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ABSTRACT

Xanthomonas vasicola pv. vasculorum is an emerging bacterial plant
pathogen that causes bacterial leaf streak on corn. First described in South
Africa in 1949, reports of this pathogen have greatly increased in the past
years in South America and in the United States. The rapid spread of this
disease in North and South America may be due to more favorable
environmental conditions, susceptible hosts and/or genomic changes that
favored the spread. To understand whether genetic mechanisms exist
behind the recent spread of X. vasicola pv. vasculorum, we used comparative
genomics to identify gene acquisitions in X. vasicola pv. vasculorum
genomes from the United States and Argentina. We sequenced 41 genomes
of X. vasicola pv. vasculorum and the related sorghum-infecting X. vasicola pv.
holcicola and performed comparative analyses against all available X. vasicola
genomes. Time-measured phylogenetic analyses showed that X. vasicola pv.
vasculorum strains from the United States and Argentina are closely related
and arose from two introductions to North and South America. Gene

content comparisons identified clusters of genes enriched in corn
X. vasicola pv. vasculorum that showed evidence of horizontal transfer
including one cluster corresponding to a prophage found in all X. vasicola
pv. vasculorum strains from the United States and Argentina as well as in
X. vasicola pv. holcicola strains. In this work, we explore the genomes
of an emerging phytopathogen population as a first step toward identifying
genetic changes associated with the emergence. The acquisitions identified
may contain virulence determinants or other factors associated with the
spread of X. vasicola pv. vasculorum in North and South America and will
be the subject of future work.

Keywords: bacteriology, corn, genetics and resistance, horizontal gene
transfer, population biology, Xanthomonas vasicola pv. vasculorum,
Xanthomonas vasicola pv. holcicola

Given the large number of acres and economic importance of corn
production in the United States, there are important implications to
the emergence and spread of new diseases. In the United States,
bacterial leaf streak (BLS) of corn was first observed in Nebraska in
2014 and became widespread by 2016 (Korus et al. 2017). The
disease now occurs in most of the corn growing regions of the United
States including the top three corn producing states: Illinois, lowa, and
Nebraska (Korus et al. 2017; USDA-NASS 2017) as well as Colorado
and Kansas, with field disease incidence levels reported to be above
90% and disease severity reaching greater than 50% of leaf area
infected (Broders 2017). Understanding how this disease originated
and what favors its spread is a crucial step to preventing future losses.

Caused by X. vasicola pv. vasculorum, BLS was first described in
1949 on corn in South Africa (Dyer 1949), but prior to 2016 it had
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not been documented in any other country. It is unknown how this
organism was introduced to the United States or if it was already
present but latent. The only other reports of BLS of corn outside of
South Africa and the United States were in Argentina and Brazil in
2017 and 2018 (Leite et al. 2018; Plazas et al. 2017). While the
official report of the disease in Argentina is relatively recent, the
symptoms of BLS were first observed in 2010 in the Cordoba
province and have since spread to nine other corn-producing
provinces, including provinces that border the corn growing
regions in Brazil and Paraguay (Leite et al. 2018; Plazas et al. 2017).
Itis still unclear why X. vasicola pv. vasculorum continues to spread
in North and South America or how severe future epidemics may
become.

A significant amount of confusion existed around the taxonomic
classification of this bacterium. The nomenclature had gone through
several changes, from X. campestris pv. zeae to X. vasicola pv. zeae
to its current designation as X. vasicola pv. vasculorum (Bradbury
1986; Coutinho and Wallis 1991; Lang et al. 2017; Qhobela et al.
1990; Sanko et al. 2018). The X. vasicola species can be divided into
five groups including three described pathovars: (i) X. vasicola pv.
vasculorum infecting corn and sugarcane, (ii) X. vasicola pv.
holcicola, commonly infecting sorghum, (iii) X. vasicola pv.
musacearum infecting enset and banana, (iv) a group of strains
isolated from Tripsacum laxum, and (v) strains isolated from areca
nut (previously X. campestris pv. arecae) (Lang et al. 2017;
Studholme et al. 2020).
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The term pathovar refers to a strain or set of strains with the same
or similar characteristics, differentiated at the infrasubspecific level
from other strains of the same species or subspecies on the basis of
distinctive pathogenicity to one or more plant hosts (Young et al.
1991). While the described pathovars of X. vasicola seem to have
defined host preferences, their host ranges may be broader than
initially claimed. X. vasicola pv. holcicola and X. vasicola pv.
vasculorum, in particular, may have overlapping host ranges. Under
laboratory conditions, isolates of X. vasicola pv. vasculorum from
corn and sugarcane caused disease on corn, sugarcane, and sorghum
but were most virulent on corn and sugarcane (Lang et al. 2017).
Similarly, when infiltrated into leaves, X. vasicola pv. holcicola
infected corn, sorghum, and sugarcane but caused more disease on
sorghum (Lang et al. 2017). X. vasicola pv. vasculorum has not been
isolated from sorghum, while X. vasicola pv. holcicola has
occasionally been isolated from corn in the field (Moffett 1983;
Péros et al. 1994). Upon inoculation in the greenhouse, X. vasicola
pv. vasculorum isolates from the United States can infect 16 hosts,
mostly monocots such as rice, oats, and big blue stem and the dicot
yellow nutsedge (Hartman et al. 2020). Field studies confirmed
these results for big blue stem and bristly foxtail as hosts in a natural
inoculum system (Hartman et al. 2020). At least two host jumps
have been hypothesized for X. vasicola, i.e., from grasses to banana
(Tushemereirwe et al. 2004) and from sugarcane to Eucalyptus spp, a
dicot (Coutinho et al. 2015), suggesting a remarkable adaptive ability
for the species.

The spread of X. vasicola pv. vasculorum in the United States and
Argentina was rapid. How and why the populations expanded so
quickly in two countries located on the opposite side of the equator
at approximately the same time, while the disease remained rarely
documented in South Africa during the same time period, is
intriguing. Reasons for these disparate observations could include
the occurrence of more favorable environmental conditions and
susceptible corn germplasm in North and South America versus
South Africa, differences in surveillance and reporting of the
pathogen, and/or, as we hypothesize here, the acquisition of genetic
features that favored infection or spread or virulence. In this study,
we employed a comparative genomics approach to identify genetic
changes associated to these emerging populations.

MATERIALS AND METHODS

Strain collection and molecular detection. Isolation of
X. vasicola pv. vasculorum from corn leaves was performed as in
Lang et al. (2017) with minor modifications. Instead of placing the
tissue in distilled water, fresh tissues were dissolved in 1 ml of
10 mM MgCl,, macerated with sterile pellet pestle, and incubated
for at least 1.5 h at room temperature. For bacterial isolation, one
loop-fill (10 ul) of solution was spread onto nutrient agar. Plates
were incubated at 28°C for 2 days. Single characteristic bright
yellow colonies were selected and restreaked for further isolation
until pure colonies were obtained. Samples from the United States
were collected across several fields in Colorado, Iowa, Kansas, and
Nebraska. Samples from Argentina were collected from fields
located in San Luis, Cérdoba, and Santa Fe states (Supplementary
Table S1).

