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Xanthomonas axonopodis pv. citri (Xac) is the causal agent of citrus bacterial canker (CBC) and is a serious problem worldwide.
Like CBC, several important diseases in other fruits, such as mango, pomegranate, and grape, are also caused by Xanthomonas
pathovars that display remarkable specificity toward their hosts. While citrus and mango diseases were documented more than
100 years ago, the pomegranate and grape diseases have been known only since the 1950s and 1970s, respectively. Interestingly,
diseases caused by all these pathovars were noted first in India. Our genome-based phylogenetic studies suggest that these di-
verse pathogens belong to a single species and these pathovars may be just a group of rapidly evolving strains. Furthermore, the
recently reported pathovars, such as those infecting grape and pomegranate, form independent clonal lineages, while the citrus
and mango pathovars that have been known for a long time form one clonal lineage. Such an understanding of their phylog-
enomic relationship has further allowed us to understand major and unique variations in the lineages that give rise to these
pathovars. Whole-genome sequencing studies including ecological relatives from their putative country of origin has allowed us
to understand the evolutionary history of Xac and other pathovars that infect fruits.

Xanthomonas is a complex group of plant-pathogenic bacteria
that infect diverse fruit crops in a host-specific manner (1).

Interestingly, several of the diseases caused by them on diverse
fruits were first noticed in India (2–4). Xanthomonas axonopodis
pv. citri (Xac), the causal agent of canker in citrus, is a well-known
and serious pathogen worldwide (5), with billions of dollars spent
in mass eradication programs in developed countries, such as the
United States and Australia (6). X. citri pv. mangiferaindicae
(Xmi), the causal agent of black spot in mango, is an endemic
problem in mango-growing areas of the world, such as in Asia,
Africa, and South America (7, 8). Both Xac and Xmi have been
known of for the last 2 centuries.

X. axonopodis pv. punicae (Xap), the causal agent of oily spot
disease in pomegranate, was first reported in the 1950s in India (3)
and in recent decades has emerged as a devastating pathogen of
this fruit (9). In the future, this pathogen might emerge as a huge
threat to other pomegranate-growing countries, as it is also being
reported outside India (10, 11). In addition, during the 1970s, a
new bacterial disease of grape was reported for the first time from
India (2), and the causal agent was later identified as X. campestris
pv. viticola (Xvt) (12). In the late 1990s, this disease was also re-
ported from Brazil, and in 2005, it was reported from Africa. It
also could develop as a big problem in other grape-growing areas,
such as in America, Australia, and Europe.

India is one of the largest cultivators, producers, and exporters
of these fruits. Moreover, the Indian subcontinent also happens to
be a center of diversity of their host plants, thereby providing
excellent climatic conditions for the emergence and establishment
of these hosts and pathogens. Hence, there is an urgent need to
establish the accurate relationship of the xanthomonads that in-
fect fruits to understand their origin, evolution, and management.
However, taxonomically, the species status of these pathogens is
not clear (13). Historically, all the Xanthomonas pathogens were
assigned to unique species based on their host specificities (12) but
later underwent reclassifications. For example, in the beginning,
Xac, the Xanthomonas pathogen that infects citrus, was classified
as Xanthomonas citri but later was reclassified as X. campestris pv.

citri (12), X. axonopodis pv. citri (14), X. smithii pv. citri (15), and
back again to X. citri subsp. citri (16–18). This highlights the great
disconnect between taxonomy, pathology, ecology, and phylog-
eny of a complex group of bacteria like Xanthomonas.

Genomics is revolutionizing the way we do microbial research.
Whole-genome information will potentially enable one to under-
stand the variation and evolution of these pathogens at an unprec-
edented level (13). Further, whole-genome sequences are a rich
resource for developing markers for quarantine purposes and ep-
idemiological surveys. The Xac genome was one of the first plant-
pathogenic bacterial genomes to be sequenced (19). We have pre-
viously deposited and announced the whole-genome sequences of
reference strains of pathovars Xmi and Xap (20, 21). In this study,
we sequenced the whole genome of the reference strain of Xvt.
Here we report our detailed findings on comparative genomics of
these pathogens, which have provided fine insights into their re-
lationships and differences.

MATERIALS AND METHODS
Sequencing, assembly, and annotation. The complete genome sequence
of Xanthomonas axonopodis pv. citri strain 306 (Xac) is available under
GenBank accession no. AE008923.1. Reference strains of X. axonopodis
pv. punicae LMG 859 (Xap), X. citri pv. mangiferaindicae LMG 941
(Xmi), and X. campestris pv. viticola LMG 965 (Xvt) were obtained from
Belgian Coordinated Collection of Microorganisms (BCCM), Belgium.
DNA isolation was done using the Zymo Research fungal/bacterial DNA
isolation kit. Sequencing of the genomic DNA of Xvt was obtained using
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the Roche 454 GS (FLX� Titanium) pyrosequencing platform (Macro-
gen, Republic of Korea). Assembly of the reads was done using GS De
Novo Assembler (version 2.3). Rapid Annotation using Subsystem Tech-
nology (RAST) and RNAmmer (version 1.2) were used to annotate the
Xvt genome (22, 23). After automated assigning of the genes by the pipe-
line, further manual inspection and curation of the genome were done
using NCBI ORF Finder (http://www.ncbi.nlm.nih.gov/projects/gorf/).

Phylogenomic analysis. Phylogenetic analysis of the 31 broadly con-
served housekeeping genes involved in informational processing (24) of
strains belonging to genus Xanthomonas and Stenotrophomonas was done
using MEGA version 5.1 (25). A maximum likelihood tree was con-
structed on the basis of the general time reversible model using gamma
distributed with invariant sites (G�I) with 500 bootstrap replications.
Average nucleotide identity (ANI) was calculated using JSpecies version
1.2.1 software (26).

