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ABSTRACT Tomato bacterial canker caused by Clavibacter michiganensis subsp. michi-
ganensis is one of the most important seed-borne tomato diseases around the globe.
The disease was initially reported in 1993 in Iran, and it became a rising threat for the
multibillion dollar tomato industry of the country during the last decade. In this study,
using phylogeographic analyses, we determined genetic diversity and geographic distri-
bution of C. michiganensis subsp. michiganensis in Iran. Our field surveys showed that
the pathogen is expanding into the southern and eastern areas of the country. Further-
more, multilocus sequence analysis and typing (MLSA/MLST) using the sequences of five
housekeeping genes (atpD, gyrB, ppk, recA, and rpoB) revealed that 37 C. michiganensis
subsp. michiganensis strains isolated in Iran had high genetic diversity and placed in 15
sequence types (STs), while all the available 184 worldwide C. michiganensis subsp.
michiganensis sequences were placed in 43 STs. MLSA divided the worldwide C. michi-
ganensis subsp. michiganensis strains into two phylogroups (I and II). Among the 37
strains isolated in Iran, 30 strains clustered in phylogroup I, while 7 strains clustered in
phylogroup II. Phylogeographic data inferred from the allelic profile of the five house-
keeping genes suggested multiple introductions of C. michiganensis subsp. michiganensis
inoculum into Iran, while the geographic origin of the Iranian C. michiganensis subsp.
michiganensis strains remains undetermined. Further analyses using higher numbers of
strains are warranted to decipher the evolutionary history of C. michiganensis subsp.
michiganensis in Iran. Additionally, stricter seed/transplant inspections are recommended
to reduce the risk of pathogen expansion to areas with no history of the disease.

IMPORTANCE Clavibacter michiganensis subsp. michiganensis, the causal agent of to-
mato bacterial canker disease, is one of the economically important pathogens of
solanaceous crops (e.g., eggplant, pepper, and tomato) around the world. The dis-
ease occurs in many countries, with a particular importance in regions characterized
by high precipitation and humid environmental conditions. As a seed-borne patho-
gen, C. michiganensis subsp. michiganensis is included in the A2 (high risk) list of
quarantine pathogens by the European and Mediterranean Plant Protection Organi-
zation (EPPO). Bacterial canker disease was reported for the first time in 1993 in Iran,
while the geographic distribution, genetic diversity, and phylogenetic position of the
causal agent remain undetermined. In this study, using the multilocus sequence
analysis and typing (MLSA/MLST) approach, we provided a phylogeographic scheme
for the C. michiganensis subsp. michiganensis strains isolated in Iran. Furthermore,
global-scale phylogenetic analyses led to determination of phylogenetic position of
Iranian C. michiganensis subsp. michiganensis strains among worldwide population of
the pathogen. Based on diversity parameters and population structure, we suggest
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relatively higher genetic diversity of the bacterial canker pathogen in Iran than has
so far been observed in the other areas of the world. Results obtained in this study
provide a novel insight into the genetic diversity and population structure of the
bacterial canker pathogen on a global scale.

KEYWORDS tomato bacterial canker, MLSA/MLST, Solanum lycopersicum,
solanaceous crops

Tomato (Solanum lycopersicum L.) is the most widely cultivated vegetable around the
globe, reaching worldwide production of 182 million tonnes in 2017 (1). In the early

16th century, tomato was introduced from western South America to Europe by
Spanish conquistadors, and the crop has been distributed around the globe in a short
period of time during the 19th and 20th centuries (2). In parallel to the global trend in
tomato cultivation, risks of crop losses due to biotic stresses have also increased over
the years (3). Emerging bacterial tomato diseases— caused by seed-borne agents—are
the main consequence of the increased global trade in tomato seed industry (4–6).
Seed-borne bacterial pathogens are of great economic importance, since they are
capable of distributing over distant geographic areas via infected seed lots, leading to
substantial crop losses. Furthermore, even a low rate of pathogen transmission (e.g.,
0.01%) from seed to seedling can initiate a serious epidemic in commercial tomato
fields (4).

Bacterial canker of tomato caused by the Gram-positive bacterium Clavibacter
michiganensis subsp. michiganensis affects tomato production under different environ-
mental conditions around the globe (7). The disease was first identified on tomato in
Michigan (USA) in 1909 (8) and currently is widespread through all the six continents
(9). The causal agent is included in the A2 list of quarantine pathogens by the European
and Mediterranean Plant Protection Organization (9). The pathogen is seed borne;
hence, infected seeds are the main source of inoculum for long-distance dissemination
(10). Furthermore, warm and humid growing environments (for both greenhouse- and
field-grown tomatoes) coupled with frequent overhead irrigation maximize bacterial
growth and spread among the plants, leading to the yield losses of 20 to 85% due to
the canker and wilting symptoms (11, 12).

Bacterial canker is of high economic importance in countries with fast-growing
tomato industries, e.g., Iran and Turkey (13, 14). Following China, India, the United
States, Turkey, and Egypt, Iran is the sixth largest tomato producer in the world,
possessing one of the fast-growing tomato industries in the past decades. Indeed, while
worldwide tomato production has increased only 5-fold over the past 50 years, the
Iranian tomato industry has grown 46-fold in the same time frame (1). Among the top
10 tomato-producing countries, yield losses due to severe outbreaks of the bacterial
canker disease were recorded in the United States (15), Turkey (13), and Iran (16).
Widespread occurrence of the disease was also reported in the European countries, e.g.,
Italy (17) and Belgium (18), as well as in South America, e.g., Chile (19) and Uruguay (20).
Regarding the seed-borne nature of the pathogen, since the mid-20th century, inter-
national tomato seed trades have spread the causal agent on intra- and intercontinen-
tal scales (9). In Iran, bacterial canker was first reported in northwestern areas of the
country in 1993 (21). Severe outbreaks of the bacterial canker were rarely reported in
Iran until the recent expansion of the disease into the northern areas (16). However, the
genetic diversity of the pathogen in Iran, phylogenetic position of the Iranian C.
michiganensis subsp. michiganensis strains among the worldwide population of the
pathogen, and geographic origin of C. michiganensis subsp. michiganensis inoculum in
the country remain uninvestigated.

