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Genome Sequence of Xanthomonas oryzae pv. oryzae
Suggests Contribution of Large Numbers of Effector
Genes and Insertion Sequences to Its Race Diversity
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Abstract

The plant-pathogenic prokaryote Xanthomonas oryzae pv. oryzae (Xoo) causes bacterial blight, one of
the most important diseases of rice. The bacterium is a model organism for the analysis of plant-patho-
gen interaction, because more than 30 races differing in virulence and 25 resistance genes in rice have
been reported to date. We present here the complete genome sequence of Xoo strain MAFF 311018.
The size of the genome was 4,940,217 bp, in a single circular chromosome. The genome structure of
Xoo MAFF 311018 was characterized by large numbers of effector (avr) genes of the avrBs3/pth fam-
ily and insertion sequences (ISs). RFLP analysis of diverse strains using ISXo/ as a probe suggests
that the prevalence of mobile elements in this species, which can bring about genome inversions and
rearrangement, may have played a major role in generating the high degree of genetic diversity and
race differentiation characteristic of this pathogen. The Xoo MAFF 311018 sequence was also highly
similar to those of X. axonopodis pv. citri and X. campestris pv. campestris with the exception of the

large number of effectors and IS elements, and numerous inversions and rearrangements.
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Introduction

All known species of the genus Xanthomonas, a
member of the gamma subdivision of the Proteobacteria,
are plant-associated and most are plant pathogens.
Among them, Xanthomonas oryzae pv. oryzae (Xoo), is a
pathogen of the staple crop plant rice (Oryza sativa). Xoo
causes bacterial blight of rice, alongside rice blast caused
by the fungus Magnaporthe grisea. In addition to the
importance as a pathogen, the bacterium is known to be
an ideal model for studying plant—pathogen interactions,
race differentiation and evolution of plant pathogens.
Therefore, the rice—Xoo interaction has been studied at
the molecular level with special reference to the hrp
genes, encoding the type III secretion system, and the avr
genes, encoding Avr proteins®*’. The diversity of races in
Xoo is remarkable: more than 30 races of different viru-

lence have been reported worldwide”. Because of the
variability of virulence, the breeding of resistant cultivars
always confronts difficulties with the durability of resis-
tance. Race differentiation is associated with diversity of
host resistance genes, and the specificity is controlled in a
‘gene-for-gene” manner'. More than 25 rice resistance
genes for bacterial blight have been identified, mostly in
Japan and at the International Rice Research Institute'.
Recently, genome structure has been studied in certain
plant-pathogenic bacteria as well as in many industrial
and human-pathogenic prokaryotes, and comparative
genomics of these organisms has revealed differences—
key to understanding unique characteristics**'**,
Genome sequencing has been completed for Xanthomo-
nas axonopodis pv. citri (Xac) and X. campestris pv.
campestris (Xcc)’. Plant resistance genes against these
two Xanthomonas pathogens have not been reported,
however, and race differentiation is not clear. Nor is
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extensive race differentiation clear in the other plant
pathogenic  bacteria, tumefaciens™,
Pseudomonas  syringae  pv. tomato®,
solanacearum®', and Xylella fastidiosa™, whose genome
sequencing has been completed. Therefore, Xoo is the
plant pathogenic bacterium in which genome sequencing
has revealed very extensive race differentiation. In addi-
tion, the whole genome sequence of its native host has
also been completed®, and analysis of the host—parasite
interaction on the basis of the two genomes can be
expected to be useful.

We report here the complete genome sequence of
strain MAFF 311018 (T7174) of an apparently highly
evolved plant-pathogenic bacterium Xoo; this sequence
provides clues to the endless race between rice and Xoo.

Agrobacterium
Ralstonia

Materials and methods

1. DNA sequencing and assembly

The bacterial strain sequenced was MAFF 311018
(T7174), a representative Japanese race 1 strain regis-
tered in the MAFF Genebank (National Institute of Agro-
biological Sciences, Tsukuba, Japan).
sequence was determined by the whole-genome shotgun
strategy. The accumulated sequence data were assem-
bled with the GenomeGambler version 1.51 program
(Xanagen Inc., Tokyo, Japan)*®, which includes the
Phred/Phrap/Consed package (Philip Green, University
of Washington, Seattle, USA). In addition to the above
sequences, both end sequences of BAC clones?’, with an
average size of 107 kb, facilitated the gap-closure process
as well as confirmation of the orientation and integrity of
the entire genome. The final gaps in sequences were
filled by the primer walking method.