Clonal analysis. Clonal analysis of 31 conserved housekeeping genes
was done using Clonal Frame version 1.1 (27). The run parameters were
adjusted as described by Oh et al. (28). To obtain a tree without taking
recombination into consideration, the value of r was set at zero. A Gelman
and Rubin test was performed to check for satisfactory convergence of the
five replicates.

Pangenome analysis. A circular genome map was generated using
BRIG-0.95 (29). Orthologous genes were identified using Pan-Genome
Analysis Pipeline (30). This multiparanoid-based algorithm searches for
homologs and orthologs in multiple genomes considering local matched
regions to be not less than 25% of the longer gene protein sequence and
global matched regions not less than 50% of the longer gene protein se-
quence. A minimum score value of 50 and an E value of less than 1 � 10�8

were used as cutoffs. We further characterized unique genes on the basis of
their function using RAST (22).

LPS cluster analysis. The sequences of highly conserved metB and etfA
genes, which flank the lipopolysaccharide (LPS) locus in Xanthomonas,
were used to retrieve the complete gene cluster from the genomic data of
the strains under study. RAST was used to annotate sequences which were
not already annotated (22). We could not find complete cluster sequences
for Xap, Xanthomonas fuscans subsp. aurantifolii strain ICPB 11122 (Xf1),
strain ICPB 10535 (Xf2), or X. axonopodis pv. malvacearum strain
GSPB1386 (Xml1386). For Xap, we obtained the complete sequence of the
LPS locus using junction PCR and primer walking on contigs 11 and 38
(see Table S2 in the supplemental material).

Integron cassette analysis. The ilvD gene from Xac was used to re-
trieve homologs of ilvD from the other strains. For Xap, Xvt, and Xmi, the
ilvD gene was found at the end of contigs, so after reordering of contigs
with Mauve (31) using Xac as the reference genome, we amplified the
missing part of the integron cassette by designing primers (see Table S2)
and sequenced the amplified fragment by primer walking. An attI site was
recognized by multiple-sequence alignment of the sequences downstream
of the ilvD gene and the integron cassette of X. axonopodis pv. citri strain
DAR73889 (GenBank accession no. AY928783). Repeat elements of 59
and 60 bp were identified by searching for the conserved 7-bp motifs
RYYYAAC and GTTRRRY at left and right sides of the element, respec-
tively (32). To find 59- and 60-bp repeat elements which may not share
these conserved sequences, virtual PCR was run to find alternate binding
sites of already identified elements.

CRISPR. CRISPRfinder (http://crispr.u-psud.fr/Server/) was used to
identify clustered regularly interspaced short palindromic repeats
(CRISPR). Genes encoding CAS proteins were identified using Genome
Property Search of JCVI CMR (http://cmr.jcvi.org/tigr-Scripts/CMR/shared
/MakeFrontPages.cgi?page�genome_property).

NRPS/PKS. Prediction of the nonribosomal peptide/polyketide syn-
thetase cluster (NRPS/PKS) pathway was done using antiSMASH soft-
ware (33). To further identify the acyl carrier protein (ACP) domain of the
PKS pathway, structure-based sequence analysis of polyketide synthases
(SBSPKS) was used (34). Phylogenetic analysis of the ketosynthase (KS)

and condensation (C) domains was done using Natural Product Domain
Seeker (NaPDoS) (35).

Xanthomonadin cluster analysis. A well-characterized xanthomona-
din cluster of X. oryzae pv. oryzae (Xoo) (GenBank accession
no.AY010120) was used to retrieve homologs in all four strains. For Xmi,
we were not able to find the complete length cluster, so primers were
designed at the ends of both contig 31 and contig 32, in which cluster
homologs were found (see Table S2 in the supplemental material), and the
missing part of the cluster was completed by primer walking and was
annotated using NCBI ORF Finder (http://www.ncbi.nlm.nih.gov
/projects/gorf/). The xanthomonadin coding cluster from Xac was com-
pared with that of Xmi using webACT (36).

Nucleotide sequence accession numbers. Sequences of the whole-
genome shotgun project of Xvt are available under accession numbers
CBZT010000001 to CBZT010000050 in the EMBL and GenBank data-
bases. Similarly, we also sequenced and deposited the whole-genome se-
quences of Xap and Xmi (GenBank accession numbers CAGJ01000001 to
CAGJ01000217 and CAHO01000001 to CAHO01000195, respectively)
(20, 21). All this information is consolidated for easy reference in Table S1
in the supplemental material. The LPS cluster of Xap has been submitted
to GenBank under accession number KF991096. Sequences of integron
cassettes of Xmi, Xap, and Xvt have been submitted to GenBank under
accession numbers KF991093, KF991094, and KF991095, respectively.
The xanthomonadin cluster of Xmi has been submitted to GenBank un-
der accession number KF991092.

RESULTS
Sequencing and assembly. The shotgun sequencing of Xvt yielded
726,914 reads amounting to 295,838,728 bases with �56-fold cover-
age. Assembly of the reads resulted in 50 contigs (over 500 bp) having
an average contig size of 102.1 kb; the largest contig was 672.1 kb. The
proportion of bases having a quality score of 40 or above was found to
be 99.99%. The similar primary details of genome sequencing and
coverage data for Xap and Xmi are available in the announcements
(20, 21) and the NCBI database. Overall, all three genomes were se-
quenced using the Roche platform, with similar coverages and qual-
ities (see Table S1 in the supplemental material).

