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Four Xanthomonas species are known to cause bacterial spot of tomato and pepper, but the global distribution and genetic di-
versity of these species are not well understood. A collection of bacterial spot-causing strains from the Americas, Africa, South-
east Asia, and New Zealand were characterized for genetic diversity and phylogenetic relationships using multilocus sequence
analysis of six housekeeping genes. By examining strains from different continents, we found unexpected phylogeographic pat-
terns, including the global distribution of a single multilocus haplotype of X. gardneri, possible regional differentiation in X.
vesicatoria, and high species diversity on tomato in Africa. In addition, we found evidence of multiple recombination events be-
tween X. euvesicatoria and X. perforans. Our results indicate that there have been shifts in the species composition of bacterial
spot pathogen populations due to the global spread of dominant genotypes and that recombination between species has gener-

ated genetic diversity in these populations.

U nderstanding the evolution and host specificity of plant-
pathogenic bacteria is an ongoing challenge. Strains of phy-
topathogenic bacteria commonly exhibit high host specificity,
with host ranges restricted to one or a few plant species (1, 2).
Bacterial plant pathogens also exhibit biogeography, such that
species can be limited in their geographic distributions (3). Glob-
alization of agriculture has contributed to the dispersal of phyto-
pathogenic bacteria, but the geographic ranges of species are not
well characterized, in part because of the difficulty in differentiat-
ing phylogenetically distinct strains that have similar host speci-
ficities (4). Phenotypic characters can sometimes distinguish spe-
cies with similar host specificities, but classification by molecular
markers is often required due to variation in phenotypic traits
within species (5). Phenotypes can also dramatically differ among
strains within a species due to acquisition and loss of genes related
to pathogenicity and fitness (4). Bacterial evolution is driven by
point mutations, variation in gene content, recombination, and
selection on the resulting phenotypes (6). Phylogenetic relation-
ships among species are defined by point mutations in the genome
that accumulate over time; however, these relationships can be
obscured by polymorphisms that have been distributed to other
closely related species via homologous recombination and hori-
zontal gene transfer (7). These events can introduce conflicting
phylogenetic signals between genes that have been vertically in-
herited versus horizontally acquired (8). The possibility of infec-
tion of a single host plant by multiple species may increase the
probability of genetic exchange (9). Coinfection by multiple spe-
cies may be more common as pathogens are moved out of their
native geographic ranges.

Multilocus nucleotide-sequence-based approaches help in re-
solving phylogenetic relationships of bacteria within and between
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species (10). Multilocus sequence typing (MLST) and analysis
(MLSA) are two approaches used to analyze multiple housekeep-
ing genes that are conserved in sequence and present in strains of
closely related species. MLST is useful in grouping strains from
different groups of species but is limited by the sequence diversity
based on allelic mismatches observed within the same species (10).
In contrast, MLSA makes use of concatenated nucleotide se-
quences of the housekeeping genes for characterization of more
diverse strains representing multiple species within a genus by
constructing phylogenetic trees (10, 11). Since the method is
based on the nucleotide sequence, it provides unambiguous re-
sults that are directly comparable, unlike randomly amplified
polymorphic DNA (RAPD) or other anonymous marker systems.
Since Gevers et al. (10) described the MLSA method; it has been

Received 15 September 2014 Accepted 14 December 2014

Accepted manuscript posted online 19 December 2014

Citation Timilsina S, Jibrin MO, Potnis N, Minsavage GV, Kebede M, Schwartz A,
Bart R, Staskawicz B, Boyer C, Vallad GE, Pruvost O, Jones JB, Goss EM. 2015.
Multilocus sequence analysis of xanthomonads causing bacterial spot of tomato
and pepper plants reveals strains generated by recombination among species
and recent global spread of Xanthomonas gardneri. Appl Environ Microbiol 81:
1520-1529. doi:10.1128/AEM.03000-14.

Editor: H. Goodrich-Blair

Address correspondence to Jeffrey B. Jones, jbjones@ufl.edu.

GEV, 0P, JBJ,and EMG. are joint last authors.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AEM.03000-14.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.
doi:10.1128/AEM.03000-14

February 2015 Volume 81 Number 4


http://dx.doi.org/10.1128/AEM.03000-14
http://dx.doi.org/10.1128/AEM.03000-14
http://dx.doi.org/10.1128/AEM.03000-14
http://dx.doi.org/10.1128/AEM.03000-14
http://aem.asm.org

applied to numerous pathogenic and nonpathogenic bacteria.
Housekeeping genes also are subject to homologous recombina-
tion and help to approximate the extent and impact of recombi-
nation in bacterial evolution (12). As a result, MLSA has been used
to estimate rates of recombination, which vary widely among bac-
terial species (13). Because recombination and horizontal gene
transfer can result in qualitative differences in phenotype between
phylogenetically closely related strains, pathogenicity tests and
phenotypic assays remain critical to characterizing strains and in-
terpreting MLSA results.