The nucleotide

2. Gene prediction and annotation

Protein-coding genes were predicted with
GeneHacker’’, GenomeGambler version 1.51 and the
Glimmer program". We searched for predicted proteins
in the non-redundant protein database with the BLASTP
program®. Regions of the genome without ORFs were
reevaluated with the BLASTX program. RNA species
were identified by using the BLASTN and tRNAscan-SE
programs®. Finally, each putatively identified gene was
analysed with the XanaGenome program (Xanagen Inc.,
Tokyo, Japan) for functional annotation.
sequences (ISs) were classified by BLAST analysis with
the ISFinder database (www-is.biotoul.fr/).

Insertion

3. Comparative
strains
We compared the genome assemblies for X. oryzae

genomics among Xanthomonas
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pv. oryzae strains MAFF 311018, X. axonopodis pv. citri
and X. campestris pv. campestris by using the MUMmer
program'® with default values (minimum match length:
20 bp), and we compared the translated ORF sets of Xoo,
Xac and Xcc by using the BLASTP program. Shared
genes were defined using an e-value cutoff of e-20.

4. Phylogenetic and pathotypic analysis

Bacterial strains used in phylogenetic and patho-
typic analysis were collected from Sri Lanka. They had
been used for RFLP (restriction fragment length poly-
morphism) typing and pathogenic analysis in a previous
study?®. RFLP analysis of these Sri Lankan strains was
performed using ISXol (AF225214) as a probe. The
DNA banding patterns (haplotype) of each strain was
coded in binary form by scoring the presence or absence
of each band. Low intensity bands and fragments > 7 kb
in size were not considered. Dendrograms were con-
structed from the distance matrix data from the Dice sim-
ilarity coefficient through the WinDist program® by
unweight pair group method using arithmetic averages
(UPGMA) using the NEIGHBOR and DRAWGRAM
programs in the PHYLIP package'®. A data matrix based
on virulence to 11 near-isogenic lines and one cultivar
containing a single gene for resistance, was generated
from the virulence data of each race by scoring aviru-
lence as 0 and virulence as 1. A similarity matrix was
computed with the SIMQUAL program (NTSY S-pc, ver-
sion 1.80; Exeter Biological Software) using simple
matching coefficients of similarity. A phenogram was
reproduced by UPGMA in the SAHN program.

Results and discussion

1. General features of the Xoo genome

The deduced genome of X. oryzae pv. oryzae (Xoo)
strain MAFF 311018 was a circular chromosome of
4,940,217 bp, and the average G+C content was 63.7%
(Fig. 1, Table 1). No plasmid was detected in the course
of genome assembly. The genome size was slightly dif-
ferent from that previously indicated, a size of about 4.8
Mb by pulse-field gel electrophoresis’’. Two copies of
the rrn operon were identified on the genome in the order
of 16S-tRNA**-tRNA™-23S-5S. A total of 53 tRNAs
representing 43 tRNA species were found on the genome
using the tRNA scan-SE program. A total of 4,372 ORFs
were identified within the MAFF 311018 genome. Of the
predicted genes, 2,799 (64%) were assigned putative
functions, 1,383 (32%) had similarities to proteins of
unknown function (conserved hypothetical proteins), and
190 (4%) had no significant similarity to any registered
genes (Table 1). At least two possibly defective proph-
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ages were found on the genome. Xoo MAFF 311018 had
two gene clusters for a putative type I restriction modifi-
cation system and one gene cluster for a type II restric-
tion/modification system.

2. Insertion sequences

A total of 611 ISs of 25 types were found in the
genome of Xoo. Their ratio in relation to the whole
genome was approximately 10%. This percentage was
remarkably high compared with that of other sequenced
plant-pathogenic bacteria®***'*3*¢ which may be a char-
acteristic feature of Xoo. ISs were located throughout the
genome, and they were repeated tandemly in many loci.
In some cases, multiple IS regions (IS islands) that
encompassed about 30 kb were also present. We identi-
fied 386 of the ISs as full length, and the remaining 225
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Table 1. General features of the Xanthomonas oryzae pv.
oryzae genome

Length (bp) 4,940,217
G+C content (%) 63.72
Protein-coding region (% genome size) 84.12
Protein-coding genes
With assigned function 2,799
Conserved hypothetical 1,383
Hypothetical 190
Total 4,372
Transfer RNA 53
Ribosomal RNA operons 2
Plasmid 0
Insertion sequence elements (IS)” 386(225)

a): Number of full-length copies; number of incomplete
copies is in parentheses.

