Moleculin Dlant Patlology

MOLECULAR PLANT PATHOLOGY (2011) 12(6), 580-594

D
2

DOI: 10.1111/J.1364-3703.2010.00694.X

Genome sequencing and comparative analysis of the carrot
bacterial blight pathogen, Xanthomonas hortorum pv. carotae
MO081, for insights into pathogenicity and applications in

molecular diagnostics

JEFFREY A. KIMBREL"?, SCOTT A. GIVAN'"#31, TODD N. TEMPLE', KENNETH B. JOHNSON" AND

JEFF H. CHANG'"23*

'Department of Botany and Plant Pathology, Oregon State University, Corvallis, OR 97331, USA
*Molecular and Cellular Biology Program, Oregon State University, Corvallis, OR 97331, USA
3Center for Genome Research and Biocomputing, Oregon State University, Corvallis, OR 97331, USA

SUMMARY

Xanthomonas hortorum pv. carotae (Xhc) is an economically
important pathogen of carrots. Its ability to epiphytically colo-
nize foliar surfaces and infect seeds can result in bacterial blight
of carrots when grown in warm and humid regions. We used
high-throughput sequencing to determine the genome sequence
of isolate M081 of Xhc. The short reads were de novo assembled
and the resulting contigs were ordered using a syntenic refer-
ence genome sequence from X. campestris pv. campestris ATCC
33913. The improved, high-quality draft genome sequence of
Xhc M081 is the first for its species. Despite its distance from
other sequenced xanthomonads, Xhc M081 still shared a large
inventory of orthologous genes, including many clusters of viru-
lence genes common to other foliar pathogenic species of Xan-
thomonas. We also mined the genome sequence and identified
at least 21 candidate type Ill effector genes. Two were members
of the awBs2 and xopQ families that demonstrably elicit
effector-triggered immunity. We showed that expression in
planta of these two type Il effectors from Xhc M081 was suffi-
cient to elicit resistance gene-mediated hypersensitive responses
in heterologous plants, indicating a possibility for resistance
gene-mediated control of Xhc. Finally, we identified regions
unique to the Xhc M081 genome sequence, and demonstrated
their potential in the design of molecular diagnostics for this
pathogen.

*Correspondence: Email: changj@cgrb.oregonstate.edu
tPresent address: Informatics Research Core Facility, University of Missouri, Columbia,
MO 65211, USA.

INTRODUCTION

Xanthomonads are a diverse group of Gram-negative
y-proteobacteria. Members of xanthomonads are successful
pathogens capable of infecting many agriculturally important
crop plants. Xanthomonas hortorum pv. carotae (Xhc; synonyms
X. campestris pv. carotae, X. carotae; CABI, 2010) causes bacte-
rial leaf blight of carrot, an important disease in most regions of
the world. Like most other members of the Xanthomonas genus,
Xhc has the ability to epiphytically colonize foliar surfaces of its
host. Xhc is also pathogenic and, when weather conditions are
sufficiently warm and humid, Xhc can incite foliar disease, which
can result in defoliation of host plants with a consequential loss
of yield.

Several Xanthomonas isolates belonging to just a few of the
many species of this genera have completed genome sequences,
including X. campestris pv. campestris (Xcc), X. campestris pv.
vesicatoria (Xcv; syn. X. vesicatoria, X. axonopodis pv. vesicato-
ria), X. axonopodis pv. citri (Xac; syn. X. citri pv. citri) and X.
oryzae pv. oryzae (Xoo; Salzberg et al., 2008; da Silva et al.,
2002; Thieme et al., 2005). Comparisons indicate that most iso-
lates share a high percentage of orthologous genes and long-
range synteny (Blom et al., 2009; da Silva et al., 2002; Thieme
et al., 2005). Xoo isolates have similar numbers of genes, but are
exceptional in their genome organization. Indeed, Xoo genomes
contain the largest number of insertion element families com-
pared with all other sequenced xanthomonads, and have under-
gone significant numbers of large-scale rearrangements
(Salzberg et al., 2008).

Xanthomonas hortorum is one of the many less-characterized
species within the Xanthomonas genus. Xanthomonas hortorum
was initially defined on the basis of DNA hybridization studies
(Vauterin et al., 1995). Subsequent phylogenetic and multilocus
sequence analyses using gyrB or four housekeeping genes,
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respectively, confirmed that its isolates represent a distinct
species and, furthermore, grouped X. hortorum with X. cynarae
and X. gardneri to form a diverse clade (Parkinson et al., 2007,
2009; Young et al., 2008). The determination of the genome
sequences for its members will thus be an important contribu-
tion to understanding the diversity and evolution of the Xanth-
omonas genus, and help to resolve this heterogeneous clade.

The process by which Xhc infects its host plant is presumed to
be similar to that of other foliar pathogens of Xanthomonas.
Xanthomonads typically gain access to their hosts through
natural openings and wounds to colonize and proliferate in the
intercellular spaces. Pathogenesis by most xanthomonads is
dependent on a type lll secretion system (T3SS), a molecular
injection apparatus that delivers bacterially encoded proteins
directly into host cells (Buttner and Bonas, 2010). Once inside the
host cell, these so-called type Il effector (T3E) proteins function
to perturb host processes, such as pathogen-associated molecu-
lar pattern (PAMP)-triggered immunity (PTI; Jones and Dangl,
2006).

T3Es also have the potential to elicit plant defences. In
effector-triggered immunity (ETI), direct or indirect perception of
a single T3E by a corresponding plant resistance (R) protein
results in a robust resistance response (Jones and Dangl, 2006).
A classic hallmark of ETI is the hypersensitive response (HR),
which is visualized as a rapid and localized cell death of the
infected area (Greenberg and Yao, 2004). Therefore, T3Es are
collectively necessary for many Gram-negative pathogens to
infect host plants, but just a single T3E can limit the host range
of a pathogen through its perception by a corresponding host R
protein.

The production of commercial carrot crops depends greatly on
planting seeds with zero or low contamination of Xhc. The semi-
arid climates in which carrot seeds are produced permit the
epiphytic growth of Xhc (du Toit et al., 2005). The bacteria asso-
ciated with seeds provide the inoculum for bacterial blight when
carrots are grown in warm and humid regions. Once the patho-
gen is established in a crop, the suppression of bacterial blight
with bactericides is difficult. Sensitive, specific and facile
methods are therefore needed to detect Xhc in seed lots (Meng
etal., 2004). The development of cost-effective management
methods against Xhc is also greatly desired (du Toit et al., 2005).
A sequenced genome can be an important resource for these
purposes and has been used in the development of molecular
markers to distinguish between two important Xanthomonas
rice pathogens (Lang et al., 2010).

We present an improved, high-quality draft genome sequence
of the M081 isolate of Xhc. Xhc M081 is distinct from other
sequenced isolates of Xanthomonas but, despite the degree of
phylogenetic distance from other xanthomonads, Xhc M081
shares many orthologous genes and shows high synteny to Xcc,
Xac and Xcv. We characterized the genome of Xhc to gain insight
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into its mechanisms of pathogenesis. We describe potential viru-
lence genes and provide evidence that Xhc M081 encodes two
members of the ETI-eliciting AvrBs2 and XopQ T3E families
(Kearney and Staskawicz, 1990; Wei et al., 2007). These two T3Es
are therefore potential targets for the development of control
measures against Xhc in carrot. Finally, we identified several
regions unique to Xhc, and designed and validated several pairs
of primers that specifically amplified products from Xhc but not
other tested bacteria. These regions have potential use in the
design of molecular diagnostics for Xhc.

