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Abstract
The genus Xanthomonas consists of 20 plant-associated species, many of which cause important
diseases of crops and ornamentals. Individual
species comprise multiple pathovars, characterized by distinctive host specificity or mode of
infection. Genomics is at the centre of a revolution in Xanthomonas biology. Complete genome
sequences are available for nine Xanthomonas
strains, representing three species and five pathovars, including vascular and non-vascular pathogens of the important models for plant biology,
Arabidopsis thaliana and rice. With the diversity
of complete and pending Xanthomonas genome
sequences, the genus has become a superb model
for understanding functional, regulatory, epidemiological, and evolutionary aspects of host- and
tissue-specific plant pathogenesis. In this chapter,
we review structural, functional, and comparative
genomics studies that are driving rapid advances
in our understanding of this important group of
bacteria.
Introduction
Xanthomonas is a genus in the gamma subdivision of the Proteobacteria that contains a large
number of plant pathogens. Complete genome
sequences are available for several, diverse
Xanthomonas strains, and more are pending.
This chapter presents an overview of the genus,
a review of functional, structural, and comparative genomics studies to date, and prospects for
continued rapid progress toward understanding
mechanistic, regulatory, epidemiological, and
evolutionary aspects of host- and tissue-specific

plant pathogenesis through genome-enabled
studies of this important group of bacteria.
Xanthomonas, a uniquely
important genus for genomic
analysis
The genus Xanthomonas (from Gk. xanthos
‘yellow’ and monas ‘entity’) consists of 20
plant-associated species, many of which cause
important diseases of crops and ornamentals.
Individual species comprise multiple pathogenic
variants (pathovars, pv.). Collectively, members of
the genus cause disease on at least 124 monocot
species and 268 dicot species, including fruit and
nut trees, solanaceous and brassicaceous plants,
and cereals (Hayward, 1993). They cause a
variety of symptoms including necrosis, cankers,
spots, and blight, and they affect a variety of
plant parts including leaves, stems, and fruits
(Leyns et al., 1984). The collectively broad host
range of the genus contrasts strikingly with the
typically narrow host range of individual species
and pathovars (Vauterin et al., 1995), which
also typically exhibit a marked tissue-specificity,
infecting either through stomates to colonize
the intercellular spaces of the mesophyll parenchyma, or via hydathodes (water pores at the
leaf margin) or wounds to spread systemically
through the vascular system.
The pathogenic diversity of Xanthomonas
contrasts with a characteristic uniformity with
regard to morphology and physiology. Cells are
rod-shaped, round-ended, and vary in length
from approximately 0.7 µm to 2.0 µm and in
width from 0.4 µm to 0.7 µm. They are motile

UNCORRECTED FIRST PROOFS

148

|

Meyer and Bogdanove

by a single polar flagellum. Xanthomonas species
are catalase positive, unable to reduce nitrate,
and weak producers of acids from carbohydrates
(Bradbury, 1984). The vast majority are also
yellow pigmented, due to the production of
photoprotector carotenoids called xanthomonadins (Rajagopal et al., 1997). Colonies of
Xanthomonas are also typically highly mucoid
on sugar-rich media, due to production of the
exopolysaccharide xanthan (Sutherland, 1993).
The xanthan of X. campestris pv. campestris (Xcc)
is used extensively in food, cosmetic, and oilproducing industries (Sutherland, 1993; Becker
et al., 1998). Xanthan often plays an important
role in pathogenicity but is also believed to be
important in survival of the bacterium, protecting against UV light, freezing, and desiccation
(Bretschneider et al., 1989; Dow and Daniels,
1994; Rajeshwari and Sonti, 2000; Dow et al.,
2003; Crossman and Dow, 2004).
The morphological and physiological uniformity within Xanthomonas hampered the genesis of a stable classification in the genus for a long
time. Early on, a taxonomy based on pathogenicity was attempted. Each Xanthomonas variant
presenting a different host range or inducing different disease symptoms was considered as a full
species based on a ‘new host-new species’ concept
(Starr, 1981). This led to a complex genus with
100 species otherwise indistinguishable with the
phenotypic tests available. The later adoption
of the infrasubspecific designation of pathovar
(Young et al., 1978), led to the assignment of 140
variants as pathovars of X. campestris (Hayward,
1993). Despite its practical utility, this classification, based essentially on a single feature, was
insufficient to represent both the diversity and
the evolutionary relationships within the genus.
With the rapid expansion of molecular
genetics, a proposal emerged for a new classification of Xanthomonas using a polyphasic approach
that integrates phenotypic and genotypic data
(Vandamme et al., 1996; for further examples,
see chapters by Stavrinides, and Bull and
Vinatzer). As molecular genotyping techniques
such as DNA-DNA hybridization, PCR based
on repeated sequences (rep-PCR), and genotyping by amplified fragment-length polymorphism
(AFLP) were developed and applied, the taxonomy of Xanthomonas came to reflect a more