Phylogenetic and phylogeographic studies using genomic DNA-based approaches
(e.g., multilocus sequence analysis and typing [MLSA/MLST]) are capable of elucidating
the population structure, evolutionary descent, and transmission routes of the causal
agents of epidemic diseases (22). During the past decade, a number of molecular
phylogenetic studies were performed to clarify the phylogenetic position and taxon-
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omy of C. michiganensis strains (23), which led to the reclassification of tomato-
associated pathogenic and nonpathogenic strains into different taxa (24). However, so
far phylogenetic investigations on C. michiganensis subsp. michiganensis strains have
been mostly country specific, including only a portion of the worldwide diversity of the
pathogen in the American and Western European countries (15, 19, 20). Furthermore,
despite the widespread distribution of the bacterial canker pathogen in the Middle
Eastern countries (e.g., Iran), phylogenetic relationships of C. michiganensis subsp.
michiganensis strains isolated in these areas with European and American strains have
not yet been determined. Hence, a global-scale phylogeographic analysis using the
information of all the available C. michiganensis subsp. michiganensis strains is war-
ranted to infer the patterns of evolutionary descent among the worldwide population
of the pathogen.

The purposes of the present study were to (i) determine the geographic distribution
of the bacterial canker pathogen in tomato-growing areas in Iran and (ii) elucidate the
phylogenetic position of 37 Iranian C. michiganensis subsp. michiganensis strains among
the worldwide population of the pathogen (147 strains, retrieved from the NCBI
GenBank database) using MLSA/MLST of five housekeeping genes (i.e., atpD, gyrB, ppk,
recA, and rpoB). Phylogeographic analyses revealed that the worldwide C. michiganensis
subsp. michiganensis population could be divided into two lineages (phylogroups)
based on the date of isolation, while the Iranian strains have high genetic diversity and
are distributed in both phylogroups of the subspecies.

RESULTS
Distribution of bacterial canker disease in Iran. Field surveys across tomato-

growing areas in Iran during 2015 to 2017 revealed the incidence of bacterial canker in
regions with no history of the disease (Fig. 1). Until recently, bacterial canker was
limited to the northwestern and northern provinces of Iran, while our surveys indicated
the incidence of the disease in seven geographically distant provinces, i.e., East
Azerbaijan, Fars, Kohgiluyeh-Boyer-Ahmad, Qazvin, Razavi Khorasan, West Azerbaijan,
and Zanjan (Table 1). Bacterial canker symptoms were rarely observed in southern
provinces, where only two strains and one suspected strain were isolated in
Kohgiluyeh-Boyer-Ahmad and northern areas of Fars province, respectively (Fig. 1). A
total of 37 yellow-pigmented Gram-positive bacterial strains were identified as C.
michiganensis subsp. michiganensis according to their mucoidal colony characteristics
on yeast extract-dextrose-calcium carbonate (YDC) medium and the results of subspe-
cific PCRs using the primer pair PSA-4/PSA-R, which directed the amplification of the
expected 271-bp DNA fragment in all the strains. All the strains were isolated from
tomato plants, and no bacterial canker symptom was observed in the surveyed
eggplant and pepper fields in Iran. All 37 strains were pathogenic on tomato plants
under greenhouse conditions, while none of them were pathogenic on chili pepper,
bell pepper, or black nightshade (Solanum nigrum).

Phylogenetic analyses. Phylogenetic tree constructed using the concatenated
sequences of housekeeping genes in 37 C. michiganensis subsp. michiganensis strains
isolated in Iran along with the sequences of 147 worldwide strains retrieved from the
NCBI GenBank database revealed that all 184 C. michiganensis subsp. michiganensis
strains clustered in a monophyletic clade and were differentiated from their closest
nonpathogenic neighbor group, which was recently nominated as Clavibacter michi-
ganensis subsp. californiensis (see Fig. S1 in the supplemental material). Since the rpoB
gene sequences were not available in the strains isolated in Chile and Uruguay, we have
constructed a phylogenetic tree consisting of 184 worldwide strains using the concat-
enated sequences of atpD, gyrB, ppk, and recA. Results obtained from the four-gene
MLSA were in congruence with those obtained from the five-gene phylogeny (Fig. 2
and Fig. S2). However, variable results were obtained when the sequences of individual
housekeeping genes were subjected to the phylogenetic analysis (Fig. S3).

MLSA of the worldwide C. michiganensis subsp. michiganensis population revealed
that the strains used in this study were divided into two phylogroups (I and II) based
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on their dates of isolation (Fig. 2). Phylogroup I consisted of post-1984 strains with the
exception of CFBP 4999, which was isolated in Hungary in 1957, while phylogroup II
includes all the pre-1980 strains, although a number of post-1980 strains also clustered
in this clade. Among the 37 strains isolated in Iran, 30 strains clustered with the
post-1984 strains (phylogroup I), while 7 strains (i.e., gh12, O15, Ta3, Ta4, Ta13, Ta25,
and Zol2) clustered in phylogroup II (Fig. 2). Iranian strains within phylogroup I were
scattered through several subclusters and were phylogenetically close to the strains
isolated in South America (i.e., Chile and Uruguay), Western Europe (i.e., Belgium,
France and Netherlands), and northern Africa (i.e., Algeria). Iranian strains in phylogroup
II were unique in the concatenated sequences of the evaluated genes, sharing no
sequence identity with the strains isolated elsewhere (Fig. 2). Moreover, country-
specific patterns were observed among both phylogroups I and II. For instance, all the
strains isolated in eastern Asia (i.e., Taiwan and China), Eastern Europe (i.e., Hungary and
Slovenia), South Africa, and Portugal clustered within phylogroup I, while the strains
isolated in Brazil, Italy, and Spain clustered in phylogroup II. Among 19 strains isolated
in France, six strains clustered in phylogroup I, while the remaining 13 strains clustered
in phylogroup II. As for the strains isolated in the American continent, the proportions
of the strains in phylogroups I/II were 3/22, 24/15, and 15/5 in the strains isolated in
Chile, Uruguay, and the United States, respectively (Fig. 2).

FIG 1 Distribution of tomato bacterial canker disease caused by Clavibacter michiganensis subsp. michiganensis in
tomato-producing areas of Iran. Each circle represents the annual production of 50,000 tonnes of tomatoes in each
area according to the Iran Ministry of Agriculture (25). Red circles indicate the occurrence of bacterial canker, while
green circles indicate the absence of the disease. Yellow circles represent the areas not surveyed in this study. The
source map is from https://commons.wikimedia.org/wiki/File:Iran_location_map.svg.
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Because the maximum likelihood phylogenies showed conflicting topologies, phy-
logenetic networks were generated using the NeighborNet method implemented in
SplitsTree version 4.14.4 for all the individual genes, as well as the concatenated data
set of sequences (Fig. 3). The NeighborNet network constructed using the concatenated
sequences of four housekeeping genes was in congruence with the maximum likeli-
hood phylogenetic tree, where all the pre-1980 strains clustered in a monophyletic
group, outlined in red in Fig. 3. Interestingly, 22 out of 25 Chilean strains, all of which
were isolated in the period from 1996 to 2015, clustered among the pre-1980 strains
(phylogroup II). Strain CFBP 7312, isolated in China, strains CFBP 7590 and CFBP 7591,
isolated in Taiwan, and strain CFBP 7562, isolated in Portugal, clustered in separate
clades in the NeighborNet network, indicating their distinct phylogenetic positions.
Although a chronological relationship could be inferred among various clusters in the
NeighborNet network, no country-specific clustering was observed, indicating the
impact of international tomato seed transportation on the global distribution of the
pathogen.