Comparison of genomic features of Xanthomonas pathovars
infecting mango, pomegranate, and grape fruits. The genomes
of Xvt, Xap, and Xmi are similar in size and have similar average
GC contents, as shown in Table 1. The three genomes also have
comparable numbers of coding sequences and tRNA-encoding
genes. These salient genome features also match those of Xac,
whose complete sequence is available in the public domain.

Phylogenomic analysis of Xanthomonas pathovars infecting
diverse fruit plants. (i) Multilocus sequence analysis. A phyloge-
netic tree constructed using a broad set of conserved housekeep-
ing genes (Fig. 1) clusters all the fruit pathovars under study in one

TABLE 1 General features of the Xanthomonas pathovars infecting
different fruit plants

Parameter

Value for indicated strain

Xac Xap Xvt Xmi

Size (bp) 5,175,554 4,946,642 5,105,036 5,111,537
GC content (%) 64.7 64.9 64.5 64.8
No. of protein-coding

sequences
4,312 4,385 4,431 4,521

No. of rRNA-coding
genes/operon

6/2 3/1 3/1 3/1

No. of tRNA-coding
genes

56 50 52 51
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distinct phylogenetic group. Further, Xac, Xap, Xvt, and Xmi
seem to have emerged from a common ancestor and possibly be-
long to same species despite being classified as different species,
i.e., X. axonopodis, X. axonopodis, X. campestris, and X. citri, re-
spectively.

(ii) ANI. To support the finding of their close phylogenetic
relationship, we carried out ANI analysis of these pathovars. The
ANI values for each pair in the study are listed in Table 2. For all
pairs the ANI was found to be �98.8%, suggesting that these
pathovars may just be specialized strains.

(iii) Clonal frame analysis of X. axonopodis strains infecting
different fruit crops. As phylogenomics revealed that these
pathovars may be specialized strains, we carried out clonal analysis
of fruit pathovars under study and of the members of the X.
axonopodisgroup. Clonal frame is a coalescent model-based
Bayesian approach which assumes that recombination events in-
troduce a constant rate of substitutions to a contiguous region of
sequence (27). We selected the 20 strains belonging to the X. ax-
onopodis clade for this analysis, for which whole-genome se-
quences are available in the NCBI database. Figure 2 shows the
clonal frame tree obtained with and without taking recombina-
tion into consideration. The clonal frame tree for the X. axonopo-
dis group divided the 20 strains into two clonal groups as shown in
Fig. 2. Clonal group A consists of X. perforans, X. axonopodis pv.
citrumelo F1 (Xacf1), X. campestris pv. vesicatoria 85-10 (Xcv85),
and X. axonopodis pv. manihotis strain CIO151 (Xam151), strain
Xam672 (Xam672), strain UG39 (Xam39), and strain UA536
(Xam536). In clonal group B there are further two lineages: one
comprises Xf1 and Xf2, and the second consists of four different
sublineages. Sublineage A consists of Xap, sublineage B of X. ax-
onopodis pv. glycines strain 12-2 (Xag) and Xvt, sublineage C of
Xmi and Xanthomonas citrus pathovars (i.e., Xac, X. citri subsp.
citri Aw12879 [Xcaw12879], and X. axonopodis Xac29-1 [Xac29]),
and sublineage D of Xml1386, X. axonopodis pv. malvacearum
strain GSPB2388 (Xml2388), and X. citri pv. malvacearum strains
X20 (Xml-X20) and X18 (Xml-X18). Interestingly, Xac, Xmi, Xap,
and Xvt form one clonal lineage in which Xac and Xmi form the
same sublineage. There is no major change in the topology of the
tree considering the recombining regions, except for separation of
sublineages B and D. Table S3 in the supplemental material shows
the values of recombination to mutation (r/m) and recombina-
tion to mutation (�/	) for each run. The scale on the x axis shows
the evolutionary time in coalescent units, showing evolutionary
distance between strains. For X. axonopodis strains, the relative

frequency of �/	 was 0.181, which reveals that recombination is
taking place at a much slower pace than mutation, or �5.5 muta-
tional events occur for each recombination event. The relative
impact of r/m was found to be 1.611, suggesting a substantial
impact of recombination on the evolution of these strains.

Genome variations in X. axonopodis pathovars infecting di-
verse fruit crops. As there is no drastic change in size or reductive
evolution in the genome, different sequence conservations and
sequence variations could be having an impact on the diversifica-
tion of different pathovars. As the phylogenomic and clonal rela-
tionship is based on the conserved regions of the genome, we
wanted to study the variable parts of the genome. For that, we
generated a circular map to identify sequence variations in the
genome.

A circular map was generated taking Xac as the reference ge-
nome, and Xvt, Xap, and Xmi were aligned upon it (Fig. 3). The
circular map shows that most of the genomic regions are con-
served among the four strains under study, but there are unique
regions in each pathogen. These variable regions also have differ-
ences in GC content suggesting the occurrence of horizontal gene
transfer (HGT). To examine the impact of HGT, we computed the
pangenome and systematically studied the loci known to be
hypervariable in Xanthomonas and variations unique to each of
the pathovars.

(i) Pangenome analysis of X. axonopodis strains infecting
diverse fruit crops. Figure 4A shows a Venn diagram illustrating
the sharing of orthologous genes by the four genomes. Xac, Xap,
Xvt, and Xmi have 389, 364, 361, and 499 unique gene clusters,
respectively, the number being comparatively higher in Xmi. The
unique genes identified for each genome are listed along with their
GC contents in the supplemental material. The percentages of unique
genes having GC content within 64.5% 
 2.5% are quite low (29.8,
42.6, 30.7, and 42.7 for Xac, Xap, Xvt, and Xmi, respectively). A func-
tional characterization of the unique gene clusters is depicted in Fig.
4B to E. Figure 4 shows that a major portion of the unique genes in
Xac are genes coding for DNA metabolism and regulation-associated
genes. While in Xmi, a major portion of the unique genes are mem-
brane transport genes, Xap has unique genes that are predicted to
encode the stress response and genes for amino acids and their deriv-
atives and regulons; however, in Xvt, the major portion of the unique
genes code for phage-related proteins.