precise phylogenetic classification (Vauterin et
al., 1995; Rademaker et al., 2000; Vauterin et al.,
2000). Thus, the current taxonomy, proposed by
Vauterin et al. (1995) using polyphasic analysis
including DNA-DNA hybridization, and later
substantiated and refined by Rademaker et al.
(2005) using rep-PCR, recognizes 20 species
(genomic groups). A majority of these are
composed of former X. campestris pathovars. X.
campestris has contracted to six pathovars: aberrans, armoraciae, barbareae, campestris, incanae,
and raphani. In the Rademaker et al. study, six
distinct subgroups of X. axonopodis (genomic
group 9) were proposed as candidates for further
characterization to determine whether they
should be elevated to distinct species. At the same
time, less dramatic but robust distinctions were
made among different pathovars and in some
cases even among particular strains of a pathovar,
by rep-PCR based clustering. Finally, examples
were found both of apparent convergent evolution with regard to pathogenic traits, e.g. isolates
in different genomic groups that infect the same
host(s), as well as divergent evolution, e.g. isolates
in the same genomic group that infect different
hosts, or the same host differently (Rademaker
et al., 2005).
The current taxonomy represents a solid
framework in which poorly studied and future
isolates can be evaluated, and to which new
species can be added. Also, by establishing
molecular genetic relationships among the more
than 140 known members of the genus with
distinctive pathogenic characteristics, it sets the
stage for informed comparisons directed toward
identifying unique determinants of host and
tissue specificity as well as pathogenicity factors
that are universally important in plant disease.
Recently completed and ongoing sequencing
of several Xanthomonas genomes provides an
unprecedented opportunity to carry out these
comparisons in a comprehensive and conclusive
way.
Xanthomonas genome
sequences
Complete genome sequences of nine Xanthomonas strains, representing three species
and five pathovars, have been determined and
made available (Table 7.1). These include strain
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XooP

Leaf spot
disease of
crucifers

Bacterial
blight of rice

Bacterial
blight of rice

Bacterial
blight of rice

Bacterial leaf
streak of rice

X. campestris pv.
armoraciae 756C

X. oryzae pv. oryzae
KACC10331

X. oryzae pv. oryzae
MAFF311018

X. oryzae pv. oryzae
PXO99A

X. oryzae pv. oryzicola
BLS256

Xoc

XooK

Xca

Xcc

4.83

5.24

4.94

4.94

4.94

5.08

5.15

5.42

5.27

Size
(Mb)

Circular
chromosome

Circular
chromosome

Circular
chromosome

Circular
chromosome

Circular
chromosome

Circular
chromosome

Circular
chromosome

Circular chromosome
(5178466 bp),
plasmids pXCV183
(182572 bp), pXCV38
(38116 bp), pXCV19
(19146 bp), pXCV2
(1852 bp)

Circular chromosome
(5175554 bp),
plasmids pXAC64
(64920 bp), pXAC33
(33700 bp)

Components

64.0

63.6

63.7

63.7

65.3

65.1

65.0

64.6

64.8

%
G+C

86.0

4686

5083

5091

83.9
83.0

5805

4598

5832

5079

5229

5809

Genes

87.6

85.3

90.1

87.2

86.6

90.3

%
coding

72.2

55.0

55.0

71.1

69.2

48.1

67.0

73.2

48.0

% genes
assigned
a role
category

Salzberg et al. (2008)
A.J. Bogdanove,
unpublished

AAQN010000013

(Ochiai et al. (2005)
CP000967

NC_007705

Lee et al. (2005)

A.J. Bogdanove,
unpublished

Pending2

NC_006834

da Silva et al. (2002)

Qian et al. (2005)

Thieme et al. (2005)

da Silva et al. (2002)

Reference

NC_003902

NC_007086

NC_007508,
NC_007507,
NC_007506,
NC_007505,
NC_007504

NC_003919,
NC_003922,
NC_003921

GenBank
accession(s)

allow for direct comparison, genome statistics were derived from the TIGR automated annotation for each genome available through the Comprehensive Microbial Resource
(CMR; http://cmr.jcvi.org), since methods used in authors’ original annotation may differ across genomes.
2Finished sequence and draft annotation are available through the CMR.
3Finished sequence only. Finished sequence and draft annotation are available through the CMR.