Genetic diversity. Thirty-seven C. michiganensis subsp. michiganensis strains iso-
lated in Iran carried various allelic forms and were clustered in different allele groups
based on the sequences of individual housekeeping genes. Accordingly, six, six, six,

TABLE 1 Clavibacter michiganensis subsp. michiganensis strains isolated in Iran, their area/date of isolation, and their sequence types and
allelic profile based on the sequences of five housekeeping genes (i.e., atpD, gyrB, ppk, recA, and rpoB)

Strain

Region

Yr

Allelic profilea

Sequence typebProvince County atpD gyrB ppk recA rpoB

gh1 Qazvin Takestan 2017 3 6 6 1 1 1
gh12 Qazvin Takestan 2017 5 2 2 1 1 39
gh17 Qazvin Takestan 2017 6 6 4 1 1 12
gh19 Qazvin Qazvin 2017 3 5 6 1 1 3
gh22 Qazvin Qazvin 2017 3 6 6 1 1 1
M13 Razavi Khorasan Chenaran 2017 3 3 6 1 1 4
M3 Razavi Khorasan Chenaran 2017 3 6 6 1 1 1
O1 West Azerbaijan Urmia 2017 3 6 6 1 1 1
O11 West Azerbaijan Urmia 2017 3 6 6 1 1 1
O15 West Azerbaijan Urmia 2017 2 6 1 3 1 33
O16 West Azerbaijan Urmia 2017 3 6 6 1 1 1
O27 West Azerbaijan Urmia 2017 3 6 6 1 1 1
O36 West Azerbaijan Urmia 2017 1 6 6 1 1 8
O6 West Azerbaijan Urmia 2017 1 6 6 1 1 8
Sh4 Fars Eghlid 2017 6 5 6 1 1 10
T210 Kohgiluyeh-Boyer-Ahmad Yasuj 2016 6 6 6 1 1 13
Ta10 East Azerbaijan Marand 2017 5 6 6 1 1 9
Ta13 East Azerbaijan Marand 2017 5 1 2 1 1 37
Ta15 East Azerbaijan Marand 2017 4 1 3 1 1 23
Ta17 East Azerbaijan Marand 2017 3 6 6 1 1 1
Ta25 East Azerbaijan Marand 2017 5 1 2 1 1 37
Ta3 East Azerbaijan Marand 2017 5 1 2 2 1 38
Ta4 East Azerbaijan Marand 2017 5 1 2 1 1 37
Ta59 East Azerbaijan Tabriz 2017 3 6 6 1 1 1
Ta80 East Azerbaijan Osku 2017 3 6 6 1 1 1
Tom808 Zanjan Zanjan 2015 5 6 6 1 1 9
Tom826 West Azerbaijan Mahabad 2015 3 6 6 1 1 1
Tom835 Qazvin Takestan 2015 5 6 6 1 1 9
Y5 Kohgiluyeh-Boyer-Ahmad Yasuj 2017 6 6 6 1 1 13
Z12 Zanjan Zanjan 2017 3 6 5 1 1 2
Z13 Zanjan Zanjan 2017 1 6 6 1 1 8
Z20 Zanjan Zanjan 2017 5 6 6 1 1 9
Z21 Zanjan Zanjan 2017 3 6 6 1 1 1
Z32 Zanjan Abhar 2017 6 6 6 1 1 13
Z5 Zanjan Soltaniyeh 2017 6 4 6 1 1 11
Z7 Zanjan Soltaniyeh 2017 6 6 6 1 1 13
Zol2 East Azerbaijan Marand 2015 5 1 2 1 1 37
aBased on TCS haplotype networks as shown in Fig. 4.
bBased on TCS sequence type network as shown in Fig. 5.
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three, and one allele were detected in the partial sequences of the atpD, gyrB, ppk, recA,
and rpoB genes, respectively (Table 1). On the other hand, among 184 worldwide
strains, 9, 7, 15, and 6 alleles were detected in the sequences of the atpD, gyrB, ppk, and
recA genes, while five alleles were detected in the rpoB gene sequences of 120 strains
(excluding the Chile and Uruguay strains) (Fig. 4, Fig. S3, and Table S1). Since rpoB gene
sequences were lacking in the Chile and Uruguay strains, we performed diversity
analyses on the worldwide C. michiganensis subsp. michiganensis strains using the
sequences of four genes (i.e., atpD, gyrB, ppk, and recA), which demonstrated that the
strains isolated in Iran were placed in 15 sequence types (STs) (Fig. S4), while a total of
43 STs were detected when all 184 worldwide C. michiganensis subsp. michiganensis
strains were considered (Table S1 and Fig. S5). Sequence variation statistics and

FIG 2 Phylogeny of Clavibacter michiganensis subsp. michiganensis strains isolated in this study among the worldwide population of the pathogen based on
the concatenated sequences of four housekeeping genes (i.e., atpD, gyrB, ppk, and recA). Clavibacter michiganensis subsp. californiensis was used as an outgroup
to root the tree. The bar presents numbers of substitutions per site. Gray lines linking the phylogenetic tree to the world map indicate geographic origin of
a given strain. Strains isolated in Iran are indicated by black circles. Worldwide C. michiganensis subsp. michiganensis strains were divided into two phylogroups
(I and II) based on the date of isolation. Blue highlighting on the tree indicates the founder sequence type (ST13), while the yellow highlighting shows the
subgroup founders. Blue concentric circles on the map indicate the predicted center of diversity of the pathogen. Yellow arrows show the hypothetical
transmission route of subgroup founders, while red arrows represent the subsequent transmission routes of the pathogen. The source map is from
https://commons.wikimedia.org/wiki/File:A_large_blank_world_map_with_oceans_marked_in_blue.PNG.
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FIG 3 NeighborNet network of Clavibacter michiganensis subsp. michiganensis strains constructed using SplitsTree version 4.14.4. The network confirms division
of the worldwide C. michiganensis subsp. michiganensis strains into two phylogroups (I and II) based on their dates of isolation. All the pre-1980 strains along
with a number of post-1984 strains clustered in a monophyletic clade, outlined in red.
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diversity parameters of the strains isolated in Iran were calculated using DnaSP 5.10
software and compared with those of 147 strains isolated around the globe (Tables 2
and 3). According to the haplotype frequency parameter (number of haplotypes/
number of strains) in the concatenated sequences of five genes, the strains isolated in
Qazvin and Zanjan provinces in Iran had the highest allelic richness, showing 0.833 and
0.750 haplotype frequency, respectively (Table 2). The strains isolated in Zanjan prov-
ince did not show any nucleotide diversity in the gyrB, recA, or rpoB gene sequences.
As for the neutrality tests, significant departure from the mutation/drift equilibrium was
observed in ppk gene sequences among the strains isolated in West Azerbaijan.
However, due to the insignificant neutrality values in the remaining four genes, further
evidence is needed to draw a conclusion on the impact of departure from the
mutation/drift equilibrium in the strains isolated in different geographic areas in Iran.
On the other hand, given the low number of C. michiganensis subsp. michiganensis