Fig. 1. Graphical representation of the chromosome of Xanthomonas oryzae pv. oryzae MAFF311018
Outermost circle indicates locations on the chromosome in base pairs (each unit is 100 kb). The second
and the third circles show the positions of predicted genes in the clockwise and anticlockwise directions,
respectively. Genes with assigned functions are depicted in yellow, and those whose functions could not
be deduced are in blue. The fourth circle shows the locations of members of the Arp gene cluster
(magenta) and avr genes (green). The fifth circle shows the positions of insertion sequences. The sixth
circle indicates the 20-kb window-average of G+C content. The locations of tRNA and rRNA genes are
shown in the seventh circle. The eighth circle shows the locations of prophage and phage-related genes.
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Table 2. IS elements present in X. oryzae pv. oryzae MAFF 311018

Name Family Group No. of No. of partial Structure
full-length copies (truncated) copies

ISXo! IS5 IS5 42 2 orfA
ISXo2 ISNCY 7 3 orfA
ISXo3 IS5 1S1031 30 10 orfA / orfB
ISXo5 ISNCY 47 21 orfA
ISXo7 IS630 7 0 orfA
ISXo8 IST 36 34 orfA
1S7112 IS30 20 12 orfA
IS1113 ISNCY 8 2 orfA
ISXoo02 IS630 11 15 orfA
ISXoo03 IS3 1S407 16 26 orfA / orfB
ISXoo4 IS5 IS5 11 41 orfA
ISXoo5 IS5 IS5 10 2 orfA
ISXoo6 IS5 IS5 10 2 orfA
ISXoo7 IS5 IS5 2 0 orfA
ISXoo08 IS4 11 8 orfA
ISXo009 IS3 IS51 1 1 orfA / orfB
1SXo0010 ISNCY 1 0 orfA
ISXoo11 unknown 46 0 orfA
ISXoo12 unknown IS4 42 0 orfA
ISXoo13 IS3L 19 6 orfA
ISXoo14 IS5 5 1 orfA
ISXool5 IS30 2 16 orfA
ISXoo16 IS630 2 7 orfA
Others IS3

unknown

were truncated. On the basis of the ISFinder database,
almost all of the ISs could be classified into seven fami-
lies (Table 2). Members of the IS5 and ISNCY families
were highly represented, with 110 and 63 full-length cop-
ies, respectively. Novel elements included ISXooll,
ISXoo012,1SXo0013, ISXoo14,1SXool15, and ISXoo16.
Rearrangement of genomes by IS has been reported
in animal pathogens. Deng et al.'? alluded to the impor-
tant role played by repeat elements (namely IS elements)
in explaining the unique genome rearrangement between
two sequenced Yersinia pestis strains. Similar genome
rearrangement and reductive evolution through gene loss
reported in Yersinia pestis and Y.
pseudotuberculosis’.  Comparative analysis of the
genomes of the two species which are drastically differ-
ent in pathogenicity and transmission further supported
the role played by IS elements in genome evolution.
Similar findings were obtained in the two pathogenic
Burkholderia species®. A highly evolved obligate para-
site Burkholderia mallei genome harbors numerous IS

were  also
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elements that most likely have mediated extensive
genome-wide insertion, deletion and inversion mutations
relative to B. pseudomallei. Comparative alignment of
genome sequences between Burkholderia mallei and its
related species B. pseudomallei showed that numerous IS
were observed in the synteny points of the genomes of
the two species, which suggests recombination mediated
by IS.

The relationship between pathotypic and genetic
diversity of Xoo strains has been studied mainly based on
analyses of differential interactions with resistance genes
and DNA fingerprinting using insertion sequences'**.
The results suggested that some phylogenetic lineages
based on insertion sequences were related to pathotypes
(races). Using Sri Lankan strains of Xoo, we investigated
whether there was some relationship between race and
phylogenetic group. We observed an association between
phylogenetic groups and race groups (Fig. 2 & Table 3).
Thus, it is likely that the numerous ISs might be impor-
tant in strain or race differentiation in Xoo, because
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Fig. 2. Southern hybridization profiles and relationship between pathogenic race groups and
phylogenetic groups based on RFLP types by ISXo! insertion sequence
A: EcoRI- & B: BamHI-digested DNA of Sri Lankan strains of Xanthomonas oryzae pv.
oryzae by ISXol as a probe. Lane numbers refer to the restriction fragment length polymor-
phism types given in Table 3. Sizes (kilobases) are indicated on the left.
C: Dendrogram constructed with UPGMA of Sri Lankan strains of X. oryzae pv. oryzae
derived from RFLP data of ISXo! as a probe. D: Phenogram of Sri Lankan strains of X.
oryzae pv. oryzae based on virulence to 11 near-isogenic lines and one cultivar containing a
single gene for resistance. The ISXo/ type (haplotype) corresponds to those in Table 3.
Race corresponds to those in Table 3. The numbers on the main branches of the left dendro-
gram indicate the percent bootstrap values for 1,000 replicates. Arrows indicate relative
association between race group and phylogenetic group.
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Table 3. RFLP and pathogenicity analysis of Xanthomonas oryzae pv. oryzae strains from Sri Lanka