The genus Xanthomonas comprises numerous pathogenic spe-
cies infecting approximately 400 different host plants (14). Phe-
notypic and phylogenetic analyses have shown a wide range of
variation among Xanthomonas strains that cause bacterial spot of
tomato and pepper (15, 16). Bacterial spot is caused by four dif-
ferent species: Xanthomonas euvesicatoria, X. vesicatoria, X. per-
forans, and X. gardneri (3, 17). Among the four species, X. euvesi-
catoria and X. gardneri strains are reported as pathogens of both
tomato and pepper, X. perforans strains are reported only from
tomato, and X. vesicatoria strains primarily infect tomato. Strains
belonging to X. euvesicatoria and X. vesicatoria have a worldwide
distribution (18). X. perforans and/or X. gardneri strains increas-
ingly have been isolated in Canada (19), the United States and
South America, and regions bordering the Indian Ocean (20-22).
These bacterial populations can also change over time. For exam-
ple, the bacterial spot pathogen population on tomato in Florida
shifted from X. euvesicatoria to X. perforans. Prior to 1991, only X.
euvesicatoria strains were found in Florida. In a survey in 2006 and
2007, only X. perforans strains were isolated (23), corresponding
to a shift in tomato races. The origin of the X. perforans strains now
responsible for bacterial spot in Florida tomatoes is unknown, in
part because the global distribution of this species is not well char-
acterized.

MLSA of Xanthomonas species has been used for phylogenetics
of the genus and to examine evolution via recombination. An
MLSA database of Xanthomonas strains has been created using six
housekeeping genes (fusA, gapA, gltA, gyrB, lacF, and lepA) (15).
MLSA has revealed recombination as a primary factor underlying
the evolution of X. axonopodis (24). Some xanthomonad popula-
tions have been reported as highly clonal, with little variation
among strains collected from geographically distant locations (25,
26). MLSA also has been applied to bacterial spot-causing xan-
thomonads. Strains causing bacterial spot of tomato and pepper
in the southwest Indian Ocean region were examined; all four
species were found (22). A recent study found three different spe-
cies responsible for bacterial spot of tomato in Ethiopia (27), while
another study found atypical strains in Grenada and India (28).
Findings of species diversity and dynamic shifts in species re-
ported from previous regional studies prompted us to apply
MLSA and MLST to a collection of bacterial spot-causing xan-
thomonads from diverse geographic origins. Bacterial strains rep-
resenting four Xanthomonas species associated with bacterial spot
of tomato and pepper collected from the Americas, Africa, South-
east Asia, and New Zealand were examined using MLSA to under-
stand the phylogeographic diversity of bacterial spot pathogens.
Our objectives were to determine the geographic distribution of
the four Xanthomonas species, the extent of diversity within spe-
cies, and the role of homologous recombination in generating
diversity in the bacterial spot pathogens.
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MATERIALS AND METHODS

Bacterial strains. Strains from multiple collections of xanthomonads iso-
lated from tomato and pepper exhibiting bacterial spot were used (Table
1). The collections were mainly from the United States and Africa, includ-
ing the southwest Indian Ocean (SWIO) islands previously reported by
Hamza et al. (22), with smaller representative samples from elsewhere in
the Americas, India, and New Zealand. These strains were subjected to
MLSA using the six housekeeping genes fusA, gapA, gltA, gyrB, lacF, and
lepA (16). Sequences were either obtained via Sanger sequencing or ex-
tracted from whole genome sequences. The sequenced strains were com-
pared with type strains of X. vesicatoria and X. gardneri. Reference strains
from X. euvesicatoria (strain 85-10) and X. perforans (strain 91-118) were
used as both these strains have been extensively characterized in previous
studies (16, 29) and have sequences identical to that of the type strain from
their respective species for the six housekeeping genes (16).

Phylogenetic analysis. Sequences for six housekeeping genes from the
worldwide strains along with reference Xanthomonas strains were aligned
using MUSCLE within MEGA 5.2.1 (30). The alignments were further
confirmed via BioEdit software (31). Nucleotide substitution models that
best fit the aligned sequences were selected using the Akaike Information
Criterion (AIC) within jModeltest 1.1 (32). The general time reversible
model with gamma-distributed invariant sites (GTR+G+1I) model was
selected and used for construction of phylogenetic trees based on maxi-
mum likelihood (ML) and Bayesian inference. Maximum likelihood phy-
logenetic trees based on the six housekeeping genes were constructed
individually and using concatenated sequences. The maximum likelihood
tree, with 1,000 bootstrap samples, inferred using RaxML was compared
to ML, maximum parsimony (MP), and neighbor-joining (NJ) trees con-
structed using the GTR+G+1I model in MEGA 5.2.1 (29). MrBayes v.3.2
(33) was used for the Bayesian phylogeny, using the same substitution
model with 1,000,000 Markov chain Monte Carlo (MCMC) steps, sam-
pled every 500 steps. A burn-in period of 88,500 steps was used for the
concatenated data set and 56,000 steps for the individual genes (33, 34).
Consensus trees obtained from MrBayes were visualized using FigTree
version 1.4 (Institute of Evolutionary Biology, University of Edinburgh
[http://tree.bio.ed.ac.uk/software/figtree/]). Results from the phyloge-
netic analyses, along with phenotypic assays from previous studies, were
used to delineate groups of strains into species.