FIG 4 TCS haplotype (allelic) networks generated using PopART program from the individual sequences of five housekeeping genes
(i.e., atpD, gyrB, ppk, recA, and rpoB) in 184 worldwide Clavibacter michiganensis subsp. michiganensis strains. Each circle represents a
unique allele within the sequences of a given gene. The size of the circles indicates the relative frequency of strains belonging to a
particular allele. Hatch marks along the branches indicate the number of mutations. Numbers on the left side of the radix character
represent the corresponding allele as shown in Table S1, while the numbers on the right side of the radix character represent the
number of strains in each allele. Each color indicates a different geographic location, i.e., Africa (strains from Algeria, Morocco, and
South Africa), Eastern Asia (strains from China and Taiwan), Europe (strains from Belgium, France, Hungary, Italy, the Netherlands,
Portugal, Slovenia, Spain, and Switzerland), Iran, South America (strains from Brazil, Chile, and Uruguay), New Zealand, and the United
States.
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strains isolated in Fars, Kohgiluyeh-Boyer-Ahmad, and Razavi Khorasan provinces, we
were unable to perform diversity analyses on these strains.

To provide precise insight into the genetic diversity of C. michiganensis subsp.
michiganensis populations in different corners of the globe, we have separately calcu-
lated diversity parameters for the strains isolated in Iran, Western Europe, Chile,
Uruguay, and the United States (Table 3). Country/region-specific analyses revealed
that the strains isolated in Western Europe showed six, two, nine, four, and three alleles
in the sequences of the atpD, gyrB, ppk, recA, and rpoB genes, respectively, while the
strains isolated in the United States showed five, two, six, three, and three alleles in the
same order of the genes. Three, two, two, and two alleles were observed in the Chilean
strains, while five, two, four, and four alleles were detected in the Uruguayan strains in
the sequences of atpD, gyrB, ppk, and recA, respectively (Table 3). On the other hand,
evidence for geographic structure in allelic profile was detected in TCS networks
generated using PopART version 1.7 software (Fig. 4). For instance, in the atpD gene
sequences, allele 4 (A4) was represented by only U.S. strains. In gyrB gene sequences,
alleles A2, A3, A4, and A5 were represented by only Iranian strains, while A7 was
represented by a European strain. Furthermore, in ppk gene sequences, A2, A5, A12,
and A13 were represented by the strains isolated in Iran, while A11 and A14 were
represented by the strains isolated in Europe. As for recA gene sequences, A2 and A6
were represented by the strains isolated in Iran and South America, respectively. In the
rpoB gene, A2 and A4 were represented by the strains isolated in Europe, while A5 was
represented by a U.S. strain (Fig. 4).

Considering the haplotype/allele frequency (HF) index among the strains isolated in
different geographic areas, the HF indices in atpD gene sequences were 0.162, 0.187,
0.120, 0.128, and 0.250 for the strains isolated in Iran, Western Europe, Chile, Uruguay,
and the United States, respectively. The HF indices were 0.162, 0.062, 0.080, 0.510, and
0.100 in gyrB gene sequences and were 0.162, 0.281, 0.080, 0.102, and 0.300 in ppk gene
sequences and 0.081, 0.125, 0.080, 0.102, and 0.150 in recA gene sequences among the
strains isolated in Iran, Western Europe, Chile, Uruguay, and the United States, respec-
tively (Table 3). As for the rpoB gene sequences, the HF indices were 0.027, 0.093, and
0.150 for the strains isolated in Iran, Europe, and the United States, respectively.
Analysis of the concatenated sequences of four genes (excluding rpoB) showed that the
HF indices were 0.405, 0.406, 0.120, 0.256, and 0.400 for the strains isolated in Iran,
Western Europe, Chile, Uruguay, and the United States, respectively, indicating higher
genetic diversity of the pathogen in Iran and Western Europe than those observed in
the American continent. As far as the data set of concatenated sequences was con-
cerned, the HF indices of the strains isolated in Iran and Western Europe— 0.405 and
0.406, respectively—were far above the HF index observed in the worldwide collection
of the strains (HF index � 0.233). On the other hand, the HF index of the strains isolated
in Chile was almost half the worldwide HF value (Table 3).

None of the population neutrality indices (i.e., Tajima’s D, Fu and Li’s D*, and Fu and Li’s
F*) was significant among the strains isolated in Western Europe, indicating that the
population is evolving as per mutation/drift equilibrium, and this is an indication of no
evidence of selection among the population (Table 3). However, 37 strains isolated across
seven provinces in Iran showed significant departure from the mutation/drift equilibrium in
the recA gene sequences, where both the Fu and Li’s D* (�2.856) and Fu and Li’s F*
(�2.898) indices were statistically significant (Table 3). Although the negative values in recA
gene sequences indicate selective sweeps and an excess of singletons among the popu-
lation, and suggest demographic expansion after a recent bottleneck, insignificant values
for atpD, gyrB, ppk, and rpoB gene sequences prevent us from making a precise statement
on the neutrality status of the C. michiganensis subsp. michiganensis population in Iran.
Interestingly, all the neutrality indices were statistically significant in ppk gene sequences of
the strains isolated in Uruguay (Tajima’s D � 2.277, Fu and Li’s D* � 1.505, and Fu and Li’s
F* � 2.067). Similar results were obtained for the concatenated sequences of the strains
isolated in Uruguay, as well as the Fu and Li’s D* index in the ppk gene sequences of the
strains isolated in Chile (Table 3). A positive value for Tajima’s D index signifies low levels
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of both low- and high-frequency polymorphisms (lack of rare alleles), indicating a balancing
selection among the South American population of the pathogen. Furthermore, positive
values for Fu and Li’s D* as well as Fu and Li’s F* parameters indicate a lack of singletons
in the population. Significant deviation from the standard neutral model in C. michiganensis
subsp. michiganensis strains isolated in South America was in contrast with the hypothesis
that plant pathogens evolve in a mutation/drift equilibrium in the center of origin of their
host plants. However, since the significant neutrality indices were found for a limited
number of evaluated genes, further investigations using the sequences of additional
housekeeping genes are needed to prove these observations.