1To

XooM

Black rot of
crucifers

X. campestris
pv. campestris
ATCC33913

Xcc8

Black rot of
crucifers

X. campestris pv.
campestris 8004

Xav

Xac

Bacterial spot
disease of
pepper and
tomato

Citrus canker

X. axonopodis pv. citri
306

Abbreviation

X. axonopodis
pv. vesicatoria (X.
campestris pv.
vesicatoria) 85-10

Disease

Organism

Table 7.1 Sequenced Xanthomonas genomes1
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306 of X. axonopodis pv. citri (Xac), which
causes citrus canker (da Silva et al., 2002); strain
85-10 of X. axonopodis pv. vesicatoria (Xav), the
bacterial spot pathogen of pepper and tomato,
formerly a pathovar of X. campestris, and now
a proposed new species, X. euvesicatoria ( Jones
et al., 2004; Thieme et al., 2005); strains 8004
and ATCC33913 of X. campestris pv. campestris
(Xcc8 and XccA), the causal agent of black rot
in crucifers, including the model plant Arabidopsis thaliana (da Silva et al., 2002; Qian et al.,
2005); strain 756C of X. campestris pv. armoraciae (Xca), which causes bacterial spot disease of
crucifers (A. J. Bogdanove, unpublished); strains
KACC10331, MAFF311018, and PXO99A of
X. oryzae pv. oryzae (XooK, XooM, and XooP),
which is responsible for bacterial blight of rice
(Lee et al., 2005; Ochiai et al., 2005; Salzberg
et al., 2008); and strain BLS256 of X. oryzae
pv. oryzicola (Xoc), which is the causal agent
of bacterial leaf streak of rice (A. J. Bogdanove,
unpublished). A partial sequence is also available
for Xcc strain B100 (Vorholter et al., 2003).
The completely sequenced genomes are similar
in general characteristics: sizes range from 4.83
million base pairs (Mb) to 5.42 Mb; G+C
contents from 63.6% to 65.3%, and numbers of
genes from 4598 to 5809. Gene content is largely
conserved, but whole genome alignments reveal
numerous inversions, indels, and rearrangements
in the genomes relative to one another (Thieme
et al., 2005; Fig. 7.1). The structural variation
among these genomes suggests a high degree
of genome plasticity within the genus overall,
consistent with the molecular genotyping studies
cited above.

A striking feature shared by the Xanthomonas
genomes is an abundance of insertion sequence
(IS) elements, which are postulated to be important drivers of Xanthomonas genome evolution
(Monteiro-Vitorello et al., 2005). In addition
to serving as vectors for lateral gene transfer, IS
elements can generate other types of genome
modifications, including rearrangements, inversions, and deletions, any of which can lead to
acquisition, modification, or loss of gene content.
The X. oryzae genomes have the greatest number
and diversity of IS elements. For example, there
are about 700 IS elements or element fragments
in the XooP genome (Salzberg et al., 2008).
Not surprisingly, alignment of the Xoo genomes
shows at least ten major rearrangements and
indels in XooP relative to the XooK and XooM
genomes, and seven of these are indeed associated
with IS elements (Salzberg et al., 2008). Phagerelated sequences are also prevalent among the
genomes, suggesting that interactions with phage
have contributed to genome variation within
the genus (da Silva et al., 2002; Lee et al., 2005;
Ochiai et al., 2005; Qian et al., 2005; Thieme et
al., 2005; A. J. Bogdanove, unpublished; Salzberg
et al., 2008).
The sequenced Xanthomonas genomes represent a diversity of pathogen classes. Phylogeny
of the group based on ribosomal RNA operon
sequences is presented in Fig. 7.2, and is consistent with the current taxonomy (Vauterin et al.,
1995; Rademaker et al., 2005). Relationships
among these strains suggest comparisons of
particular interest. For example, despite being
pathogens of markedly distinct hosts, i.e. citrus
trees vs. tomato and pepper plants, Xac and

