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ABSTRACT Outbreaks of bacterial spot on tomato (BST) caused by Xanthomonas
perforans are a major concern for sustainable crop production. BST is a common oc-
currence in tomato transplants grown for field production. We hypothesized that
BST outbreaks in commercial fields originate from X. perforans strains inadvertently
introduced from commercial transplant facilities. To test this hypothesis, we used a
genome-wide single-nucleotide polymorphism (SNP) analysis to characterize X. per-
forans strains recovered from tomato transplant facilities and fields in commercial
production areas. X. perforans strains were isolated from symptomatic transplants
prior to roguing at two commercial transplant growers. Then, the same groups of
transplants were tracked to commercial fields to recover X. perforans strains from
diseased plants prior to harvest. Whole-genome sequencing was carried out on 84
strains isolated from transplant and field plants from Florida and South Carolina.
SNPs were called using three reference strains that represented the genetic variation
of the sampled strains. Field strains showing genetic similarity to transplant strains
had a difference of 2 to 210 SNPs. Transplant and field strains clustered together by
grower within each phylogenomic group, consistent with expectations. The range of
genetic divergence among strains isolated from field plants was similar to the range
obtained from strains on transplants. Using the range of genetic variation observed
in transplants, we estimate that 60% to 100% of field strains were an extension of
the transplant strain population. Our results stress the importance of BST manage-
ment to reduce X. perforans movement from transplant to field and to minimize
subsequent disease outbreaks.

IMPORTANCE Current management of Xanthomonas perforans on tomato plants
mainly relies on the frequent application of pesticides. However, the lack of effective
pesticides and the development of strain tolerance to certain bactericides limit the
ability to control outbreaks in production fields. Better knowledge of probable
sources of X. perforans inoculum during tomato production is required to refine
management strategies. Tomato plants are typically established in the field using
transplants. This study aimed to determine if strains from field epidemics were com-
ing from transplant facilities or resulted from local field outbreaks. The overall
goal was to identify potential sources of inoculum and subsequently develop
strategies to reduce carryover from transplant production to the field. Our results
indicate that tomato producers should shift disease management efforts to
transplant facilities to reduce disease in the field. Improved transplant health
should reduce the likelihood of bacterial spot outbreaks and subsequently re-
duce pesticide usage in the field.
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Tomato plants are a widely grown economically important crop throughout the
United States. Nationwide, Florida accounts for roughly one-third of fresh market

tomato production (1). In addition to fresh market tomato production, Florida is the
second largest vegetable transplant producer in the United States. Tomato ranks first,
at roughly 50% of the total vegetable transplants produced in Florida. Furthermore,
one-third of the transplants produced are used by the transplant growers themselves,
whereas half of the transplants are used by local growers in the state and the remaining
transplants are shipped out of state (2). Commercial growers produce tomato trans-
plants year round in rudimentary greenhouse-like structures, such as aluminum-trussed
bow houses or Quonset-like structures with polyethylene plastic roofs and adjustable
sidewalls (2, 3). These greenhouse-like structures lack a temperature-controlled envi-
ronment, which limits the ability to modify conditions of high temperature and
humidity that are optimal for disease outbreaks. Tomato transplants are commonly
grown in 200-cell foam or plastic trays at a density ranging from 600 to 1,000 plants per
square meter. Furthermore, overhead irrigation is typically used to water and fertilize
trays during transplant production, which favors the rapid splash dispersal of patho-
gens (3). Bacterial spot, caused by the bacterium Xanthomonas perforans, is a major
disease occurring in commercial transplant production. Commercial operations typi-
cally rogue trays with symptomatic transplants to limit outbreaks. However, the efficacy
of roguing can be limited by the rate at which the bacterium can spread and the
incubation period. As a result, infected tomato transplants with few or no observable
symptoms can be shipped locally or even regionally. In the field, disease outbreaks are
common due to Florida’s subtropical climate, including periodic episodes of rain and
wind-driven rain which results in dispersal of Xanthomonas (4). Xanthomonas can
survive epiphytically on crop residue, weeds, and in the soil for a short period of time.
These alternate survival niches are not relevant in initiating disease outbreaks (5).
Growers rely heavily on the application of copper and copper-mancozeb mixtures to
limit disease outbreaks in transplants and field plants, with limited success due to
widespread bacterial resistance against copper products (4).