The pairwise homoplasy index (PHI test) calculated using the SplitsTree software
rejected the hypothesis of no recombination and detected statistically significant
evidence for recombination in atpD (P � 0.049) and ppk (P � 0.012), as well as the
concatenated data set of sequences (P � 5.829 � 10�7) in the worldwide population
of the pathogen. Despite the results of the PHI test, Recombination Detection Program
(RDP) did not find statistically significant evidence for recombination in any of the
evaluated genes. We also estimated recombination events thorough all the available
Clavibacter species sequences as listed in Fig. S1. No evidence for recombination was
detected between the C. michiganensis subsp. michiganensis population and those of
remaining species/subspecies of the genus in the RDP analyses (data not shown). On
the other hand, DnaSP did find recombination among the strains isolated in Iran (in
atpD and gyrB), Western Europe (in atpD, gyrB, and ppk), Uruguay (in recA), and the
United States (in ppk) (Table 3). Taken together, due to the variable results obtained
using different programs/algorithms, further analyses using the sequences of additional
housekeeping genes would shed light on the genetic exchange history and evolution-
ary patterns of the pathogen on a global scale. Furthermore, to elucidate if recombi-
nation in the atpD and ppk genes had any distorting effect on the phylogenetic
inference of the strains, a maximum likelihood phylogenetic tree was constructed using
the sequences of three recombination-free genes, i.e., gyrB, recA, and rpoB. Results
obtained from the concatenated sequences of gyrB, recA, and rpoB were in congruence
with those obtained from the five-gene phylogeny, indicating that the worldwide C.
michiganensis subsp. michiganensis strains clustered in a monophyletic clade apart from
the remaining subspecies/species of Clavibacter (Fig. S2 and S6).

Phylogeography of C. michiganensis subsp. michiganensis strains. Province-
specific STs were detected among the strains isolated in Iran. For instance, ST23, ST37, and
ST38 were isolated in East Azerbaijan, ST3, ST12, and ST39 were isolated in Qazvin, and ST2
and ST11 were isolated in Zanjan province (Fig. S4). Furthermore, ST4, ST10, and ST33 were
isolated in Razavi Khorasan, Fars, and West Azerbaijan provinces, respectively (Fig. S4). On
the other hand, several strains isolated in different provinces of Iran shared the same ST
with strains isolated in other countries. For instance, 12 strains isolated in Iran clustered
along with the strains isolated in South America, Europe, and northern Africa, all belong to
the ST1 (Fig. 5 and Table S1). Furthermore, strains O6, O36, and Z13 shared the same ST
(ST8) with the strain MAI1023 isolated in Uruguay in 1997. Strains T210, Y5, Z7, and Z32 also
shared the same ST (ST13) with nine Uruguayan strains (Fig. 1 and 5). However, strains Z12
(ST2), gh19 (ST3), M13 (ST4), Ta10, Z20, Tom835, and Tom808 (ST9), Sh4 (ST10), Z5 (ST11),
gh17 (ST12), Ta15 (ST23), O15 (ST33), Ta4, Ta13, Zol2, and Ta25 (ST37), Ta3 (ST38), and gh12
(ST39) belonged to unique STs which were Iran specific, with no exact similarity to the
strains isolated in other geographic areas (Fig. 5 and Table S1). Further country/continent-
specific STs were also detected among the worldwide C. michiganensis subsp. michiganensis
population (Fig. 5). For instance, ST5 was isolated in Algeria and ST6, ST7, and ST16 were
isolated in France, while ST21 and ST43 were isolated in Belgium. ST14, ST19, and ST41 were
isolated in Taiwan, China, and New Zealand, respectively. ST22 and ST25 were isolated in
the United States in 2002 and 2001, respectively. ST20, ST26, ST27, ST29, and ST30 were
isolated in Uruguay, while ST31 was isolated in Chile and California. The ST40 strains were
also isolated in southern America. Four strains assigned as ST42 (Fig. 5) were isolated in
France in 1974 and 1975. Interestingly, the type strain of C. michiganensis subsp. michi-
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ganensis (CFBP 4999; isolated in Hungary in 1957), which was the only pre-1984 strain in
phylogroup I, shared the same ST (ST17) as the strains isolated in the United States in the
period from 1998 to 2017 (Fig. 2 and 5).

On the other hand, eBURST analyses assigned the worldwide C. michiganensis subsp.
michiganensis strains into 43 STs consisting of three groups (i.e., I, II, and III) and four
singleton sequences. Group I included 163 strains and 34 STs as shown in Fig. S7, while
groups II and III included 5 and 10 strains and 3 and 2 STs, respectively (data not
shown). Although the founder ST (ST13) and the corresponding subgroups in group I

FIG 5 TCS sequence type network generated using the PopART program from the concatenated sequences of four housekeeping
genes (i.e., atpD, gyrB, ppk, and recA) in 184 worldwide Clavibacter michiganensis subsp. michiganensis strains. Each circle represents
an ST, while sizes of the circles indicate the relative frequency of strains belonging to a particular ST (43 STs). Hatch marks along the
branches indicate the number of mutations. Numbers on the left side of the radix character represent the corresponding ST as shown
in Table S1, while the numbers on the right side of the radix character represent the number of strains in each ST. Each color indicates
a different geographic location, i.e., Africa (strains from Algeria, Morocco, and South Africa), Eastern Asia (strains from China and
Taiwan), Europe (strains from Belgium, France, Hungary, Italy, the Netherlands, Portugal, Slovenia, Spain, and Switzerland), Iran, South
America (strains from Brazil, Chile, and Uruguay), New Zealand, and the United States.
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were supported with high bootstrap values, assignment of founder genotype in groups
II and III was not supported with high bootstrap values (�40); hence, they were not
considered reliable founders. In the group I, ST13 was identified as the founder ST of
the population (Fig. S7). The founder ST consisted of 10, 12, and 9 single-, double-, and
triple-locus variants, respectively. Three single-locus variants of the ST13 (i.e., ST1, ST8,
and ST9) were identified as the subgroup founders, each with its own cluster of linked
single-locus variants (Fig. S7). Four out of 14 strains in ST13 were isolated in Iran, while
9 strains were isolated in Uruguay and strain CFBP 7555 was isolated in Slovenia. Results
obtained from the eBURST analyses were in congruence with those of maximum
likelihood, NeighborNet, and POPArt analyses (Fig. 2, 3, and 5). However, since repre-
sentative strains of the pathogen from the center of origin of the host plant (i.e.,
Ecuador, Peru, and Mexico) were lacking in this study, exact estimation of the founder
population needs analysis of a larger collection of C. michiganensis subsp. michiganensis
strains from South American countries.