RFLP types (ISXo1) RFLP types (ISXo1)

Strain B E  Haplotype Cluster  Race” Strain B E  Haplotype Cluster  Race”
SL9501 1 1 1 1 6 SL9571 4 6 10 3 3
SL9504 2 5 7 2 5 SL9574 9 5 17 2 9
SL9508 1 2 2 1 6 SL9575 4 6 10 3 3
SL9510 4 6 10 3 2 SL9577 6 10 14 4 7
SL9511 3 6 9 3 3 SL9585 2 5 7 2 5
SL9517 4 6 10 3 3 SL9587 10 7 18 4 8
SL9521 4 6 10 3 3 SL9592 8 11 16 5 5
SL9524 4 6 10 3 3 SL9595 8 11 16 5 10
SL9526 1 1 1 1 4 SL9599 2 14 2 5
SL9527 5 6 11 3 3 SL95103 2 5 2 9
SL9528 2 5 7 2 5 SL95111 1 13 1 14
SL9530 2 5 7 2 5 SL95113 6 8 12 4 8
SL9532 2 5 7 2 5 SLI95115 4 10 3 3
SL9533 1 2 2 1 6 SL95119 1 3 2 1 12
SL9536 11 7 19 4 7 SL95120 8 11 16 5 11
SL9542 1 1 1 1 4 SL95122 1 3 3 1 12
SL9545 1 1 1 1 4 SL95123 1 4 1 6
SL9548 6 9 13 4 8 SL95127 1 12 5 1 12
SL9549 6 9 13 4 8 SL95130 1 1 1 4
SL9551 7 8 15 4 7 SL95133 8 11 16 5 11
SL9552 6 8 12 4 8 SLI95136 1 1 1 1 6
SL9554 6 8 12 4 8 SL95138 8 11 16 5 9
SL9561 1 1 1 1 4 SL95139 6 8 12 4

SL9564 10 7 18 4 8 SL95143 1 2 2 1 13
SL9568 2 5 7 2 5 SL95144 9 5 17 2 9

a): The B and E columns indicate the RFLP patterns obtained with Bam HI and Eco RI, presented in Fig. 2 (A & B). The ISXo!
type (haplotype) was determined by the combination of RFLP patterns obtained from the two enzymes. Cluster types correspond
to RFLP cluster in Fig. 2 (C). b): Races were determined in a previous study®’.

mobile elements can disrupt genes, enhance recombina-
tion, and introduce mutations.

3. Pathogenicity-related genes
(1) hrp gene cluster

Of the genes related to the pathogenicity of plant-
pathogenic bacteria, 4rp genes encoding a type III secre-
tion system (TTSS) are the most important. The TTSS is
conserved among both plant and animal pathogens and
injects effector proteins into host cells®. The hrp gene
cluster found in the Xoo genome is composed of 27 genes
extending from /pa?2 to hpaF, and the structure was simi-
lar to those of other characterized Xanthomonas hrp gene
clusters”®. One exception was the hpaB (hrpE2)-hrpF
region. In the Xoo genome, it is notable that three novel
genes were found in the region between hpaB and hrpF
(Fig. 3). One was located downstream of hpaB (hrpE2)
and in the same direction as the ArpE operon. The other
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two genes were also located downstream of hpaB
(hrpE2), but in the opposite direction. It was also inter-
esting that four tandem transposase homologues were
present between ApaB and hrpF (Fig. 3).
(2) avr genes