Molecular epidemiology is a branch of epidemiology that investigates disease
outbreaks and the transmission, global movement, and population structure of bacte-
rial pathogens using genomic data (6, 7). Although molecular epidemiology has been
extensively used to describe disease epidemics associated with human or animal
bacterial pathogens, it has not been as widely applied for plant-pathogenic bacteria (8,
9). Nevertheless, whole-genome single-nucleotide polymorphism (SNP)-based analyses
were applied in three pathosystems, Pseudomonas syringae pv. tomato, P. syringae pv.
actinidiae, and Xanthomonas campestris pv. musacearum (8, 10, 11). In these studies,
SNPs from whole-genome data were successfully applied to detect outbreak sources at
a global or continental level (10, 11). For instance, up to 50 SNPs were detected
between closely related strains of P. syringae pv. tomato (11). These SNPs were
commonly found in strains across the globe (11). Furthermore, outbreaks of X. camp-
estris pv. musacearum were identified in central African countries based on 86 SNPs that
defined two lineages causing outbreaks (10). Molecular subtyping tools applied to
bacterial pathogens include restriction-fragment length polymorphism, pulsed-field gel
electrophoresis (PFGE), multiple-locus variable-number tandem-repeat analysis (VNTR/
MLVA), multilocus sequence analysis/typing (MLSA/MLST), virulence gene typing, and
DNA fingerprinting patterns (12). Recent studies characterizing bacterial outbreaks in
plants focused on using MLSA/MLST or MLVA (13–16). However, these aforementioned
tools have significant limitations because they examine only a subset of the bacterial
genome of interest and thus restrict molecular epidemiological analyses (12). For
instance, virulence- or effector-based typing can be misleading when used to infer
ancestry, due to the loss and acquisition of virulence genes (17, 18).
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MLSA and MLVA are commonly used tools to characterize bacterial spot of tomato
(BST) outbreaks and epidemics caused by X. perforans worldwide (19–28). MLSA-based
analysis of X. perforans revealed two subgroups in a global collection of strains (28).
Whole-genome sequence analysis of Florida X. perforans populations using core ge-
nome MLST (cgMLST) and single nucleotide polymorphisms (SNPs) confirmed MLSA-
based phylogenetic observations (18) and revealed a third group of X. perforans in
Florida (29). For cgMLST, conserved core genes are used to identify strains of similar
genetic background; however, the approach does not consider changes in accessory
genomes commonly observed in rapidly evolving bacterial pathogens. These genomic
tools are gaining acceptance due to their very high discriminatory power and fine
resolution of clonal organisms of low genetic diversity compared to those of traditional
tools such as MLST, MLVA, or PFGE (30). SNPs are a better discriminatory tool than MLSA
or PFGE for detecting changes in bacterial populations and for tracing epidemiological
outbreaks of human-related illnesses (6, 12, 31). For Xanthomonas, mutation rates for X.
axonopodis in Rademaker group 9.2 (i.e., X. perforans) were reported at 1.4 � 10�8 per
base (32). Also, studies of X. perforans in Florida have shown that recombination
contributes to nucleotide variation more than mutation (28, 29).

In this study, we developed a genomic-based approach to study X. perforans strain
movement from transplants to field during outbreaks of BST. We collected strains from
two commercial tomato growers in central and south Florida, tracking the same batch
of transplants to the field for subsequent sampling of plants near the end of the season.
We hypothesized that strains collected from transplant facilities are highly similar to
field strains as a result of plant movement. We also examined X. perforans strains
collected from a BST outbreak occurring in South Carolina fields to determine whether
long-distance movement of plant material from transplant facilities results in move-
ment of strains between states. We used these strains to conduct phylogenetic analyses
to characterize genetic similarity between strains causing BST outbreaks from trans-
plant facilities and production fields using SNPs and core genes from whole-genome
sequencing data.