RESULTS

Isolation and preliminary typing of Xhc M081

Bacteria were isolated from diseased carrot plants (Daucus
carota L.) grown in a seed production field located near Madras,
OR, USA. We used several phenotypic and molecular markers to
preliminarily type M081. This isolate was selected on the basis of
its ability to grow on XCS medium, which is semi-selective for
Xhc (Williford and Schaad, 1984). The colony morphology of
M081 grown on yeast—dextrose—calcium carbonate (YDC)
medium was also suggestive of it belonging to the Xanthomonas
genus (data not shown; Schaad and Stall, 1988). The 16-23S
intergenic spacer region and the elongation factor c-encoding
gene of M081 had the highest similarity to that of Xcc type strain
ATCC 33913. In addition, polymerase chain reaction (PCR) of
M081 with the 3S and 9B primer sets resulted in products that
were consistent in size to other isolates of Xhc (Meng et al.,
2004; Temple and Johnson, 2009). Finally, and most importantly,
we were able to show that M081 could achieve large epiphytic
populations [>107 colony-forming units (cfu)/g leaf tissue] and
cause symptoms consistent with bacterial blight of carrots in
glasshouse and growth chamber experiments (data not shown).
We therefore classified isolate M081 as a member of X. hor-
torum, which was later substantiated by phylogenetic analysis
(see below).

Sequencing and assembly of an improved,
high-quality draft genome sequence

We used an lllumina IIG to sequence the genome of Xhc and
generated nearly 30 million paired-end (PE) reads, approxi-
mately 19.1 million and 10.4 million of which were 32mer and
70mer pairs, respectively. The theoretical coverage of all filtered
PE reads was estimated to be 525x, assuming that Xhc M081
had a genome size of 5.1 megabases (Mb). We elected to use a
de novo approach to assemble the PE reads because of our
desire to identify unique regions. We also lacked any data that
could direct us to a suitable reference genome for a guided
approach to assemble the short reads; previous phylogenetic
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analyses placed Xhc in a clade separate from other Xanthomo-
nas species with sequenced isolates (Parkinson et al., 2009;
Young et al., 2008).

We sought to develop an improved, high-quality draft
genome sequence for Xhc. This standard requires the use of
additional work to eliminate discernible misassemblies and
resolve gaps, and is sufficient for the assessment of genomes
for gene content and comparisons with other genomes (Chain
et al., 2009). To this end, we used the software program Velvet
version 0.7.55 and a variety of parameter settings to de novo
assemble the PE reads, and generated a total of approximately
30 different assemblies (Zerbino and Birney, 2008). We identi-
fied a single high-quality de novo assembly based on consen-
sus support. In other words, we had greater confidence in the
quality of this particular assembly because the majority of its
contigs were supported by contigs of other assemblies derived
using different Velvet parameter settings (Kimbrel et al., 2010).
The one high-quality assembly we selected was derived from
approximately 20 million PE reads with an actual coverage of
approximately 110x and had 153 contigs larger than one kilo-
base (kb) for a sum total of 5.06 Mb. The average contig size
was approximately 32 kb, the largest contig was 232 kb and
the N50 was 26 contigs; one-half of the genome was repre-
sented by the 26 largest contigs.

Comparative and phylogenomic analyses

We compared the contigs from Xhc M081 with completed
genome sequences from representative isolates of Xanthomonas
to search for a genome sequence with sufficient structural simi-
larities to use as a reference for the ordering of contigs (Salzberg
et al., 2008; da Silva et al., 2002; Thieme et al., 2005). Our pre-
liminary analysis indicated that the contigs of Xhc M081 had
sufficient within synteny to the genome of Xcc ATCC 33913, and
it was therefore used to order all contigs of Xhc M081 larger
than 1 kb. The resulting assembly was deemed an improved,
high-quality draft genome sequence (Chain et al., 2009). The
genome is depicted as a single circular chromosome with physi-
cal gaps depicted by red tick marks (Fig. 1). We found no evi-
dence for plasmids in Xhc M081, which, thus far, have only been
found in Xac and Xcv (da Silva et al., 2002; Thieme et al., 2005).

The genome of Xhc M081 shares several characteristics with
genomes of other representative foliar pathogenic isolates of
Xanthomonas (Table 1). Xhc M081 has a high GC content of
63.7% and the size of its genome was within the range of other
sequenced genomes of isolates of Xanthomonas (Table 1). We
used an automated approach to identify and annotate 4493
coding sequences (CDSs), resulting in a genome coding percent-
age of 87.4% (Giovannoni et al., 2008; Kimbrel et al., 2010).
Given the similarities of the last two characteristics to other
Xanthomonas genomes, we are confident that the majority of
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Fig. 1 Circular representation of the improved, high-quality draft genome
sequence of Xanthomonas hortorum pv. carotae (Xhc) M081. Circle 1
(outer) designates the coordinates of the genome in half million base pair
increments (red tick marks denote contig breaks); circles 2 and 3 show
predicted coding sequences (CDSs) as grey lines on the positive and
negative strands, respectively; circle 4 shows CDSs with homology to at
least one other gene in other xanthomonads (e-value <1 x 1077); circle 5
shows regions of Xhc M081 larger than 1 kb with no detectable homology
to genomes of other xanthomonads; asterisks highlight the locations for the
Xhc-specific primer sets XhcPP02 (between genome coordinates 3.0-3.5)
and XhcPP03-XhcPPO5 (in numerical order starting near genome
coordinate 4.5; see also Tables 2, 5 and Fig. 4); circle 6 shows deviations
from the average GC percentage of 63.7% (black, greater; orange, smaller);
circle 7 shows GC skew with bias for and against guanine as black and
orange, respectively.

the Xhc M081 genome is present in the assembly and our auto-
mated annotation approach is acceptable.

With the exception of Xoo, genomes of the foliar pathogenic
xanthomonads share long-range synteny (Blom et al., 2009; da
Silva et al., 2002; Thieme et al., 2005). To determine whether Xhc
MO081 had similar syntenic relationships, we parsed the genome
sequences of Xcc, Xac, Xcv and Xoo into all possible 25mer DNA
sequences and aligned the unique 25mers to the genome
sequence of Xhc M081 (Fig. 2). Our results confirmed our initial
findings by showing the greatest synteny to the genome of Xcc.
The genome of Xhc M081 was also syntenic to the genomes of
Xac and Xcv, with the exception of a few large insertion—
deletions (indels) and inversion events that appeared to be local-
ized to the predicted terminator sequence (data not shown).
Similar to others, the genome of Xhc showed little structural
similarity to the genome of Xoo.
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Table 1 Comparison of Xanthomonas genome characteristics.
Isolate™ Xhc' Xcc Xev Xac Xoo
Genome size (Mb) 5.062 5.076 5.178 5.176 5.240
GC (%) 63.7 65.1 64.7 64.8 63.6
No. CDSs 4493 4179 4487 4312 4988
Average length of CDSs (bp) 985 1032 1005 1032 856
Coding (%) 87.4 84.9 87.4 86.2 81.8

CDS, coding sequence; Xac, X. axonopodis pv. citri; Xcc, X. campestris pv. campestris; Xcv, X. campestris pv. vesicatoria; Xhc, Xanthomonas hortorum pv. carotae;

Xoo, X. oryzae pv. oryzae.
*See Table 4.
tBased on improved, high-quality draft genome sequence.