South African X. vasicola pv. vasculorum strains were obtained
from the L. E. Claflin collection (Qhobela et al. 1990) maintained at
Colorado State University. Australian X. vasicola pv. holcicola
strains were obtained from the NSW Department of Primary
Industries Plant Pathology and Mycology Herbarium Culture
Collection (https://www.dpi.nsw.gov.au/about-us/services/collections/
herbarium).

Molecular detection of X. vasicola pv. vasculorum was
performed following one of these procedures: For the cases using
colony PCR, one single colony was suspended in 10 pl of sterile
water and boiled at 95°C for 5 min. First, colony PCR of suspected
X. vasicola pv. vasculorum samples were performed using Xvv3 or
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Xvv5 primers as described previously (Lang et al. 2017). To further
confirm isolates, a second method using 16S rRNA gene and a
housekeeping gene, atpD (ATP synthase B chain), was used to
identify bacteria to species level. PCR reactions for 16S rRNA
(50 pl) contained 2 pl of boiled DNA template, 0.2 uM of each
primer (Supplementary Table S4), 1x GoTaq reaction buffer, 2 mM
MgCl,, 0.2 mM dNTP, and 0.25 unit/ul of GoTaq DNA polymerase
enzyme (Promega, Madison, WI). The cycling conditions were as
follows: initial denaturation at 94°C for 3 min, following 35 cycles
of 94°Cfor 45 s, 50°C for 1 min, and 72°C for 1:30 min, and the final
extension period at 72°C for 10 min. PCR fragments were separated
ina 1.5% agarose gel for 45 min at 90 V, and fragments were extracted
and purified using the DNA clean & concentrator kit (ZYMO
Research). Sequencing was performed with 5 ng/ul of each PCR
product at Quintara Biosciences (Fort Collins, CO) and analyzed
using Geneious software (version 10.0.7). Sequence identities to
the genus level were determined using BLASTn from the NCBI
database.

Genome sequencing, assembly, and data collection.
Genomic DNA for the Xanthomonas positive samples was extracted
using Easy-DNA kit (Invitrogen), and PCR amplification of the
atpD gene was carried out for further confirmation to the species
level. PCR reactions for atpD gene (40 pl) contained 25 ng/ul of
DNA template, 0.4 uM of each primer (Supplementary Table S4),
1x GoTaq reaction buffer, 1.5 mM MgCl,, 0.2 mM dNTPs, and
0.1 unit/pl of GoTaq DNA polymerase enzyme. Cycling condi-
tions were performed as described by Fargier et al. (2011).

For 24 X. vasicola pv. vasculorum strains and one X. vasicola pv.
holcicola strain from the United States, Illumina sequencing was
performed by BGI (https://www.bgi.com/) using HiSeq 4000 with
paired-end 100 bp reads. All Illumina reads were first trimmed with
Trimmomatic (PE ILLUMINACLIP:CO-2.adapters.fa LEADING:2
TRAILING:2 SLIDINGWINDOW:4:2 MINLEN:30) (Bolger
et al. 2014) and then assembled into scaffolds using SPAdes
(Bankevich et al. 2012) with default settings. For 11 Australian
X. vasicola pv. holcicola strains, sequencing was performed using
[llumina Miseq and assembled using the A5 pipeline (Coil et al.
2015).

Five strains (CO-5, XV1601, NE744, Mex-1, and ZCP611) were
sequenced using long read, single molecule real-time sequencing
(SMRT Sequel, PacBio, Menlo Park, CA). SMRT read sequences
were assembled using HGAP v4 (Chin et al. 2013). Genomes were
circularized using Circlator (Hunt et al. 2015). For XV1601,
[lumina reads were also available and were used to polish the
PacBio assembly using Canu v1.3-r7616 (Koren et al. 2017). All
generated genomes have been deposited in NCBI under BioProject
PRINA413069 (Supplementary Table S1).

We obtained all available assemblies of X. vasicola (NCBI
txid56459) and X. campestris pv. musacearum (NCBI txid454958,
here referred to as X. vasicola pv. musacearum) as of November
2018 (Supplementary Table S1). Assemblies with an Nsy of
minimum 10 kbp were kept (thus excluding X. vasicola pv.
vasculorum strains NCPPB 895 and NCPPB 890). Ten recently
published X. vasicola pv. vasculorum strains form South Africa
(named Xanthomonas vasicola pv. zeae) (Sanko et al. 2018) were
reassembled from available Illumina raw reads (Biosample
accessions SAMN10286417 to SAMN10286426) using Unicycler
v0.4.8-beta (—mode bold), which functions as a SPAdes-optimizer
(Wick et al. 2017) (Supplementary Fig. S1). The reassembled
genomes have been submitted as Third PArty (TPA) submissions
in the International Nucleotide Sequence Database Collabora-
tion (http://www.insdc.org/) (accession numbers pending) and are
available upon request.

Phylogenetic analyses. Phylogenetic trees were obtained with
various methods using whole genome data. CSI Phylogeny 1.4
(Kaas et al. 2014) (default parameters) was used to obtain trees
based on core genome single nucleotide polymorphisms (SNPs),
with X. oryzae pv. oryzae PXO99A (Fig. 1A) or X. vasicola pv.
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holcicola NCPPB 1060 (Supplementary Fig. S2A) used as
reference for SNP calling. KSNP3 (Gardner et al. 2015) was used
to obtain maximum-likelihood (ML) trees based on pan-genome
SNPs from identified k-mers (K-mer size = 21).

Multilocus sequence alignments (MLSA) neighbor-joining trees
were obtained by identifying 31 housekeeping genes using
AMPHORA v2 (Kerepesi et al. 2014), creating multiple alignments
form their concatenated sequences using MUSCLE v3.8.31 (Edgar
2004), and generating the trees using functions of the R package
phangorn (pml, optim.pml [model = “Blosum62”] and boot-
strap.pml [bs=100]) (Schliep 2011). Average nucleotide identity
(ANI) values were obtained using the ANI-matrix script from the

enveomics collection (v1.3) (Rodriguez-R and Konstantinidis
2016).

The obtained CSI phylogeny ML tree of strains with known date
of isolation (n = 92) spanning 75 years of evolution (1942 to 2017)
was used to investigate the presence of temporal signal. For this
purpose, we computed the linear regression between sample age
and root-to-tip distances at every internal node of the tree using a
custom R script sourcing the distRoot function of the adephylo R
package (Jombart et al. 2010). One internal node (the X. vasicola pv.
vasculorum United States + Argentina node) at which both the
linear regression was significant and the slope positive was assumed
to contain detectable amount of evolutionary change and was