RESULTS
Bacterial strains and genomes. A total of 84 strains collected from transplant

facilities and fields associated with two commercial grower operations were selected
for genetic analysis. We characterized 67 strains from Florida and 17 strains from South
Carolina. We obtained a total of 20 strains from grower A; ten strains from transplants
and ten strains from field plants were sampled 1 month apart. From grower B, we
obtained 47 and 17 strains from locations in Florida and South Carolina. A total of 20
transplant strains were recovered in December 2015 (11 strains) and March 2016 (9
strains), respectively, from grower B transplant facilities. In March 2016, 27 strains were
recovered from grower B field plants, which corresponded to transplants grown in
December 2015. The strains collected from South Carolina were recovered from dis-
eased field plants that were grown as transplants in grower B facilities in Florida in April
2016 and planted in South Carolina fields. We did not specifically sample these
transplants prior to shipping.

Genomes from a total of 103 strains, 84 strains sequenced during this study, were
assembled into contigs with an average depth coverage of at least 31.7�. Genome GC
content (GC%) ranged from 64.6% to 64.8% across all strains. Genome sizes ranged
from 4.6 to 5.2 Mb. See Tables S1 and S2 in the supplemental information for genome
size, sequencing coverage, number of genes, GC%, and number of contigs for individ-
ual strains. Genome sequences from 19 strains that represent the diversity of X.
perforans on tomato plants in Florida in previous surveys were also included in the
analyses (18). All strains used in this study are described in Table 1.

SNP statistics based on Xp91-118 genome. Xp91-118 is a strain collected in
Florida in 1991 that has a complete genome sequence and is extensively used as a
reference in X. perforans studies. A total of 11,007 polymorphic sites in 102 strains were
obtained compared to the reference genome of Xp91-118. The majority of the SNPs
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(�83%) were in coding DNA sequences (CDS), while the remaining (�17%) were in
intergenic regions. The SNPs in CDS regions were mostly synonymous substitutions
(�74%), as well as nonsynonymous (�25%) and nonsense mutations (�0.2%) causing
a disruption of the CDS. The coding and noncoding chromosomal SNPs were utilized
in this study. The number of SNPs and types of substitutions, compared to the
Xp91-118 reference genome, are summarized in Table S3 for each strain.

SNP analysis based on Xp91-118 genome. We found two distinct genetic groups
among the strains from each grower (Fig. 1). Altogether, the 103 strains utilized in this

FIG 1 Maximum likelihood phylogenetic tree of 103 Xanthomonas perforans strains based on 11,007 concatenated SNPs. Tree was rooted with X. perforans
91-118. All strains were isolated from Florida except strains appended to orange-colored branches, which were isolated from South Carolina (SC). 2012 strains
were previously examined by Schwartz et al. (18). Green squares, purple circles, and red triangles refer to field, transplant, and reference strains, respectively.
Branches are color-coded for the grower location or source of strain. Numbers on branches indicate bootstrap support.
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study formed three distinct clades. Two previously known clades, referred to as groups
1 and 2, contain Xp91-118 and Xp2010 as reference strains, respectively. The third clade
containing strain Xp17-12, formerly clustered in group 1 (18), represents a recently
described phylogenetic group, group 3 (29). Interestingly, none of the strains se-
quenced in this study clustered with the previously characterized 2012 group 1 strains
(Fig. 1) (18). The 2012 strains were included for comparison, as these strains were
collected from the same growers and geographical location in Florida. The majority
(�70%) of strains collected from both growers clustered in group 2. There were 18
strains placed in group 3, of which only one strain was from grower A and the
remaining strains were from grower B. South Carolina field strains clustered with the
Florida strains.

Due to the large genetic distance between and within the clades (see branch
lengths in Fig. 1), each group was examined separately for genetic relationships
between transplant and field strains. To maximize the resolution between strains within
the phylogenomic groups, we used the complete genomes of strains Xp2010 and
Xp17-12 as reference strains for groups 2 and 3, respectively, excluding plasmid
sequences. We defined transplant populations using discriminant analysis of principal
components (DAPC) and assigned field strains to these predefined populations. For
group 3, we had only one strain representing grower A (a field strain) and could not
define alternative transplant populations. Therefore, we also quantified the level of
genetic variation among transplant strains by calculating pairwise genetic distances.
We used the maximum pairwise genetic distance as a threshold level for inclusion of
field strains within transplant populations.