4 5

o 1 2 3 4 5 0o 1 2 3
Xev Xoo

Fig. 2 Synteny plots comparing the genome structure of Xanthomonas
hortorum pv. carotae (Xhc) M081 with the genomes of other Xanthomonas
species. Unique 25mers from X. campestris pv. campestris (Xcc), X.
axonopodis pv. citri (Xac), X. campestris pv. vesicatoria (Xcv) and X. oryzae
pv. oryzae (Xoo) were compared with the improved, high-quality draft
genome sequence of Xhc M081. The start positions of all matching pairs
were plotted in an xy graph with the coordinates of the genome of Xhc
MO081 along the y-axis and the coordinates of the genomes of Xcc, Xac,
Xcv and Xoo along the x-axis (see Table 4). The termini are located at the
approximate mid-way point for each comparison. Genome scales are shown
in 1-Mb increments.

The Xhc M081 genome encodes a high percentage of proteins
orthologous to proteins of other species of Xanthomonas. Recip-
rocal best hit analysis using BLASTP showed that 74.2%, 73.8%,
72.9% and 61.1% of the proteins encoded by Xhc M081 were
also found in Xcc, Xac, Xcv and Xoo, respectively. The greater
than 70% orthology was similar to levels observed in previous
comparisons between different Xanthomonas species (Blom
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etal., 2009; da Silva et al., 2002; Thieme et al., 2005). The
smaller amount of orthology to Xoo was not surprising, consid-
ering that Xoo appears to be the most distinct of the sequenced
foliar pathogenic isolates.

We used two approaches to examine the relationship of Xhc
MO081 to other xanthomonads. In the first, we used a phyloge-
nomic approach to determine the species’ relationship of Xhc
M081 to representative isolates of Xanthomonas with com-
pleted genome sequences. We identified a core of 1776 trans-
lated sequences common to the 10 examined isolates and
produced a species’ tree based on the comparison of a super-
alignment from their sequences (Fig. 3a). Each of the previously
sequenced species grouped as expected, with Xhc M081 forming
a branch by itself. We used multilocus sequence analysis (MLSA)
to examine the relatedness of Xhc M081 to other isolates of X.
hortorum [Fig. 3b; complete tree is provided as Fig. S1 (see Sup-
porting Information); Young et al., 2008]. Xhc M081 grouped
with other pathovars of X. hortorum within the heterogeneous
clade that also includes X. cynarae and X. gardneri isolates
(Young et al., 2008).

Candidate virulence genes of Xhc M081

We identified several clusters of virulence genes important for
pathogenesis by xanthomonads. Xanthan is an exopolysaccha-
ride produced by xanthomonads with important roles in biofilm
formation and pathogenesis (Katzen et al., 1998). Synthesis is
dependent on a cluster of 12 gum genes, gumB—gumM. We
identified a similarly arranged cluster present on a single contig
in Xhc M081 (XHC_2807 to XHC_2795), flanked by homologues
of gumN—gumP on one side and a tRNA-encoding gene on the
other. The presence of the tRNA-encoding gene has been impli-
cated as evidence for the acquisition of this gene cluster by
horizontal gene transfer (Lu et al., 2008). We did not find any
evidence of insertion sequences in this cluster.

The rpf (regulation of pathogenicity factors) cluster of genes
encodes positive regulators of extracellular enzymes and pro-
teins that synthesize and perceive an intracellular diffusible
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Fig. 3 Isolate M081 groups with Xanthomonas hortorum. (a) Unrooted
phylogenomic tree of 10 Xanthomonas isolates based on a superalignment
of 1776 translated sequences. Abbreviations are as described in the text and
accession numbers are presented in Table 4. Bootstrap support values for
nodes (r=1000) were all 100. The branch length for X. albilineans was
0.232. Xac, X. axonopodis pv. citri; Xcc, X. campestris pv. campestris; Xcv, X.
campestris pv. vesicatoria; Xhc, Xanthomonas hortorum pv. carotae; Xoo, X.
oryzae pv. oryzae. (b) Neighbour-joining tree of concatenated nucleotide
sequences for partial dnak, fyuA, gyrB and rpoD genes from Xanthomonas
strains. A portion of the tree is presented, focusing on the X. hortorum—
cynarae—garnderi group. Numbers indicate bootstrap support (= 1000). The
scale bars indicate the number of amino acid substitutions per site.

factor (DSF) cis-11-methyl-2-dodecenoic acid, important for viru-
lence (Wang et al., 2004). Four genes are demonstrably impor-
tant; RpfB and RpfF are involved in the biosynthesis of DSF,
whereas RpfG and RpfC are hypothesized to perceive DSF. Xcc
mutants of rpff and rpfC, for example, are compromised in the

manipulation of plant stomatal closure, an important step during
infection (Gudesblat et al., 2009). Xhc M081 encodes a cluster of
approximately 23 kb with eight genes homologous to rpf genes,
including rpfB, rpfF, rpfG and rpfC that were all present on one
contig.

Other examples of homologous virulence genes included the
four-gene operon of hmsHFRS which encodes haemin storage
systems involved in biofilm formation in Yersinia pestis (Abu
Khweek et al., 2010). Xhc M081 contains homologues of wzm
and wzt involved in the synthesis of lipopolysaccharides (Roc-
chetta and Lam, 1997). However, like X. fuscans ssp. aurantifolii
types B and C, the wzt gene of Xhc M081 appears to encode a
C-terminal truncated protein, which is predicted to be affected in
substrate binding (Cuthbertson et al., 2005; Moreira etal.,
2010). Xhc M081 encodes a homologue of yapH, a plant adhe-
sion protein, hlyD and hlyB genes for haemolysin secretion and a
homologue of the Pseudomonas aeruginosa asnB gene, involved
in asparagine and O-antigen biosynthesis (Augustin et al., 2007;
Das et al., 2009; Holland et al., 2005).

The type IV secretion system (T4SS) is an apparatus used by
many bacteria to interact with their hosts (Alvarez-Martinez and
Christie, 2009). Clusters of T4SS-encoding genes have been iden-
tified in genome sequences of xanthomonads, but the role of
T4SS in the virulence of xanthomonads is still unclear (da Silva
etal., 2002). Xhc M081 appears to encode for a T4SS
(XHC_2815-XHC_2830), but it was difficult for us to determine
whether the T4SS is functional because the cluster of genes was
distributed across three separate and adjoining contigs with
physical gaps that corresponded to what appears to be three
different copies of virB4. Whether the three copies are bona fide
or an artefact of misassembly is unresolved. The three contigs
that encode T4SS were approximately 10 kb away from the gum
cluster. In the genome of Xcc ATCC 33913, which was used as a
reference to order the contigs of Xhc M081, these two gene
clusters are nearly 26 kb apart (da Silva et al., 2002).

