














genes of XCPs. Interestingly, their distribution among the pathovars is not uniform.
Functional classes such as “replication, recombination, and repair” (3Rs), “transcription,”
“intracellular trafficking, secretion, and vesicular transport,” “secondary metabolite
biosynthesis, transport, and catabolism,” “defense mechanisms,” and “cell wall/mem-
brane/envelope biogenesis” are dominant among 18 classes. Further, genes for primary
metabolites such as carbohydrates, lipids, and amino acids were also present at a
moderate level.

Understanding genome dynamics in pathovar diversity. The atypical GC content
of unique genes indicates that horizontal gene transfer (HGT) has played a key role in
the acquisition of novel genes from distant relatives. Hence, to understand the genomic
flux in a better way, it is important to see the clustering of unique genes, as HGT
generally leads to the acquisition of genes in the clusters as genomic islands. In order
to know the location and dynamics of genomic flux, we concentrated on large (�10-kb)
regions harboring unique and variable genes, which we refer to here as large dynamic
regions (LDRs).

Such an analysis revealed LDRs in 10 of 22 XCPs. Details of these regions are given
in Data Set S2 and in abridged form in Table 4. All the LDRs displayed atypical GC
content ranging from 49.5% to 64.2%, suggesting their acquisition through horizontal
gene transfer. Apart from the low levels of GC content, the presence of tRNAs, phage,
transposons, and integrase genes correlates with their dynamic and mobile nature.
Interestingly, most of the LDRs were found in XCPs belonging to major lineages (ML-I
and ML-II) whereas no LDRs were found for X. citri pv. malvacearum LMG 761, X.
campestris pv. thespesiae LMG 9057, and X. campestris pv. leeana LMG 9048 (XCPs not

FIG 4 Distribution of COG-based functional categories of unique genes of the XCPs represented by bar graphs. Here, the x axis represents the number of genes
and the y axis represents the functional categories. Each strain is represented by a colored box.
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TABLE 4 Large dynamic regions in XCPsa

Strain LDR
% GC
content

LDR size
(kbp) Function, phenotype, or product(s) (no. of genes)

X. campestris pv. vitiswoodrowii
LMG 954 W1

57.2 23.4 Transposition (TniA [2]; TniB); virulence regulator; ATP-dependent DNA helicase
UvrD/PcrA (2); hypothetical protein (21)

X. campestris pv. vitistrifoliae LMG
940 F1

54.6 12.5 Phage-related protein (phage-related integrase; phage-related regulatory protein cII);
succinoglycan biosynthesis protein; hypothetical protein (9)

P. cissicola LMG 21719 J1 60.2 80 Restriction-modification system (modification methylase [2]; endonuclease; cytosine-
specific DNA methyltransferase); secretion system protein (3); tRNA (tRNA-Gly-GCC
[2]); PFGI-1-like cluster (8); integrase regulator R; integrase (4); sensor kinase
(diguanylate cyclase/phosphodiesterase with PAS/PAC sensor[s]; sensor kinase);
phage protein; mobile element protein (4); transposon-related functions; TraU
protein (2); hypothetical protein (53)

P. cissicola LMG 21719 J2 58.4 16.7 DNA repair protein RadC; YciE; VirB1; DNA helicase-related protein; DNA
topoisomerase I; mycofactocin radical SAM maturase; genomic island nu Sa beta2;
hypothetical protein (11)

X. axonopodis pv. melhusii LMG
9050 H1

52.9 37 Cyclic beta-1,2-glucan synthase; 4-carboxymuconolactone decarboxylase; D-alanine-D-
alanine ligase (2); dehydrogenases with different specificities; O-succinyl benzoic
acid-CoA ligase; MchC, MchD protein; adenosylmethionine-8-amino-7-
oxononanoate aminotransferase; 3-oxoacyl-[acyl-carrier-protein] synthase, KASII;
colicin V secretion ABC transporter ATP-binding protein; HlyD family secretion
protein; transposase and inactivated derivatives; superfamily I DNA and RNA
helicases; phage integrase; transposon-related functions (2); mobile element
protein (5); hypothetical protein (46)