Figure 7.1 (on facing page) Alignments of nine Xanthomonas genomes generated using MAUVE (Darling et
al., 2004, http://gel.ahabs.wisc.edu/mauve/). Locally collinear blocks (LCBs), shown as rounded rectangles,
represent regions without rearrangement of homologous sequence across genomes. The orientation of the
LCBs, forward or reverse, is indicated by their position above or below the line, respectively. Lines between
genomes trace orthologous LCBs. Across all the genomes, using default parameters, resulting in a minimum
LCB weight of 83, there are 154 LCBs. The LCB weight sets the minimum number of matching nucleotides
in a collinear region for it to be considered homologous across genomes and not the result of a spurious
match. Regions outside LCBs were too divergent in at least one genome to be aligned successfully. Inside
each LCB, a similarity profile of the genome sequence is represented by vertical bars. The height of each bar
corresponds to the average level of conservation in that region of the genome sequence. Xac, X. axonopodis
pv. citri 306; Xav, X. axonopodis pv. vesicatoria (X. campestris pv. vesicatoria) 85-10; Xcc8, X. campestris
pv. campestris 8004; XccA, X. campestris pv. campestris ATCC33913; Xca, X. campestris pv. armoraciae
756C; XooK, X. oryzae pv. oryzae KACC10331; XooM, X. oryzae pv. oryzae MAFF311018; XooP, X. oryzae
pv. oryzae PXO99A; Xoc, X. oryzae pv. oryzicola BLS256.
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Figure 7.2 Phylogeny of the sequenced Xanthomonas strains, as well as Xylella fastidiosa strain 9a5c (citrus
pathogen) and Strenotrophomonas maltophilia strain K279a, based on alignment of ribosomal RNA operon
sequences. The alignment was carried out using ClustalW (Chenna et al., 2003). The tree was drawn using
Phylip (http://evolution.genetics.washington.edu/phylip.html). Numbers above branches represent the
bootstrap values for 1000 replicates. Xac, X. axonopodis pv. citri 306; Xav, X. axonopodis pv. vesicatoria
(X. campestris pv. vesicatoria) 85-10; Xcc8, X. campestris pv. campestris 8004; XccA, X. campestris pv.
campestris ATCC33913; Xca, X. campestris pv. armoraciae 756C; XooK, X. oryzae pv. oryzae KACC10331;
XooM, X. oryzae pv. oryzae MAFF311018; XooP, X. oryzae pv. oryzae PXO99A; Xoc, X. oryzae pv. oryzicola
BLS256.

Xav are closely related, and basal to the group
overall. Thus, sequences representing candidate
adaptations toward the respective hosts of these
pathogens might be relatively straightforward
to identify through a comparative genomic approach. Likewise, the Xcc and Xca genomes,
and the Xoo and Xoc genomes, respectively,
represent vascular and non-vascular pathogen
pairs that infect leading models for dicot and
monocot biology, namely, A. thaliana and rice.
These genomes especially are a valuable starting
point for comparative analysis toward identifying
candidate determinants both of host and tissue
specificity, and for functional characterization
in planta. Comparative analysis across all the
genomes has potential for identifying genes
fundamental to pathogenesis, irrespective of the
host and tissue infected. Complete or near complete genome data available for other members of
the Xanthomonadaceae, namely Xylella fastidiosa,
a highly adapted plant pathogen (Simpson et
al., 2000; Bhattacharyya et al., 2002; Van Sluys
et al., 2003), and Stenotrophomonas maltophilia
(S. maltophilia K279a Sequencing Group at the

Sanger Institute, ftp://ftp.sanger.ac.uk/pub/
pathogens/sma/; The Joint Genome Institute,
US Department of Energy, http://genome.jgipsf.org/draft_microbes/stema/stema.download.
ftp), which is not pathogenic to plants, empower
this approach.
X. fastidiosa is a xylem-limited, insectvectored plant pathogen with a genome roughly
half the size of a typical Xanthomonas genome
(van Sluys et al., 2002; see chapter by van Sluys
et al.), leading some to postulate that it evolved
from an ancestor shared with Xanthomonas
by genome reduction during adaptation to life
within its hosts (Dow and Daniels, 2000). X.
fastidiosa strains collectively cause disease on
diverse hosts, with some specificity (Purcell and
Hopkins, 1996). The genomes of four strains, respectively pathogenic to citrus, almond, oleander,
and grape, have been sequenced (see chapter by
Varani et al.). S. maltophilia includes free-living
as well as endophytic isolates, and opportunistic
human pathogens (Berg et al., 1999). It represents an excellent backdrop against which adaptations in Xanthomonas for plant pathogenesis
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might be identified. In addition to the sequences
described, several more Xanthomonas complete
genomes are pending, including those of X. albilineans, X. axonopodis pv. phaseoli, and additional
strains of Xcc and Xoo (M. Arlat, P. Rott, V.
Verdier, and A. Puhler, personal communication). X. albilineans is an interesting species that
has a genome roughly two-thirds the size of the
sequenced Xanthomonas genomes, and depends
largely on a single toxin for pathogenesis of its
host, sugarcane. The X. albilineans genome may
represent an ancestral genome that lacks many
of the adaptations present in other Xanthomonas
strains, or as postulated for Xylella, a reduced
and highly adapted genome with a minimal
complement of genes needed for survival within
a plant. Comparisons with the genomes of other
strains promise to shed light on this interesting
question.
Altogether, with the multiple complete and
pending Xanthomonas genome sequences, and a
growing number of contextual and reference genome sequences, the genus is rapidly coalescing
as a superb model for understanding functional,
regulatory, epidemiological, and evolutionary aspects of host- and tissue- specific bacterial plant
pathogenesis through comparative and functional
genomic studies.
Functional genomics based
on random mutagenesis,
heterologous expression, and
other genome-wide screening
approaches
The beginning of the genomics era is generally
associated with the release of the first bacterial
whole genome sequence in 1995 (Fleischmann
et al., 1995). But genome-scale analyses were
already yielding results prior to that time. In
Xanthomonas, genome-wide mutagenesis and
heterologous expression of whole genome libraries early on led to the identification of genes for
essential pathogenicity factors. The clusters of
hrp genes encoding the type III secretion system
in Xcc and Xav were discovered and characterized by random, transposon-based mutagenesis
(Arlat et al., 1991; Bonas et al., 1991). Subsequent studies, largely in Xav, further elucidated
the functions of individual genes in the cluster,
including the master hrp regulatory genes, hrpG

