arsenate-reductase-encoding genes in the operon seems
to display differential capabilities to use different metabolic
pathways for arsenic detoxification, further enhancing the
efficiency of this process. Similarly, phylogenetic analysis of
the arsenite transporter present in the cassette revealed that
it belongs to ArsB family transporters. Furthermore, core-
genome-based phylogenetic analysis showed grouping of
X. oryzae pv. oryzae strains from different geographical loca-
tions into six distinct lineages. The ars cassette is present only
in a subset of strains or a particular lineage in the X. oryzae pv.
oryzae population. This may be because the GEI comprising
the ars cassette was probably acquired only once by the
ancestor of lineage IV and has persisted by vertical transmis-
sion. The fact that any extant members of this lineage have
not lost this operon indicates the strong selective advantage
it provides to the host. The cassette is not present in any other
Xanthomonas, including those that infect xylem, that infects
other plants, suggesting the importance of the operon outside
the host environment. Rice cultivation is water intensive and
rice is grown in flooded conditions. Hence, the acquisition
of this cassette might be an adaptation to survive in paddy
water fields. To better understand the adaptive response of the
X. oryzae pv. oryzae population to arsenic exposure and the
toxicity coping mechanisms, we performed a transcriptome-
sequencing study. RNA-Seq is an efficient high-throughput
sequencing method to study bacterial transcriptomes, and
our transcriptome-based study of X. oryzae pv. oryzae
under arsenic stress highlights major pathways differentially
expressed in strain IXO1088 in response to arsenate and
arsenite.

Our RNA-Seq analysis revealed that the gene expression patterns
in X. oryzae pv. oryzae IXO1088 were different in both arsenate-
and arsenite-treated samples. Commonly upregulated genes
under arsenate and arsenite treatment include genes of the ars
operon that encode proteins involved in arsenic detoxification.
Other than this, MarR and Abr family transcriptional regula-
tors, proteins involved in iron acquisition, transport and storage
such as siderophores and bacterioferritin, were also upregulated,
consistent with previous studies [46]. In arsenic conditions,
more iron is recruited to alleviate stress. During non-flooded
conditions, arsenic is incorporated in Fe(hydr)oxide in soil,
whereas in the flooded period it is released from soil to water
due to reductive dissolution of Fe(hydr)oxides [43]. Production
of siderophores is the common strategy for iron acquisition under
Fe-limiting conditions. Some metals also possess affinity towards
siderophores. The complex formation of siderophores with metals
reduces complexation with iron; thus, decreasing the concentra-
tion of soluble iron. Iron deficiency subsequently leads to the
production of siderophores [47].

A relatively large number of genes were expressed in response
to arsenite compared to arsenate treatment. Many DEGs
specific to arsenite encoding proteins involved in the oxidative
response, protein damage, ion transport, recombination and
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energy generation, cell motility and signal transduction were
found to be upregulated. Arsenic exposure induces ROS and
nitric oxide (NO) production inside the cell and, to reduce
the oxidative damage, bacteria induce various antioxidant
enzymes [28, 48]. We observed upregulation of superoxide
dismutase, catalase, organic hydroperoxide resistance protein,
alkyl hydroperoxide reductase subunit F (AphF) and oxida-
tive stress transcriptional regulator that participate in the
control of elevated ROS levels. Another adaptive response to
arsenite treatment in X. oryzae pv. oryzae IXO1088 includes
the upregulation of various Hsps. Hsps help with survival
under stress conditions by facilitating the proper folding
of newly or already translated proteins and preventing
the accumulation of aggregated proteins. Upregulation of
chaperones has also been observed in response to other
metals [49, 50]. Chaperones can contribute by converting
metal-induced misfolded proteins to active native proteins;
thus, enhancing cellular tolerance to heavy metals. Various
transporters, including ATP-binding cassette proteins, MFS
(major facilitator superfamily) and ferrous ion transport
protein, were also upregulated. Additionally, chemotaxis is
one of the most important features of bacteria that regulates
their movement towards or away from specific substances,
either attractants or repellents. The transcriptome data also
showed upregulation of four DEGs, CheW, CheA, MotD and
methyl-accepting chemotaxis protein, suggesting a role in the
chemotaxis response towards arsenite. Upregulation of genes
involved in carbohydrate metabolism pathways was also in
agreement with previous studies [51, 52].

The majority of the genes encoding protein translational
machinery (ribosomal proteins) and proteins involved in
amino acid metabolism were downregulated in response
to arsenite. This finding is consistent with previous studies
showing a decline in the rate of protein synthesis in response
to arsenite As(III) exposure [52-54]. In addition, genes
involved in oxidative phosphorylation pathways such as
ATP synthase subunits A, C, § and {, cytochrome ubiquinol
oxidase subunits, and genes involved in intracellular protein
transport, including secD, secF, secG and secE, were also
downregulated in response to arsenite treatment. Multi-drug
RND-efflux transporter subunits and potassium ATPase
subunit F and A were downregulated in both the conditions.
The downregulation of these genes indicates a switch from
aerobic to anaerobic respiration to promote energy conserva-
tion following arsenic exposure.

In conclusion, we have identified acquisition of a novel cassette
in a major lineage of the X. oryzae pv. oryzae population that
confers arsenic resistance. The arsenic-rich environment
has possibly led to the acquisition of such a cassette in the
X. oryzae pv. oryzae population, thereby providing selective/
adaptive advantage to the strains from this lineage. Using
RNA-Seq technology, we have identified the adaptive and
detoxification pathways adapted by X. oryzae pv. oryzae to
evade arsenic toxicity. The study highlights the evolutionary
pathway of pathogens to rapidly adapt to unique environ-
mental conditions during the course of evolution and diversi-
fication into different lineages. Altogether, the study could be
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useful for further studies to elucidate molecular mechanisms
under arsenic stress conditions and shows the need to tackle
arsenic contamination in rice fields.
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