X. axonopodis pv. melhusii LMG
9050 H2

57.7 28.3 Kinesin-related protein K4; anaerobic dimethyl sulfoxide reductase chain A; ATP-
dependent DNA helicase UvrD/PcrA; type III restriction-modification system
methylation subunit; chaperone protein DnaJ; DNA repair protein RadC;
mycobacteriophage Barnyard protein gp56; RepB/MobA-like protein; MobA/MobL
protein; mobile element protein (2); hypothetical protein (18)

X. campestris pv. durantae LMG
696

61.0 27 Core genes for TIVSS (virB1, virB3, virB4, virB5, virB6, virB8, virB9, virB10, and virB11);
parA; trwC; trwB; kfrA; cell filamentation protein Fic; hypothetical protein (13)

X. citri pv. citri LMG 9322 C1 38.0 ~17 Flagellum biosynthesis proteins (FliM, FlgK); DNA replication and repair protein (4);
two-component system histidine kinase DccS; methyl-accepting chemotaxis
protein TlpB; disulfide interchange protein Dsb; ABC transporters for amino acid,
zinc, and long-chain fatty acid; proteins involved in biosynthesis of fatty acid
(enoyl-[acyl-carrier-protein] reductase [FMN]); leucine (3-isopropylmalate
dehydratase); cofactor (ubiquinone/menaquinone biosynthesis methyltransferase
UbiE); thymidylate (ThyX); electron transfer agents (2); hypothetical protein (12)

X. citri pv. citri LMG 9322 C2 54.7 15.5 TPR domain protein; sensory box histidine kinase/response regulator; general stress
protein; hypothetical protein (8)

X. axonopodis pv. cajani LMG
558 A1

58.6 22 Restriction-modification system (2); phage integrase; hypothetical protein (16)

X. axonopodis pv. cajani LMG
558 A2

56.7 18.6 Restriction-modification system (3); AAA_5 ATPase associated with various cellular
activities; succinoglycan biosynthesis protein; phage integrase; hypothetical
protein (13)

X. axonopodis pv. clitoriae LMG
9045 L1

49.5 15.4 Type II restriction enzyme, methylase subunit YeeA; transcriptional regulator; bipolar
DNA helicase HerA; phage integrase; virulence regulator; plasmid mobilization
protein; hypothetical protein (12)

X. campestris pv.
mangiferaeindicae LMG 941 M1

64.2 95.9 NRPS-PKS cluster

X. citri pv. glycines LMG 712 G1 59.4 12.5 Chitinase; transcriptional regulator lacI family; sensory box/GGDEF family protein;
mobile element protein (3); hypothetical protein (8)

aCoA, coenzyme A; LDR, large dynamic region; SAM, S-adenosylmethionine; TIVSS, type IV secretion system.
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included in MLs). In fact, except one, all the XCPs in ML-II have LDRs and only 4 of 12
XCPs in ML-I have LDRs. These LDRs have also played a role in the diversification of
XCPs in sublineages, i.e., SL-III (i.e., X. campestris pv. durantae LMG 696 and X. citri pv.
citri LMG 9322) and SL-IV (X. campestris pv. mangiferaeindicae LMG 941 and X. camp-
estris pv. centellae LMG 9044) of ML-II.

The presence of a large number of hypothetical genes is a marked feature of LDRs,
suggesting unknown functions from distant sources. However, these hypothetical
protein-encoding gene clusters are also interspersed with known genes and gene
clusters. Prominent among them are regulatory gene(s) in LDRs of six XCPs. A gene
encoding succinoglycan biosynthesis protein is present in LDRs of two XCPs, i.e., X.
campestris pv. vitistrifoliae LMG 940 and X. axonopodis pv. cajani LMG 558, suggesting
a possible role of variant polysaccharides in functional diversification. Similarly, the
presence of ABC transporter genes in LDRs of two XCPs (X. axonopodis pv. melhusii LMG
9050 and X. citri pv. citri LMG 9322) also indicates the importance of such genes with
respect to their functional diversification. There is also a set of unique genes present in
a LDR that might be required for one kind of function. Interestingly, such an arrange-
ment is seen in the case of flagellar biosynthesis genes and also for a chemotaxis gene
as seen in X. citri pv. citri LMG 9322.