and hrpX (Schulte and Bonas, 1992; Wengelnik
et al., 1996; Rossier et al., 1999; Wengelnik et al.,
1999; Rossier et al., 2000). Transposon mutagenesis also allowed the cloning of regulatory and
biosynthetic genes for the production of extracellular enzymes and polysaccharides of Xcc and
Xoo (Hotte et al., 1990; Tang et al., 1990; Wilson
et al., 1998; Dharmapuri and Sonti, 1999). Lipopolysaccharide biosynthesis and its regulation
have also been elucidated both by random and
directed mutagenesis, coupled with biochemical
analysis, in Xcc and X. campestris pv. citrumelo
(Koplin et al., 1992; Kingsley et al., 1993; Dow et
al., 1995 ; Vorholter et al., 2001). Whole genome
chemical mutagenesis and complementation
led to the discovery of the aroE gene involved
in xanthomonadin production and virulence of
Xoo (Goel et al., 2001). Several type III secreted
avirulence proteins were also identified prior to
the availability of whole genome sequences by
using heterologous expression of genomic libraries to screen for clones that restrict host range
(Bonas et al., 1989; Minsavage et al., 1990; Parker
et al., 1993; Yang et al., 1994; Swords et al., 1996;
Huguet and Bonas, 1997; Astua-Monge et al.,
2000; Yang et al., 2000). Whole genome cosmid
libraries of different strains were used in a kind
of rudimentary comparative genomics approach
to assess functional conservation of the avrBs2
gene of Xav in two other pathovars (Kearney
and Staskawicz, 1990).
Other, more targeted, genome-scale functional analyses have been carried out prior to
whole genome sequence availability for the
strains being tested. For example, a cDNAAFLP-based analysis in Xav compared gene
expression in a wild type genetic background and
in a strain expressing a constitutively active allele
of the hrpG regulatory gene, and allowed the
identification of Hrp-regulated genes, including
several new candidate type III effector genes
(Noel et al., 2001). Candidate effectors were
then tested using an in vitro secretion assay, and
several (XopA, B, C, D, and J) were confirmed
(Noel et al., 2002; Noel et al., 2003). Similarly, a
reporter-based genome-wide screen for effectors
in Xav led to the discovery of other new type
III effectors, XopD and XopN (Roden et al.,
2004a). Altogether, these studies led to the identification of 14 type III effectors in Xav, several of
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which were observed to be conserved in the two
published genomes at the time (XccA and Xac)
and were suggested as a ‘core’ group of effectors
(Buttner and Bonas, 2003; Roden et al., 2004a;
Roden et al., 2004b). This study was a harbinger
of more good things to come. The completion of
several whole genome sequences quickly brought
about a new era of genome sequence-enabled and
comparative genomics-driven biology.
Genome-sequence enabled
functional genomics
With a complete genome sequence, the cloning
and characterization of genes identified through
traditional approaches such as random mutagenesis is greatly accelerated. A snippet of sequence
generated using a transposon-specific primer is
enough to map the location of the insertion in
a mutant of interest and identify the disrupted
gene. Cloning the gene is a simple matter of amplifying it by PCR, using the genome sequence
to design appropriate primers. Genome sequence
also drives non-experimental approaches to gene
discovery, for example, mining for genes with
specific cis-regulatory elements, eukaryotic features, evidence of horizontal acquisition, or other
characteristics. Finally, the sequence enables
transcript profiling and proteomic studies.
This first outstanding example of genomesequence enabled functional genomics in
Xanthomonas occurred with the release of the
Xcc8 genome. The authors were able to screen
and map, in a high-throughput fashion, transposon insertions that impaired pathogenesis,
leading to the identification of several candidate
virulence factors (Qian et al., 2005). Moreover,
the authors were able to assess whether candidates were present in the previously sequenced
XccA genome. In addition to identifying known
virulence factors, the study implicated genes
not previously associated with virulence in
Xanthomonas, including certain metabolic genes,
genes for type IV secretion, and cell signalling
genes. Three candidates were unique to Xcc8 relative to XccA, implying that virulence of different
strains can depend in part on different genes. The
same genome-enabled approach in Xoc similarly
identified both known and new virulence factors
in this pathogen, including a lipopolysaccharide
O-chain synthesis gene, genes for twitching mo-