(ii) Hypervariations at a lipopolysaccharide locus. The LPS
locus in Xanthomonas is a hypervariable region which has a role in
virulence (37). In Xanthomonas, the LPS cluster is confined be-
tween two highly conserved housekeeping genes, metB and etfA,
encoding the cystathionine gamma lyase and electron transport
flavoprotein, respectively (38). We were particularly interested in
the pathovars that lie in clonal group B (Fig. 2). The schematic
arrangement of LPS loci in different pathovars is shown in Fig. 5.
Apart from the gene content, the length of the LPS clusters is
variable from 19.5 to 24 kb, while the G�C content varies from
56% to 60%. There are four types of LPS loci. Type 1 is present in
Xac and Xap, and type 2 is present in Xag and Xml. Types 3 and 4
are hybrid; while type 3 is present in Xvt and Xmi, type 4 is present
in XcAw12879. Comparison of the LPS cluster and clonal frame tree

FIG 1 Phylogenomic tree of Xanthomonas pathovars that infect diverse fruit crops. The scale bar shows the number of nucleotide substitutions per site. The
bootstrap value with 500 replications is shown on nodes. The Xanthomonas axonopodis group is highlighted by a gray background. Strains under study are shown
in bold, and the reference strain is marked with an asterisk.

TABLE 2 ANI among Xanthomonas pathovars infecting different fruit
plants

Strain

ANI (%) with:

Xac Xmi Xap Xvt

Xac NAa 99.0 98.89 98.84
Xmi NA 98.92 98.92
Xap NA 98.87
Xvt NA
a NA, not applicable.
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(see Fig. S1 in the supplemental material) reveals incongruence with
their genealogical relationship. For example, Xmi and Xac are from
the same sublineage, but only half of their LPS cassettes is related. On
the other hand, the Xac LPS cassette matches with that of Xap and the
Xmi LPS cassette matches with that of Xvt.

(iii) Variation in integron cassettes. Integrons are genetic cap-
ture elements that allow site-specific incorporation of foreign
DNA without affecting the functionality of the core genes. The
integron cassette array which is known to be present downstream
of ilvD, coding for acid dehydratase, in Xanthomonas (39) is not
identical among the different pathovars under study, except for
the distal ends comprising three open reading frames (ORFs) (Fig.
6). All the pathovars have variable numbers of 59- or 60-bp repeat
elements (4 to 10). The sizes of the integron cassettes are variable
in different pathovars; the cassette is smallest for citrus (4.5 kb)
and largest in the pomegranate pathovar (8.6 kb). The GC content
of the cassette array (52 to 59%) is lower than those of the ilvD and
int genes (62 to 64%) and also lower than the average GC content
of the Xanthomonas genome, which is 64.5 to 65%. While the
three citrus pathovars harbor same type of integron cassettes, their

close relative Xmi has a different one. Xvt has an integron cassette
of which the proximal half does not share sequence homology
with any of the cassettes of the other pathovars under study. Also,
Xvt has a point mutation in the intI gene, leading to a frameshift in
the coding sequence and thus a shorter ORF than the other four.
The length of the integrase gene in all the strains (369 to 423 bp) is
much shorter than that of Xanthomonas campestris pv. campestris
ATCC 33913 (Xcc33913), i.e., 984 bp. The attI site in all the patho-
vars under study has the sequence GTTATCC, while in Xvt there is
a slight variation yielding the sequence GTTAGGC, which is in
compliance with the conserved motif GTTRRRY. Interestingly,
the cassettes are also variable due to the type of transposable ele-
ments they encode. For example, Xap possess two transposable
elements and the other pathovars harbor only a single insertion
sequence (IS) element. IS1595 is same in the Xap and Xmi inte-
gron cassettes. Similarly, both Xac (including other two citrus
pathovars) and Xvt have the same type of IS element, ISXac3,
within their integron cassettes.

(iv) CRISPRs. In these pathovars we were able to identify three
different CRISPRs, CRISPR I (present in all strains under study),

FIG 2 X. axonopodis strain genealogy inferred by clonal frame tree. The clonal frame tree was obtained on the broad set of housekeeping genes using Clonal
Frame version 1.1. A 50% majority rule consensus tree was computed without taking recombination into consideration (A) and with taking recombination into
consideration (B). The scale on the x axis shows the evolutionary time in coalescent units. Different colors show the conserved groups, lineages, and sublineages
considering recombination. Xp, X. perforans.
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CRISPR II (present in Xac, Xac29, Xcaw12879, and Xap), and
CRISPR III (present only in Xcaw12879) (see Table S4 in the sup-
plemental material). In the case of CRISPR I, the number of direct
repeats is 5 or 6 and the direct repeat length is 23 for all except X.
fuscans, which has longer direct repeats (24 to 30 bp), but the
starting 23 bp matches the consensus direct repeat sequence of
Xmi. CRISPR I regions in all the pathovars were also found to have
similar spacer regions.