A B 0.123 C 2500
R® = 045, p = 16805 05
8 2 o 2000 4
ig-bB
Host G myoe g 0122 s
8 W G & 1500
% gt Z
G Com § hgm 2 7%“ ”a’_
S Sugarcane gz 201214 NE- | o 1000 4
B Banana NE4 by -SA813 Al ¢
T Tlaum s 2 SA Q 500
X ks 1 ° Xvz Ag-4A
E Ensele e £ 01204 |
H  Sorghum/Holcus N1 o v \ ' :
s
0 Outgroup o 5 5 5 &
e 0.119 4 ? 8 a 3
X160t T v T T o @ ~ -
Country i 160 2000 2010 2020 substitution rate
X NE418 Sampling dates (number of subst/site/year)
Argentina G xatP
NE-1
® Australia 1 KS-444 D
NET
® Ethiopia - nom ®715
@ Kenya 8 SAMI16 9645
SAM13
® Mexico 8 Ag1A B Xv1601
N By
® New Zealand [ ] @631
G - xuzis
@ Rwanda G - xatz 9C05
South Afrca S SKS444
® Srilanka 8 = ONET44
Tanzania F ;::f; @NE-448
® Uganda e ONE-413
@ United States o @NE-4
® Zimbabwe e ONE-11
@ Outgroup o @NE-9
BCC247
Noprzzs ONES
noePez0s C Arg58
BCC2e0
socare @NES5
accast -
BCC246 va .CO 6
BoC2T4 -
§ 8Cc210 @cos
NCPPBA384 B NE-1
0.0 E ----- aeris:
a8 R juskigeeny SNE3
NCPPR4302
NCPPBA3TS WKS1
NCPPB4380
SYI03G ®IA3
1
Keryan B1A2
NCPPB1305
Ncwalagc Xy C Arg-28
e F ...... NCPPES02
S NCPRRIS C Arg-38
: : : e C Arg-68
) - DAR-82637
) - DAR-41380 € Xv2GP
............................................... oriphiid G Arg-4A
................................................ BRIP39150
OAar G Arg-1A
NCPPR24IT x
CFEPZ543 Xvh WNE-7
i) -
o C Arg-TA
.................................... NGPPBI241 - e e B Xyz09
........................................... AR 2T
DARB28TZ C
when 1979 SAM119
XL ke C SAM118
NCPPBI060
YDA C SAM113

1980 1990 2000 2010 2020

Fig. 1. Phylogeny of Xanthomonas vasicola (Xv). A, Maximum-likelihood (ML) tree based on core genome single nucleotide polymorphisms (SNPs; 51,969 total)
from 91 draft and complete X. vasicola genomes. X. oryzae strain PXO99A serves as a reference for SNP calling and as the outgroup. ML tree was built using CSI
phylogeny (Kaas et al. 2014). The three main pathovars (Xvh = X. vasicola pv. holcicola, Xvm = X. vasicola pv. musacearum, and Xvv = X. vasicola pv. vasculorum),
and a set of unassigned strains (Xv), are indicated by solid lines. Colors/shading in tree tips indicate country of isolation and tip letters indicate the plant host of the
isolate. Bar shows the tree scale. Dotted line to the out-group (PXO99A) indicates this distance was scaled down 20-fold to improve visualization. Colors in the tip
letters (black or white) are for readability and do not indicate any feature. Seventy-three percent of the nodes had support over 0.8 as calculated by CSI phylogeny and
are indicated with asterisks. Clade highlighted in a blue/gray rectangle indicates the monophyletic group at which temporal signal was detected and tip-dating
inferences performed. This clade contains all contemporary corn X. vasicola pv. vasculorum (Xvv) strains from the United States and Argentina used in this study. B,
Root-to-tip regression displaying temporal signal (accumulation of SNPs with time) within the clade highlighted in blue or gray in A. Each point represents a strain in
the clade; solid diagonal line indicates a linear regression. C, Posterior distribution of substitution rate estimations (in number of substitutions/site/year) in the
highlighted clade in A; horizontal line indicates the mean. D, Tip-dated Bayesian phylogeny of the strains in the highlighted clade in A obtained from BEAST
(Drummond and Rambaut 2007) analysis of nonrecombinant SNPs (243) in this clade. Horizontal axis shows dates in years. Estimated divergence dates for internal
nodes prior to 2014 are shown in horizontal blue/gray bars and represent 95% highest posterior density (HPD) for node ages. Asterisks indicate nodes with posterior
probabilities over 0.8.
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considered as a suitable evolutionary scale for tip-dating to be
performed.

A core SNP alignment was then made for the X. vasicola pv.
vasculorum clade containing U.S. and Argentina strains using CSI
phylogeny (Kaas et al. 2014) with the X. vasicola pv. vasculorum
CO-5 genome as a reference for SNP calling (1,204 SNPs total).
SNPs inrecombinant sites (961) were detected using ClonalFrameML
(Didelot and Wilson 2015) and excluded from the dating infer-
ences. Tip-dating inferences were performed using BEAST v1.8.4
(Drummond and Rambaut 2007). Nucleotide substitution rate was
simulated with a general time-reversible (GTR) substitution model of
evolution. Rate variation among sites was modeled with a discrete
gamma distribution with four rate categories. We assumed an
uncorrelated lognormal relaxed clock to account for rate variation
among lineages. To minimize prior assumptions about demographic
history, we adopted an extended Bayesian skyline plot approach in
order to integrate data over different coalescent histories. The tree
was calibrated using tip-dates only. To do so, we applied flat priors
(i.e., uniform distributions) for the substitution rate (1 x 10-12to 1 x
10-2 substitutions/site/year) as well as for the age of any internal
node in the tree. We ran five independent chains in which samples
were drawn every 5,000 Markov chain Monte Carlo steps from a
total of 50,000,000 steps, after a discarded burn-in of 5,000,000
steps. Convergence to the stationary distribution and sufficient
sampling and mixing were checked by inspection of posterior
samples (effective sample size >200). Parameter estimation was
based on the samples combined from the different chains. The best-
supported tree was estimated from the combined samples using the
maximum clade credibility method implemented in Tree Annotator
(Drummond and Rambaut 2007).

An SNP tree was also created using only the Cluster E/Prophage
region of X. vasicola pv. vasculorum CO-5 as reference, using CSI
phylogeny (Kaas et al. 2014) (all filters disabled, 884 SNPs total).
This tree and SNP alignment was used to define types of the
prophage region. Four types were defined by applying the cutree
function in R (h = 1.5).

Genome annotation and ortholog identification. All
assemblies were automatically annotated using Prokka v1.14-dev
(-rfam) (Seemann 2014). Ortholog groups from Prokka-annotated
proteins were identified using OrthoFinder v. 2.2.6 (—M dendro-
blast, —S blast) (Emms and Kelly 2015) and Pan-X (default
parameters) (Ding et al. 2018). Similar ortholog gene groups with
similar distribution were found with both strategies (Pan-X = 6,155
groups and 2,163 unassigned genes, OrthoFinder = 6,084 groups
and 1,896 unassigned genes). OrthoFinder results were kept for
further analyses. These results were explored using an UpSet plot,
finding 3,616 genes were present in all the X. vasicola groups and 44
genes are found exclusively in corn X. vasicola pv. vasculorum
(Supplementary Fig. S4). Nineteen genes were shared exclusively
between U.S. and Argentinian strains, while two and eight genes
were found uniquely in U.S. and Argentinian strains, respectively
(Supplementary Fig. S4).