tility, and candidate genes for the production of
cell-surface-associated carbohydrates (Wang et
al., 2007). A good example of genome mining for
gene discovery is provided by consecutive studies
in Xoo. Tsuge et al. (2005) characterized the effect of base substitutions in the plant inducible
promoter (PIP) box sequence that is targeted
by the positive regulator HrpX. In this way, the
authors refined the consensus sequence necessary for function and also identified several variants with complete or partial activity. Using this
information, Furutani et al. (2006) mined the
XooM genome sequence for open reading frames
preceded by potentially active PIP box variants,
and identified several genes in the Hrp regulon,
including, in addition to type III secretion structural genes, candidate genes for effectors, genes
encoding conserved hypothetical proteins, a
phosphatase gene, and an ABC transporter gene.
The authors confirmed many of these using a reporter assay. A number of type III effector genes
have been identified in several of the sequenced
Xanthomonas genomes by sequence similarity to
known effectors of other pathogens (Gurlebeck
et al., 2006). Thieme et al (2007) recently characterized a set of Xanthomonas type III effectors
mined from the genome sequences and selected
based on the presence of a predicted N-terminal
myristylation motif. Cloning and characterization of the unique class of Xanthomonas transcription activator-like (TAL) effector genes
from Xoc and Xoo has been facilitated greatly
by genome sequence availability (D. O. Nino-Liu
and A. J. Bogdanove, unpublished). TAL effector
genes are characterized by large numbers of 102
bp repeats in their central coding region, and
there are 28 family members in the Xoc genome.
Availability of complete genome sequence has
made it a simple matter to identify by mapping
a minimal set of cosmids that contains the
complete inventory of these genes, and to quickly
map insertions in TAL genes in a mutant library
by end sequencing of large rescue clones. In Xcc,
the genome sequences have enabled the generation of oligonucleotide microarrays, which have
been used to decipher regulation by the diffusible
signal factor (DSF), which plays an important
role in pathogenesis (He et al., 2006). The Xcc
genome sequences have also made possible pro-
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teomic studies for identifying proteins involved
in interactions with plants (Watt et al., 2005).
By combining genome enabled functional genomics with comparative genomics, Blanvillain et
al. (2007) provided insight into the functions of
the large number of TonB-dependent receptors
(TBDRs) present in Xcc. They mined the XccA
genome sequence to identify the TBDR genes,
and demonstrated a role for the proteins in bacterial adaptation to plants, involving scavenging
plant carbohydrates. The authors also analysed
the distribution of TBDRs in the sequenced
genomes of 226 Gram-negative bacteria and
demonstrated conservation among Xanthomonas
spp. and aquatic bacteria of several carbohydrate
utilization loci that depend on TBDRs for the
active transport of plant molecules across the
outer membrane. They postulated that, as plant
compounds are widespread in nature, TBDRs
might play a key role in bacterial survival in
diverse environments. This work highlights the
potential for combined functional and comparative genomics in Xanthomonas to advance not
only phytopathology, but also biotechnology,
and our fundamental understanding of bacterial
evolution and adaptation.
Comparative genomics
A search for genetic adaptations that are responsible for certain characteristics of a particular
strain can be aided by determining what genes
are shared (or not shared) in other, related genomes. Functional genomics thus can be driven
by comparative genomics, which gives rise to
hypotheses and helps to prioritize candidates
for experimental characterization. By comparing
genomes of different Xanthomonas species and
pathovars, we can address fundamental questions
in phytobacteriology, including what genes are
important for host-species specificity, what genes
are required for invasion of different tissues, and
what genes are required for pathogenesis generally, irrespective of host and tissue. Moreover,
comparative genomics can refine taxonomy and
contribute to a better understanding of genome
evolution, including horizontal gene transfer
(HGT).
Annotation of the first completed
Xanthomonas genomes, Xac and XccA, increased
considerably the known inventory of genes