Analysis of diversity and recombination. Nucleotide diversity, the
number of haplotypes, and the minimum number of recombination
events were determined using DnaSP 5.0 (35). DnaSP also was used for
calculating class I neutrality tests (Tajima’s D and Fu and Li’s D* and F*)
for detecting departure from the mutation/drift equilibrium (36, 37). For
these calculations, all strains were considered together and by species.

Multiple methods were used to detect recombination. Splits-decom-
position trees were constructed (38), and the pairwise homoplasy index
(PHI) was calculated using SplitsTree version 4.13.1 (39). These calcula-
tions used the concatenated genes for both the entire data set and a subset
of the data that included only X. perforans and X. euvesicatoria strains. The
Recombination Detection Program (RDP) version 4 combines seven
nonparametric detection programs (3Seq, Chimaera, RDP, GENECONV,
MaxChi, BootScan, and SiScan) to detect recombination and estimate
breakpoints (40). The default settings and a Bonferroni step-down cor-
rection method with a P value cutoff of 0.05 were applied in the analysis of
the concatenated data set. Recombination breakpoints also were identi-
fied using GARD (Genetic Algorithm for Recombination Detection) (41).

After detection of recombination, the concatenated data were used to
reconstruct a nonrecombinant coalescent-based genealogy using
ClonalFrame 1.1 with the default settings (42). The MCMC used a
burn-in period of 50,000 steps sampled every 100th step. Mutational rate
(0), intragenic recombination rate (R), average length of recombination
event (), and the rate of new polymorphism generated due to recombi-
nation were estimated along with time to most recent common ancestor
(TMRCA) for all strains and for each species group. Outputs were used to
calculate the impact of recombination to mutation (r/m) and to measure
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TABLE 1 Xanthomonas strains used for the MLSA study

Species and group” Strain designation(s)b Host¢ Location Yr(s)
X. euvesicatoria
Group 1 85-10% T Florida 1985
E3 T Florida NA4
1085 T Mexico 1992
153, 155 T Florida 1975, 1985
157 T Australia 1989
LB230-1 T Reunion 2005
LB102-1 T Seychelles 2005
LE84, LH5 P Mauritius 2008, 2010
JW6 T Reunion 2000
LB216 P Reunion 2005
Xe072, Xe073 P North Carolina 1993, 1994
Xe074, Xe075, Xe081, Xe077, Xe078, Xe079, Xe082, Xe083, Xe085, Xe086, P Florida 1994-2003
Xe091
Xe076 P Kentucky 1995
Xel01, Xel03, Xel04, Xel05, Xel06, Xel07, Xel08 P North Carolina 2008-2012
Xel02 P Florida 2008
Xel09, Xell0, Xelll, Xell2 P Georgia, USA 2004
NI14, NI15, NI117 P Nigeria 2012
LA88-3, LA88-5, LA84-1, LA85-1, LA88-1, LB223-1 P Comoros 2004, 2005
LB226-1, LB226-4, LB215-1 T Comoros 2005
LA127-1,LA127-4 P Reunion 2004
LE82-2, LE83-2, LH4-1, LH4-2 P Mauritius 2008, 2010
Group 2 LMG907, LMG908 NA India NA
LMG918 P India 1957
330, 338 T Barbados 1990
LD50, LD53 P Grenada 2007
ICMP3381 P India 1971
Other 1605 T Ohio 1994
X. gardneri ATCC 19865" T Yugoslavia 1953
ETHS, ETH9, ETH15, ETH30 T Ethiopia 2011
Furman-3°¢ T Pennsylvania NA
1782, 1783 T Brazil 1991
444, 451 T Costa Rica 1991
JQ711, JQ725, JS749-1, JS749-3, ]S750-1 T Reunion 1995, 1997
JS750-3 P Reunion 1997
04T5% T Canada 2004
OO0TI12B% T Canada NA
Xgl53, Xg164, Xg165, Xg173, Xg174, Xg177 T Ohio 20102012
Xgl156, Xg157, Xg159, Xg160 T Michigan 2010
Other ICMP7383 T New Zealand 1980
X. perforans
Group 1 91-118% T Florida 1991
1220 T Thailand 1993
1484 T Mexico 1993
938 T Florida 1991
ETH5, ETH13, ETH21, ETH26 T Ethiopia 2011
GEV872, GEV893, GEV904, GEV909, GEV915, GEV917, GEV936, GEV940, T Florida 2012
GEV968, GEV993, GEV1026
LB101-1, LB101-2, LB102-2 T Seychelles 2005
LB273-2, LB273-3 T Mayotte 2005
LH3 T Mauritius 2010
Xpl1-7, Xp2-12, Xp5-6, Xp11-2, Xp15-11, Xp17-12, Xp18-15, Xp19-10 T Florida 2006
Group 2 Xp3-15, Xp4B, Xp7-12, Xp8-16, Xp9-5, Xp10-13 T Florida 2006
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TABLE 1 (Continued)