Identification of enriched regions. Sixty-four orthologs
were shared between X. vasicola pv. holcicola and U.S. and
Argentina X. vasicola pv. vasculorum (Supplementary Fig. S4) but
not South African X. vasicola pv. vasculorum, indicating that genes
may be associated with the U.S. and Argentina X. vasicola pv.
vasculorum population without being exclusive to it. To uncover
such enriched genes, a hypergeometric test was designed and
applied to each ortholog gene group identified with OrthoFinder to
look for over- or underrepresented genes in corn U.S. and Argentina
X. vasicola pv. vasculorum strains. The test was applied using the
function phyper (q, m, n, k, log.p = FALSE) in R, where for each
ortholog: q = United States + Argentina X. vasicola pv. vasculorum
strains that contain the gene, m = total number of United States +
Argentina X. vasicola pv. vasculorum strains, n = number of strains
in the comparison group, and k =total strains that contain the gene in
both groups.
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The test was applied for each gene in both directions for
overrepresentation and underrepresentation (phyper parameters q =
q — 1 + lower.tail = FALSE, and lower.tail = TRUE, respectively),
and the lowest P value of the two tests was chosen (if the lowest
P value was for the underrepresentation test, it was multiplied by —1
to differentiate them). The test was applied 100 times for each gene,
each time changing the comparison group by randomly selecting a
group of strains from the comparison groups of a random size
between 10 and 62 (total X. vasicola strains that are not X. vasicola
pv. vasculorum from the United States or Argentina). The average P
value of the 100 tests was taken for each gene, and a correction for
multiple testing (p.adjust function in R, method BH [Benjamini and
Hochberg 1995]) was applied to the P values obtained for all genes.
Genes with an absolute adjusted P < 0.01 were considered as
enriched in the U.S. and Argentina X. vasicola pv. vasculorum.

The pan-genome-wide association studies (pan-GWAS) strat-
egy Scoary (Brynildsrud et al. 2016) was also used (default
parameters, with no input tree) to determine enrichment of genes
in the U.S. and Argentina X. vasicola pv. vasculorum strains; for
this, the program was run using a matrix of counts for ortholog
groups in each genome obtained with OrthoFinder (Emms and
Kelly 2015) and using the classification of X. vasicola pv.
vasculorum United States + Argentina versus other as the trait
of interest. Genes determined as enriched in X. vasicola pv.
vasculorum United States + Argentina with an adjusted P < 0.01
(Bonferroni P) were kept for analysis.

The position of the selected genes in the genome of the strain
CO-5 was then used to establish clusters. Groups of more than 10
overrepresented genes found less than 5 kb from each other were
considered a cluster and assigned a letter (A to E) according to their
distance to the replication origin, using the dnaA gene as reference
inits 5' to 3’ orientation in the plus strand.

Annotation of genomic regions. Protein sequences of the
X. vasicola pv. vasculorum CO-5 strain were further annotated
using Blast2GO v5.2.5 (Conesa et al. 2005) by combining hits
against the NCBI nr-protein database (BLAST-p fast, e-value 0.01,
number of hits 10), InterPro, Gene Ontology (GOs)terms, and
KEGG enzyme codes (default parameters). Enrichment of GO
terms was assessed for the different groups using a hyper-geometric
test as implemented in the GoFuncR package (Grote 2018).

Genomic islands were predicted using the IslandViewer 4 suite,
which compiles parametric and phylogenetic methods for genomic
island prediction (Bertelli et al. 2017). Insertion sequences were
identified using ISEScan (v1.6) (default parameters) (Xie and Tang
2017). Possible prophages were identified using PHASTER (Arndt
et al. 2016). Novel type III (T3) secreted proteins were predicted
using EffectiveDB (default parameters + plant model for Predotar).
This suite allows identification of putative T3Es based on prediction
of secretion signals, T3 chaperone binding domains, eukaryotic-
like domains, and eukaryotic subcellular localization (Eichinger
et al. 2016), and results were filtered to keep proteins with an
EffectiveT3 (signal peptide) of minimum 0.9999, plus any
additional predictions with other methods. In order to be able to
accurately correlate the genomic position of clusters and annota-
tions, and because IslandViewer 4 (Xie and Tang 2017) and
PHASTER (Arndt et al. 2016) are better suited for complete
genomes, these analyses were made using Prokka-annotated files
only for strains with complete genomes.

Known T3 effectors were identified by BLASTp (v. 2.6.0+,
results were filtered keeping hits with e-value of <0.0001, >30%
identity in >40% the query length) (Altschul et al. 1997) of
consensus effectors sequences obtained from http://xanthomonas.
org/ against the protein sequences of X. vasicola strains obtained
using Prokka.

Kaiju (-r species -1 super kingdom, family, genus, species)
(Menzel et al. 2016) was used to annotate possible taxonomic origin
of cluster genes using the CO-5 sequences against the progenomes
database (Mende et al. 2017).
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Visualization and other analyses. Most figures were generated
using R (R Core Team 2013). Phylogenetic trees and multiple
sequence alignments were visualized using the ggtree package (Yu
et al. 2017). Linear genomic region visualizations were generated
using ggbio (Yin et al. 2012). Genomic maps and synteny
visualizations were generated with genoPlotR (Guy et al. 2010).
Heatmaps were generated using pheatmap (Kolde and Kolde 2015).
Upset plot was generated using UpsetR (Conway et al. 2017).
Taxonomy treemap visualizations were made with treemap
(Tennekes and Ellis 2017). Comparisons of genomic regions and
definitions of clusters were made using GenomicRanges (Lawrence
et al. 2013). Genomic alignments were visualized using Mauve v.
Jan-19-2018 (Darling et al. 2004).

RESULTS

X. vasicola pv. vasculorum strains from the United States
and Argentina are closely related and arose from two
introduction events. Draft genome assemblies were generated
using short-read sequencing (Illumina Miseq) for X. vasicola pv.
vasculorum strains isolated from corn between 2016 and 2017 in the
states of Colorado, Iowa, Kansas, and Nebraska in the United States
(15 strains) and in the states of Cordoba, Santa Fe, and San Luis in
Argentina (7 strains). Draft genomes were also generated for
available X. vasicola pv. vasculorum isolates from South Africa (2
strains from corn) and for X. vasicola pv. holcicola isolates from the
United States (1 strain, from sorghum) and Australia (8 strains from
sorghum, 3 from corn). The draft genomes were composed of 158
to 827 contigs (average 243 contigs), had average Ns, values of
120 kb, and had estimated completeness over 96% (Supplementary
Table S1).

Fully assembled genomes were generated using long read
sequencing (Pacbio Sequel) for three U.S. X. vasicola pv. vasculorum
isolates recovered from corn, one sugarcane X. vasicola pv.
vasculorum isolate from Zimbabwe, and one sorghum X. vasicola
pv. holcicola isolate from Mexico. With the exception of the
sugarcane strain (ZCP611), these genomes were each assembled to a
single chromosome ~4.9 Mbp in size. Strain ZCP611 contained a
~4.0 Mb chromosome and a 76.6 kb contig corresponding to a
possible plasmid, as determined by mlplasmids (Arredondo-Alonso
et al. 2018). This dataset represents a total of 41 new X. vasicola
genomes (Supplementary Table S1).

All other available X. vasicola genomes were obtained from
the NCBI for comparative analyses. For 10 recently published
X. vasicola pv. vasculorum strains from South Africa (Sanko et al.
2018), the available assemblies ranged in size from 3.8 to 4.5 Mbp,
significantly less than the average size for other X. vasicola
genomes (~4.9 Mbp), and alignments to reference genomes
revealed large fragments missing from the assemblies (Supple-
mentary Fig. S1). These genomes were thus reassembled from
available Illumina raw reads (Biosample accessions SAMN10286417
to SAMN10286426). The new assemblies had expected sizes and were
not missing large regions and were thus kept for analysis in this work
(Supplementary Fig. S1).