In the case of CRISPR II, the direct repeat is 31 bp in length
and identical in all four strains, while spacer regions are vari-
able in length, ranging around 34 to 37 bp. The numbers of
spacer regions were variable in the four strains: 18 in Xac, 11 in
Xac29, 18 in Xcaw12879, and 12 in Xap. We were not able to
recognize cas genes associated with CRISPR I, while for
CRISPR II, Xac and Xap have seven cas genes, similar to Xan-
thomonas oryzae pv. oryzae PXO99A. Xac29 has six cas genes,
with a frameshift in place of gene 3. Xcaw12879 also has six cas
genes, with gene 7 replaced by a transposase gene and a dnaC
gene before the repeats.

Figure 7 shows the CRISPR II repeats of the four X. axonopodis
strains. Spacers are numbered by increasing age. Xac29 has least
number of spacer regions. Spacers 10 and 11 are common in all

four strains under study, which also include pathovar punicae
along with citrus pathovars. Spacers 3 to 11 are present in all the
three citrus pathovars, except for spacer 9 in the case of Xac.

(v) NRPS/PKS. In silico analysis of the Xac genome predicted
two NRPS clusters, which were similarly present in Xap, Xvt, and
Xmi, but in Xmi we found the presence of a third NRPS cluster
encompassing a genomic region of 89,742 bp in contig 13. This
cluster did not show homology to any of other Xanthomonas or-
ganisms, while its close relative for a homologous gene cluster was
predicted to be present in chromosome II of Burkholderia pseu-
domallei 668 and B. pseudomallei 1710b, which is, interestingly, a
member of the class Betaproteobacteria. This contig has transpos-
able elements associated at the start of the cluster, in the end of
predicted NRPS domains, and then at the end of contig (see the
supplemental material). Artemis comparison of contig 13 with the
Xac genome shows the cluster being unique in Xmi, as only end
regions of the contig share similarity with Xac (see Fig. S2 in the
supplemental material). There is a large hybrid NRPS-PKS cluster
containing 58 distinct genes (Fig. 8). Ten of these genes were found to
be associated with NRPS, and one was associated with the PKS path-
way. In the NRPS pathway we were able to predict an adenylation (A)
domain, peptidyl carrier protein (PCP) domain, condensation (C)

FIG 3 Circular representation of whole-genome sequences of Xanthomonas campestris pv. viticola LMG 965 (Xvt), Xanthomonas citri pv. mangiferaeindicae
LMG 941 (Xmi), and Xanthomonas axonopodis pv. punicae LMG 859 (Xap). The circular chromosome of Xanthomonas axonopodis pv. citri strain 306 (Xac) was
taken as a reference. Moving outward, the black circle shows the percent G�C, followed by whole-genome sequences of Xvt (in green), Xmi (in yellow), and Xap
(in red). Variation in intensity of each color correlates with approximate identity to the Xac genome.
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domain, and thioesterase (TE) domain. In the PKS pathway four
different domains were predicted, ketosynthase (KS), methyltrans-
ferase (MT), ketoreductase (KR), and acyl carrier protein (ACP).
However, we were not able to recognize an acyltransferase (AT) do-
main. Phylogenomic analysis of conserved KS domain suggested it to
belong to a hybrid NRPS-PKS pathway type, while phylogenomic
analysis of the conserved domain of 10 predicted C domains sug-
gested that 2 of them to belong to a hybrid pathway type and other 8
C domains to an NRPS type. Table S5 in the supplemental material
shows the closest matches of C and KS domains to other NRPS/PKS
and hybrid NRPS-PKS pathways. KS and two C domains showed
similarity to a bleomycin-encoding pathway, which is also a hybrid
NRPS-PKS cluster, while other C domains showed closest matches to
bacitracin, lychenocin, cyclosporine, and other antibiotic synthesis

pathways. But the percent identity for all homologous domains was
very low except for that for bleomycin, for which it was around 50%.
There was also the presence of mbtH-like genes, genes related to an
ABC transporter, and a bleomycin resistance-related gene. Analysis
of six adenylation domains predicted the coded amino acid mono-
mers to be Asn-His, hydroxyphenylglycine (Hpg), Cys, and Ser-Asn,
while for three adenylation domains amino acid monomers could
not be predicted. At the end of the cluster following the NRPS domain
and transposable elements, there are also two genes encoding puta-
tive toxin and antitoxin.

Evolution of xanthomonadin coding cluster in X. citri pv.
mangiferaindicae and X. campestris pv. viticola. Despite belong-
ing to the genus Xanthomonas, Xmi and Xvt produce white colo-
nies, unlike other pathovars, which produce colonies with the yel-

FIG 4 (A) Venn diagram showing the sharing of orthologous genes among Xanthomonas axonopodis pv. citri (Xac), Xanthomonas campestris pv. viticola (Xvt),
Xanthomonas citri pv. mangiferaeindicae (Xmi), and Xanthomonas axonopodis pv. punicae (Xap). (B to E) Pie charts showing functional characterization of
unique genes of Xac (B), Xap (C), Xvt (D), and Xmi (E).
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low color characteristic of the genus Xanthomonas. To learn the
genomic reason behind this unlikely phenotype of these patho-
vars, we studied the cluster of genes responsible for the production
of pigment xanthomonadin. The gene cluster responsible for the

xanthomonadin pigment production has already been identified
in X. campestris pv. campestris (40) and Xoo (41). A similar gene
cluster was found in the genomes of pathovars Xac, Xap, and Xvt,
while in Xmi, we were not able to find the complete cluster. After
amplification and primer walking of the missing sequence (see Ma-
terials and Methods), we compared the nucleotide sequences of the
clusters from Xac and Xmi. A comparison between Xac and Xmi
indicated that a 7,978-bp nucleotide sequence in Xac does not show
identity with 2,128 bp of Xmi nucleotide sequence. We found this
new 2,128-bp fragment to contain an IS element. Figure 9 shows the
arrangement of genes in Xac, Xmi, and Xvt. In Xmi, the 10 ORFs of
the xanthomonadin cluster are replaced by 3 ORFs, corresponding to
two hypothetical proteins and IS1595 transposase.