DISCUSSION

In this study, we created a distribution map for tomato bacterial canker disease in
Iran. Until recently, C. michiganensis subsp. michiganensis was restricted to the north-
western and northern provinces of Iran (16), while our field surveys showed that the
pathogen is expanding southward into Fars and Kohgiluyeh-Boyer-Ahmad provinces
and eastward into the Razavi Khorasan province in the country (Fig. 1). Annual tomato
production in these areas with new bacterial canker incidence reaches more than three
million tons, highlighting the potential upcoming negative consequences of disease
incidence on the tomato industry in Iran. Furthermore, MLSA-based phylogenetic
analyses revealed that C. michiganensis subsp. michiganensis strains isolated in Iran
shared the same STs as a set of geographically diverse strains expanding from Western
Europe to Northern Africa, as well as the American continent. These data suggest
multiple introductions of C. michiganensis subsp. michiganensis into Iran, highlighting
the impact of seed-borne primary inoculum in the global distribution of the pathogen.
On the other hand, the worldwide population of C. michiganensis subsp. michiganensis
could be delineated into two distinct phylogroups based on the date of isolation. All
the post-1984 strains were clustered in a monophyletic clade, while the other phylo-
group consisted of both pre-1980 and post-1984 strains (Fig. 2). The strains isolated in
Iran were scattered through both phylogroups, confirming the variability in C. michi-
ganensis subsp. michiganensis population in terms of sequential introduction to the
country.

The global tomato seed market is projected to reach $1.5 billion (U.S. dollars) by
2024. China and India are considered the largest producers of tomato seeds, following
the United States. As for Iran, although the proportional data from each of seed
provider are not available, most of the cultivated tomato seeds in Iran are imported
from China, India, and Western European countries, e.g., the Netherlands (25). Interna-
tional tomato seed trade is thought to be the leading force for the global distribution
of the bacterial canker pathogen (4, 9). Tomato species originated from the Peru-
Ecuador and Chile-Andean areas (26, 27), and after spreading northward, possibly as a
weed, in pre-Columbian times, the tomato was not extensively domesticated until it
reached Mexico, and from there the cultivated forms were dispersed throughout the
world (28). There is limited information regarding C. michiganensis subsp. michiganensis
diversity in the South and Central American countries. The pathogen is present in
Argentina, Belize, Brazil, Chile, Colombia, Costa Rica, Cuba, Dominican Republic, Ecua-
dor, Grenada, Guadeloupe, Martinique, Mexico, Panama, Peru, and Uruguay (9). How-
ever, in most of these countries there is no official report or detailed information
regarding the distribution and diversity of the pathogen. Phylogenetic analysis per-
formed in this study included available sequence data from Chile and Uruguay (19, 20).
Further field surveys and bacterial isolation from cultivated and wild tomato species in
American countries would shed light on the center of diversity and origin of this
pathogen.
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In the absence of representative C. michiganensis subsp. michiganensis strains from
the other American countries (e.g., Peru, Ecuador, and Mexico), the South American
origin of the pathogen comes from multiple observations, including the eBURST
analyses which suggested ST13 (including several strains isolated in Uruguay) as the
founder ST. Uruguayan strains of the pathogen remain the most diverse population in
the region. High genetic diversity of the pathogen in Uruguay is due more likely to seed
lot transmission from different origins into the country. The use of tomato cultivars in
Uruguay has been influenced by regional and global trends, while introduction of C.
michiganensis subsp. michiganensis-infected tomato seeds could have happened from
the Columbian era during the successive waves of immigration from European coun-
tries. In the 1990s, seed trade intensified due to the incorporation of hybrid cultivars
that replaced the production and maintenance of seed at the local level. Indeed,
Uruguay does not have its own seed production system, and the country possesses a
long history of using imported seeds with no phytosanitary control. This reinforces the
idea that C. michiganensis subsp. michiganensis strains have been introduced to the
country through seed lots imported from different locations every year. Geographics
origins of the imported seeds are diverse and have been changing over the years from
different countries in Asia, Europe and more recently in South America (i.e., Chile and
Peru). The same situation could be observed in Iran, where tomato seed lots are
imported to the country from different countries with no sanitary checks for C.
michiganensis subsp. michiganensis infection. Further evidence for the potential risk of
uninspected tomato seeds comes from the fact that tomato bacterial spot pathogens,
i.e., Xanthomonas euvesicatoria pv. euvesicatoria and Xanthomonas euvesicatoria pv.
perforans, were reported for the first time in the country in 2013 and 2015, respectively
(29, 30). Uninspected trades of crop seeds in Iran have also led to the occurrence of
other economically important quarantine diseases, including bacterial wilt of dry beans
caused by Curtobacterium flaccumfaciens pv. flaccumfaciens (31), common bacterial
blight of beans caused by Xanthomonas axonopodis pv. phaseoli (32, 33), and bacterial
leaf spot of alfalfa caused by Xanthomonas euvesicatoria pv. alfalfae (34).

Recombination is recognized as one of the main evolutionary forces driving bacte-
rial diversity and adaptation to a given environment and to hosts they may colonize
(35). Congruent results were inferred from the RDP and SplitsTree analyses as well as
the NeighborNet network, suggesting that intersubspecies recombination has rarely
occurred in the C. michiganensis species complex. Furthermore, recombination does
not play a substantial role in the intrasubspecific diversity of C. michiganensis subsp.
michiganensis strains. Indeed, multiple introductions of seed-borne inoculum to the
areas with bacterial canker incidence raises the genetic diversity of the pathogen in a
given area and plays at the same time a pivotal role in the global distribution of the
pathogen. Several pieces of evidence for the multiple introductions of C. michiganensis
subsp. michiganensis from the New World into the Old World can be inferred from the
haplotype arrangements among the global population of the pathogen. For instance,
ST1 consisted of strains isolated in different countries, i.e., Algeria, Belgium, Chile,
France, Iran, the Netherlands, Uruguay, and the United States. ST1 was identified as a
subgroup founder which was descended from the founder ST (ST13) by one single-
locus variant, while ST2, ST3, ST4, and ST6 were derived from ST1 each by one
single-locus variant (Fig. S7). Nevertheless, more strict evidence using comparative
genomics data is needed to determine the exact founder population of the pathogen
on the global scale.