Phylogeny of Xanthomonads from Tomato and Pepper

Species and group” Strain designation(s)b Host¢ Location Yr(s)
GEV839, GEV1001, GEV1044, GEV1054, GEV1063 T Florida 2012
TB6, TBY, TB15 T Florida 2013
Other Xp4-20 T Florida 2006
X. vesicatoria
Group 1 ATCC 359377 T New Zealand 1955
ETH1 T Ethiopia 2011
141 T New Zealand 1971
Group 2 ETH17 T Ethiopia 2011
144 T Argentina NA
56 T Brazil 1987
Group 3 JS683-2 T Reunion 1997
LC161,LC162 T Madagascar 2006
Atypical Nigerian strains NII1, NI4, NI5, NI7 T Nigeria 2012
Xanthomonas sp. strain ETH12" T Ethiopia 2011

“ Strains are grouped based on allele type.

b Superscript R, reference strain; superscript T, type strain.

T, tomato; P, pepper.

4 NA, not applicable.

¢ Omnilytics, Inc., Sandy, UT.

fPhytobacterial culture collection of Instituto Biolégico, CEIB, Campinas, SP, Brazil.
£D. Cuppels, Agriculture and Agri-Food Canada, London, Ontario, Canada.

" ETHI12 was first isolated from tomato but was identified as being nonpathogenic to tomato and pepper.

the rate of recombination per site relative to mutation rate (p/8) for each
species and the full collection.

Nucleotide sequence accession numbers. The six housekeeping gene
sequences for four reference Xanthomonas strains were obtained from the
Plant-Associated and Environmental Microbes Database (PAMDB) on-
line database (www.pamdb.org). The sequenced genes have been depos-
ited into the National Center for Biotechnology Institute (NCBI) database
under the following accession numbers: fusA, KF994809 to KF994819,
KJ938581 to KJ938587, and KM491929 to KM492062; gapA, KF994820 to
KF994830, KJ938588 to KJ938594, and KM492063 to KM492196; gltA,
KF994831 to KF994841, KJ938595 to KJ938601, and KM492197 to
KM492330; gyrB, KF994896 to KF994906, KJ938602 to KJ938608, and
KM492331 to KM492464; lacF, KF994874 to KF994884, KJ938629 to
KJ938635, and KM492465 to KM492598; and lepA, KF994885 to
KF994895, KJ938636 to KJ938642, and KM492599 to KM492732.

RESULTS
Phylogenetic characterization. Phylogenetic analysis of the
worldwide strain collection showed different patterns of variation
within species as well as various species compositions across geo-
graphic locations (Fig. 1 and Table 1). Table 2 lists the haplotypes,
based on nucleotide sequence, found for each housekeeping gene.
In our sample of 29 X. gardneri strains, 28 had identical sequences
across six housekeeping genes (Table 2; see Fig. S1 in the supple-
mental material). The exception was strain ICMP7383, isolated in
New Zealand in 1980. This strain differed from the X. gardneri
type strain in four of six housekeeping genes by 2, 4, 10, and 12
nucleotides in genes lacF, fusA, gyrB, and gapA, respectively.
Among the nine X. vesicatoria strains in our collection, three
multilocus haplotypes were observed (Fig. 1 and Table 2; see Fig.
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S1 in the supplemental material). The multilocus haplotype that
included the type strain of X. vesicatoria was found in strains from
New Zealand and Ethiopia, and strains with this haplotype will
be referred to as X. vesicatoria group 1. A second haplotype was
identified from two strains isolated in South America and one
strain from Ethiopia (strains 56, 144, and ETH17); these strains
are collectively referred to as X. vesicatoria group 2. This haplotype
varied in genes gyrB and gapA by 1 and 12 nucleotides, respec-
tively. A third multilocus haplotype was identified only from the
SWIO region, specifically the African islands of Reunion and
Madagascar, and strains with this haplotype will be referred as X.
vesicatoria group 3. This haplotype varied in gyrB and fusA genes
by 1 and 2 nucleotides, respectively, and by 8 nucleotides in both
gapA and gltA, respectively. The gyrB gene was identical in se-
quence in groups 2 and 3.

X. euvesicatoria had the greatest representation in our collec-
tion, and we detected at least three multilocus haplotypes. The first
haplotype, represented as X. euvesicatoria group 1, with 55 strains,
was identical to X. euvesicatoria reference strain 85-10 across the
six genes (Fig. 1, Table 2, and Table 3). Eight strains (ICMP3381,
LD50, LD53,LMG907, LMG908, LMG918, 330, and 338) shared a
multilocus haplotype that was distinct from that of strain 85-10.
These strains will be referred to as X. euvesicatoria group 2. The X.
euvesicatoria group 2 strains had distinct sequences for genes fusA
and gapA (Table 2) that varied by 2 and 8 nucleotides, respectively
(see Fig. S2A and B in the supplemental material). Genealogies
showed the fusA and gapA variant sequences form a sister clade to
the X. perforans-X. euvesicatoria clade. Strain 1605, an amylolytic
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FIG 1 Bayesian phylogeny of clone-corrected Xanthomonas strains from tomato and pepper. The number of strains in each group is included in parentheses.
Values on the branch indicate Bayesian posterior probabilities expressed as a percentage of the trees. The scale bar indicates the number of substitutions per site.
The strains in each group are listed in Table 1. Group 1 of X. vesicatoria, X. perforans, and X. euvesicatoria includes type strains in addition to the strains listed in

the table.

strain isolated from Ohio, contained a lepA haplotype that shared
100% sequence similarity with the X. perforans type strain,
whereas the other genes produced the group 1 X. euvesicatoria
haplotype (see Fig. S2F).