Avr proteins are one of the type III effectors that
elicit disease resistance in hosts with corresponding resis-
tance (R) genes and thereby function as determinants of
race-cultivar specificity. Many have been shown to be
dual-acting, contributing to virulence in the absence of a
host R gene®. Some avr genes have been reported in
many plant-pathogenic xanthomonads, as well as in
many plant-pathogenic pseudomonads®. Strain MAFF
311018 exhibits a high degree of host-specificity at the
rice cultivar level, and we therefore expected it to contain
a number of avirulence genes. Although several types of
avr gene have been characterized in xanthomonads®, of
these, Xoo possesses only avrBs2 and members of the
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Fig. 3. Comparison of the genetic organization of the /hrp gene clusters of Xoo, Xcc and Xac
A: Genetic organization of the common genes. B: The variable regions of the Arp gene
cluster. Each gene is named above or below the arrows. The maps are illustrated based
on the annotated nucleotide sequence data from the GenBank database. The following
sequences were used: X. axonopodis pv. citri 306 genes (accession no. AE008923);
X. campestris pv. campestris ATCC 33913 genes (accession no. AE008922).

Table 4. List of members of the avr/pth gene family of Xoo genome

Gene ID Position Strand  avrregion  Length (bp) No. of Note
repeat units®
X001132 1,228,783-1,231,791 - I 3,009 12.5
X001134 1,232,781-1,236,191 - I 3,411 16.5
X001136 1,237,181-1,241,629 - I 4,449 26.5
X001138 1,242,619-1,246,335 - I 3,717 19.5
X001996 2,201,149-2,204,664 - II 3,516 17.5
X001998 2,205,654-2,209,376 - I 3,723 19.5
X002001 2,212,644-2,216,771 - I 4,128 23.5
X002127 2,352,186-2,356,040 - I 3,855 20.5
X002129 2,357,030-2,360,329 - I 3,300 15.5
X002158 2,383,115-2,386,828 + v 3,714 19.5
X002160 2,387,818-2,392,653 + v 4,836 30.5
X002667 2,999,333-3,001,924 - A% 2,592 17.5 Insertion of ISXo09
X002864 3,213,703-3,218,643 + VI 4,941 31.5
X002865 3,219,633-3,223,352 + VI 3,720 19.5
X002866 3,224,342-3,228,793 + VI 4,452 26.5
X002868 3,229,783-3,234,123 + VI 4,341 25.5 Identical with avrXa7
X004014 4,525,4164,529,345 + VII 3,930 21.5

a): Number of 102-bp (34-aa) repeat units in the central domain.
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avrBs3/pth family, which are widely distributed in xanth-
omonads. Notably, Xoo contains multiple copies of
members of the avrBs3/pth gene family. In Xoo, we
found 17 copies on the genome, distributed and clustered
in seven different genomic regions (Table 4). The struc-
ture of the avrBs3/pth gene family has been elucidated™.
The proteins have the following functional domains or
motifs: (1) a central region of near-perfect 34 amino acid
(102 bp) repeats that vary in number; (2) leucine-rich
repeats (LRRs); (3) nuclear localization signals (NLS);
and (4) an acidic transcriptional activation domain
(AAD). Although the nucleotide sequences were very
similar among these multiple copies, they were distinct
from each other. Their differences lay mainly in the
number of repeats in the central domain. The number of
repeats varied from 12.5 to 31.5 copies (Table 4). From
two to four avr genes were in most avr regions, and trans-
posable elements such as ISs and phage-related genes

truncated

IS1112  transposase

phage related
protein

transposase
¥ 4x001132 A/xoo1134 »

were located in neighbouring areas. These ISs might pro-
mote duplication and rearrangement of avr genes, and
likely contributed to their proliferation in the Xoo
genome. Maps of these avr gene loci are given in Fig. 4.
The avr V region was an exceptional structure that was
disrupted by a transposase gene (ISXoo9) at the 3 -end.
The gene direction of avr regions I, II and III was anti-
sense strand and that of avr regions IV, VI and VII was
sense strand in an opposing orientation (Fig. 4).
(3) HrpX regulons

Identification of the genes encoding TTSS effectors
is a key step to understanding the function of the TTSS in
plant pathogens. In xanthomonads, expression of the
structural genes of the TTSS and some effector genes is
mediated by the ArpG and hrpX gene products, both of
which were present in Xoo as well as in Xac and Xcc.
Several genes regulated in a HrpX-dependent manner
possess  the  consensus  nucleotide  sequence
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Fig. 4. Gene map of the avr/pth gene family of Xanthomonas oryzae pv. oryzae
Relative positions of each avr region are illustrated. Cluster coordinates
are as follows: I, 1,228,783-1,246,335 bp; 11, 2,201,149-2,216,771 bp;
11, 2,352,186-2,360,329 bp; 1V, 2,383,115-2,392,653 bp; V, 2,999,333
3,001,924 bp; VI, 3,213,703-3,234,123 bp; and VII, 4,525,416-4,529,345
bp. Information on each avr gene refers to Table 4.
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Table 5. Proposed HrpX regulons