Interestingly, ST17 consisted of eight U.S. strains and the type strain of C. michi-
ganensis subsp. michiganensis (CFBP 4999) isolated in Hungary in 1957, which is the
only pre-1980 strain in phylogroup I (Fig. 2). Two different interpretations could be
inferred in this regard: (i) the type strain of the pathogen (CFBP 4999) was transferred
from the United States into Hungary in the mid-20th century, while the strains
possessing the same ST are still established in the United States and were recovered
from tomato plants from 1998 to 2017; (ii) C. michiganensis subsp. michiganensis strains
which were identical to the type strain of the pathogen were transferred from Hungary
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to the United States and established in the States. However, regarding the fact that
ST17 was descended from ST13 by a single-locus variant, the U.S.-Europe movement
hypothesis is more likely to have happened in the mid-20th century.

In conclusion, this study provides novel insight into the geographic distribution of
bacterial canker disease in Iran, while elucidating the phylogenetic relationships of C.
michiganensis subsp. michiganensis strains isolated in the country with the worldwide
population of the pathogen. Phylogeographic analyses revealed that multiple founding
C. michiganensis subsp. michiganensis inocula have been introduced to Iran, more likely
via infected tomato seed lots. Distribution of plant pathogens is one of the conse-
quences of expanded international transportation networks causing plant sanitary
issues to become a global challenge. Hence, as far as the quarantine of seed-borne
pathogens is concerned, it is important to take a global approach to combat phyto-
sanitary issues. In this study, although a number of country-specific patterns were
traced within the worldwide C. michiganensis subsp. michiganensis population based on
the ST scheme of the strains, several STs were shown to be shared among the strains
isolated from different corners of the globe. As for the Iranian C. michiganensis subsp.
michiganensis population, 12 unique STs were found, most of which were single-locus
variants of the other STs. This highlights the higher genetic diversity of the bacterial
canker pathogen than has so far been described and underlines at the same time the
potential threats due to the increasing global distribution of the pathogen. On the
other hand, it emphasizes the need to develop new and state-of-the-art detection
techniques to prevent the spread of C. michiganensis subsp. michiganensis via infected
tomato seeds and plantlets. Concerning the Iranian tomato industry, since the patho-
gen has not yet been detected in the most important tomato-growing areas on the
southern coasts of the country (Fig. 1), stricter field surveys and plant material inspec-
tions are recommended to reduce the risk of pathogen entry into the region.

MATERIALS AND METHODS
Bacterial strains. Comprehensive field surveys were conducted across tomato-, pepper-, and

eggplant-growing areas in Iran from 2015 to 2017 through northern, northeastern, northwestern, central,
and southern provinces of the country (Fig. 1). This study follows a countrywide quarantine inspection
program for the monitoring of seed-borne bacterial diseases of solanaceous crops in Iran (30). Surveying
strategies, sample collection, and bacterial isolation were the same as described previously (36). Bacterial
strains were resuspended in sterile distilled water (SDW) and stored at 4°C for further use. For long-term
storage, the strains were maintained in 15% glycerol at –70°C. All the Gram-positive yellow-pigmented
bacterial strains possessing mucoidal colonies on yeast extract-dextrose-calcium carbonate (YDC) agar
medium were subjected to a C. michiganensis subsp. michiganensis-specific PCR test using the primer pair
PSA-4/PSA-R (37). DNA extraction was carried out using an Expin Combo GP (GeneAll, Tic Tech Centre,
Singapore) DNA extraction kit as recommended by the manufacturer. The quality and quantity of DNAs
were spectrophotometrically evaluated and adjusted to 50 ng/�l using NanoDrop ND-100 (NanoDrop
Technologies, Waltham, MA) for further use. For PCRs, a universal PCR kit—Ampliqon Taq DNA poly-
merase Master Mix Red (Ampliqon A/S, Odense, Denmark)—was applied according to the manufacturer’s
recommendations. For each strain, a 50-�l PCR mixture, including 100 ng total DNA and 2 �l of each
primer (10 pmol/�l), was used. The type strain of C. michiganensis subsp. michiganensis (ICMP 2550 �
CFBP 4999) was used as a positive control, while a peach-colored tomato-associated nonpathogenic
Clavibacter species strain (ICMP 22100 [38]) was used as a negative control.

Pathogenicity tests and host range. All the bacterial strains (Table 1) were evaluated for their
pathogenicities on the host of isolation (tomato; cv. Sunseed 6189) as well as bell pepper (cv. Sereno),
chili pepper (cv. Aziz), and black nightshade (Solanum nigrum) plants under greenhouse conditions using
the method as described previously (14). Positive- and negative-control plants were inoculated in the
same manner using the type strain of C. michiganensis subsp. michiganensis (ICMP 2550) and sterile
distilled water, respectively. Koch’s postulates were accomplished by reisolating the inoculated strains on
yeast extract-peptone-glucose agar (YPGA) medium from all inoculated plants. Confirmation of the
reisolated bacteria was made by determining Gram reaction and colony characteristics on YDC medium,
as well as by using the subspecific primer pair PSA-4/PSA-R (37) (Table 4). The pathogenicity tests were
conducted twice.

Phylogenetic analyses. Based on the results of C. michiganensis subsp. michiganensis-specific PCRs
and pathogenicity tests, 37 strains were identified as C. michiganensis subsp. michiganensis. To obtain
precise and reliable data on the phylogenetic position of the strains, they were subjected to the
MLSA/MLST analyses using the sequences of five housekeeping genes (i.e., atpD, gyrB, ppk, recA, and
rpoB) as recommended previously (23). These loci were shown to provide robust phylogeny and are
sufficient to reliably resolve evolutionary relationships of C. michiganensis strains at an intrasubspecies
level. PCR parameters were the same as described above, while the sequences and annealing temper-
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ature of primer pairs are shown in Table 4. Purified PCR products were sent to Bioneer Corporation
(Daejeon, South Korea) to be sequenced via Sanger sequencing technology.