TABLE 2 Sequence types of the Xanthomonas strains used in this study

. . Allele or sequence type®
Strain, species, or d P

group” lacF lepA gyrB fusA gapA gltA
Xanthomonas sp. 1 1 1 1 1 1
strain ETH12
X. perforans
Group 1 (33) 2 2 2 2 2 2
Group 2 (14) 2 2 3 2 3 2
Xp4-20 2 3 3 2 2 2
X. euvesicatoria
Group 1 (55) 3 4 3 3 3 3
Group 2 (8) 3 4 3 4 4 3
1605 3 5 3 3 3 3
Atypical Nigerian 3 6 2 2 5 3
strains (4)
X. vesicatoria
Group 1 (3) 4 7 4 5 6 4
Group 2 (3) 4 7 5 5 4
Group 3 (3) 4 7 5 6 8 5
X. gardneri
Miscellaneous 5 8 6 7 9 6
strains (28)
ICMP7383 6 8 7 8 10 6

“ Numbers in parentheses indicate the numbers of strains in each group. The strains are
listed in Table 1. Type strains are included in group 1 in each species.
b The same numbers in each column represent the same allele/type sequences.
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Many of the X. perforans strains had identical haplotypes to
reference strain 91-118 (Fig. 1 and Table 2; see Fig. S1 in the sup-
plemental material). Phylogenetic analysis based on individual
genes showed that some of the X. perforans strains isolated from
Florida in the years 2006 and 2012 had gapA and gyrB sequences
identical to those of the X. euvesicatoria strains (see Fig. S2B and D
in the supplemental material). These strains are collectively des-
ignated X. perforans group 2, and the collection of strains identical
to the type strain have been designated X. perforans group 1. Sur-
prisingly, strains NI1, NI4, NI5, and NI7 from Nigeria, which were
identified as X. perforans based on phenotypic characterization
and hrpB sequences (42), had a unique combination of house-
keeping gene sequences (see Fig. S2A to F). These atypical Nige-
rian strains had fusA and gyrB genes identical to those of X. per-
forans group 1, but the gltA and lacF genes were identical to those
in X. euvesicatoria group 1 (see Fig. S2A and D versus Fig. S2C and
E). These strains also contained a gapA sequence that differed
from the atypical gapA sequence of X. euvesicatoria group 2 by
only one nucleotide, and the lepA gene sequence was distinct from
those of all other X. euvesicatoria and X. perforans strains (see Fig.
S2B and F).

Genealogy reconstruction and recombination analysis. Nu-
cleotide diversity and Watterson’s theta (8w) showed greater se-
quence variation in our sample of X. vesicatoria than the other
bacterial spot-causing Xanthomonas species (Table 3). Tajima’s D
and Fu and Li’s D* and F* statistics showed that there was signif-
icant departure from the mutation drift equilibrium within X.
vesicatoria and X. gardneri species, which may be explained by the
equal distribution of polymorphisms in X. vesicatoria (positive
values of the statistics) and low frequency of variants in X. gardneri
(negative values). Mutation drift statistics were nonsignificant for
X. perforans and X. euvesicatoria, but unique recombination
events were observed within X. perforans species and when data
for these two species were combined (Table 3).
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TABLE 3 Sequence variation statistics for the collection of Xanthomonas strains”

Diversity parameter” Neutrality test
Sequence set n H S ND ow NM NSM  Tajima’s D Fuand Li’s D* Fuand Li’s F* R°
All strains 156 13 283 0.02554 50.379 307 61 0.545 (NS)“ —0.32 (NS) 0.107 (NS) 40
X. euvesicatoria 65 3 18 0.00099  3.087 18 8 —1.06 (NS) —1.78 (NS) —1.81 (NS) 0
X. perforans 52 4 27 0.00194 5.975 27 3 —0.61 (NS) 0.91 (NS) 0.44 (NS) 2
X. vesicatoria 9 3 21 0.00419 7.727 21 0 1.77 (NS) 1.57 (P < 0.02) 1.81541 (P < 0.02) 0
X. gardneri 29 2 21 0.00058 5.347 21 21 —2.57 (P < 0.001) —4.57 (P <0.02) —4.63 (P <0.02) 0
X. euvesicatoria and 117 7 32 0.00483 12.067 32 0 3.04 1.99 (P < 0.02) 2.89 (P <0.02) 4

X. perforans group

@ All calculations were made using DNAsp v.5 software. While calculating different parameters for the whole set, strain ETH12 was also used, but since it was not possible to define a

species group for that strain, it was not included in other parameter calculations.

b 1, number of strains; H, number of haplotypes; S, total number of segregating sites; ND, nucleotide diversity; Ow, Watterson’s theta; NM, number of mutations; NSM, number of

singleton mutations.
¢ R, minimum number of recombination events.
4 NS, not significant.