PIP position Distance* Gene ID Gene product
hrp gene cluster
87,199 214 X000080 Hpa2
87,290 136 X000081 Hpal
96,205 82 X000090 HrpBl1
96,243 70 X000091 HrcU (HrpCl)
99,847 249 X00009%4 HrcQ (HrpD1)
Others
107,769 97 X000104 Hypothetical protein
153,037 66 X000148 Avirulence protein (AvrBs2 homolog)
358,953 47 X000327 Hypothetical protein
482,032 147 X000440 Ribonucleoside-diphosphate reductase beta chain (NrdB)
535,147 291 X000490 Conserved hypothetical protein
1,293,989 250 X0O01183 RNA polymerase sigma-54 factor (RpoN)
1,630,648 65 X001488 Hypothetical protein
1,819,604 71 X001662 Leucin rich protein
1,823,472 171 X001669 Conserved hypothetical protein
1,833,094 192 X001674 Conserved hypothetical protein
1,881,304 118 X001706 TonB-dependent receptor (BtuB)
2,012,045 281 X001828 Homocysteine S-methyltransferase (MmuM)
2,017,385 147 X001832 Conserved hypothetical protein
2,028,028 94 X001842 Conserved hypothetical protein
2,129,487 296 X001925 Oxoglutarate dehydrogenase (OdhA)
2,151,054 278 X001950 Transcriptional regulator
2,431,967 141 X002193 6-phosphogluconolactonase
2,519,236 278 X002263 Conserved hypothetical protein
2,824,592 95 X002532 Peptidase
3,063,415 279 X002716 Beta-keto-adipate enol-lactone hydrolase (PcaD)
3,246,583 192 X002877 Conserved hypothetical protein
3,281,958 191 X002901 Conserved hypothetical protein
3,285,423 118 X002905 Conserved hypothetical protein
3,359,421 154 X002967 Conserved hypothetical protein
4,301,354 196 X003800 Conserved hypothetical protein
4,330,117 154 X003824 Anthranilate synthase component I (TrpE)
4,502,407 226 X003994 Transferase
4,596,231 297 X004073 Putative 5'-nucleotidase
4,607,453 78 X004083 2-keto-3-deoxy-D-gluconate transport system (KdgT)
4,662,134 64 X004134 Conserved hypothetical protein
4,713,113 39 X004168 Conserved hypothetical protein
4,931,705 115 X004365 Conserved hypothetical protein

* Distance (bp) upstream from predicted start codon.

TTCGC...N15...TTCGC (PIP box)’. The PIP box is a
useful tool for identifying candidate genes in the HrpX
regulon, especially genes encoding secreted effector pro-
teins. In Xoo, we detected 37 perfect or near-perfect cop-
ies of the PIP box (TTCGN...N15...TTCGN) in putative
promoter regions of predicted genes (Table 5). Five of

these predicted genes were located in the Arp gene clus-
ter, and others were scattered throughout the genome.

4. Other features

Activation of virulence gene expression in Xoo is
thought to be under complex control, and has not yet
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been completely clarified. In general, it is thought that
many pathogenicity-related genes, including the Arp gene
cluster, are controlled by HrpG and HrpX, key regula-
tory proteins®™. However, activation of hrpG, which is a
transcriptional activator of the ompR family of two-com-
ponent regulators, is still not understood. Interestingly,
we found that Xoo possesses homologues of two sets of
characteristic two-component regulators involved in
microbial interactions with plants. One set is the vird/
virG two-component system of Agrobacterium
tumefaciens®, which activates T-DNA transfer in
response to monosaccharides and phenolic compounds.
The other is the nodV/nodW two-component system of
Bradyrhizobium japonicum"’, which responds to plant-
derived flavonoids and provides an alternative pathway
for activating genes involved in legume nodulation and
symbiosis. The role of the homologues in Xoo remains
unknown, but their similarity to the vir and nod gene reg-
ulators suggests that they may be involved in regulation
of pathogenicity in response to plant or environmental
signals.