potentially involved in interactions of these
pathogens with their plant hosts. Annotation relies on comparison of sequences to known genes,
and inference of shared function. Thus, based on
comparison to sequences in other bacteria, several genes or gene classes potentially involved in
pathogenesis, and therefore targets for functional
characterization, were identified. These include
genes required for adhesion, motility, oxidative
stress resistance, plant cell wall degradation, phytohormone production, synthesis and injection
of effectors into the host cell, and others (da Silva
et al., 2002).
The comparison of genomes of closely
related strains that differ in their pathogenicity may be the best approach to identify specific
genetic determinants of that difference. Yet, a
comparison of gene content in two Xylella fastidiosa strains respectively pathogenic to grape and
citrus failed to detect significant differences in
gene content, suggesting that the two strains
rely on similar mechanisms to infect their hosts
(Van Sluys et al., 2003; see chapter by van Sluys
et al.). Inversely, comparative genomics between
the citrus strain of Xylella fastidiosa with Xac
did not reveal strong candidates for shared
genes representing adaptations to the same host
(Moreira et al., 2004). The emerging theme is
that adaptations in closely related genomes are
likely to involve differences in gene structure,
such as point mutations and small indels, rather
than differences in gene content, and that less
closely related organisms may harbour distinct
adaptations that result in similar characteristics.
Consistent with this idea, we have compared
across the sequenced Xanthomonas genomes four
clusters of genes associated with pathogenesis to
look for correlations of gene content and structure with host or tissue specificity. The clusters
are the hrp gene cluster for type III secretion,
the gum cluster for extracellular polysaccharide
production, the rpf cluster for DSF-dependent
signalling, and the xps cluster for type II secretion. We found that (1) the clusters are present in
each genome and (2) phylogenetic relationships
based on concatenated predicted amino acid
sequences of the clusters each reflected lineage
based on a rooted tree for the rrnA operon. Our
results indicate that each of these clusters was
present in the ancestral genome and has been
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maintained, indicating that they all are likely
fundamentally important. Further, the results
suggest that shared tissue specificity, which does
not coincide with phylogeny, resulted either from
coincident changes in the structure of specific
gene sequences within the clusters, in regulatory
sequences, and/or among genes regulated or
encoding proteins secreted by products of the
gene clusters, or from changes elsewhere in the
genomes (A. J. Bogdanove, unpublished).
An expanded comparison of Xanthomonas
and Xylella strains, including Xac, Xcc, and both
the citrus and grape strains of Xylella, however, did in fact bring to the surface an apparently horizontally acquired gene cluster unique
to the citrus pathogens, which is present also in
Salmonella spp., and carries genes for exopolysaccharide synthesis, type IV pilus production, and
conjugal transfer (Moreira et al., 2005). Although
functional characterization of this cluster has not
been carried out in either of the xanthomonads,
the observation is consistent with the notion
that such ‘genomic islands’ could in fact account
for shared characteristics between divergent
pathogens.
As discussed earlier in this chapter,
Xanthomonas genomes are replete with IS
elements, and many of these elements border
islands (Monteiro-Vitorello et al., 2005).
Comparative genomics among two Xanthomonas
genomes and one Xylella fastidiosa genome, as
well as 17 other genomes representing each of
the three subdivisions (alpha, beta, and gamma)
of the Proteobacteria, allowed Comas et al.
(2006) to carefully analyse HGT events in the
Xanthomonadaceae and to define the events as
ancient or recent. The authors observed that the
Xanthomonadaceae genomes represent extreme
mosaics. They also presented evidence that genes
associated with ancient HGT associate equally
with sequences in the three subdivisions of the
Proteobacteria, while recently acquired genes
appear to be predominantly from other xanthomonads, providing novel insight into the role
of HGT in shaping Xanthomonas genomes.
Xanthomonas genomics into
the future
Recent advances in DNA sequencing technology
(Marusina, 2006; see chapter by MacLean and