T3SS is another apparatus used by many Gram-negative
pathogens to interact with their hosts. In plant pathogens, T3SS
is required for pathogenesis and is encoded by a single cluster
of genes, called hrp genes (Lindgren et al., 1986; Niepold et al.,
1985). All hrp genes of Xhc MO081 (CDSs XHC_1407 to
XHC_1426), except for hrcC, were found in their entirety and
were clustered on a single contig of 25 kb in length. We used
PCR and sequencing of the product to complete the ~50 nucle-
otides of the C-terminal coding portion of the hrcC CDS and
join the T3SS-encoding contig with its neighbouring contig. The
organization of the hrp cluster in Xhc was identical to that of
the corresponding hrp genes of other Xanthomonas foliar
pathogens. In addition, we did not identify any polymorphisms
in CDSs that would overtly affect function (data not shown).
T3SS of Xhc is consequently predicted to be complete and
functional.
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Table 2 Candidate type Ill effectors of

Xanthomonas hortorum pv. carotae (Xho) Gene* e-valuet Name/function Distance from PIP-box (bp)+

Mos1. 0064 0.0 avrBs2 64
0287 6 x 107%2 X0pR 63
0288% 1% 107 X0pR 76
0818 0.0 XOPAG Not found
1217 0.0 xopQ 74
1402 0.0 XopF1 863
1403 7x 1077 xopZ Not found
1405 2% 107" hrpwW9] Not found
1411 1% 1078 hpaA Not found
1431 0.0 xopX Not found
1432 0.0 xopX Not found
4256/4257** 0.0 XopAD Not found
4368 8 x 1072 XOPAEIhpaF 4
4426 Tx 1072 aviXccAl Not found
4439 2x 107" xopT Not found
0140 nfa Hypothetical 34
0803 n/a Hypothetical 472
1218 n/a Hypothetical 70
22398 n/a Hypothetical 151
2558 n/a Hypothetical 68
3774 n/a Hypothetical 166
44378 nla Hypothetical 204

n/a, not applicable.

*Coding sequence (CDS) identifier number.

TBLASTX.

tDistance of predicted start codon from the 3" end of the Plant-Inducible-Promoter box (PIP-box).

§Unique to Xhc M081.

fHelper protein secreted by type Il secretion system (T3SS).
**Potential pseudogene (see corresponding text).

We mined the Xhc M081 genome sequence for candidate
T3E genes. In Xanthomonas and Ralstonia spp., T3E genes are
often preceded by a cis regulatory motif recognized by the
transcriptional regulator HrpX (Koebnik et al., 2006; Mukaihara
etal., 2004). We identified 118 putative Plant-Inducible-
Promoter boxes (PIP-boxes) in the genome of Xhc M081. Of
these 118, only 38 had a CDS within 300 bp of a putative
PIP-box. We further eliminated 26 CDSs because their trans-
lated sequences were homologous to proteins with functions
atypical of T3Es. We also used BLASTP searches to find 10 more
CDSs with translated sequences homologous to known T3Es
(Table 2).

Three of the candidate T3E genes required additional charac-
terizations because of evidence for potential assembly artefacts.
Two CDSs, both with homology to xopX, were found in tandem
in one contig. The translated sequences of the xopX homologues
were 61% identical (77% similar) to each other, and the genes
have a similar arrangement in Xcc ATCC 33913, suggesting that
this was not an artefact of short-read assembly (White et al.,
2009). Nonetheless, we used PCR of Xhc M081 genomic DNA
and sequencing of the product to confirm the presence of
tandem copies of xopX. Similarly, we found two CDSs with
homology to xopR in tandem on a contig. One of the CDSs
appeared to be full length relative to xopR of Xcc ATCC 33913.
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The other CDS had weaker homology to xopR and was shorter.
Both xopR homologues, however, had putative PIP-boxes less
than 100 bp upstream of their predicted start codons, suggesting
the two to be separate candidate T3E genes. We again confirmed
this arrangement using PCR and sequencing of the amplified
product (data not shown). Finally, xopAD was found on more
than one contig. We speculate that the repeats, approximately
126 bp in length, were difficult to assemble. The repeats also
made it difficult to design specific primers for PCR and gap
closure. Therefore, we were unable to determine whether
XopADxy. encodes a full-length product, or is a pseudogene
similar to xopAD of Xcv (White et al., 2009). Not including
XopAD, Xhc encodes at least 21 candidate T3Es with three
unique to Xhc M081.

Two of the candidate T3E genes of Xhc MO081 are highly
homologous to demonstrable ETI-eliciting T3Es. AvrBs2 (88%
identity) was first characterized in Xcv and is very widespread
on the basis of a survey of various races of Xcv and other
pathovars of X. campestris (Kearney and Staskawicz, 1990).
Given the prevalence of awrBs2 in Xanthomonas spp., it was
not at all surprising that at least 10 kb of DNA sequence flank-
ing either side of this T3E gene in Xhc M081 was also con-
served in Xcc, Xcv, Xac and Xoo. Furthermore, the regions
surrounding and including avrBs2 had a GC percentage that
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was not significantly different from the genome average of
63.7%. This observation suggests that avrBs2 was probably
present in an ancestor common to the foliar pathogenic
species of Xanthomonas.

XopQ (92% identical) is also prevalent in xanthomonads.
XopQ is a member of the HopQ1-1 family of T3Es first discov-
ered in Pseudomonas syringae pv. tomato DC3000 (Chang
et al., 2005; Guttman et al., 2002; Petnicki-Ocwieja et al., 2002;
Wei et al., 2007). In contrast with avrBs2x,., comparisons of the
5 kb of DNA sequences flanking xopQ of Xhc M081 showed a
variable pattern that was difficult to interpret. We also noted
that xopQ resides in a 20-kb region with an average GC
content of 55%, a large deviation from the Xhc M081 genome
average of 63.7%. Finally, the CDS just upstream of xopQxxc
encodes an IS4 family transposase, the presence of which
appears to be unique to Xhc M081. In total, these data suggest
that the different foliar pathogenic Xanthomonas spp. exam-
ined may have acquired xopQ independently after they
diverged from their common ancestor.

We determined whether AvrBs2y,. and XopQxs. could elicit HR
in plants. The R gene corresponding to avrBs2 has been cloned
(Tai et al., 1999). Bs2 encodes nucleotide-binding and leucine-
rich repeat motifs typical of many R proteins and Bs2 is sufficient
to elicit an HR in transgenic Nicotiana benthamiana plants when
co-expressed with avrBs2 (Tai et al., 1999). HopQ1-1 elicits an
HR in wild-type N. benthamiana as well as N. tabacum. The R
gene corresponding to hopQ7-1 has yet to be identified, but
nevertheless could provide another opportunity for potential
control against Xhc.