Attachment to the tissue surface is the first step for
pathogenic bacteria in establishing infection. Many
Gram-negative bacteria have type IV fimbriae (also
called pili) for adhesion. In Xoo, type IV fimbriae genes
were distributed in several loci on the genome. In addi-
tion, a previous report showed that Xoo had a non-fim-
brial adhesion protein designated as XadA, which was an
outer membrane protein that plays a role in virulence®.
We identified two xadA homologues at different loci in
MAFF 311018.

In MAFF 311018 we identified gene homologues
related to the production of toxins. One cluster was
related to putative thermostable hemolysin-like genes of
Vibrio cholerae'. A second was related to a putative
colicin V secretion protein of Xylella fastidiosa®. A third
was related to rhizobitoxine of Bradyrhizobium elkanii*'.

Several regions composed of specific genes, which
were not present in other xanthomonads, were found on
the MAFF 311018 genome. Many genes belonging to
these regions are related mainly to P. syringae, R. solan-
acearum, Mesorhizobium, and Bradyrhizobium strains,
but their functions are unknown (conserved hypothetical
proteins). Their lengths range from approximately 15 kb
to 90 kb.

5. Comparative genomics of three Xanthomonas
species, Xoo, Xac and Xcc
First, we analysed the orthologous relationships
among the proteins deduced from the genes, excluding
the transposable elements in Xoo, Xac and Xcc (Fig. 5).
Of the 3,697 proteins of Xoo, 2,771 (74.9%) were identi-

284

636 (17.2%)
(Xoo0)

A

117 (3.2%)
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Total 3,697 genes

Fig. 5. Conservation of Xoo genes in Xac and Xcc
Genes were considered conserved if a BLASTP
alignment of their predicted products yielded e-val-
ues less than or equal to 1 x 10", Transposable ele-
ments were excluded from this analysis.
[ ]: Genes shared by all three species.
[ 1: Genes shared by Xoo and Xac.
I : Genes shared by Xoo and Xcc.
B : Genes unique to Xoo.
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Fig. 6. MUMmer comparison analysis of the chromosomes
between X. oryzae pv. oryzae MAFF 311018 and X.
axonopodis pv. citri 306

Nucleotide sequence alignments were generated by
using the software nucmer in the MUMmer package
3.0. The forward matches are displayed in the
upward slope, and the reverse matches are dis-
played in the downward slope.
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fied as orthologous with those of both Xac and Xcc; 173
proteins (4.7%) were shared with only Xac, and 117 pro-
teins (3.2%) were shared with only Xcc. The other 636
putative proteins (17.2%) had no relationship (e-values
>1 x 10 to proteins encoded in the genomes of Xac
and Xcc. Of these 636 putative proteins, 190 were hypo-
thetical genes whose amino acids sequences showed no
significant similarity to those of any other proteins, and
446 were conserved proteins. Of the 446 conserved pro-
teins, 325 had unknown functions, and 201 were proteins
conserved in other bacteria (such as Pseudomonas, Ral-
stonia and Rhizobium).

We performed whole genome nucleotide alignment
to determine the synteny of Xoo relative to Xcc and Xac.
The results showed partial synteny, but had numerous
inversions, rearrangements and deletions (Fig. 6). As the
Xoo genome harbours a greater number and variety of IS
elements than Xac and Xcc, genome-wide inversion, rear-
rangement and deletion might be expected to have
occurred to a greater extent in the Xoo genome. In fact,
most of the synteny break-points between the Xoo and
Xac genomes were bounded by IS elements in Xoo.

The Xanthomonas hrp gene cluster contains six
operons (hrpA to hrpF, composed of 22 genes) and an
additional two genes outside hrpA'®. Comparison of the
hrp cluster among Xoo, Xac and Xcc revealed that the
gene orders were similar but the clusters were located in
different regions on the genomes. One exception to their
similarity was a region between hpaB (hrpE2) and hrpF,
which varied in terms of its length and predicted genes
(Fig. 3). Xoo possessed three genes and four transposase