SNP analysis for group 2 strains based on Xp2010 genome. Due to the higher
homology of Xp2010 to group 2 strains, we expected higher genetic relatedness and
a lower number of SNPs between field and transplant strains due to less genome
divergence. A total of 947 SNPs were identified across all strains within group 2 by using
reference strain Xp2010. The SNP-based tree for group 2 produced multiple bootstrap-
supported subclades (Fig. 2A). Most of the strains from grower A formed a clade
(subclade A1), with the exception of three field strains that clustered separately into
subclade A2 (Fig. 2A). Grower B strains formed four subclades plus a few strains located
outside these clades (Fig. 2A). The following describes the comparisons among field
and transplant strains made separately for grower A and grower B.

(i) Grower A. Grower A transplant strains were directly compared to strains col-
lected from field plants 1 month after the initial sampling in the transplant facility.
Pairwise comparison between grower A transplant strains produced genetic distances
ranging from 0.005 to 0.035 (5 to 25 SNPs) (see Table S4). SNP differences ranging from
7 to 54 nucleotides were observed between transplant and field strains. Six of nine
(�60%) grower A field strains had genetic distances ranging from 0.009 to 0.028 (7 to
24 SNPs) that fell within the range of genetic distance found among transplant strains,
indicating genetic similarity. Three field strains comprising subclade A2 (GEV2009,
GEV2011, and GEV2013) had higher genetic distances, ranging from 0.044 to 0.071 (39
to 55 SNPs), than grower A transplant strains (Fig. 2A). These three strains were also the
only grower A field strains assigned to the grower B transplant population based on
DAPC (see Table S5). Therefore, there is greater uncertainty as to whether these three
strains originated from the transplant population. All other grower A field strains were
assigned to the grower A transplant population. The complete genetic pairwise com-
parison for individual grower A strains are listed in Table S4.

(ii) Grower B. Grower B strains were distributed across multiple bootstrap-
supported subclades, and as a result, transplant strains produced a wider range of
genetic distances (from 0.003 to 0.633 [3 to 458 SNPs]) than grower A strains (from
0.005 to 0.035). Although the grower B transplant strains were collected at two different
times, December 2015 and March 2016, both samples produced similar ranges of
genetic distances (Table S5). The most direct comparison is between transplant strains
collected from grower B in December 2015 and strains sampled 3 months later (i.e.,
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FIG 2 Maximum likelihood phylogenetic tree of group 2 (A) and 3 (B) strains of Xanthomonas perforans strains based on 947 and 423 concatenated
SNPs using Xp2010 and Xp17-12 as a reference strain. All strains were isolated from Florida except strains appended to orange-colored branches,

(Continued on next page)
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March 2016) in the field (Table 1). These strains were distributed across different
subclades. The overall pairwise comparison between grower B field-to-transplant
strains showed a range from 2 in closely related transplant strains up to 532 SNPs in
distantly related strains. Subclades B2, B3, and B4 contained both field and transplant
strains. On the other hand, subclade B1 contained six (GEV2110, GEV2111, GEV2117,
GEV2126, GEV2132, and GEV2135) and two (GEV2388 and GEV2399) field strains
collected from Florida and South Carolina, respectively, that clustered separately from
transplant strains. Subclade B1 field strains had genetic distances of 0.074 to 0.167 (68
to 122 SNPs) to transplant strains in subclades B2 and B4 (Table S5). Subclade B2
contained only transplant strains that clustered with 2012 field strains. Field strains in
subclades B3 and B4 were similar to transplant strains within their respective clades at
genetic distances of 0.004 to 0.171 (4 to 132 SNPs) in B3 and 0.002 to 0.012 (2 to 11
SNPs) in B4 (Fig. 2A). Three field strains each from Florida (GEV2113, GEV2119, and
GEV2133) and South Carolina (GEV2391, GEV2393, and GEV2403) were not members of
the above clades (Fig. 2A) but were genetically similar to transplant strains in clades B2
and B4. For grower B, pairwise distances between grower B transplant and all field
strains showed that 100% of the field strains were within the above-described range
and similar to at least a partial number of transplant strains (Fig. 2A and 3B). Likewise,
the DAPC analysis assigned all grower B field strains to the grower B transplant
population, except for the subclade B2 strains, which were assigned to the population
defined by reference strains (Table S5). The reference strain population (i.e., 2012
strains) was genetically similar to the grower B population (see Fig. S1). The complete
pairwise comparisons for individual grower B strains are listed in Table S6.