Phylogenetic networks were generated because individual
maximum likelihood phylogenies showed incompatible topolo-
gies, suggesting recombination. The splits-decomposition phylo-
genetic tree inferred from concatenated housekeeping gene se-
quences confirmed incompatibilities and recombination within
X. euvesicatoria and X. perforans (Fig. 2). The pairwise homoplasy
index (PHI) rejected the hypothesis of no recombination in the
whole set of strains, and the same result was obtained when only X.
euvesicatoria and X. perforans were considered (Table 4). Genetic
Algorithm for Recombination Detection (GARD) found evidence
for 3 recombination breakpoints in the concatenated genes of the
whole data set. The Kishino-Hasegawa test of tree congruency
indicated one significant breakpoint in the lacF gene. The Recom-
bination Detection Program (RDP) detected recombination be-
tween X. euvesicatoria and X. perforans in 6 out of 7 methods
(Table 5). The genes lepA, fusA, and gapA were identified as po-
tential recombinants, but the different algorithms varied in the
strains identified as probable recombinants, which included X.
euvesicatoria 1605, the X. perforans group 2 strains, and the atyp-
ical Nigerian strains. The X. euvesicatoria group 2 strains were
identified as potential recombinants by only 2 algorithms (data
not shown).

The program ClonalFrame was used to calculate the mean rel-
ative impact of recombination to mutation (r/m) on sequence

f——0.0010
X. perforans
Group 1

X. perforans
Group 2

Atypical Nigerian x oyesicatoria
strains

X. perforans
Xp4-20

X. euvesicatoria Group 1

FIG 2 Splits decomposition tree of the subset of strains from the X. euvesica-
toria and X. perforans species groups. Parallel lines indicate conflicting phylo-
genetic relationships.
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variation. Recombination had 18 times higher impact than point
mutation (r/m = 18.516) for the whole data set, but the rate of
occurrence of recombination was only slightly higher than the rate
of mutation (p/0) at 1.97, The mean tract length of recombinant
sequence (3) was 843 bp (95% confidence interval [CI], 602 to
1,099 bp), which is approximately the length of two arbitrarily
concatenated genes. When species groups were considered sepa-
rately, recombination was more frequent than mutation within
species (Table 6). A dot plot of the 50% consensus tree shows
inferred ancestral relationships under clonal descent, meaning
that it attempts to remove the effects of recombination (Fig. 3).
The X. perforans group 2 strains share an ancestor with the X.
perforans group 1 strains, as would be expected if the variant genes
were introduced via homologous recombination. In contrast, the
atypical Nigerian strains (NI1, NI4, NI5, and NI7) and X. euvesi-
catoria group 2 share an ancestor that is distinct from the ancestry
of the X. euvesicatoria reference strain.

DISCUSSION

Bacterial spot of pepper and tomato is caused by four different
Xanthomonas species with dynamic global distributions. We char-
acterized strains collected from different geographical locations
by MLSA and found that recombination between species is shap-
ing the diversity of some bacterial spot pathogen populations.
Homologous recombination should be more likely between
closely related strains due to sequence similarity (43). However,
recombination is difficult to detect when it occurs between highly
similar sequences; thus, some sequence divergence is required to
identify recombinant sequences (44). In Xanthomonas, recombi-
nation in housekeeping genes has been observed when there is
sequence variation within a species (45) and among closely related
pathovars in a species complex (23). We found statistically sup-

TABLE 4 Test of recombination based on pairwise homoplasy index

(pw)

No. of polymorphic Mean
Sequence set sites dw P value
Xanthomonas 229 0.0944 <0.0001
collection
X. euvesicatoria and 32 0.32056 <0.0005
X. perforans
aem.asm.org 1525
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TABLE 5 Test of recombination between X. euvesicatoria and X.
perforans strains using RDP4 with a step-down test at a probability of
0.05

No. of:
Program” Unique events Recombination signals
RDP 2 30
GENECONV 4 47
BootScan 0 0
MaxChi 13 268
Chimaera 8 68
SiScan 15 121
3Seq 19 181
Total 32 7,182

“ Recombination Detection Program (RDP) v.4 combines the seven nonparametric
detection programs shown.

ported recombination events in the phylogenetic clade, including
both X. euvesicatoria and X. perforans. Phylogenetic analyses con-
sistently show these species to be closely related (16, 29). At the
same time, these species can be easily differentiated using nucleo-
tide sequence variation in the hrpB gene (46) or the housekeeping
genes used in this study, for which reference strains show about
1% divergence. Our sample included an X. euvesicatoria strain
(strain 1605 from Ohio) that had apparently acquired DNA from
X. perforans, as well as multiple X. perforans strains that contained
sequences from X. euvesicatoria. Identification of such events in
bacterial spot Xanthomonas points to potential sources of varia-
tion and diversity within the pathogen population.