Neither of the R genes has been identified in carrot, and so we
elected to use tobacco and Agrobacterium tumefaciens-
mediated transient expression to test for the elicitation of HR.
Agrobacterium carrying a cauliflower mosaic virus (CaMV) 35S-
expressing avrBs2 from Xhc M081 caused a rapid HR 24 h post-
infiltration (hpi) in transgenic N. benthamiana constitutively
expressing Bs2 (Fig. 4; Tai et al., 1999). In contrast, no pheno-
types were visible in wild-type N. benthamiana lacking Bs2
following infiltration with Agrobacterium carrying the same DNA
construct. Transient expression of CaMV 35S-expressing xopQ
and hopQ1-1 cloned from P. syringae pv. tomato DC3000 also
resulted in strong, rapid HRs in 75% and 71%, respectively, of
infiltrated leaves of wild-type N. tabacum. No phenotypes were
observed following challenge of tobacco plants with Agrobacte-
rium lacking T3E genes (data not shown). These results suggest
that avrBs2x,c and xopQxx are sufficiently similar to their original
founding family members for their translated products to be
perceived by a corresponding R protein and elicit ETI. We cannot,
however, exclude the possibility that HopQ1-1 and XopQ are
perceived by two different R proteins of tobacco, although both
appeared to elicit ETI in an age-dependent manner, with more
robust HRs in older leaves.
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Fig. 4 AvrBs2y,c and XopQu elicit a hypersensitive response in tobacco
plants. Plants were challenged with optical density at 600 nm (ODggo) = 1.0
of Agrobacterium tumefaciens carrying avrBs2, xopQ or hopQ1-1 under the
regulation of the cauliflower mosaic virus (CaMV) 35S promoter. (a)
Wild-type and transgenic Nicotiana benthamiana, expressing Bs2, were
challenged with A. tumefaciens carrying avBs2 (Tai et al., 1999). (b)
Wild-type N. tabacum was challenged with A. tumefaciens carrying xopQ or
hopQ1-1. Twenty-four leaf panels were infiltrated per experiment and
experiments were repeated three times with identical results (percentages
with a response are shown). Plant responses were scored 24 h
post-infection.

Development of molecular markers for Xhc

As an important step towards the development of molecular
markers for the diagnosis of Xhc contamination in lots of carrot
seeds, we searched the Xhc M081 genome for unique regions
based on comparisons with genomes of other Xanthomonas
species. Over 500 kb of sequences distributed over 171 different
regions larger than 1kb were identified (Fig. 1, track 5). We
focused our efforts on 16 regions based on the criteria of size,
location in the genome relative to each other, and uniqueness to
Xhc based on BLASTN results to the National Center for Biotech-
nology Information (NCBI) nucleotide database. Using these 16
regions as templates, we designed 18 different primer pairs
(XhcPP = Xhc Primer Pair). We used PCR of genomic DNA from
Xhc M081 as a template to test these primers. Seven pairs led to
amplifications of products of the expected size (Fig. 5). PCR with
XhcPPO5 resulted in a second fragment, but it appeared to
amplify with far less efficiency and was larger in size than the
expected product (not shown). PCR with XhcPP14 also resulted
in a less abundant second product that was smaller in size.
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We tested the seven primer pairs in PCR with genomic DNA
from Xhc isolates found in four world-wide regions that
produce carrot seeds to determine whether the primer pairs are
broadly applicable for Xhc (Table 3). PCR with primer pairs
XhcPP08, XhcPP13 and XhcPP14 yielded different sized prod-
ucts or failed to amplify a fragment from all tested Xhc seed
isolates. In contrast, PCR with primer pairs XhcPP02, XhcPP03,
XhcPP04 and XhcPP05 amplified a fragment of the expected
size from all tested Xhc seed isolates (see also Fig. 1; asterisks
track 5).

We also tested the seven primer pairs, or a subset of them,
against available type strains, related strains and 23 isolates of
bacteria from 14 genera that are commonly associated with
plant surfaces. None of the seven tested pairs amplified a frag-
ment from genomic DNA extracted from Xcc ATCC 33913, Xcv

Fig. 5 A panel of molecular markers specific to Xanthomonas hortorum pv.
carotae (Xhc). An inverse image of a 1 x Tris-Acetate EDTA (TAE) agarose
gel showing amplified products from genomic DNA extracted from Xhc
MO081. The primer pairs used are shown along the top. Their expected
fragment lengths were 1041, 1266, 620, 1119, 875, 517, 651, 900 and
300 bp, respectively. Primer pairs 98 and 3S are from Meng et al. (2004).
The 500 and 1000 base markers from the 100-bp DNA ladder (NEB,
Quick-Load) are shown.

Improved, high-quality draft genome sequence of Xhc 587

MTV1, X. campestris pv. coriander 1D-A (Xccor ID-A) or X.
hortorum pv. hederae (Xhh) ATCC 9653 (Table 3). We noted a
very faint band of approximately 600 bp with XhcPP03 when
tested with DNA from Xhh. The inability of our primer pairs to
amplify products from Xccor ID-A was encouraging because the
3S and 9B primer pairs could not distinguish between Xccor ID-A
and isolates of Xhc (Meng et al., 2009; Poplawsky et al., 2004).
PCR with XhcPP02, XhcPP03, XhcPP04 and XhcPPO5 failed to
yield a single product of the expected size from any of the 23
bacterial isolates associated with plant surfaces (Table S1, see
Supporting Information). Reactions with XhcPP04 resulted in
multiple, faint and nonspecific amplified products from many of
the tested isolates. Therefore, amongst the bacteria tested, the
primer pairs XhcPP02, XhcPP03, XhcPP04 and XhcPP05
appeared to be specific to Xhc.

We performed post hoc analysis to determine whether regions
to which XhcPP02-XhcPP05 annealed corresponded to any
CDSs. One of the XhcPP02 primers annealed to XHC_2981 (TetR
regulator) and the other annealed to an intergenic region. Genes
homologous to XHC_2981 are present in other soil bacteria, but
none were detected in genomes of xanthomonads. XhcPP03
annealed to XHC_4113 and XHC_4114 (both are annotated as
‘hypothetical’). Homologues are present in other xanthomonads
but, unlike Xhc M081, are not clustered and not within an
amplifiable distance. XhcPP04 annealed to XHC_4117 (mem-
brane fusion protein). Here, too, homologues are present in other
xanthomonads, but we observed very little nucleotide homology.
Finally, XhcPP0O5 annealed to XHC_4175 (‘hypothetical’), which
is unique to Xhc M081, and XHC_4176 (patatin-like protein). The
genomic regions corresponding to these four primer pairs are

Table 3 Evaluation of oligonucleotide primers for specific detection of Xanthomonas hortorum pv. carotae (Xhc).

Primer pair (XhcPP)* Primer pair*
Strain 02 03 04 05 08 13 14 9B+ 35+ LAMP§
Xhc M081 + + + + + + + + + +
Xhc PNW1 + + + + + + + + + +
Xhc PNW?2 + + + + + + + + + +
Xhe Fr1 + + + + + + + - + +
Xhc Ar1 + + + + +t - + + + +
Xhc Ch1 + + + + + - - + + +
Xhc Ch2 + + + + + + + + + +
Xhc Ch3 + + + + - + + + +
Xcc ATCC 33913 - - - - - - - _ _ _
Xcv MTV1 - - - — — — — _ _ _
Xccor ID-A - - - — _ _ + i
Xhh ATCC 9653 - - - - - — _ _ +

LAMP, loop-mediated isothermal polymerase chain reaction; Xcc, X. campestris pv. campestris; Xccor, X. campestris pv. coriander; Xcv, X. campestris pv. vesicatoria;

Xhh, X. hortorum pv. hederae.

*+, Primer pair yielded a product of the expected size (see Fig. 4); —, primer pair failed to yield a product.

tProduct was not of the expected size (1.2 kb).
tMeng et al. (2004).
§Temple and Johnson (2009).
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thus strong candidates for use in the development of molecular
diagnostic tools for the detection of contamination of Xhc on
carrot seeds, irrespective of the global regions in which the seeds
are produced.