SNP analysis for group 3 strains based on Xp17-12 genome. We utilized the
whole genome of Xp17-12 as the reference genome for phylogenomic group 3 strains.
A total of 380 variant sites were obtained across all group 3 strains, which included 3
transplant and 15 field strains from grower B and one grower A field strain (Fig. 2B).
Pairwise distances among transplant strains from grower B ranged from 0.156 to 0.632
(46 to 210 SNPs). All grower B field strains, as well as the grower A strain, were within

FIG 2 Legend (Continued)
which were isolated from South Carolina (SC). 2012 strains were previously examined by Schwartz et al. (18). Green squares, purple circles, and red
triangles refer to field, transplant, and reference strains, respectively. Trees were rooted with the corresponding reference strain. Branches are
color-coded for the grower location. Numbers on branches indicate bootstrap support.

FIG 3 Principal-component analysis of strains based on cgMLST of 1,356 genes. (A) Strains isolated from field versus transplants. (B) Location of strain isolation.
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the range of 0.053 to 0.366 (22 to 92 SNPs). The complete pairwise comparisons for
group 3 strains are listed in Table S7.

Clustering based on cgMLST. To examine genetic similarity based on highly
conserved core genes (29), we used principal-component analysis of sequence types of
1,356 core genes to examine clustering of strains. The results were similar to the SNP
analyses (Fig. 3A and B). Strains isolated from South Carolina were the most variable,
and half of the field strains tightly clustered with strains isolated from transplants (Fig.
3B; Table S5).

DISCUSSION

In this study, we isolated and sequenced X. perforans strains to compare whole-
genome SNPs and core genes of transplant and field strains at two different grower
sites in order to determine if strains move to the field on contaminated tomato
transplants. Our SNP-based analysis combined with strain metadata showed one large
population that coexists both on transplants and in the field. This finding suggests that
X. perforans strains move to the field in association with transplants. SNP-based analysis
using Xp91-118 was useful in showing the genetic divergence among sampled strains;
however, none of the strains in this study were associated with Xp91-118 and the 2012
reference population. This indicates a population shift and increased genetic diversity
of X. perforans. Recently, Timilsina et al. (29) showed increased diversity in X. perforans
brought by recombination. Therefore, utilizing more closely related reference genomes
to our strains showed better genetic relationships among strains from each grower.
Most of the collected strains clustered within phylogenomic group 2; therefore, we had
more resolution within this group to examine genetic relationships between transplant
and field strains than within group 3. Overall, more than half of grower A field strains
were highly similar to one or more transplant strains. On the other hand, all of the
grower B field strains showed similarity to one or more transplant strains.

The differences in tomato transplant operations of both growers may contribute to
the differences observed. Grower A produces tomato transplants for short periods
throughout the year, typically before the tomato season begins in early fall and in early
spring, whereas grower B has continuous transplant operations throughout the year.
Grower B produces transplants year round to cater to the different seasons for local and
out-of-state production that typically do not overlap. The continuous presence of
plants in a transplant facility can introduce more variation and give rise to new mutant
strains in the populations. Furthermore, another intriguing observation in grower B
transplant operations is the proximity of their greenhouses to the field production site.
The presence of transplants year round and the large field production sites are
probable factors for the subtle diversity we see across grower B strains, indicating
multiple introductions of transplant strains into the field. Grower B transplant strains
collected at the same time formed multiple genetically diverged clades, indicating that
the transplant population is not homogeneous at a given time point. However, some
of the transplant strains sampled in the second collection (March 2016) were similar to
transplant strains collected during the first collection (December 2015). Strains col-
lected from South Carolina showed high genetic diversity and overall less genetic
similarity to transplant strains than strains collected in Florida fields, indicating that
local conditions may also affect which strains cause disease in the field. Nevertheless,
we still found that half of the South Carolina strains are similar to a considerable
number of transplant strains in Florida. The other distant half might have been
introduced from neighboring fields or been due to sampling bias in the transplant
facilities. The wide range of SNPs between field and transplant strains varied from 7 to
24 and 2 to 132 for growers A and B, respectively. Therefore, we suggest that strains
having up to 132 SNPs were still considered genetically similar to transplant strains.
However, this threshold is dependent on the sampled transplant population and
should not be used as a cutoff value in future epidemiological studies.