More conspicuous are the cases of the well-known clusters in X. campestris pv.
mangiferaeindicae LMG 941 (SL-IV) and X. campestris pv. durantae LMG 696 (SL-III) that
make sublineages in ML-II. First, X. campestris pv. mangiferaeindicae LMG 941 had a
unique genomic region which could not be detected even in its closest relative, X.
campestris pv. centellae LMG 9044. This region was found to correspond to nonribo-
somal peptide synthetases and polyketide synthases (NRPS-PKS) as previously reported
(49). Second, among the XCPs, a region (D1) was found to be exclusively present in X.
campestris pv. durantae LMG 696. Interestingly, most of the open reading frames (ORFs)
of this region were predicted to be known core genes for the type IV secretion system
(T4SS) and genes encoding ATPases for generating energy for setting the whole
assembly of T4SS in the peptidoglycan (virB1, virB3, virB4, virB5, virB6, virB8, virB9, virB10,
and virB11). Genes such as parA (resolvase), trwCb (relaxase), trwB, and kfrA were also
predicted. In addition to these genes, a putative fic gene was also present in D1. fic was
recently reported to represent an important class of effectors that bacterial pathogens
can use to interfere with host cell signaling pathways (53), hence giving an advantage
to X. campestris pv. durantae LMG 696 as a pathogen.

Lipopolysaccharide (LPS) cluster analysis. The LPS locus is known for its hyper-
variability and its role in virulence of pathogenic bacteria. In Xanthomonas, the LPS
locus is highly variable and is confined between two highly conserved housekeep-
ing genes encoding cystathionine gamma lyase (metB) and an electron transport
flavoprotein (etfA) (54). A schematic representation of LPS loci in XCPs is shown in
Fig. 5. Atypical GC content of the cassette (ranging from 53% to 59%) was observed.
There are two types of LPS cassettes in XCPs: type I (the X. campestris pv. mangife-
raeindicae LMG 941 type) and type II (the P. cissicola LMG 21719 type). Most of the
XCPs have a type I or chimeric type I cassette which may be considered an ancestral
cassette. The chimeric type I cassette harbors some genes of type I, and the
remaining genes are novel genes. The type II cassette is present in only two XCPs
of ML-I (X. campestris pv. vitistrifoliae LMG 940 and P. cissicola LMG 21719).
Interestingly, strains in sublineages have the same cassette, except for the strains of
SL-III (X. citri pv. citri LMG 9322 and X. campestris pv. durantae LMG 696).

Effectome—the role of variation in effector genes with respect to diversifica-
tion of XCPs. Type III effectors (T3Es), being the major pathogenicity determinants (55),
play a key role in the determination of host range at the species and even subspecies
levels (56, 57). We were particularly interested in the effectome variations reflecting the
differences in host range. Due to the repetitive nature of TAL (transcription activator-
like) effectors, it is difficult to study them in draft genomes. Hence, we analyzed only the
non-TAL effectors of XCPs. Analysis of the various loci associated with T3Es (Fig. 6)
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FIG 5 Comparison of nucleotide sequences of XCPs encoding LPS cassettes. LPS cassettes of ML-I
and ML-II are indicated in purple and red boxes, respectively, and sublineages are also indicated. The
color coding of ORFs indicates the levels of homology among different LPS cassettes. All maps are
approximately to scale. Red ORFs represent transposable elements. Contig breaks are indicated by
black diagonal lines.
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suggests that of 26, only 3 T3Es (hpaA, xopZ1, and xopN) compose the core effectome,
as they are conserved throughout various host-specific pathovars of this group. The
remaining genes showed variability in their conservation; 7 genes (xopA, xopE1,
xopR, xopAK, avrBs2, xopL, and xopE3) are present in most of the pathovars, with a
few (2 to 3) exceptions, while the other 16 T3Es (xopQ, xopK, xopAD, xopP, xopV,
xopAE, xopAI, xopI, xopJ5, xopB, hrpW, xopX, xopC1, xopC2, xopE2, and xopAG) are
disrupted or absent in XCPs.