An ML phylogeny was built using core genome SNPs (Kaas et al.
2014), identified in the newly sequenced genomes as well as all
available X. vasicola genomes, adding X. oryzae pv. oryzae strain
PXO0O99A as an outgroup (92 genomes in total, 51,969 SNPs)
(Supplementary Table S1). The tree reveals division of the three
described pathovars in the species: holcicola, musacearum, and
vasculorum in three distinct clades. An additional clade consists
of the genomes of strains isolated from Tripsacum laxum, not
associated yet to any described pathovar since pathogenicity
characterization has not been performed (Studholme et al. 2020);
these strains are referred to here as X. vasicola (Fig. 1A). Most
X. vasicola pv. vasculorum strains from corn formed a closely
related group separate from strains isolated from sugarcane, with
the exception of strain NCPPB 206, a weakly virulent isolate from

South Africa collected in 1948 (Dyer 1949; Lang et al. 2017). The
tree showed that all X. vasicola pv. vasculorum strains from the
United States and Argentina form a single clade along with five
X. vasicola pv. vasculorum strains from South Africa (Fig. 1A).
Similar groupings were seen in phylogenetic trees based on only
X. vasicola SNPs (excluding X. oryzae PXO99A), pan-genome
SNPs, MLSA (Supplementary Fig. S2), and average nucleotide
identity (Supplementary Fig. S3), one difference being that in the
MLSA tree, X. vasicola pv. musacearum strains grouped together
with sugarcane X. vasicola pv. vasculorum strains and the corn
X. vasicola pv. vasculorum strain NCPPB 206, suggesting possible
recombination between these X. vasicola pv. vasculorum strains and
X. vasicola pv. musacearum (Supplementary Fig. S2).

The core SNP ML phylogeny was used to investigate the
temporal evolution of the X. vasicola species. Sufficient temporal
signal (i.e., detectable amount of evolutionary change) was found
only at the scale of the clade containing all contemporary U.S. and
Argentinian X. vasicola pv. vasculorum strains (Fig. 1B). Multiple
factors can contribute to the lack of significant temporal signal in
the other clades, including overall genetic structure, a limited set of
samples, and the short-span between the collection dates and the
most recent common ancestor in each clade (Murray et al. 2016;
Vanhove et al. 2019). Core nonrecombining SNPs were then
identified in the clade containing the X. vasicola pv. vasculorum
strains from the United States and Argentina (34 genomes, 243
SNPs). Performing tip-dating inference using BEAST (Drummond
and Rambaut 2007) at this evolutionary scale allowed inference of a
substitution rate of 3.17 x 107 per site per year (95% confidence
interval [CI], 2.22 x 107 to 4.22 x 10-7), as well as the age of every
internal node in the tree (Fig. 1C). Given a likely South African
origin for these strains, the resulting dated tree reveals two
possible introduction events of corn X. vasicola pv. vasculorum
strains to North and South America, one around 1997 to 1998,
from which strains Arg-1A, Arg-4-A, Arg-7-A, and NE-7
originate, and one event around 2001 to 2010 involving all other
Argentinian and U.S. X. vasicola pv. vasculorum strains (Fig. 1D).
For the clade corresponding to the second event, Argentinian
strains Arg-2B, Arg-6B, and Arg3-B are found at the root of the
clade suggesting the introduction took place first in South
America, at least for this event.

Overall, U.S. and Argentinian X. vasicola pv. vasculorum strains
were not separated into two different clades in the dated tree. A
possible explanation is that after the introduction of X. vasicola pv.
vasculorum to North and South America, the population went
through a bottleneck resulting in reduced genetic diversity,
additionally the X. vasicola pv. vasculorum populations in these
two countries may have not been geographically isolated long
enough to diverge, or continuous genetic exchanges between them
may have occurred. More detailed population genetics analyses,
using extensive and randomized sampling, are needed to understand
the population dynamics of X. vasicola pv. vasculorum.

X. vasicola pv. vasculorum genomes from the United
States and Argentina contain clusters of genes often absent
in other X. vasicola genomes. We annotated all coding
regions and found groups of orthologous genes across all analyzed
genomes. Overall, 3,616 genes were presentin all X. vasicola and 19
genes were found exclusively in X. vasicola pv. vasculorum from
both the United States and Argentina (Supplementary Fig. S4).

To further uncover genes associated with the U.S. and Argentina
X. vasicola pv. vasculorum population, we calculated statistical
enrichment of genes in the U.S. and Argentina strains compared
with all other X. vasicola genomes. For this, we performed a hyper-
geometric test for each ortholog group. In this test, we compared the
presence and copy number of each gene in the X. vasicola pv.
vasculorum genomes from the United States and Argentina against
sets of other randomly selected X. vasicola genomes. In total, the
test identified 335 total enriched genes (Supplementary Table S2).
We also used the pan-GWAS strategy Scoary (Brynildsrud et al.

Vol. 110, No. 6, 2020 1165



2016), which uncovered 399 enriched genes when comparing U.S.
and Argentina strains to other X. vasicola genomes (Supplementary
Table S2). The 330 genes common to both strategies were kept for
further analyses, and out of these, 281 were overrepresented in
X. vasicola pv. vasculorum from the United States and Argentina,
while 49 were underrepresented (Supplementary Table S2). The
overrepresented genes were enriched in annotations related to
nucleic acid binding activity and involvement in DNA metabolism,
recombination, and transposition (Supplementary Fig. S5), while
no annotations were enriched in the underrepresented genes.

In the reference genome X. vasicola pv. vasculorum CO-5, multiple
enriched genes clustered together (Supplementary Fig. S6). Five
clusters (named A to E) contained 138 of the overrepresented genes,
with two large clusters containing 41 (Cluster C) and 57 (Cluster E)
genes, respectively (Fig. 2).

Genes from Clusters A to D were found in all the U.S. and
Argentina X. vasicola pv. vasculorum strains and other corn
X. vasicola pv. vasculorum, but less frequent in the other pathovars
(Fig. 2). We hypothesize that these clusters could contain genes
associated with differentiation of the X. vasicola pv. vasculorum
pathovar. Meanwhile, Cluster E is found in the X. vasicola pv.
vasculorum from the United States and Argentina and mostly absent
in X. vasicola pv. vasculorum strains from South Africa. We propose
Cluster E may be closely linked to adaptation of this population. Most
of the genes in Cluster E are also found in all X. vasicola pv. holcicola
strains, and one contemporary X. vasicola pv. holcicola strain from
the United States (Xvh-L) contains all five clusters, indicating
possible genomic exchanges between X. vasicola pv. holcicola and
X. vasicola pv. vasculorum (Fig. 2).

Clusters of genes in X. vasicola pv. vasculorum are horizontally
transferred genomic islands. The gene clusters were defined based
on their genomic position in the X. vasicola pv. vasculorum strain
CO-5. We then compared their organization and genomic features
in a set of other seven complete X. vasicola genomes. When present,
these genes were also clustered in all the examined strains and were
found in similar genomic locations (Figs. 3 and 4).