Studholme) are bringing high-throughput whole
genome sequencing closer to being a practical
reality. The typically short read lengths of the
new techniques probably limit our ability to
obtain accurate Xanthomonas genome assemblies without some relatively more costly and
time-consuming Sanger sequencing, due to the
prevalence in Xanthomonas genomes of IS elements and other relatively long repeat sequences.
Nevertheless, these technologies are rapidly
improving, and current methods are certainly capable of generating high-quality draft genome
sequences for mining gene content and comparing strains by large scale multi locus sequence
typing (MLST). The prospects for addressing
questions in Xanthomonas genome evolution
and pinpointing adaptations to environments in
and outside of plants, and for developing highly
refined diagnostic and epidemiological tools are
exciting. It will be imperative to sequence both
broadly, across species and pathovars, and deeply,
within pathovars and across strains that differ in
geographical origin, virulence, or other characteristics. A large collection of sequences will also
permit the construction of a robust pan-genomic
microarray for Xanthomonas, which will be useful
in typing strains by DNA content and in exploring their biology by gene expression profiling.
Even with the currently available genome
sequences, there are ample opportunities for
discovery through targeted comparative genomics. Fig. 7.3 illustrates a combinatorial approach
to comparing just the nine completely sequenced
Xanthomonas genomes, in order to extract
genes unique to a particular genome or group
of genomes. Twenty-seven theoretical classes
of genes (with some classes overlapping) result.
Such genes would be of interest as candidate determinants of traits specific to the corresponding
strains. Conceptually straightforward, but computationally intensive, this example underscores
the importance of bioinformatics resources and
databases to generate and serve comparative
data. Clearly, as more genome sequences become
available, the value of correlations of gene content
with pathogenic characteristics grows, enabling
better targeting of genes for functional characterization. But the complexity of the analyses
and the volume of data grow as well. Moreover,
integration of comparative and functional ge-
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1
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Xac
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Xac

Xav

Xav

Xca

Xca

GENOMES
Xcc8 XccA Xoc XooK XooM XooP EXCLUSIVE TO
Xac
Xav
Xca
Xcc8
XccA
Xoc
XooK
XooM
XooP
Xcc8 XccA

10
11
12
13
14
15
16
17
18
19
20
21
22

Absent
Present
Present in one or more but
not all of the like shaded
genomes in the class

Xoc XooK XooM XooP CONSERVED ACROSS AND EXCLUSIVE TO
Xcc
Xoo
Xa
Xc
Xo
Non-vascular dicot pathogens
Non-vascular monocot pathogens; same as 6
Vascular dicot pathogens; same as 10
Vascular monocot pathogens; same as 11
Non-vascular pathogens
Vascular pathogens
Dicot pathogens
Monocot pathogens

23

CONSERVED IN ALL GENOMES (CORE GENES)
Xac

Xav

Xca

Xcc8 XccA

24
25
26
27

NON-CORE, CONSERVED ACROSS BUT NOT
Xoc XooK XooM XooP EXCLUSIVE TO
dicot pathogens
monocot pathogens
non-vascular pathogens
vascular pathogens

Figure 7.3 Classification of Xanthomonas genes based on comparative genomics of nine sequenced strains
toward discovery of determinants of host and tissue specificity. Twenty-seven hypothetical classes of genes
are shown, based on their uniqueness to individual genomes or groups of genomes representing species
and pathovars with particular host and tissue specificities. Strains are designated using the abbreviations
presented in Table 7.1. Xac, X. axonopodis pv. citri 306; Xav, X. axonopodis pv. vesicatoria (X. campestris pv.
vesicatoria) 85-10; Xcc8, X. campestris pv. campestris 8004; XccA, X. campestris pv. campestris ATCC33913;
Xca, X. campestris pv. armoraciae 756C; XooK, X. oryzae pv. oryzae KACC10331; XooM, X. oryzae pv. oryzae
MAFF311018; XooP, X. oryzae pv. oryzae PXO99A; Xoc, X. oryzae pv. oryzicola BLS256.
COMPARATIVE
GENOMICS &
GENOME MINING

HYPOTHESES

GENOME
SEQUENCES

HYPOTHESES

EXPERIMENTAL
CHARACTERIZATION
OF GENES

Figure 7.4 Genome sequence-driven revolution in Xanthomonas biology. Comparative genomics at the
level of genes, operons, and whole genomes, and genome mining, generate novel hypotheses regarding
gene function. Genes are characterized experimentally to test these hypotheses. New knowledge leads
to additional hypotheses. Predictions based on these hypotheses are then tested or extended by further
comparative genome mining. High-quality sequence and annotation drive this cycle of discovery.
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nomic data with transcript profiling, proteomic,
and metabolomic data will be important. Thus
databases must be versatile and expandable.
Genomics is at the centre of a revolution
in Xanthomonas biology (Fig. 7.4). Genomic
data are beginning to create a sort of molecular
Rosetta stone, by which, through comparison
of the various iterations of the Xanthomonas
genome, coupled with genome sequence enabled
functional analysis, we will be able to extract the
determinants of the defining characteristics of
the genus, as well as the differences that define its
diversity. As genomics continues to drive advances in the fundamental biology of Xanthomonas, it
will also drive the development of better ways to
control the many important plant pathogens that
the genus encompasses, and potentially other
plant and even animal pathogenic bacteria as
well.
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