Several factors, such as mutation rates, sequencing error, and sampling bias, can
affect our analysis. The X. perforans mutation rate is estimated to be 1.4 � 10�8 per
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base (32). On the other hand, recombination had a three times higher effect in shaping
diversity than mutation events (32). In Florida, X. perforans populations are more prone
to recombination events than to point mutations (28, 29). Therefore, the likelihood of
spontaneous mutations occurring from the time our strains were introduced from
transplants to the field is very low. Mutations introduced due to sequencing errors can
also affect the analysis. However, using stringent parameters and statistics to call SNPs
using a reference genome reduced the calling of erroneous bases due to homopoly-
mers and insertions or deletions.

Even though SNP-based analysis is an excellent tool to detect genetic variation,
identifying the exact source of a disease outbreak remains a difficult task (33). These
complex situations are common in medical bacterial epidemics, where showing a
connection to a single progenitor strain during an outbreak is often difficult (33). The
widespread use and reliance of the PFGE technique created a general guideline for
evaluating strain relatedness and relationships; however, with the advent of whole-
genome sequencing (WGS) data, these guidelines no longer apply in such context (34).
Due to the higher resolving power of WGS, thresholds and cutoff values became harder
to determine. Therefore, strain interrelatedness thresholds became organism depen-
dent and on a case-by-case basis (30). Clinical studies of population outbreaks typically
include related and unrelated isolates combined with metadata for establishing simi-
larity benchmarks (30). In human epidemics of diseases, the association of strains
causing an outbreak with a parental strain was successfully demonstrated by whole-
genome SNP analysis (30, 33–35). Although SNP-based analyses are more accurate than
other techniques, the reliance on a reference genome has its disadvantages. For
instance, queried strains should have the same genomic regions present in the refer-
ence genome (6). Also, highly divergent genomic regions are excluded from the
comparison, and some queried reads might not be mapped to the reference. Other
drawbacks exist for SNP-based analyses, such as the selection of sequencing platform,
the need for high computational power for analysis, the cost of sequencing, and the
interpretation of complex data (12). In this study, X. perforans strains were not divergent
and showed a 99% pairwise average nucleotide identity (P. Abrahamian, unpublished
data; 28). On the other hand, major advantages of using reference-based genomes are
that they are computationally less time consuming and do not have high computing
requirements in comparison to reference-free de novo approaches (6). In addition, de
novo assembly-based SNP calling is prone to errors and less accurate due to errors in
genome assembly, bias for the consensus from combined reads, and contig joining (36).

We have seen that strains can easily move once established inside a transplant
house, that movement within the house occurs rapidly, and that strains spreading
through transplants do not immediately cause disease symptoms (P. Abrahamian and
G. E. Vallad, unpublished data). To evade severe disease outbreaks during transplant
production, growers continuously monitor and remove diseased plants. Management
procedures are not standardized across growers, which results in various amounts of
rogued infected plants. Disease management practices limited the number of infected
transplants that we could sample in this study from both grower sites. Therefore, our
limited sample of transplant strains may underestimate the genetic variation contained
within each facility. Nevertheless, our data and observations suggest that tomato
transplants are a major source of field inoculum. We sampled transplants and field
plants only once during the growing season, but outbreaks may have occurred
between sampling times during transplant production. As a result, strains from out-
breaks occurring after our sampling could have been omitted in the analysis. On the
other hand, field strains that are not genetically close to transplant strains might be
present due to introduction of external inoculum into the field. External inoculum
might cause additional outbreaks after a period of conducive environmental conditions
and when sampled sites are in close proximity to neighboring infected tomato fields or
transplants. Other external factors might have caused biases in this study, such as the
handling of plants, sampling time between outbreaks, horizontal gene transfer, and
strain recombination (37). Transplants and field plants are physically handled multiple
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times during standard operating procedures, which risks the introduction and move-
ment of strains (4).