The xanthomonadin cluster arrangement in Xvt is similar to
those in Xap and Xac. But Xvt was found to have a frameshift
mutation because of a deletion of four nucleotides in the gene
coding for phosphotransferase/dehydratase (already reported as
necessary for pigment production [41]) at position 352 which has
resulted in the formation of a truncated protein. The length of the
protein in Xac is 143 amino acids, but in the case of Xvt the protein
is terminated earlier, at 122 amino acids, because of the deletion of
four nucleotides (bp 352 to 355).

DISCUSSION
Xac and its eco-relatives: are they just specialized strains? Tra-
ditional studies on phylogeny of Xanthomonas were difficult be-
cause of limited DNA markers (42–44) and their characteristic

FIG 5 Comparison of nucleotide sequences encoding LPS in X. axonopodis pv.
punicae LMG 859 (Xap), X. axonopodis pv. citri strain 306 (Xac), X. axonopodis
Xac29-1 (Xac29), X. citri subsp. citri Aw12879 (Xcaw12879), X. citri pv. man-
giferaeindicae LMG 941 (Xmi), X. campestris pv. viticola LMG 965 (Xvt), X.
axonopodis pv. glycines strain 12-2 (Xag), X. axonopodis pv. malvacearum
strain GSPB2388 (Xml2388), and X. citri pv. malvacearum strains X20 (Xml-
X20) and X18 (Xml-X18). Different LPS cassettes are colored differently. All
maps are approximately to scale. Red ORFs represent transposable elements.
The color code of ORFs indicates homology among different LPS cassettes.

FIG 6 Schematic diagram of integron cassette in X. axonopodis pv. punicae LMG 859 (Xap), X. campestris pv. viticola LMG 965 (Xvt), X. citri pv. mangiferaein-
dicae LMG 941 (Xmi), X. citri subsp. citri Aw12879 (Xcaw12879), X. axonopodis pv. citri strain 306 (Xac), X. axonopodis Xac29-1 (Xac29), X. axonopodis pv.
malvacearum strain GSPB2388 (Xml2388), and X. citri pv. malvacearum strains X20 (Xml-X20) and X18 (Xml-X18). ilvD, integrase, attI (recombination site),
59-bp elements (secondary recombination site), and gene cassette arrays are shown. Different gene cassettes are colored differently, while genes with similar
colors are homologs. All maps are approximately to scale.
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host specialization (1). The advent of the next-generation se-
quencing era is enabling researchers to resolve the relationship of
bacteria up to the strain and even the single-cell level (45, 46). In
the present study, whole-genome sequencing and analysis have
enabled us to determine evolutionary relationships and also the
species status of Xanthomonas pathovars that infect citrus and its
ecological relatives at a fine level. However, these pathogens have
previously been classified several times into different species. Even
though these pathovars infect diverse fruits, genome-based anal-

ysis revealed that they belong to same species and that they form a
monophyletic group. The ANI among them is around 99%, much
above the cutoff of 94% for designating different species (47).

Diverse pathovars from same clonal (sub)lineage. Phylog-
enomic grouping of four fruit pathovars into a distinct cluster
suggests their common ancestry, and their high genome identities
as revealed by ANI indicate their recent evolutionary origins. Fur-
ther clonal analysis suggests that all these fruit pathovars belong to
one clonal lineage, as phylogenetic grouping of these pathogens is

FIG 7 Comparison of CRSIPR II repeats (r) in X. axonopodis pv. punicae (Xap), X. citri subsp. citri Aw12879 (Xcaw12879), X. axonopodis pv. citri strain 306
(Xac), and X. axonopodis Xac29-1 (Xac29). Solid black bars connect the spacer regions that are identical among the strains, and the dotted black line shows spacer
regions that show some similarity but are not identical. Numbers 1 to 18 show the arrangement of younger to older spacers.

FIG 8 Schematic representation of hybrid NRPS-PKS system in X. citri pv. mangiferaeindicae LMG 941. Different genes are colored differently as per the
predicted function. ORF maps are approximately to scale. The architecture of NRPS and PKS domains is shown in the rectangular boxes. A, adenylation domain;
C, condensation domain; P, peptidyl carrier protein; TE, thioesterase; KS, ketosynthase; oMT, o-methyltransferase; KR, ketoreductase; ACP, acyl carrier protein;
TD, terminal reductase domain; CAL, coenzyme A ligase domain.
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not affected by recombination events. Corroborating these find-
ings is the fact that all these diseases were first noticed in India,
which may be center of diversity of these pathovars. While Xac and
Xmi were first identified more than 100 years ago (4), Xap was first
identified in the 1950s (3) and Xvt was first reported in the1970s
(2). In addition, Xap and Xvt form their own sublineages, while
Xac and Xmi form one sublineage.

Genome plasticity and strain diversification: unique genes to
large-scale variations. A clear understanding of the phylogenetic
and evolutionary relationship of a complex group of bacteria like
Xanthomonas is necessary to make sense of the variations occur-
ring during the diversification of its members into different lin-
eages and sublineages. Our genome-based approach further en-
abled us to study the variable regions in the genome that are
unique to or under selection in each of the pathovars.