All of the identified clusters were predicted to be in genomic
islands, using the IslandViewer4suite (Bertelli et al. 2017), this
suggested that the clusters were acquired by horizontal transfer
(Fig. 3). Clusters C and D contained multiple insertion sequences
(Fig. 3), possibly related to their mobility, and Cluster C was
particularly enriched in insertion sequences and transposition-
associated genes (Fig. 3 and Supplementary Fig. S5).

To assess a possible association between these clusters and
pathogenicity, we did a BLAST search (Altschul et al. 1997) of the
gene sequences against a set of all described Xanthomonas T3
effectors (http://xanthomonas.org/t3e.html). None of the genes in
the clusters, nor any of the over- or underrepresented genes,
matched against known Xanthomonas T3 effectors. Furthermore,
no specific association was found between effector presence/
absence and U.S. X. vasicola pv. vasculorum or corn X. vasicola pv.
vasculorum, in general, with the possible exception of XopGl1, an
M27 zinc protease (White et al. 2009), which is absent in most
X. vasicola pv. vasculorum strains and present in other X. vasicola
pathovars (Supplementary Fig. S7).

We then predicted ~450 putative novel T3-secreted proteins in
each genome having, at minimum, a predicted N-terminal signal
peptide as determined by EffectiveT3 from the suite EffectiveDB
(Eichinger et al. 2016) (Fig. 3). These predictions represent
approximately 10% of the annotated genes in each genomes and
likely include many false positives. Some predicted T3-secreted
proteins were found encoded by genes in the clusters, including nine
genes in Cluster E, annotated as producing various hypothetical
proteins, an HTH (helix-turn-helix) transcriptional regulator, and
two methyltransferases (Fig. 4, Supplementary Table S3). These
hypothetical T3-secreted proteins may be the result of over-
prediction but may also represent potential candidates for virulence
determinants for these strains and should be tested experimentally.
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Since these clusters are likely to have been horizontally transferred,
we attempted to find the taxonomic origin of the transfer by using the
meta-genomics annotation strategy Kaiju (Menzel et al. 2016) to find
the closest match for each gene from the CO-5 strains in the
progenomes database (Mende et al. 2017), a database of represen-
tative microbial genomes that does not include X. vasicola pv.
vasculorum or X. vasicola pv. holcicola. As a whole, over 82.7% of
the CO-5 genes were effectively assigned to Xanthomonas sp., with
most genes assigned to X. vasicola pv. musacearum (X. campestris in
the progenomes database) (Supplementary Fig. S8). In contrast, the
gene clusters contained sequences from different taxonomic groups.
In Cluster A, 41.7% of the genes were assigned to Pantoea ananatis
(Supplementary Fig. S8), which is frequently isolated along with
X. vasicola pv. vasculorum from lesions on corn (Lang et al. 2017;
Coutinho et al. 2015). All other clusters contained a large percentage
of genes assigned to Xanthomonas (38.9 to 63.6%), but other taxa
were also found. In Cluster C, for instance, 40% of the genes were
assigned to taxa other than Xanthomonas including Sphingobium,
Achromobacter, Methylomonas, and Cupriavidus (Supplementary
Fig. S8).

Curiously, Clusters B and E contained genes that matched
phages in the families Inoviridiae (16.7%) and Caudoviridae (7%),
respectively (Supplementary Fig. S8). Both clusters were not
associated to insertion sequences (Fig. 3) so their acquisition could
have been mediated by phage transmission. And Cluster E was also
enriched in GO terms associated to viral life cycles (Supplementary
Fig. S5).

X. vasicola pv. vasculorum from the United States and
Argentina contain a prophage region shared by X. vasicola
pVv- holcicola strains. The finding of phage-related sequences
prompted us to scan the genomes for additional phage sequences
using PHASTER (Arndt et al. 2016). Cluster B was identified as an
incomplete or questionable prophage. And Cluster E corresponded
to an intact prophage of ~45 kb that encoded multiple phage-related
proteins (Figs. 4 and 5A). Many of the proteins encoded in the
Cluster E prophage had similarities to proteins from the Xanthomo-
nas-infecting phages Cpl, Cp2, Xpl5, as well as phages infecting
other bacteria (Fig. 5A). In all complete genomes analyzed, when
present, the prophage is inserted in the same genomic location: on the
5" end of the highly conserved tRNA-dihydrouridine synthase A
(dusA) gene (Farrugia et al. 2015) (Fig. 4).

The Cluster E prophage genes were found in all U.S. and
Argentinian corn X. vasicola pv. vasculorum, one contemporary
South African strain (Xvz45), and all X. vasicola pv. holcicola
isolates, while being absent in X. vasicola pv. musacearum,
X. vasicola, and most South African X. vasicola pv. vasculorum
(Fig. 2). The Cluster E prophage is also absent from a recently
reclassified genome of a strain isolated from Areca nut that is
closely related to X. vasicola pv. vasculorum, which was not
included in our analyses (Bradbury 1986; Studholme et al. 2020).

To understand the evolutionary history of the Cluster E prophage,
we identified SNPs in this region across all the genomes that
contained it (878 SNPs) and created a phylogeny, which enabled
identification of four major types (Fig. 5B). Type 4, found only in
the X. vasicola pv. holcicola strain NCPPB 1060 (isolated in 1961 in
Ethiopia), was highly divergent from the other types. Types 1 to 3
were found in strains collected in South Africa, Oceania, and North
and South America from 1942 to 2017, and contained only 216
SNPs between them, suggesting conservation of this region (Fig.
5B). All four types were found in X. vasicola pv. holcicola strains,
with no clear relation between prophage types and the location or
year of isolation of the strain. Corn X. vasicola pv. vasculorum
strains contained either type 2, found in strains Xvz45, Arg-7A, and
NE-7, or type 1, found in all other X. vasicola pv. vasculorum strains
in the United States and Argentina (Fig. 5B and C).

Multiple scenarios could explain the distribution of the prophage
and its types in X. vasicola pv. vasculorum: (i) the prophage existed
in the common ancestor of all ancestral X. vasicola strains and then