The introduction of strains to the field is a serious issue that poses a continuous risk
for sustainable tomato production. Based on the results in this study, we demonstrated
that a high number of strains in the field are similar to strains recovered from the same
batch of transplants produced in transplant facilities. This suggests that the primary
source of disease outbreaks in the field originates from symptomatic and nonsymp-
tomatic tomato transplants. This study also reinforces the classic concept that the
movement of plant material results in long-distance pathogen dispersal, in our case, the
movement of strains from transplant houses to fields throughout the state and
potentially into other states. This raises a challenge for sustainable vegetable produc-
tion, in which exotic or local strains are under selection to overcome plant resistance
breeding efforts. At the ecological level, X. perforans populations are primarily shaped
by the strains that contaminate transplants during production. This results in strains
circulating from the transplant house to the open field. Maintaining healthy transplants
and excluding X. perforans is crucial to reduce field outbreaks of BST. While transplant
growers typically manage BST through repeated pesticide applications, such strategies
are not absolutely effective in preventing disease outbreaks (P. Abrahamian and G. E.
Vallad, unpublished data). Therefore, alternative BST management strategies are also
needed in combination with pesticide applications to reduce disease incidence. Fur-
thermore, BST management in transplant houses is extremely difficult due to the
inability of currently used greenhouse-like structures to mitigate conducive environ-
mental factors combined with the use of overhead irrigation. Improved growing
conditions would limit disease outbreaks, producing healthy tomato transplants that
require fewer pesticide inputs in the field, further reducing pesticide residues in the
environment and on fruit during production.

MATERIALS AND METHODS
Sample processing. Tomato leaf samples with symptoms of bacterial leaf spot were sampled during

the 2015 and 2016 growing seasons. Samples were collected from two major transplant and field
operations in central (Polk County and Manatee County) and south (Collier County) Florida designated
in this study as growers A and B, respectively. The distance between transplant and field operations was
approximately 48 km and less than 8 km for growers A and B, respectively. Typical commercial lots
consist of approximately 30,000 to 50,000 tomato transplants that require 28 to 35 days from sowing to
reach a size suitable for transplanting in the field. During production, transplants were screened and
sampled for BST symptoms prior to roguing of diseased plants and shipping to the field site. The
remaining transplants were transplanted into the field. Fields are typically planted for one season and are
fallowed for the remainder of the year. A tomato field typically takes 90 to 120 days until full develop-
ment. Production tomato fields were subsequently surveyed and sampled for BST following a zigzag
pattern.

Bacterial strains and isolations. A total of 77 and 16 strains were recovered from symptomatic
leaves in the transplant house and field, respectively, of grower A. A subset of 10 strains each from the
transplant house and field were sequenced for this study. Field strains were collected 1 month after the
initial collection from the transplant house. For grower B, a total of 11 and 57 strains were recovered from
symptomatic leaves in transplant houses and fields during December 2015 and March 2016. A subset of
11 and 27 strains were selected for sequencing from transplant houses and fields, respectively. An
additional collection of 42 strains was recovered from transplant houses during March 2016 at grower B,
of which nine strains were sequenced. However, no field strains were recovered corresponding to March
2016 transplant strains due to lack of disease at time of sampling. The total numbers of transplant and
field strains sequenced from grower B were 20 and 27, respectively. An additional 37 strains were
collected from field plants in Beaufort and Hampton Counties in South Carolina during July 2016. Field
plants grown in South Carolina originated from the same transplant houses used by grower B. A subset
of 17 strains from South Carolina were sequenced and included in this study. In addition to the 84 strains
sequenced in this study, 19 previously sequenced strains (18) were included for comparison and as
references.

Each bacterial strain was isolated from a single lesion recovered from an individual tomato plant.
Briefly, the lesion was excised, surface sterilized, and macerated in sterile distilled water and then
streaked on nutrient agar plates amended with cycloheximide (50 mg/ml). Plates were incubated for 48 h
at 28°C. Single, yellow mucoid bacterial colonies were recovered from each plate, representative of one
lesion, and stored in nutrient broth with 20% glycerol at �80°C. A list and description of all sequenced
bacterial strains in this study are listed in Table 1.

Genome sequencing. Bacterial genome sequencing was carried out according to the Illumina
manual (Illumina Inc., San Diego, CA). Briefly, bacterial genomic DNA, from a single colony, was isolated
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using a Wizard genomic DNA purification kit (Promega, Madison, WI), and libraries were constructed
using a Nextera library preparation kit (Illumina Inc., San Diego, CA). Genomes were sequenced in two
separate runs. In the first, second, and third runs, 20, 47, and 17 samples, respectively, were multiplexed
and pooled into a single lane for sequencing. The genomes were sequenced using the Illumina MiSeq
platform at the Interdisciplinary Center for Biotechnology Research, University of Florida. Draft genomes
were de novo assembled using CLC Genomics Workbench v.5 (Qiagen, Hilden, Germany) or SPAdes
v.3.1.1 assembler with a minimum contig size of 500 bp. The assembled sequences were annotated using
the IMG/JGI platform (38).