DISCUSSION

The semi-arid climate of the Pacific Northwest region of the USA
and Canada is ideal for carrot seed production. In this region,
epiphytic populations of Xhc on umbels can infect developing
seeds without eliciting foliar disease. As a consequence, Xhc can
be unknowingly abundant on seeds harvested from production
fields, which then serves as the inoculum for bacterial blight on
carrots grown in other regions more conducive for disease devel-
opment (du Toit et al., 2005). The asymptomatic ‘epidemic’ of
epiphytic colonization of the seed crops frequently necessitates
hot water treatment of seed lots to reduce the seed-borne popu-
lations of Xhc. Hot water treatment, however, is expensive and
potentially injurious to seeds.

The diagnosis of seed lots for contamination by Xhc is there-
fore critical, but often time consuming, owing to the common
use of dilution plating to enumerate Xhc before and after treat-
ment. As a step towards the development of confident and facile
detection methods for Xhc, we used an lllumina IIG to determine
the genome sequence of Xhc M081, an isolate found on infected
carrots grown in central Oregon. Short-reads were de novo
assembled and contigs ordered on the basis of a syntenic refer-
ence genome sequence to develop an improved, high-quality
draft genome sequence. The genome sequence of isolate M081
of Xhc is thus the first for this clade, and is important for filling
in the gaps along the phylogenetic tree of Xanthomonas in order
to understand the evolutionary relationship and genetic diversity
within this genus of important plant pathogens.

The observed long-range synteny to representative isolates of
foliar xanthomonads, except Xoo, could simply be a conse-
quence of our efforts to use the Xcc ATCC 33913 genome to
order the contigs of Xhc M081. Several points suggest otherwise.
The genome of Xhc M081 was de novo assembled and synteny
to the examined genomes of Xanthomonas species was found
both within and across its contigs, with the exception of Xoo.
Furthermore, the majority of genomic regions greater than 1 kb
and unique to Xhc, as well as the regions inverted relative to Xac
and Xcv, were wholly contained within contigs. Finally, the analy-
sis of GC skew showed a general bias of guanine in the leading
strand, indicating that there was no overt incorrect ordering of
contigs (Fig. 1; Arakawa and Tomita, 2007; Rocha, 2004).
Together, these observations justified the use of the Xcc ATCC
33913 genome to order the contigs of Xhc M081, and indicated
that the observed synteny is a true reflection of similarities in
genome structures rather than an artefact of our in silico efforts
to improve the genome.

The high-quality draft genome sequence of Xhc was derived
from short reads and improved using only in silico approaches.
This requires an acknowledgement of potential limitations.
Unlike completed genomes, the draft assembly of Xhc still con-
tained a considerable number of ambiguous bases, which we did
not attempt to resolve. These did not appear to have a significant
effect on our analysis because the number of annotated CDSs
was similar to other xanthomonads. Repeated sequences, such
as tandem repeats or duplicate regions in the genome, are
particularly challenging for short-read assembly (Pop and
Salzberg, 2008). For example, Xcc ATCC 33913 is reported to
have two rRNA-encoding operons; we only identified one in Xhc
M081. We suspect our sequenced isolate also has two rRNA-
encoding operons, but they collapsed into one contig.

Analysis of the Xhc M081 genome provided insights into the
mechanisms of pathogenesis. We found a complete gum gene
cluster, which is hypothesized to have been acquired by horizontal
gene transfer and is an important acquisition for the evolution of
pathogenesis by xanthomonads (Lu et al., 2008). Similarly, Xhc
MO081 encoded for a cluster of rpf genes, which is not surprising
considering that these genes were probably present early in the
evolution of Xanthomonadaceae (Lu et al., 2008). We also found
clusters of genes that encode T4SS and T3SS. The T4SS-encoding
gene cluster of Xhc M081 was fragmented and we hesitate in
speculating on its functionality. In contrast, inspection of the
T3SS-encoding region suggested it to be functional, and the need
forT3SS in the pathogenesis by foliar pathogens of Xanthomonas
is well demonstrated. T3SS delivers T3E proteins with demon-
strable roles in the dampening and eliciting of the host defence
(White et al., 2009).We identified 21 candidate T3E genes and the
products from two, AvrBs2y,c and XopQu., elicited HRs when
transiently overexpressed in Nicotiana spp.

These so-called ‘avirulence’ proteins are potential targets for
the development of carrot cultivars resistant to Xhc through
introgression of the corresponding R genes, assuming that Bs2
and the R gene corresponding to xopQ are present in the carrot
germplasm. It is, however, unclear whether resistance gene-
mediated control can provide durable control. AvrBs2 is nearly
ubiquitous and is required for full virulence by foliar Xanthomo-
nas pathogens. However, Bs2 resistance in pepper incurs such a
strong negative selective pressure that Xcv isolates with muta-
tions in avrBs2 with little to no cost in virulence are prominent
(Gassmann et al., 2000; Leach et al., 2001; Swords et al., 1996).

We found no evidence for genes of Xhc M081 that encode for
members of the transcriptional activator-like (TAL) family of T3Es
(Boch et al., 2009; Moscou and Bogdanove, 2009). TAL effectors
are characterized by a variable number of amino acid repeating
motifs, nuclear localization signals and an acidic transcriptional
activation domain. The repeated sequences could be difficult to
assemble accurately, but hallmarks of TAL effector genes should
still be detectable. We searched but failed to identify any
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hallmarks of TAL-encoding genes, and thus suspect that the
absence of TAL-encoding genes from Xhc M081 is a true reflec-
tion of its repertoire of T3Es rather than of the limitations of
short-read assembly.

The genome sequence of Xhc M081 will be useful for the
development of molecular detection methods for the diagnosis
of Xhc contamination on carrot seeds. We developed primer
pairs XhcPP02—-XhcPPO05 that specifically amplified a fragment
of DNA from eight globally dispersed isolates of Xhc, but not
from other species of Xanthomonas, another pathovar of X.
hortorum or other bacteria commonly associated with plants.
Practical implementation of these primers, however, will require
additional testing against a larger collection of bacteria asso-
ciated with carrot seed. Furthermore, to advance molecular
diagnostics for Xhc, we intend to use the genomic regions cor-
responding to these primer pairs to develop primers for use in
loop-mediated isothermal PCR (LAMP; Mori and Notomi, 2009;
Temple and Johnson, 2009). This method shows tremendous
potential because it is quick to perform and obviates the need
for dilution plating. LAMP also shows superior performance to
quantitative PCR because of its robustness in the presence of
PCR inhibitors (T. N. Temple and K. B. Johnson, unpublished
data), and can be performed in various conditions/facilities
with limited equipment and resources (Mori and Notomi,
2009).

The improved, high-quality draft genome sequence of Xhc
MO081 also has potential use in the molecular typing of Xhc.
Primer pairs XhcPP08, XhcPP13 and XhcPP14 yielded similarly
sized PCR products from isolates from the Northern Hemisphere
(XhcPNW1, XhcPNW2 and XhcFr1). In contrast, these primer
pairs resulted in polymorphic banding patterns when diagnosing
isolates of Xhc from the Southern Hemisphere. Primer pairs
XhcPP13 and XhcPP14 failed to yield a product from Xhc_Ch1,
whereas primer pairs XhcPP08 and XhcPP13 failed to yield a
product from Xhc_Ch3. Primer pair XhcPP13 failed to amplify a
fragment of DNA and primer pair XhcPP08 yielded a larger sized
product from isolate Xhc_Ar1.