DISCUSSION
Genomic basis of diversity in XCPs. The taxonomic and phylogenetic status of the

genus Xanthomonas has been subjected to considerable debate, with various genus-
wide and subspecific reclassifications proposed (5, 6, 58, 59). This can be attributed to
the limited DNA markers used in traditional approaches of classification (5–8). However,
genome sequencing has enabled us to address such problematic issues in a serious
pathogen such as X. citri and its relatives. Only 3 of 22 XCPs were classified as pathovars
of the X. citri species (X. citri pv. glycines LMG 712 and X. citri pv. malvacearum LMG 761,
including the type strain, X. citri pv. citri LMG 9322), and the rest of the strains were
misclassified at the species level. For instance, 11 of 19 strains (X. campestris pv.
vitiswoodrowii LMG 954, X. campestris pv. vitiscarnosae LMG 939, X. campestris pv.
viticola LMG 965, X. campestris pv. vitistrifoliae LMG 940, X. campestris pv. bilvae NCPPB
3213, X. campestris pv. azadirachtae LMG 543, X. campestris pv. durantae LMG 696, X.
campestris pv. mangiferaeindicae LMG 941, X. campestris pv. centellae LMG 9044, X.
campestris pv. thespesiae LMG 9057, and X. campestris pv. leeana LMG 9048) were
classified as pathovars of X. campestris and 7 of 19 (X. axonopodis pv. bauhiniae LMG
548, X. axonopodis pv. martyniicola LMG 9049, X. axonopodis pv. khayae LMG 753, X.
axonopodis pv. melhusii LMG 9050, X. axonopodis pv. punicae LMG 859, X. axonopodis
pv. cajani LMG 558, and X. axonopodis pv. clitoriae LMG 9045) as pathovars of X.
axonopodis. Interestingly, P. cissicola LMG 21719 was classified as another genus

FIG 6 Type III effectome among XCPs. The presence of a type III effector gene is indicated by blue
coloring and its absence by white coloring, and effectors with incomplete sequences, a contig break, or
a frameshift mutation resulting in a truncated gene product are indicated by gray coloring. A core set of
T3Es is represented by red and a variable set by the yellow horizontal bar on the top.
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altogether. In contrast, modern genome-based criteria such as ANI and dDDH had
established the species status of all XCPs as X. citri. High genomic relatedness suggests
the origin of XCPs from a common ancestor in the recent past. Hence, functional
diversification of strains of numerous pathovars has happened at the group or species
level. This genomic inference suggests that Xanthomonas also has the genetic capa-
bility to diversify even below the species level, which probably is a prerequisite for
being a successful and specialized phytopathogenic bacterium.

Genomic patterns of pathovar diversification of XCPs. Owing to the exceptional
functional diversification of XCPs, they represent an interesting model for the study of
the evolution of Xanthomonas at the species and strain levels. This is an important case
for studying genome-level recombination and mutation rates among the XCPs across
their genomes to understand their clonal nature. Interestingly, such an analysis reveals
that most (19/22) XCPs are evolving in two major lineages (ML-I and ML-II), suggesting
success and selection at the subspecies level. Further, strains in sublineages may
represent clonal variants isolated from diverse hosts.

One of the striking compositional differences of the two major lineages of XCPs is
that ML-II consists of well-known pathovars that infect major commercial plants such as
citrus fruit and mango. Incidentally, they are the oldest pathovars under study, having
been reported before the 1950s, while, on the other hand, ML-I largely consists of
pathovars of plants that are not highly cultivated and of two recently reported
pathovars from India that infect commercial fruit plants, i.e., grape and pomegranate.
Interestingly, the pathovar that infects pomegranate is an endemic problem in India.
Furthermore, large-scale cultivation of grape and pomegranate started in southern
states of India only after the 1970s. In addition, the presence of strains infecting rosids
and asterids in both the major lineages suggests that this does not represent a
lineage-specific potential.