(i) Localized and large-scale variations. An LPS locus that is
located between conserved housekeeping genes metB and etfA is
known to be under diversifying selection at the species, pathovar,
and strain levels (48). Even though the pathovars are from the
same clonal lineage, they display hypervariation in size and orga-
nization of the LPS gene cluster. The altered GC content suggests
that the large-scale variations are due to ancestral and multiple
recent horizontal gene transfer events. Xac and Xap seem to have
retained the LPS cassette that is the ancestral type in X. axonopodis
pathovars, while Xmi and Xvt, which belong to different sublin-
eages, have independently acquired a similar set of genes at the
metB side. The relevance of these to strain virulence is worthy of
further investigation.

Interestingly, Xcaw12879 is a citrus pathogen, but its LPS locus
matches completely that of Xanthomonas oryzae pv. oryzicola

FIG 9 (A) Schematic diagram of xanthomonadin coding cluster in Xanthomonas citri pv. mangiferaeindicae (Xmi), Xanthomonas axonopodis pv. citri (Xac), and
Xanthomonas campestris pv. viticola (Xvt). The location of frameshift mutation in Xvt is marked by a star. (B) Sequence alignment of protein phosphotransferase/
dehydratase in Xac and Xvt. The enlarged box shows the nucleotide sequence alignment at the position of the frameshift mutation. The arrows mark the locations
of deletions of four nucleotides in Xvt, and stop codons are marked by asterisks.
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BLS256 (Xoc), which is a rice pathogen, except for the IS elements
in Xoc. However, only half the LPS cassette of Xcaw12879 has
homologs in Xac and Xac29, which are phylogenetically close rel-
atives. This hybrid LPS locus in Xcaw12879, similar to Xoc, could
be a result of horizontal gene transfer. Similar observations have
also been reported by Jalan and coworkers (44).

Xanthomonas strains are also known to harbor an integron
whose location in the genome is conserved but for which the gene
cassette array (particularly the proximal portion) is highly variable
at the species, pathovar, and strain levels (39). Phylogenetic evi-
dence suggested that it was acquired by the ancestor that gave rise
to Xanthomonas, and its activity since then has contributed not
only to the diversity of its members but also to host-specific patho-
genesis. Different X. axonopodis pathovars possess different inte-
gron cassettes with various sizes, cassette arrays, and numbers of
repeat elements, supporting the observation of Gillings and co-
workers (39). The GC content of the cassette is also quite lower
than that of the rest of the genome, and also the ilvD and int genes
in particular, suggesting that the cassette arrays have been ac-
quired by horizontal gene transfer. Gillings and coworkers pro-
posed that the strains that have an identical deletion or frameshift
mutation in the int gene also possess identical integron cassettes
(39). However, in the present study, all strains except Xvt have
similar int genes and attI sites, but they still show the presence of
different integron cassettes.

Much of the variation seen in these cassettes is due to numbers
and types of IS elements. High IS element activity suggests that the
integron locus is highly dynamic even after the acquisition of
novel genes. It is possible that the cassette present in Xml2388 may
represent an ancestral one which has not undergone any change or
has undergone a change similar to all others and that all the other
strains except Xvt have cassettes similar to that in Xml2388 that
may have undergone the replacement of some gene cassettes by
transposases. It would be reasonable to infer that variation in these
cassettes, having similar int genes and attI sites, would have been a
result of transpositional events that occurred after integrase mu-
tation and integron cassette fixation. However, the variations seen
in the Xvt integron cassette suggest that it may have diversified
from the ancestor before integron cassette fixation and its inte-
grase gene may have evolved independently into a pseudogene.
Three citrus pathovars have similar cassettes, suggesting that the
transposition event may have occurred before their diversification
from the common citrus ancestor.

Most hypervariations, like the ones in the LPS and integron
cassettes, apart from their possible role in host-specific pathogen-
esis can also be due to selective pressure or genomic activity of
specific phages. In this context it is important to know the varia-
tion in DNA loci, like CRISPR, that confer resistance to phages
and act as the genetic memory of cell to form the adaptive immune
system in bacteria (49). There is no CRIPR system that is present
and variable in all these pathovars, which suggests minimal selec-
tion at these loci. CRISPR I repeats, although present in all strains
under study, showed the existence of similar spacers. CRISPR II,
which has also been previously reported for X. albilineans (50), X.
oryzae pv. oryzae PXO99A, X. oryzae pv. oryzae MAFF 311018, X.
oryzae pv. oryzae KACC1033 (51), and X. oryzae strains 21 and 604
(52), was also found in Pseudoxanthomonas spadix BD-a59, Rho-
dospirillum rubrum ATCC 11170, and Rhodospirillum rubrum
F11. The presence of similar CRISPR II regions in phylogenetically
distant bacteria and their absence in closely related bacteria like

Xmi, Xvt, and other members of the X. axonopodis group support
the notion that horizontal gene transfer may be playing a role in
dispersal of these repeats, as suggested by previous studies (53).

(ii) Novel NRPS/PKS gene cluster. Apart from the hypervaria-
tions mentioned above, we also found an 89-kb genomic region
encoding an NRPS/PKS that is exclusive to the Xmi genome,
probably the best example in our study showing the nature and
size of unique variations. Nonribosomal peptidyl synthase/
polyketide synthases are often involved in the production of bio-
active peptides or small molecules. Xanthomonas has been consid-
ered a reservoir for the production of bioactive compounds by
NRPS pathways (54). Two NRPS pathways identified in Xac have
already been explored computationally for their putative func-
tions. Xac3922 has been reported to function as a putative sidero-
phore, as it carries an enzyme having similarity to Escherichia coli
enterobactin synthase component F (EntF). The second NRPS
pathway, in Xac2097, is a pathogenicity island (PAI) proposed to
encode a tripeptide related to the phytotoxin syringomycin pro-
duced by Pseudomonas syringae (55). Recent reports refer to this
NRPS as a pseudogene (54). Third, an NRPS identified in this
study that is specific to Xmi is also possibly a PAI, as transposases
are found on both sides of the cluster, and there is also a relatively
high GC content of the NRPS and PKS genes (see the supplemen-
tal material). Toxin and antitoxin genes were also identified in this
cluster apart from the NRPS/PKS modules. So these genes could
have also been acquired in the genome by HGT along with this
cluster, as they have also transposable elements on both sides and
the GC content is greater than 65%.