Calling single-nucleotide variants. SNPs across all 103 genomes were identified by mapping the
raw reads to the complete genome of Xp91-118. A subset of 19 and 70 of the 103 genomes were further
mapped against Xp17-12 and Xp2010, respectively, as a reference. Illumina raw reads were converted to
Sanger format using FASTQ groomer (version 1.0.4). Paired-end raw sequence reads were aligned against
the reference genome using Burrows-Wheeler Aligner (BWA-MEM) (version 1.2.3) using the default
parameters. The alignment files, in SAM format, were used to remove duplicate raw reads caused by
library construction artifacts in MarkDuplicates (v. 2.7.1.2). To reduce SNP calling errors due to indel
misalignments in our read mapping against the reference genome, we used BamLeftAlign (v. 1.1.0.46)
using the default settings. SNPs were called using FreeBayes (v. 1.1.0.46). VCF files for each strain were
merged into one file using VCFtools. VCF files were filtered with the following parameters: minimum
Phred score of 50 (99.999% accuracy), indels were discarded, minimum of 8� read coverage per SNP site.
The VCF files containing SNPs for each strain were combined using VCFcombine, part of the VCFlib
toolkit. The SNPs were aligned against the complete reference genome (Xp91-118, Xp2010, or Xp17-12)
alignment in Geneious v. 10.1.3 (39). Identical bases, gaps and ambiguous bases were manually
examined and stripped to create an alignment with high-quality SNPs used for downstream analysis. The
effect of SNPs on amino acid changes, distribution, and statistics of SNPs were determined using SnpEff
(v. 4.3�T).

Phylogenetic analysis. The best fit model for the multiple sequence alignment was determined in
MEGA7 (40) for SNP outputs from Galaxy. Maximum likelihood trees were constructed using RAxML
v8.2.7 in Geneious v. 10.1.3 (39) using the GTR substitution model and GAMMA rate heterogeneity. To
evaluate branch support, 1,000 bootstrap samples were used. The following strains were included to
improve phylogenetic relationships: Xp91-118 (GenBank identifier [ID] CP019725.1), Xp2010
(JZVJ00000000), Xp17-12 (JZVH00000000), GEV839 (JZVK00000000), GEV872 (JZVL01000000), GEV893
(JZVM00000000), GEV904 (JZVN00000000), GEV909 (JZVO00000000), GEV915 (JZVP00000000), GEV917
(JZVQ00000000), GEV936 (JZVR00000000), GEV940 (JZVS00000000), GEV968 (JZVT00000000), GEV993
(JZVU00000000), GEV1001 (JZVV00000000), GEV1026 (JZVW00000000), GEV1044 (JZVX00000000),
GEV1054 (JZVY00000000), and GEV1063 (JZVZ00000000).

Discriminant analysis of principal components. Group 2 SNPs were imported into R (41) using the
vcfR package (42) and converted into a genlight object using the adegenet package (43). Discriminant
analysis of principal components was run on transplant and reference strains using three predefined
populations representing grower A transplant strains, grower B transplant strains, and reference strains
(44). The predict.dapc function was used to map the field strains onto the discriminant functions
produced from the transplant and reference strains. The results were compared between analyses
performed using three and four principal components.

Core genome MLST. The core genes from Xp91-118, described in Timilsina et al. (29), were used as
a reference to extract corresponding gene sequences from the assembled genomes of the strains used
in this study. The single gene sequences were aligned, and allele types were designated to generate a
sequence type matrix. Strain clustering was determined by plotting principal components in R using the
micropan and ggfortify packages (41, 45). Three-dimensional (3D) visualization was conducted in R using
the rgl package.

Accession number(s). The assembled whole-genome sequences and raw read data of 84 genomes
that support the results of this study were deposited in the NCBI database under BioProject numbers
PRJNA436012 and PRJNA506994.
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