Role of interstrain genome dynamics in emergence and evolution of XCPs. The
advent of NGS has not only aided in establishing relationships up to the strain level but
also revealed differences among strains on the whole-genome scale. Bacteria display
interstrain variations that result in diversification of the strains into different lineages
and sublineages. This may be attributed to continuous horizontal gene transfer and
gene loss. Since phylogenomic and clonal analysis established the monospecies and
monophyletic nature of XCPs, genomic flux at the interstrain level may have been
crucial in the success of XCPs. Indeed, the open nature of pan-genomes suggests that
a huge pool of variable genes has played a major role in emergence and evolution of
XCPs. In this context, unique genes that are exclusively found in a particular pathovar
or are missing in its next closest relative may be of relevance. Further, large variations
in a number of unique genes in each of the pathovars suggest a possible role of gene
acquisition and loss in the evolution of these XCPs. Nearly 70% of unique genes with
atypical GC content also have “unknown functions,” suggesting both their acquisition
from distant organisms through HGT and their potential novel role.

Acquisition of genes by HGT is found to be a major force in genomic diversity of
XCPs. The ability to acquire and maintain foreign DNA is reflected in the second major
class of unique genes, which are related to “replication, recombination, and repair” (3R).
This is also in accordance with our genealogical studies, which showed that the impact
of recombination is twice that of mutation. Further, defense mechanisms and second-
ary metabolites are among the prominent classes, aiding in the ability to counteract
defense responses of host, toxicity, fitness, and virulence regulation of the pathogen.
For instance, the presence of a unique NRPS-PKS cluster in X. campestris pv. mangife-
raeindicae LMG 941 is possibly involved in the production of a novel metabolite (49).

One of the determining features seems to operate at the level of host-pathogen
interaction, such as that of identifying critical signals from host environment (such as
reactive oxygen species, nutrients, etc.) and elicitors derived from the cell membrane of
pathogen (such as LPS molecules) or secreting effectors in the environment (or host) for
alteration of the physiology of the host cell (60). Accordingly, among the major classes
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of unique genes in XCPs are those belonging to the groups of genes encoding proteins
involved in cell wall/membrane biogenesis and signal transduction mechanisms. The
presence of highly evolved major lineages and sublineages, variable LPS loci, and
condensed core type III effectomes of XCPs may be attributed to the diversity of host
plants. Host-pathovar interactions are controlled genetically in a gene-for-gene manner
by TAL effectors. However, due to the draft nature of genomes, TAL genes were not
assembled; therefore, we focused our study on non-TAL effectors. In addition to these,
a novel type IV secretion system might have played an important role in the diversi-
fication of X. campestris pv. durantae LMG 696, a clonal variant of X. citri pv. citri LMG
9322. Unique genes related to transcription form a third major class after unknown and
3R functions. Hence, it is not just the acquisition of novel genes from distant organisms
that is required for the success of pathogens but also the regulation of these and their
functions related to interaction, pathogenicity, and fitness.

Moreover, acquisition of or the presence of unique or dynamic genes in a large
genomic region may have a role in the regulation and movement of LDRs. This may be
important for the success of a pathogen or group of pathogens, as in case of XCPs.
However, because of the draft nature of genomes, it is not possible to know definitely
whether a LDR is on a plasmid. Hence, there is a need to obtain complete genome
sequence of these XCPs. Also, further genetic characterization and transcriptomic
studies are required to know the role of LDRs in virulence of XCPs.

Concluding remarks. Xanthomonas is a complex bacterium and is classified into
numerous pathovars based on the host it infects. In the present report, we provide
evolutionary insights into the nature and pattern of diversification in a large group of
Xanthomonas pathovars which are related to X. citri but infect diverse plants. The
genomic knowledge and resources will be valuable in surveillance of X. citri and its
relatives.

MATERIALS AND METHODS
Bacterial strains and culture conditions. A collection of 22 genomes of strains within the X. citri pv.

citri lineage were used in this study, comprising 18 strains sequenced in-house and 4 genomes from the
NCBI database. The required strains were procured from the Belgian Co-ordinated Collection of Micro-
organisms (BCCM). Except in the case of the type strain of X. citri pv. citri LMG 9322, only genomic DNA
was procured from BCCM. All isolates were grown on the media and under the conditions recommended
by the culture collection center.