One group of recombinant X. perforans strains was collected
from tomato in Florida. Prior to 1991, only X. euvesicatoria was
responsible for bacterial spot disease of tomato in Florida (47). X.
perforans tomato race 3 was identified in Florida in 1991, followed
by identification of tomato race 4 in 1998. A subsequent survey of
377 bacterial spot strains recovered only X. perforans from tomato
lesions throughout Florida, with a nearly 2:1 frequency of race 4 to
race 3 strains (23), and a recent survey of 175 strains in 2012
recovered only race 4 strains (S. Timilsina, G. E. Vallad, and J. B.
Jones, unpublished data). In this study, we found that X. perforans
race 4 strains collected in 2006 and 2012 contained two house-
keeping genes from X. euvesicatoria. Other race 4 strains had the
same multilocus haplotype as the X. perforans reference strain. We
also found a single strain, Xp4-20, collected in 2006, that had X.
euvesicatoria-derived sequence at a different gene, suggesting mul-
tiple independent events in which X. perforans acquired DNA

from X. euvesicatoria. Frequent exchange of plasmid material has
been reported between the strains of Xanthomonas (48). Horizon-
tal gene transfer among the strains of X. axonopodis pv. vesicatoria
also has been identified in planta (49). Although the frequency of
exchange of genetic material is higher for plasmids than for the
chromosome, these results suggest there is a potential for genetic
exchange when species share the same host. Displacement of X.
euvesicatoria by X. perforans on tomato may be attributed to pro-
duction of bacteriocins by X. perforans, resulting in a competitive
advantage over X. euvesicatoria (50). However, the reasons for the
recent race shift in X. perforans in Florida, as well as the impact of
recombination in race 4, remain unknown. In contrast to the dy-
namic changes in Xanthomonas populations on tomato, our re-
sults revealed that X. euvesicatoria strains collected from pepper in
the United States have had the same multilocus haplotype over a
20-year period.

Our finding of an apparent mix of housekeeping genes from
different Xanthomonas species in four of the sequenced Nigerian
strains is perplexing. Of the six sequenced housekeeping genes,
two genes were alleles common to X. perforans, two genes were
alleles common to X. euvesicatoria, and another two genes are
unique and may be from two other closely related but unknown
Xanthomonas species. These strains were studied previously for
pathogenicity and phenotypic characters (51). Based on reactions
on tomato differentials and hrpB sequence, the atypical Nigerian
strains were identified as X. perforans tomato race 3. Pectolytic and
amylolytic activity also was observed in these atypical Nigerian
strains. However, based on similarity to X. euvesicatoria strains at
three of the MLSA genes, phylogenetic and ClonalFrame analysis
of the concatenated genes grouped these atypical Nigerian strains
with X. euvesicatoria, rather than X. perforans. Additional data will
be required to understand the evolution of the atypical Nigerian
strains.

Recombination was previously detected in X. euvesicatoria in
the atpD gene, but this locus was not used in our MLSA study (28,
52). Using our MLSA genes, the X. euvesicatoria group 2 strains
similarly contained a potentially recombinant sequence from an
unknown donor. Two X. euvesicatoria group 2 strains were col-
lected in India in 1957 and 1971 (28); therefore, X. euvesicatoria-
group 2 strain sequences are not a new sequence type. Together
with results from the atypical Nigerian strains, these findings in-
dicate that recombination between species is not limited to X.
euvesicatoria and X. perforans but also may occur with other
closely related Xanthomonas species. Identification of atypical and
variant strains will be a key in understanding future population

TABLE 6 Parameter estimates for different sources of variation, including mutation and recombination, from ClonalFrame analysis

Result (95% CI) for indicated parameter”

Group or species n 0 \4 R TMRCA p/6

All strains 156 1.78 (0.430—4.180)  0.023 (0.019-0.027)  2.63 (1.410-4.030)  2.81 (1.34-5.09)  1.97 (0.48-5.69)

X. euvesicatoria and X. perforans group 117 0.07 (0.010-0.260)  0.011 (0.007—0.016)  1.07 (0.440-1.900)  1.84 (1.11-3.53)  48.49 (3.33-204.40)
X. euvesicatoria 65 0.03 (0.001-0.180)  0.013 (0.007-0.021)  0.28 (0.030-0.720)  2.58 (0.99-5.32)  98.26 (1.67—554.34)
X. vesicatoria 9 0.04 (0.001-0.203)  0.018 (0.006-0.035)  0.57 (0.190-1.150)  3.59 (1.66-6.79)  161.12 (2.05-995.40)
X. perforans 52 0.10 (0.002-0.600)  0.013 (0.007-0.019)  0.77 (0.340-1.560)  2.49 (1.23-4.76)  65.52 (1.012-371.48)
X. gardneri 29 0.09 (0.001-0.380)  0.010 (0.006-0.015)  0.10 (0.003-0.360)  1.67 (0.60-3.04)  17.93 (0.02-145.78)