http://xanthomonas.org/t3e.html

was lost in multiple clades while remaining in X. vasicola pv. this region conferred a disadvantage that was selected against in
holcicola and certain X. vasicola pv. vasculorum. This scenario some clades (Ramisetty and Sudhakari 2019) (Fig. 5C). (ii) The
would require multiple losses across the phylogeny (at least nine). prophage was acquired in a common ancestor for all X. vasicola pv.
These multiple losses can occur if for example transitions between holcicola strains, and more recently, types 1 and 2 were horizontally
lysogenic and lytic cycles were common for this prophage and/orif ~ transferred to ancestors of U.S. and Argentina X. vasicola pv.
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Fig. 2. Clusters of overrepresented genes in Xanthomonas vasicola pv. vasculorum strains from the United States and Argentina. Enriched genes were identified in
X. vasicola pv. vasculorum strains from the United States and Argentina when compared with other X. vasicola strains using both a hypergeometric test and the
pan-genome-wide association studies (pan-GWAS) strategy Scoary. A total of 138 of these genes grouped into five clusters according to their genomic location in
the genome of the U.S. strain X. vasicola pv. vasculorum CO-5. Clusters were defined as a group of at least 10 enriched genes, with P values for both tests of <0.01,
found at a maximum distance of 5 kb from each other. The heatmaps show the distribution of orthologs of genes of the five CO-5 clusters across the X. vasicola
phylogeny, each cluster indicated by shaded bars on top of the heatmap. Light gray indicates an ortholog is absent from the respective genomes. While the dark
gray to black scale indicates genes that are present in the genomes and their adjusted P value indicating their association to the X. vasicola pv. vasculorum U.S. and
Argentina population, as determined by the hypergeometric test. Columns in the heatmap are ordered according to the genomic position of each gene in the X.
vasicola pv. vasculorum CO-5 genome, with positions indicated in million base pairs (M) below the heatmaps. Genes may not be in the same order in other
genomes. Five genes flanking each cluster on both sides in the X. vasicola pv. vasculorum CO-5 genomes are also shown for comparison. Shaded bars at the left of
the heatmap indicate the group (host or country of isolation for X. vasicola pv. vasculorum, pathovar for others) of the strain. The cladogram to the left corresponds
to core single nucleotide polymorphism phylogenies in Figure 1D and Supplementary Fig. S1.
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vasculorum and the South African strain Xvz45. This scenario
would require at least four horizontal gene transfer events (Fig. 5C).
Horizontal gene transfer of the prophage from the X. vasicola pv.
vasculorum clade to all X. vasicola pv. holcicola is also possible but
less likely in this scenario given the temporal distribution of the
strains (Fig. 5C). (iii) The prophage region was independently
acquired in X. vasicola pv. vasculorum and X. vasicola pv. holcicola
from viruses infecting these pathovars, with possibly four
acquisition events occurring in X. vasicola pv. vasculorum to
account for the presence of prophage types 1 and 2. There is
however not enough information as to the viral origin of this region
or its subsequent distribution (Fig. 5C).

We believe the complex distribution of the prophage types,
mainly the fact that similar types are found in phylogenetically
distant strains, favors scenario 2 (horizontal gene transfer) as the
simpler explanation. Horizontal gene transfer events can occur
between these pathovars as shown by the presence of multiple
X. vasicola pv. vasculorum regions in the X. vasicola pv. holcicola
strain Xvh-L (Fig. 2) and considering that X. vasicola pv. holcicola
has been occasionally isolated from corn (Moffett 1983; Péros et al.
1994). We cannot however dismiss that the other scenarios presented,
or a combination of them, may have occurred. The neighboring

region of the prophage is highly conserved and prevents us from
further discriminating between the possible scenarios.

Overall, our results identified genomic regions associated with
X. vasicola pv. vasculorum infecting corn, and a prophage region
enriched in the emerging X. vasicola pv. vasculorum population in
North and South America that might have been transferred from
X. vasicola pv. holcicola. Whether the acquisition of these regions
played any role in the recent spread of X. vasicola pv. vasculorum in
the United States and Argentina is intriguing and will be the
explored in future work.

DISCUSSION

We showed that the emerging populations of X. vasicola pv.
vasculorum infecting corn in Argentina and the United States are
genetically related, and we highlighted genomic regions enriched in
these populations. In phylogenetic analyses, there was no distinct
separation between Argentinian and U.S. strains, suggesting
X. vasicola pv. vasculorum strains from these countries may be the
result of a genetic bottleneck, have not significantly diverged
since their introduction, and/or genetic exchanges have continu-
ously existed between them. Tip-dating analyses revealed two
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Fig. 3. Genomic features associated with Xanthomonas vasicola pv. vasculorum clusters in complete X. vasicola genomes. Linear representation of eight complete
X. vasicola genomes with annotated regions of interest. Genomic scale in million base pairs (M) is shown at the bottom of the figure. For each genome, horizontal
bars represent the following from top to bottom. (i) Presence of annotated genes in each genome strand (+ and —) are shown in beige or light gray. Clusters of genes
identified as overrepresented in X. vasicola pv. vasculorum from the United States and Argentina, and their orthologs, are shown in colors or shades of gray. (ii)
Predicted Genomic Islands using three methods integrated in Island Viewer are shown in red/gray: SIGI-HMM is based on sequence composition, IslandPath-
DIMOB is based on dinucleotide bias and presence of mobility genes, and IslandPick is based on phylogenetic comparisons (Bertelli et al. 2017), and multiple
predictions for same region are shown overlapped. (iii) Prophage regions as identified by PHASTER (Arndt et al. 2016) and classified as intact or incomplete/
questionable. (iv) Genes predicted to encode type 3 secreted proteins, having a significant prediction score with EffectiveT3 from the EffectiveDB suite (Eichinger
et al. 2016) are shown in green/light gray. (v) Insertion sequence (IS) elements as identified using ISEScan (Xie and Tang 2017) are shown in black.
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possible introduction events of corn X. vasicola pv. vasculorum
strains to North and South America, one around 1997 to 1998 and
one around 2001 to 2010, both events years before the detection of
the epidemic (Korus et al. 2017; Plazas et al. 2017). The clade
corresponding to the 2001 to 2010 introduction contains most of the
sampled strains and has Argentinian strains at its root, suggesting
this introduction occurred first in South America. It is harder to
determine whether this is also the case for the 1997 to 1998
introduction since only one of the sampled U.S. strains falls within
this clade.

The rapid spread of the disease in the United States and the
possible ongoing genetic exchange between X. vasicola pv.
vasculorum populations in these distant countries may have been
facilitated by human activity. Corn breeders in the United States
accelerate product development by maintaining year-long opera-
tions and have increasingly adopted the practice of using winter
nurseries for breeding and seed production (Brewbaker 2003;
Butruille et al. 2015); many of these winter nurseries are located in
the southern hemisphere, including South America (Butruille et al.
2015; Zaworski 2016). Additionally, corn production and export in
South America has experienced considerable growth in the last
decades (Meade et al. 2016). Although it is still unknown whether
X. vasicola pv. vasculorum is transmitted by seeds, current practices
likely allow enough exchange of contaminated material such that
an adapted population can spread quickly between continents.

A common pathway that could lead to phytopathogenic bacteria
epidemics is the introduction of exotic genotypes into environments
that are favorable for the spread of the bacteria in the plant community,
due to the availability of, for example, plant species susceptible to the
infection (Almeida and Nunney 2015). It is possible that this is the case
for the recent X. vasicola pv. vasculorum spread and that differences in
the cultivated varieties or agricultural practices in the United States and
Argentina compared with South Africa are enough to explain the
epidemic. However, outbreaks of plant pathogens have also often been
associated with the acquisition, particularly through recombination or
horizontal gene transfer, of pathogenicity determinants that can confer
an advantage to an emerging population (Monteil et al. 2016; Vinatzer
et al. 2014). In Xanthomonas species, aggressiveness or virulence of
emerging populations has been shown to be related to such genetic
changes (Saux et al. 2015; Vera Cruz et al. 2000).