The standard to which we attempted to adhere is considered
to be sufficient for genome mining and comparative
approaches (Chain etal., 2009). Genome sequencing and
comparative genomic analysis have been performed for numer-
ous bacterial plant pathogens to identify virulence factors, to
better understand phylogenetic relationships among closely
related bacterial species and to identify sequences of DNA
novel to a species for potential application to molecular detec-
tion technologies. Our sequencing and generation of an
improved, high-quality draft genome sequence for an isolate of
X. hortorum has strong potential for the development of diag-
nostic tools for the management of Xhc, and provided a
greater understanding of this economically important bacterial
pathogen.

© 2011 THE AUTHORS
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EXPERIMENTAL PROCEDURES

Bacterial strains and plasmids

All bacterial strains and plasmids used in this study are listed in
Table 4. Xanthomonas isolates and P. syringae pv. tomato
DC3000 were grown in King's B medium at 28 °C. Escherichia
coli and A. tumefaciens GV2260 were grown in Luria—Bertani
(LB) medium at 37 °C and 28 °C, respectively. The following
concentrations of antibiotics were used: 50 pg/mL rifampicin
(100 ug/mL  for A. tumefaciens), 25 ug/mL gentamycin,
30 ug/mL kanamycin (100 ug/mL for A. tumefaciens) and
50 pg/mL cycloheximide.

Molecular techniques

To prepare genomic DNA for high-throughput sequencing, we
isolated genomic DNA from Xhc M081 using osmotic shock and
alkaline lysis followed by a phenol—chloroform extraction. DNA
was prepared for lllumina sequencing according to the instruc-
tions of the manufacturer (lllumina, San Diego, CA, USA). We
used paired-end sequencing of 36mers (three channels) and
76mers (one channel).

To test primer pairs for molecular diagnostics of Xhc, PCRs
were carried out in 25-ulL reaction mixtures containing 1 x
ThermoPol Buffer [20 mm Tris-HCl, 10 mM (NH,),504, 10 mm KCl,
2.0 mm MgSO04, 0.1% Triton X-100, pH 8.8 at 25 °C], 250 um of
deoxynucleoside triphosphates (dNTPs), 3.0 mm MgCl,, 1.0 um
of each primer (Table 5), 2.0 units Tag and Pfu DNA polymerase
(25 : 1 mixture) and 2.5 pL of template genomic DNA. Cycling
parameters for PCR were as follows: 94 °C for 2 min, followed by
35 cycles of 94 °C for 155, 62.7 °C for 20 s and 72 °C for 45 s,
with a final extension of 72 °C for 1 min.

To clone candidate T3E genes, we used primer pairs in a
two-step PCR for the CDSs of awrBS2 and xopQ (Chang et al.,
2005; Table 5). DNA fragments were cloned into pDONR207
using BP Clonase following the instructions of the manufacturer
(Invitrogen, Carlsbad, CA, USA). The CDS for hopQ1-1 was pre-
viously cloned in pDONR207 (J. H. Chang and J. L. Dangl, unpub-
lished data). All three CDSs were cloned into pGWB14 using LR
Clonase (Nakagawa et al., 2007; Invitrogen).

To prepare PCR fragments for Sanger sequencing, products
were treated with Exol and SAP for 20 min at 37 °C, followed by
40 min at 80 °C. Sanger and Illlumina sequencing were performed
at the Center for Genome Research and Biocomputing Core
Laboratories (CGRB; Oregon State University, Corvallis, OR, USA).

Genome assembly

The last four and six bases were trimmed off from the 36mer and
76mer reads, respectively, and all short reads that contained
ambiguous bases, as well as its paired read, were removed. We
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Table 4 Strains and plasmids used in this study.

Strain or plasmid

Relevant information

Reference or source

Strain
Escherichia coli DH50

Xanthomonas hortorum pv.
Xanthomonas hortorum pv.
Xanthomonas hortorum pv.
Xanthomonas hortorum pv.
Xanthomonas hortorum pv.
Xanthomonas hortorum pv.
Xanthomonas hortorum pv.
Xanthomonas hortorum pv.
Xanthomonas hortorum pv.

carotae M081
carotae PNW1*
carotae PNW2*
carotae Fr1*
carotae Ar1*
carotae Ch1*
carotae Ch2*
carotae Ch3*
hederae ATCC 9653

Xanthomonas campestris pv. coriander ID-A
Xanthomonas campestris pv. campestris ATCC 33913
Xanthomonas campestris pv. vesicatoria MTV1

F~®80dlacZAM15 recAT endAT gryA96 thi-1 hsdR17 (K™ Gibco-BRL
mK*)supE44 relAT deoRA(lacZY-argF)U169

Wild-type This study
Isolated from carrot seed lot produced in USA This study
Isolated from carrot seed lot produced in USA This study
Isolated from carrot seed lot produced in France This study
Isolated from carrot seed lot produced in Argentina This study
Isolated from carrot seed lot produced in Chile This study
Isolated from carrot seed lot produced in Chile This study
Isolated from carrot seed lot produced in Chile This study

Type strain

Isolated from coriander seed lot produced in Oregon, USA

Type strain
Wild-type

Vauterin et al. (1995)
Poplawsky et al. (2004)
da Silva et al. (2002)
This study

Agrobacterium tumefaciens GV2260
Pseudomonas syringae pv. tomato DC3000

Plasmids

pDONR207
pDONR207:avrBs2
pDONR207:x0pQ
pDONR207:hopQ1-1

Wild-type, Rif*
Wild-type, Rif®

Gateway entry vector, Gm®

CDS of awrBs2 in entry vector
CDS of xopQ in entry vector
CDS of hopQ1-1 in entry vector

Deblaere et al. (1985)
Cuppels (1986)

Invitrogen
This study
This study
J. H. Chang and J. L. Dangl,

unpublished data

pGWB14 Gateway destination vector, plant expression binary; Nakagawa et al. (2007)
CaMV 35S, C-term 3XHA, Kan®

pGWB14:avrBs2 Plant expression binary with CDS of avrBs2 This study

pGWB14:x0pQ Plant expression binary with CDS of xopQ This study

pGWB14:hopQ1-1 Plant expression binary with CDS of hopQ1-1 This study

Used for genome comparisons

Xanthomonas albilineans NC_013722
Xanthomonas campestris pv. campestris str. ATCC33913 NC_003902
Xanthomonas campestris pv. campestris str. 8004 NC_007086
Xanthomonas campestris pv. campestris str. B100 NC_010688
Xanthomonas axonopodis pv. citri str. 306 NC_003919
Xanthomonas campestris pv. vesicatoria str. 85—10 NC_007508
Xanthomonas oryzae pv. oryzae KACC10331 NC_006834
Xanthomonas oryzae pv. oryzae MAFF 311018 NC_007705
Xanthomonas oryzae pv. oryzae PXO99A NC_010717

Pieretti et al. (2009)
da Silva et al. (2002)
Qian et al. (2005)
Vorholter et al. (2008)
da Silva et al. (2002)
Thieme et al. (2005)
Lee et al. (2005)
Ochiai et al. (2005)
Salzberg et al. (2008)

CaMV, cauliflower mosaic virus; CDS, coding sequence.