“95% CI, 95% confidence interval; n, number of strains; 8, number of mutation events; V, rate of substitution via recombination; R, number of recombination events; TMRCA,
estimate of time to the most recent common ancestor; p/, rate of occurrence of recombination to mutation. Values in parentheses indicate 95% confidence intervals for each

parameter. Calculations were made using ClonalFrame version 1.1.
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Atypical Nigerian strains

X. euvesicatoria Group 1

X. euvesicatoria 1605

X. gardneri ICMP7383

Phylogeny of Xanthomonads from Tomato and Pepper

X. gardneri strains

X. vesicatoria Group 1

X. vesicatoria Group 3

X. vesicatoria Group 2

X. perforans Xp4-20
o

-X. perforans Group 1

X. perforans Group 2

FIG 3 Dot plot diagram showing ancestral relationships among Xanthomonas strains generated using ClonalFrame (v.1.1). The diagram shows distinct lineages
for each species group and their ancestries using a model of clonal descent. Each node represents an ancestor of sampled strains, with the inferred most recent
common ancestor of all strains indicated by the boldface oval. The distance between nodes is arbitrary and does not indicate genetic distance. The larger groups
of strains with identical haplotypes were collapsed to their shared ancestral node, shown in solid black, for presentation purposes.

diversity and the evolution of those Xanthomonas spp. that cause
bacterial spot.

Some of the strains analyzed here were genetically character-
ized in previous studies focused only on specific geographic loca-
tions (22, 27, 51). Examination of all strains together revealed
unexpected patterns of genetic variation, including the global dis-
tribution of dominant multilocus haplotypes of X. euvesicatoria,
X. gardneri, and X. perforans, possible regional differentiation of
X. vesicatoria, and the presence of X. euvesicatoria group 2 in both
India and the Americas. In a small sample of only nine strains of X.
vesicatoria, three multilocus haplotypes were found: X. vesicatoria
group 1 included the type strain along with strains from New
Zealand and Ethiopia, X. vesicatoria group 2 included strains from
South America and Ethiopia, and X. vesicatoria group 3 was iden-
tified only from the islands in southwest Indian Ocean (SWIO)
region. These results are consistent with a previous analysis of
strains from the SWIO region using a different MLSA scheme
(22). In contrast to the other species, X. vesicatoria may exhibit
regional differentiation in MLSA genes. A previous analysis, based
on a different MLSA scheme supported by amplified fragment
length polymorphism (AFLP) data, identified five clades in a
worldwide strain collection of X. vesicatoria (28). The strains from
South America and Ethiopia differed from the type strain by 12
nucleotides in the gapA gene. Compared to available sequences in
the NCBI database, this gapA sequence was most closely related to
X. arboricola, which is in the same MLSA clade as X. gardneri (16).
A similar result was obtained in a study of bacterial spot strains
from Tanzania, which found strains with an fyuA gene sequence
similar to that of Xanthomonas arboricola (53).

We found only two haplotypes of X. gardneri, one represented
by a single strain that was isolated in 1980 from New Zealand. The
genetic divergence of this strain was previously reported (22). Al-
though quite rare after its first report in 1957 as Pseudomonas
gardneri, the global distribution of X. gardneri has increased dra-
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matically over the past 2 decades (18). It is striking that there was
no genetic variation in the six genes among strains from Canada,
the United States, Costa Rica, Brazil, Ethiopia, and Reunion and in
the four genes analyzed previously (28). Interestingly, no se-
quence variation was observed between the type strain of X. gard-
neri isolated in 1953 (reported in 1957) from the former Yugosla-
via and those strains recently collected. The lack of diversity and
the sudden geographic expansion of X. gardneri are likely associ-
ated with the global movement of seed (26).

International trade in seeds is likely affecting distribution of all
four bacterial spot species. It is notable that in Ethiopia, Nigeria,
Tanzania, and the SWIO islands, three or more different species
are found within tomato-growing regions, whereas in the United
States, there appears to be a single dominant species in each re-
gion. The presence of multiple species may be due to the import of
seeds or plant material from multiple sources. Although we have
good representation of strains from some geographic locations,
more extensive sampling of different growing regions would be
necessary to test this hypothesis. MLSA using six genes also may
not capture enough of the variation within species and popula-
tions to make conclusions regarding the global movement of
strains. A thorough understanding of the evolution of xan-
thomonads causing bacterial spot of tomato and pepper through-
out the world would require a collaborative next-generation se-
quencing approach.

In conclusion, using a wide geographic representation of
strains from Xanthomonas species responsible for bacterial spot of
tomato and pepper, we were able to detect recombination among
species and begin to characterize their global distribution. The
recombinant sequences are conserved housekeeping genes that
are not expected to confer a fitness advantage to the strain upon
acquisition of a new allele. These results indicate that homologous
recombination among xanthomonads could be occurring
throughout the genome. Given the potential importance of inter-
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specific recombination in shaping diversity of bacterial spot
pathogen populations, it should be determined if genetic ex-
change among species has introduced variation in pathogenicity
and other fitness-associated genes.
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