Genome Sequence of Xanthomonas oryzae pv. oryzae

genes in this region, whereas Xac had only one gene and
Xcc had two. Although ArpW was present within this
region in Xcc and outside the hrp cluster in Xac, it was
absent from the Xoo genome. The hrp core region (hrpA
to hpaB), encoding mainly proteins of the TTSS, was
highly conserved between Xoo and Xac, with more than
80% identity at the amino acid level with the exception of
HpaA. In contrast, the identity value was relatively low
between Xoo and Xcc. The genes encoding Hpal,
HrpD6, HrpEl, and HrpF proteins had relatively low
identities among Xoo, Xac and Xcc. These differences
may influence pathogenicity and interactions with host
plants. In addition to the TTSS secretion system, other
secretion systems such as type Il and type IV are impor-
tant for pathogenic bacteria to deliver degradative
enzymes and toxins and to transfer T-DNA into the cell.
Two type II secretion systems (xps cluster and xcs clus-
ter) were identified in both Xac and Xcc, but the xcs clus-
ter was absent in Xoo. Also, both Xac and Xcc had type
IV secretion systems (virB operon), which have been
well characterized in A. tumefaciens. Genes for this sys-
tem are absent in Xoo. The roles which these elements
play in xanthomonad pathogenicity, if any, and the reason
why Xoo lacks these elements remain to be elucidated’.
In xanthomonads, three avr gene families, avrBsl,
avrBs2 and avrBs3/pth, have been reported to date®.
Furthermore, the avrPphE, avrC, yopJ , and avrXca fam-
ilies have been identified in Xac or Xcc’.
sharp contrast in the distribution of avr gene families
among Xoo, Xac and Xcc (Table 6). The avrBs2 gene
was common among the three xanthomonads, whereas

There was a

Table 6. Quantitative comparison of insertion sequences, proposed HrpX regulons and putative avr genes

among the three Xanthomonas species

X. oryzae pv. oryzae

X. axonopodis pv. citri X. campestris pv.

MAFF 311018 306 campestris ATCC 33913
Length (bp) 4,940,217 5,175,554 5,076,187
G+C content (%) 63.7 64.7 65.0
Total number of predicted genes 4,372 4,313 4,182
Plasmid 0 2 0
Insertion sequence elements (IS) 386(225) 87 109
Proposed HrpX regulons 37 20 17
Putative avirulence genes (family)
avrBsl 0 0 2
avrBs2 1 1 1
avrBs3 / pth 16 (genome) 4 (plasmid) 0
avrPphE 0 3 1
avrXca 0 0 2
yopJ 0 0 1
avrC 0 0 1
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avrBsl was found only in Xcc. Four avrBs3/pth-like
genes are found in Xac, on two plasmids, and none are in
Xce, in stark contrast to the 16 members of the avrBs3/
pth family found in the genome of Xoo MAFF 311018.
Previous studies have reported that Xoo has at least 30
races”. Race differentiations of Xac and Xcc have not yet
been reported. To our knowledge, there are no reports of
natural mechanisms of how new avr genes or race differ-
entiation are generated. Mutational analyses of avrBs3/
pth genes revealed that the order and type of repeats in
the central domain were important for race-specificity or
pathogen fitness***°. In general, repetitive regions of
DNA are known to be active sites for homologous
recombination®®. In Xanthomonas axonopodis pv. mal-
vacearum, it appears that multiple members of this avr
gene family have arisen from duplication and divergence
by intragenic or intergenic recombination, and they may
promote race-change mutations'®. In Xoo, insertion
sequences and phage-related genes were abundant in
most of the regions neighbouring this avr gene family
(Fig. 4). Duplication and rearrangement of avr genes in
the Xoo genome might be promoted by these ISs, and
these multiple copies of avr genes, which contained vari-
ous types of repeats in the central domain, might be gen-
erated via  subsequent homologous
recombination. Therefore, a role for the multitude of
these genes and the numerous IS elements in generating
the diversity of races in Xoo is a compelling conclusion.

unequal

Conclusions

Our complete genome sequencing of Xoo MAFF
311018 revealed very unique features of the genome
structure of Xoo suggestive of a highly evolved plant
pathogen. These unique features were a large number of
avr genes of one family and a large number of insertion
sequences (IS). Based on comparison among Xanthomo-
nas strains, we propose that these numerous effector
genes and mobile elements are involved in the high
degree of race differentiation. Comparative genomic
analysis among multiple strains will be necessary to
address this possibility definitively. In addition, the
genome sequence of Korean strain KACC10331 was
recently published”, and comparative analysis of
genomes among multiple strains of Xoo became possible.
Comparative analysis shows overall a high degree of sim-
ilarity with KACC10331 but they have differences in
effector and IS element content as well as gene align-
ment. Therefore, such comparative genomics will pro-
vide further evidence for evolutionary mechanisms with a
particular focus on understanding the extensive infrasub-
specific diversity and race differentiation characteristic of
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Xoo. Furthermore, the whole genome sequence of its
native host has also been completed, and analysis of the
host—parasite interaction on the basis of the two genomes
can be expected to foster exciting progress in understand-
ing plant bacterial interactions and the evolution of race-
cultivar specificity.
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