It is unknown whether the fast-spreading X. vasicola pv.
vasculorum from the United States and Argentina have any
phenotypical differences to South African strains in terms of plant
colonization. Initial experiments showed no difference in symp-
toms in corn (hybrid DKC 61-88) between a contemporary U.S.
strain (NE-744), a South African strain (SAM119), and four
X. vasicola pv. holcicola strains (Lang et al. 2017). These tests were
limited to a few strains in only one genetic background of maize.
Further experiments are needed comparing multiple strains and
using an expanded panel of corn varieties, including varieties grown
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in the three continents where X. vasicola pv. vasculorum is present.
Such experiments are hindered, however, because no contemporary
collection of South African strains of X. vasicola pv. vasculorum
is available. If found, phenotypical differences between these
X. vasicola pv. vasculorum populations could suggest a process
of niche adaptation upon their introduction to North and South
America, such adaptation can be mediated by adaptive horizontal
gene transfers as the ones hypothesized here (Wiedenbeck and
Cohan 2011). Future work should also consider how other, if any,
population and evolutionary processes (such as mutation and
recombination rates) were altered in X. vasicola pv. vasculorum
during niche adaptation (Sheppard et al. 2018).

We identified five clusters of genes that were overrepresented in
X. vasicola pv. vasculorum strains from the United States and
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Argentina. These gene clusters overlapped with predicted genomic
island regions, consistent with acquisition through horizontal
gene transfer. Several clusters may represent important genomic
acquisitions, if not for the current emerging population, for corn
X. vasicola pv. vasculorum strains overall. Cluster C, for instance,
consists of ~44 genes found in all contemporary corn X. vasicola
pVv. vasculorum strains and some X. vasicola pv. holcicola strains.
This cluster is enriched in sequences associated with mobility,
including insertion sequences, genes coding transposases, and
various DNA binding proteins, and it contains five genes coding
predicted T3 secreted proteins (Fig. 4). Taxonomic analyses
revealed that a large percentage of genes in this cluster match
other taxa including Pseudomonas, Sphingobium, and various
Burkholderiales.
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For each gene, the top hit against known genes in the Virus and Prophage database of PHASTER (Arndt et al. 2016) is shown. Genes with no annotation had no
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were identified in the prophage/Cluster E region using the X. vasicola pv. vasculorum CO-5 genome as reference, excluding indels. The tree to the left is a
cladogram based on a maximum-likelihood tree produced by CSI phylogeny using these SNPs (Kaas et al. 2014). Tip colors indicate the pathovar of each genome
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on the core SNP phylogenies in Figure 1. Tip points represent the geographic origin of each strain. Heatmaps to the right show for each genome, respectively, the
year of isolation, the number of genes in the genome that are orthologs of Cluster E genes, and the prophage type found in the genome as defined in C. From left to
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types 1 or 2. (iii) A scenario where the prophage independently integrated upon viral infection in the genomes of ancestors of the different clades that contain it;
different integration events are shown for the types 1 and 2 in X. vasicola pv. vasculorum.
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Cluster A contained eight genes found in P. ananatis, including
genes involved in replication (replication proteins A and C) and
conjugation (P-type conjugative transfer proteins). P. ananatis is the
causal agent of brown stalk rot of corn (Goszczynska et al. 2007),
but it is also a versatile organism able to infect monocotyledonous
and dicotyledonous hosts, and a common epiphyte and endophyte
(Coutinho and Venter 2009). In corn, P. ananatis has also been
reported to cause necrotic spots and streaks, and it has been shown to
be the dominant bacteria with ice nucleation activity in corn leaves
while causing frost injuries in several other plant species (Coutinho
and Venter 2009). P. ananatis was documented in association with
X.vasicolapv. vasculorum on Eucalyptus in South Africa (Coutinho
et al. 2015) and with X. vasicola pv. vasculorum BLS symptomatic
corn in the United States (Lang et al. 2017). However, Pantoea
strains that were isolated along with X. vasicola pv. vasculorum,
when inoculated alone, were unable to cause disease in corn (Lang
et al. 2017), and brown stalk rot symptoms have not been reported
on plants infected with X. vasicola pv. vasculorum. The relationship
between X. vasicola pv. vasculorum and P. ananatis is likely
complex, and it is intriguing what role, if any, the genes X. vasicola
pv. vasculorum acquired from its partner play in their interaction, or
in the interaction of these bacteria with their host.

We focused on Cluster E because, among X. vasicola pv.
vasculorum, this cluster is enriched in the Argentina and U.S.
X. vasicola pv. vasculorum populations, and its acquisition may be
related to their emergence. However, it is also possible that the
prophage exists in the South African X. vasicola pv. vasculorum
population in a higher proportion than reflected in the publicly
available genomes, and that the association of this region with the
North and South American population is incidental. As in, the U.S.
and Argentina populations are the result of a bottleneck effect where
they are descendants from yet unsampled South African strains
containing the prophage (both type 1 and 2). Further sampling and
sequencing of contemporary strains is needed to address this
possibility.

Prophages are temperate (noninfective or nonlytic) viruses that
are integrated into bacterial genomes and can play an important role
in bacterial genome evolution (Varani et al. 2013). The prophage
region in Cluster E was shared by X. vasicola pv. holcicola and U.S.
and Argentinian X. vasicola pv. vasculorum, and contained genes
resembling elements of Xanthomonas-infecting bacteriophages
CP1, CP2, and Xp15, although there is no complete homology to
any identified bacteriophages. From its insertion site in X. vasicola
pv. holcicola and X. vasicola pv. vasculorum genomes, the Cluster E
prophage seems to be part of a wide class of genomic islands
characterized by their insertion in the 5" end of the dusA gene,
mediated by specific tyrosine recombinases known as dusA-
associated integrases found in alpha, beta, and gammaproteobac-
teria (Farrugia et al. 2015), a homolog of this type of integrase is
found and highly conserved in the Cluster E prophage (Fig. 4).
These genomic islands seem to be highly mobile and capable of
excision as a circularized intermediate (Farrugia et al. 2015). This
could explain both frequent losses and acquisitions through the
X. vasicola phylogeny.

Prophages are important vehicles for horizontal gene transfer,
they can promote recombination and rearrangements in the bacterial
genome, and they often carry additional nonessential cargo genes
(morons) that may confer new phenotypic properties to the bacteria
(Briissow et al. 2004; Varani et al. 2013). Prophages can carry
virulence factors or factors that enhance bacterial fitness (Briissow
et al. 2004; Figueroa-Bossi et al. 2001), although reduction of
virulence has also been reported (Ahmad et al. 2014). Prophages
harboring elements conferring virulence activity were found in
different plant pathogenic bacteria including Xylella sp. (Varani
et al. 2008) and ‘Candidatus Liberibacter asiaticus’ (Jain et al.
2015).In X. arboricola, strains pathogenic on walnut carry a higher
number (and also a different repertoire) of prophages than non-
pathogenic strains (Cesbron et al. 2015).

The Cluster E prophage contains various genes coding nonphage
related hypothetical proteins with unknown function, as well as
proteins predicted to be T3-secreted, peptidases, and transcription
factors. Many of these genes were highly conserved between
geographically and temporarily distant X. vasicola pv. holcicola
and X. vasicola pv. vasculorum strains, suggesting this region is not
subject to prophage decay and may confer some advantage to the
bacteria (Briussow et al. 2004). Further characterization of these
genes, as well as of other overrepresented X. vasicola pv. vasculorum
genes that were not assigned to clusters, is needed to establish a
possible role in virulence.

We used comparative genomics to generate hypotheses about the
origin of an epidemic and the genetic mechanisms associated with
pathogen population spread. Based on our findings, we identify
candidate genetic factors that will be the subject of future work to
understand the lifestyle and evolution of X. vasicola pv. vasculorum
and related bacteria.
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