The acyltransferase domain of the PKS pathway may have a
diverse structure, as reported for Alteromonas macleodii (56), or it
could be a trans-acting domain, as reported for X. albilineans and
Clostridium spp. (57, 58). The presence of a module for the PKS
pathway suggests that the pathway is a hybrid type, and it is also
supported by the tree obtained for the conserved region of the KS
domain, where it is grouped with hybrid-type KS (see Fig. S3 in the
supplemental material). Proteins like that encoded by mbtH are
considered to activate the adenylation domain in the NRPS system
(59). ABC transporters were also identified, suggesting the prod-
uct to be a secretory molecule. KS and C domains showed ho-
mologs to domains in the bleomycin-encoding NRPS-PKS path-
way, and this cluster also has the gene for resistance to bleomycin.
This suggests that this cluster could probably have a role in encod-
ing a bleomycin-like antibiotic, as a cell has to be resistant to the
antibiotic it produces. But low identity values of the domain sug-
gest the molecule produced to be a variant of the known ones. This
PAI was probably acquired in the sublineage that gave rise to Xmi.
So this pathway could be a source of a novel antibiotic and also a
putative drug target.

The presence of this unique NRPS/PKS cluster in Xmi and
its absence from the closely related citrus pathovars suggest
that it may have a role in the emergence and virulence of this
pathogen. In a recent study, the emergence of the plant patho-
gen Dickeya solani was connected to a unique set of NRPS/PKS
clusters (60).

(iii) How to be white Xanthomonas: from deletions to frame-
shifts. The nomenclature of the genus Xanthomonas is based on
the characteristic yellow colonies produced by its members. This
color is due to a pigment known as xanthomonadin. Interestingly,
some pathovars, like Xmi, Xvt, and Xanthomonas axonopodis pv.
manihotis (Xam), are known to produce atypical white colonies.
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The biosynthesis of this pigment is known to occur by a type II
PKS (41). All of the constituent enzymes required for this pathway
have been identified in the xanthomonadin cluster of Xac, i.e.,
ketosynthase, ketoreductase (3-oxoacyl-ACP-reductase), dehy-
dratase, acyl carrier protein, and acyltransferase (61). Among all
these proteins, phosphotransferase/dehydratase, acyltransferase,
dehydratase, and acyl carrier protein have been found to be re-
quired for pigment production in Xoo (41). In the case of Xam, it
has already been reported that the absence of pigment production
could be due to a frameshift in the acyl carrier protein-coding gene
(62). We also found that Xmi and Xvt also carry mutations in this
cluster, and this may result in decreased xanthomonadin produc-
tion and white colonies. Interestingly, Xvt carries a frameshift mu-
tation in the gene coding for phosphotransferase/dehydratase, but
in the case of Xmi, three out of four necessary pigment-producing
genes have been replaced with an IS element belonging to the
IS1595 family (63). IS1595 has already been reported to occur in
Xmi, and its sequence is available under GenBank accession num-
ber AF249895. It is also present in genomes of Xap and Xvt but not
in Xac. The action of IS1595 has probably led to the deletion of
the genes of the PKS pathway in Xmi, and thus, it could be the
possible reason for the organism’s white phenotype. Hence,
Xmi, Xvt, and Xam have evolved independently to be nonpig-
mented. The presence of a distinct type of mutation indicates
that Xmi and Xvt indeed belong to different sublineages. At the
same time, deletion specific to Xmi might have occurred after
the emergence of Xac pathovars. However, the ecological basis
and adaptive role of these mutations need to be investigated in
further genetic studies.

Xac and Xmi share a close relationship, as revealed by the max-
imum likelihood tree, and its robustness is also clear in a tree
considering recombination. This evolutionary closeness is also
shared by their host plants, Citrus and Mangifera, as they belong to
same order, Sapindales (64). But still, the existence of a large
NRPS/PKS cluster in Xmi, the absence of CRISPR II, the large
deletion in the xanthomonadin cluster, the variation in integron
cassettes, and the difference in its LPS cassette from that of Xac
reveal the dynamicity and genomic flux these host-specific patho-
gens are undergoing. On the other hand, Xac and Xap, which
belong to different sublineages and were reported at different pe-
riods, have similar LPS cassettes and CRISPR elements. Both of
these facts reveal the plasticity in the genome of these pathovars.
The Xanthomonas strains may be in genomic flux by continuously
being exposed to a large gene pool, leading to increased virulence,
invasiveness, host switches, etc. This can be further seen in the GC
content variation and functional diversity of several hundreds of
unique genes possessed by each pathovar. However, what is more
puzzling and a probable clue for their host range and emergence is
that the functions encoded by unique genes are distinct these
pathovars.

In this context, the recent reports of new Xanthomonas patho-
vars of other important crops from India (e.g., Xanthomonas
axonopodis causes gumming of Commiphora wightii) (65, 66)
demonstrate the enormous potential for diversity of these patho-
gens and their genes in their probable center of origin. Functional
characterization of unique genes and gene clusters and also hyper-
variable regions in these pathogens would further enable us to
understand their ecology and host-specific pathogenesis.
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