To determine the phylogenetic position of the strains isolated in this study among the worldwide
population of the pathogen, corresponding sequences of five housekeeping genes in a collection of 147
C. michiganensis subsp. michiganensis strains were retrieved from the NCBI GenBank database and
included in the phylogenetic analysis (Table S1). Sequences were concatenated following the alphabetic
order of the genes, ending in a sequence of 2,110 bp: nucleotides 1 to 455 for atpD, 456 to 923 for gyrB
(468 bp), 924 to 1418 for ppk (495 bp), 1419 to 1833 for recA (415 bp), and 1834 to 2110 for rpoB (277 bp).
The phylogenetic tree was constructed using the maximum likelihood method with MEGA 6.06 software
(39). The model of evolution for maximum likelihood analysis was determined using Modeltest tab in
MEGA 6.06. Clavibacter michiganensis subsp. californiensis C55T was used to root the phylogenetic tree,
and it was constructed with bootstrapping (1,000 replications). The maximum likelihood method was
used to generate phylogenetic trees from the sequences of individual housekeeping genes using the
procedure as described above. Furthermore, to evaluate the homogeneity of the C. michiganensis subsp.
michiganensis strains included in this study, a phylogenetic tree was constructed using the sequences of
five housekeeping genes in all the available Clavibacter species strains.

Genetic diversity. Nucleotide diversity, haplotype (allele) frequency, haplotype diversity, percentage
of polymorphic sites, number of alleles and STs, and the minimum number of fixed recombination events
were estimated using DnaSP 5.10 software (40). DnaSP is a multipropose program that allows exhaustive
DNA polymorphism analysis. The program implements statistical methods to infer haplotype (allelic)
phase and prepares the data for subsequent analyses (41). The class I neutrality indices (Tajima’s D, Fu
and Li’s D*, and Fu and Li’s F* statistics) were also calculated for detecting departure from the
mutation/drift equilibrium (40). Multiple methods were used to detect recombination events among the
strains. Detection of potential recombinant sequences and identification of likely parental sequences
were carried out using a set of seven nonparametric detection methods (i.e., RDP, Geneconv, MaxChi,
Chimera, BootScan, SiScan, and 3Seq) implemented in Recombination Detection Program (RDP) version
4.80 (42). RDP4 is a program for detecting and analyzing recombination or genomic reassortment signals
and for stripping evidence of recombination in a set of aligned DNA sequences. The analyses were
performed with default settings for the different detection methods, and the Bonferroni-corrected P
value cutoff was set at 0.05. Recombination events were accepted when they were identified by at least
four out of seven detection methods (42). Furthermore, a NeighborNet network was constructed to
detect and visualize conflicting phylogenetic signals in the data set, and the pairwise homoplasy index
(PHI) was calculated using SplitsTree version 4.14.4 (43). SplitsTree4 aims to provide a framework for
evolutionary analysis and computes unrooted phylogenetic networks from aligned DNA sequence data
(43). These calculations were performed once for 37 Iranian strains and again for the entire data set of
184 worldwide strains using all the individual genes, as well as the concatenated sequences (43).
Furthermore, to have a precise country/continent-specific overview on the population structure of the
pathogen, the strains isolated in Western Europe (i.e., France, Belgium, Spain, Portugal, and the
Netherlands), Chile, Uruguay, and the United States were considered separate populations and subjected
to the above-mentioned statistical analyses.

Phylogeographic analyses. To visualize the relationships between DNA sequences of 37 C. michiganen-
sis subsp. michiganensis strains isolated in Iran with those of 147 strains isolated in different corners of the
globe, haplotype networks (allelic networks) were generated for individual housekeeping genes using the TCS
algorithm (44) implemented in PopART version 1.7 software (45). The primary function of PopART is the
inference and visualization of genetic relationships among intraspecific sequences. In addition, the software
allowed us to display the number of mutations among neighbor haplotypes. The geographic origin of 184 C.
michiganensis subsp. michiganensis strains (Table S1) was delineated into the haplotype network of each of
the housekeeping genes, as well as the concatenated data set as described by Leigh and Bryant (45). The
haplotype information was displayed as pie charts at the nodes of the networks showing relative frequency
of the strains isolated in a given geographic area. To facilitate the illustration of a differentiable colorful
diagram for the haplotype networks, the strains were grouped into seven assemblages based on their area
of isolation as follows: Africa (i.e., strains from Algeria, Morocco, and South Africa), Eastern Asia (i.e., strains

TABLE 4 Primer pairs used in this study

Primer name Sequence (5=–3=)
Size of
amplicon (bp)

Annealing
temp (°C) Target Reference

PSA-4 TCATTGGTCAATTCTGTCTCCC 271 58 Clavibacter michiganensis
subsp. michiganensis

37
PSA-R TACTGAGATGTTTCACTTCCCC
atpD2F GACATCGAGTTCCCGCAC 1,104 55 atpD 23
atpD2R CGATGATCTCCTGGAGCTCCTTGT
2F ACCGTCGAGTTCGACTACGA 977 57 gyrB 47
6R AGSACGATCTTGTGGTA
ppkF GAGAACCTCATCCAGGCCCT 604 60 ppk 23
ppkR CGAGCTTGCAGTGGGTCTTGAG
recaF GACCGCGCTCGCACAGATCGACCG 724 63 recA 23
recaR GCCATCTTGTTCTTGGACGACCTTG
3Fs GACAACTTCTACTTCAAC 447 57 rpoB 48
4Rs GTTGTTCTGGTCCATGAAC
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from China and Taiwan), Europe (i.e., strains from Belgium, France, Hungary, Italy, the Netherlands, Portugal,
Slovenia, Spain, and Switzerland), Iran, South America (i.e., strains from Brazil, Chile, and Uruguay), New
Zealand, and the United States. The country-specific alleles and shared STs between the countries were
inferred from the resulting networks. Furthermore, a hypothetical phylogeographic structure was visualized
using the eBURST algorithm to explore the patterns of evolutionary descent according to the ST distribution
(46). The eBURST algorithm divides the MLST data set into groups of related strains and clonal complexes,
predicts the founding (ancestral) genotype of each clonal complex, and computes the bootstrap support for
the founding genotype assignment. Then it displays the most parsimonious patterns of descent of all the
strains in each clonal complex from the predicted founder(s) (46). The analyses were performed using the
stringent (default) group definition, in which sequence types are included within the same clonal complex
only if they share identical alleles at three or four out of the four MLST loci with at least one other allele in
the population. As a default setting, 1,000 resamplings were performed for bootstrapping the resulted
evolutionary network.

Accession number(s). The sequenced nucleotides in the 37 C. michiganensis subsp. michiganensis strains
isolated in Iran were deposited into the NCBI GenBank database under the following accession numbers:
MK568135 to MK568166 for atpD, MK568167 to MK568198 for gyrB, MK568199 to MK568230 for ppk,
MK568231 to MK568262 for recA, and MK568263 to MK568294 for rpoB.
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