*solates recovered from seed lots were typed as Xhc on the basis of growth on XCS and yeast—dextrose—calcium carbonate (YDC) media and of positive amplification
with Xhc-specific polymerase chain reaction (PCR) and loop-mediated isothermal PCR (LAMP) primers (data not shown).

used Velvet 0.7.55 to de novo assemble the reads, and the
highest quality assembly was identified using methods described
previously (Kimbrel et al., 2010; Zerbino and Birney, 2008). We
used Mauve Aligner 2.3 (default settings) and the genome
sequence of Xcc strain ATCC 33913 as a reference to order the
Xhc M081 contigs (da Silva et al., 2002; Rissman et al., 2009).
We used an automated method, as described previously, to
annotate the improved, high-quality draft genome sequence of
Xhc M081 (Delcher et al., 1999; Giovannoni et al., 2008; Kimbrel
etal., 2010).

Bioinformatic analyses

Circular diagrams were plotted using DNAplotter (Carver et al.,
2009; http://www.sanger.ac.uk/Software/Artemis/circular/).

Synteny plots were generated by first identifying all the
unique 25mers present within the genome sequences for Xcc
strain ATCC 33913, Xac strain 306, Xcv strain 85-10 and Xoo
PX099A (da Silva et al., 2002; Salzberg et al., 2008; Thieme
et al., 2005). We used CASHX to map the unique 25mers to the
genome sequence of Xhc M081, and R to display perfect match-
ing 25mers relative to their coordinates in the respective
genomes (Fahlgren et al., 2009; R Development Core Team,
2007).

Phylogenomic relationships of Xhc M081 to other isolates of
Xanthomonas were determined using HAL (Table 4; Robbertse
etal., 2006; http://aftol.org/pages/Halweb3.htm). The tree
was visualized using the Archaeopteryx and Forester Java appli-
cation (Zmasek and Eddy, 2001; http://www.phylosoft.org/
archaeopteryx/).
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Table 5 Sequences of oligonucleotides used in this study.
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Sequence of top strand primer

Sequence of bottom strand

Primer pair (5" t0 3) primer (5" to 3’) Product length (bp)
XhcPPO1 TTGCGGCCGGCAAAATGCAC CTACGATCAGGCGGCGCAGG 1323
XhcPP02 ACGCAGGCAGACACGACACG GCGCTTTCGCTCAATGGCGG 1041
XhcPPO3 TGGGTGCCATAGCGTTGCGG TGCGCCTCTGGTTGCACTCG 1226
XhcPP04 CTCCACGCGCAGGTCCAGTG GAGAAGCCTGGCTGACGCCG 620
XhcPP0O5 ACAGGCCGAGTCGCAACAGC TGCTGCCGCGAAACCCGATT 1119
XhcPP06 AATGGATGTGGCCGCACGGG GGTTGCGCTGGATGCGGTCT 963
XhcPP0O7 AGATCGATGCGCTCGGCAGC TTCCGACGCCGTCACCTTGC 1405
XhcPP08 GCGCATCCATTTGCCAGCCG CCCGCTCTTGCTCACCTGCC 875
XhcPP09 GTTGCTTGGCGTGCGTGGTG CGCGTGGTGGGAGCGTTCTT 1038
XhcPP10 AGCTGTTGCCGGAACTCGCC GCGCAGACCACGAAGTCGCT 1207
XhcPP11 GCTGGGCTCGTCGGCGTATC GGGAATGCCGCGTTGGTGGA 1224
XhcPP12 TAGCTGTTGCTGCACGGCCC TCGTTGCGCCCTCGTTGTCC 1437
XhcPP13 AGCGGCAGCCGAGAACAACC GCGCGCGCTACGAGATGAGT 517
XhcPP14 ATCGGCCTGTGCAACGGTGG ACGCGCTGCGCTGAAGAGTT 651
XhcPP15 CATTGCGCGCATACACCGCC CGTTGGCGCAGGTGGGGATT 552
XhcPP16 TGTCGAACAGCCGCCCGAAC CAGCAGTGCGGACACGCAGA 979
XhcPP17 TCGGGCACTTGAAGGCGCAG GTCGGTCGCGCCGTAGATGG 523
XhcPP18 AACTCGCGCGTTCTTGCGGA TGGCGCAACGGGGATTGGTC 666
9B* CATTCCAAGAAGCAGCCA TCGCTCTTAACACCGTCA 900
35* TGCCTGGCTACGGAATTA ATCCACATCCGCAACCAT 300
XopQ CAAAAAAGCAGGCTCCATGGATTCCATCAGGCATCGCCCC GAAAGCTGGGTGTTTTTCAGAAGCAAGCGCCAC 1379
AvrBs2 CAAAAAAGCAGGCTCCATGCGTATTGGTCCTTTGCAACC GAAAGCTGGGTGCTGCTCCGGCTCGATCTGTTTGGC 2157
XopX AGCTTGGTCGCATGTTCACC TCTGCGAAACAGAGCATTGG 828
XopR CATTGACGGCAGCTGCTTGC ATAACGATGCGATACAGCG 666
HrcC, hpal, hpa2 ATACCGATCAGACCGATCTG GGCAATCCGCGATGTATCC 600

BT and B2 GGGGACAAGTTTGTACAAAAAAGCAGGCT

AGATTGGGGACCACTTTGTACAAGAAAGCTGGGT Gateway cloning

*Meng et al. (2004).

For MLSA, we extracted partial sequences of dnaK, fyuA, gyrB
and rpoD from the genome sequence of Xhc M081. Sequences
were concatenated and used in comparisons with corresponding
sequences as determined previously (Young etal., 2008).
Neighbour-joining trees were generated with 1000 bootstrap
replicates.

To identify regions unique to Xhc M081, we used BLASTN to
compare the Xhc M081 genome to Xcc, Xac, Xcv and Xoo
(e-value >1 x 107). Contiguous regions larger than 1 kb were
used as queries in BLASTN searches of the NCBI nr/nt database.
NCBI Primer-BLAST was used to design PCR primers specific to
these regions of the Xhc M081 genome by excluding those that
could potentially amplify known xanthomonad sequences
(taxid:338; http://www.ncbi.nIm.nih.gov/tools/primer-blast/).

Identification of candidate T3E genes

We used a Perl regular expression to search for the PIP-box
sequence, TTCGB-N;s-TTCGB, where B is any base except
adenine (Fenselau and Bonas, 1995; Tsuge et al., 2005). CDSs
were classified as candidate T3Es if they met both of the follow-
ing criteria: (i) the CDS must be no more than 300 bp down-
stream of an identified PIP-box; (ii) the translated sequence of
the CDS must have no or low homology to sequences with
annotated functions not normally associated with T3E proteins.

© 2011 THE AUTHORS

Amino acid sequences of confirmed T3Es from xanthomonads
and other phytopathogens were also used as queries in BLASTP
searches (e-value <1 x 107) against the 4493 Xhc M081 trans-
lated CDSs (http://www.xanthomonas.org; Kimbrel et al., 2010;
White et al., 2009).

Agrobacterium-mediated transient expression

Binary vectors carrying candidate T3E genes were mobilized into
A. tumefaciens GV2260 via three-way conjugation. Bacteria
were grown overnight in King's B medium, washed in 10 mm
MgCl, and resuspended to an optical density at 600 nm (ODgq)
of 1.0. A blunt syringe was used to infiltrate bacteria into leaves
of 6-week-old wild-type N. tabacum, N. benthamiana or trans-
genic N. benthamiana constitutively expressing the Bs2 resis-
tance gene (Tai et al., 1999). Leaves were scored at 24 hpi.
Plants were maintained in a growth chamber cycling 9 h
light/25 °C during the day and 15 h dark/20 °C during the night.
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