Genome sequencing, assembly, and annotation. Genomic DNA was extracted by using a ZR
Fungal/Bacterial DNA MiniPrep kit (Zymo Research). DNA quality checking was done using a NanoDrop
1000 instrument (Thermo Fisher Scientific) and agarose gel electrophoresis. Quantitation of DNA was
performed using a Qubit 2.0 fluorometer (Life Technologies). Illumina paired-end sequencing libraries
(read length, 2 � 250) of genomic DNA were prepared using Nextera XT sample preparation kits
(Illumina, Inc., San Diego, CA, USA) with dual indexing adapters. Illumina sequencing libraries were
sequenced in-house using an Illumina Miseq platform (Illumina, Inc., San Diego, CA, USA) and company-
supplied paired-end sequencing kits. Adapter trimming was done automatically by MiSeq control
software (MCS), and additional adapter contamination identified by the NCBI server was removed by
manual trimming. Raw reads were assembled de novo using CLC Genomics Workbench v7.5 (CLC bio,
Aarhus, Denmark) with default settings. Annotation was done using the NCBI PGAP pipeline.

Phylogenomic analysis. To determine the relatedness of XCPs to one another, a phylogeny was
determined using 28 universal housekeeping genes (51). These housekeeping genes from Xanthomonas
genomes were retrieved, concatenated, and aligned. A maximum likelihood tree was constructed using
the general time-reversible (GTR) model and the gamma distribution with invariant sites (G � I) method
with 500 bootstrap replications using MEGA7 (61).

Whole-genome comparison. The intergenomic distances between the XCPs and the type strain (X.
citri pv. citri LMG 9322) were determined using BLAST-based average nucleotide identity (ANI) and
digital DNA-DNA hybridization (dDDH). Taking X. citri pv. citri LMG 9322 as a reference, pairwise ANI
was calculated using JSpecies1.2.1 (11) and dDDH (12) was calculated using Web tool GGDC 2.0
(http://ggdc.dsmz.de/distcalc2.php).

ClonalFrameML. Recombination events play an important role in generating novel diversity during
the course of evolution of a bacterium. ClonalFrameML analysis (62) generates a phylogenetic tree
applying a correction to the branch length accounting for recombination. For obtaining a tree reflecting
recombination events, genomes of 22 strains were aligned using MAUVE 2.3.1 (63). A maximum
likelihood tree was obtained from a core genome by using PhyML 3.1 (64). ClonalFrameML analysis was
carried out with the MAUVE alignment and the PhyML tree (as the starting tree) as input files, performing
100 simulations (emsim � 100) to estimate uncertainty in the results.
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Comparative analysis. Pan-genome analysis was carried out to estimate the number of shared
genes (core genome) and the number of unique genes (accessory or variable genome), using the
Bacterial Pan Genome Analysis (BPGA) tool (65). USEARCH, which is an integral component of BPGA, was
used for clustering analysis. A minimum identity of 50% was used as the cutoff value, and the input
sequence was defined as the member sequence and the seed sequence (the seed sequence defines the
cluster). The number of combinations of genomes considered for the analysis was chosen to be 20, which
signifies the maximum number of clusters possible for a USEARCH run. The flower pot diagram used to
represent the core and unique genes was drawn using a python script of Matplotlib (66). Unique genes
not having GC content within 64.5% � 2.5% were considered to have atypical content. All the unique
genes were functionally assigned to a specific Clusters of Orthologous Groups (COG) family by searching
against the COGs database using the online tool WebMGA (67).

Further, large (�10-kb) dynamic regions were detected by using BRIG-0.95 (68). Dynamic genomic
regions were reannotated using the RAST pipeline (69) and reinspected for homology by blastp and
assessment of function.

LPS cluster analysis. The full-length LPS cassette was retrieved from the genomic data using two
highly conserved metB and etfA genes. Prokka 1.11 was used to annotate the gene clusters (70). Easyfig
2.2.2 was used to generate the schematic figure representing LPS clusters (71).

Type III effectome. The effectome of XCPs was determined by sequence-based similarity searches
using T3Es from www.xanthomonas.org as the query. Frameshift mutations and truncations in the T3E
genes were identified by analyzing the translated protein length and position of a stop codon in the
resulting protein sequence using tblastn searches.

Accession number(s). The genomic sequences determined in this study have been submitted to
NCBI GenBank and are available under the accession numbers given in Table 2.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
AEM.02993-16.

SUPPLEMENTAL FILE 1, XLSX file, 0.6 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.2 MB.
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