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Abstract

Background: The genetic diversity in Australian populations of Xanthomonas species associated with bacterial leaf
spot in tomato, capsicum and chilli were compared to worldwide bacterial populations. The aim of this study was
to confirm the identities of these Australian Xanthomonas species and classify them in comparison to overseas
isolates. Analysis of whole genome sequence allows for the investigation of bacterial population structure,
pathogenicity and gene exchange, resulting in better management strategies and biosecurity.

Results: Phylogenetic analysis of the core genome alignments and SNP data grouped strains in distinct clades.

Patterns observed in average nucleotide identity, pan genome structure, effector and carbohydrate active enzyme
profiles reflected the whole genome phylogeny and highlight taxonomic issues in X. perforans and X. euvesicatoria.
Circular sequences with similarity to previously characterised plasmids were identified, and plasmids of similar sizes
were isolated. Potential false positive and false negative plasmid assemblies were discussed. Effector patterns that
may influence virulence on host plant species were analysed in pathogenic and non-pathogenic xanthomonads.

Conclusions: The phylogeny presented here confirmed X. vesicatoria, X. arboricola, X. euvesicatoria and X. perforans and
a clade of an uncharacterised Xanthomonas species shown to be genetically distinct from all other strains of this study.
The taxonomic status of X. perforans and X. euvesicatoria as one species is discussed in relation to whole genome

phylogeny and phenotypic traits. The patterns evident in enzyme and plasmid profiles indicate worldwide exchange of

genetic material with the potential to introduce new virulence elements into local bacterial populations.
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Background

In recent years, whole genome sequences of a variety of
bacterial plant pathogens have been used to investigate
the phylogenetic relationships between species, as well
as the genetic basis for pathogenicity and potential diag-
nostic target genes [1]. Next generation sequencing
(NGS) and population genomics provides insight into
many facets of host-pathogen interactions [2]. The
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wealth of information generated with NGS technology
gives plant pathologists an opportunity to investigate
pathogen movement, infection strategies and phenotypic
trait association with the ultimate goal of providing tar-
geted management strategies and better biosecurity. For
example, genome sequence analysis of pathogenic and
non-pathogenic Xanthomonas species on Prunus spp. re-
sulted in a molecular diagnostic assay to differentiate
pathogenic and non-pathogenic strains where previous
tests did not [3]. Similar studies have examined the gen-
etic diversity of Xanthomonas species that cause bacter-
ial leaf spot (BLS) of tomato, capsicum and chilli
worldwide [1], but not yet to Australian Xanthomonas
strains associated with this disease.
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Xanthomonas species reported to cause BLS in Austra-
lian tomato and pepper have been assigned to X. euvesi-
catoria, X. perforans and X. vesicatoria, with
non-pathogenic strains of X. arboricola and Xanthomo-
nas sp. also isolated [4]. A draft genome comparison of
BLS-causing X. vesicatoria, X. euvesicatoria, X. gardneri
and X. perforans provided the basis for many subsequent
studies using genomic data. Insights into the virulence
and pathogenicity of Xanthomonas has been provided by
genomic studies that have revealed much about plasmids
and secretion systems that deliver effectors and host cell
wall degrading enzymes [1, 5]. Plasmid transferral via
conjugation is a major mechanism of gene transfer
throughout bacterial populations, accounting for rapid
shifts in pathogen response to chemicals, antibiotics and
host resistance genes [6—8]. Plasmids of BLS-causing
Xanthomonas species vary in size and carry virulence
and resistance genes [9, 10]. Gene cassettes and inte-
grons are also responsible for genome diversity in
Xanthomonas [11]. The characteristic structure and con-
tent of a number of Xanthomonas species has been de-
scribed as an open pan genome that readily exchanges
mobile elements within a population [12]. Other features
of Xanthomonas genomes include products of bacterial
secretion systems involved with host interactions such as
effectors and carbohydrate active enzymes. Understand-
ing these elements of the bacterial genome are key to
understanding how genetics reflects species phylogeny
and pathogenicity.

Plant defence responses to bacterial pathogens involve
recognition of molecular patterns or proteins associated
with bacterial secretion systems [13]. Pathogen associ-
ated molecular patterns are recognised by pattern recep-
tors in the host that then triggers immunity. Proteins
introduced by bacterial secretion systems, known as ef-
fectors may also induce immunity. Effectors of the type
III secretion system (T3SS) were shown to be the main
source of virulence in X. campestris pv. campestris [14],
and integral to pathogenicity in Xanthomonas [13]. The
T3SS introduces a complex of proteins to the host cell
that target plant cell structures, alter the regulation of
host genes or act as chaperones and delivery systems for
the secreted effectors [15]. Effectors of plant pathogens
are complex and diverse; some of the better studied in-
clude the TAL/ TALE (transcription activator-like) clas-
ses of effectors [16]. The Xop (Xanthomonas outer
protein) effector classes and general effector nomencla-
ture is described by White et al. [13], and are identified
in strains of many Xanthomonas species. They note that
the complex interactions between secreted proteins and
host cells will likely be expanded and refined with add-
itional genomic data. The need to understand the impact
of effectors is demonstrated by the X. perforans host
range expansion partially correlated with the loss of the
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effector AvrBsT [17]. Interestingly, AvrBsT has been de-
scribed as a fitness factor [18], demonstrating that effec-
tors may influence disease severity as well as host range.
Other effectors have been linked to pathogenic function,
such as AvrHahl inducing a water soaking effect com-
mon in many bacterial diseases [19] by upregulating the
intake of water into cells. Even as more genomes are se-
quenced every year, there is still much to be investigated
about effector function [20].

In addition to the T3SS, the type II secretion system
(T2SS) has also been described as important for patho-
genicity in Xanthomonas species [21]. The type II secre-
tion system is a common feature of many plant and
animal pathogens as well as non-pathogenic species, in-
volved in a range of infection and colonisation processes
[22]. The T2SS is typically associated with the secretion
of carbohydrate active enzymes (CAZymes), families of
enzymes involved in carbohydrate processing pathways.
Carbohydrate degradation has traditionally been used as
a diagnostic trait in bacteriology [23], and have also been
discussed in structural biology as therapeutic targets
[24]. Determining which CAZyme families are present in
bacterial strains may indicate substrate preference and
pathogenicity. As they are currently classified, CAZymes
are described by protein sequence as numbered families of
six classes; glycoside hydrolases (GH), glycosyl transferases
(GT), polysaccharide lyases (PL), carbohydrate esterases
(CE), carbohydrate binding modules (CBM), and auxiliary
activity families (AA) [25, 26]. The variety of secreted pro-
teins in Xanthomonas and their impact on pathogenicity
has been reviewed previously [1, 27], highlighting the po-
tential for effector and CAZyme profiles to infer patho-
genicity and bacterial growth strategies.

The analyses of genome structure and secretion sys-
tem products contribute to the understanding of bacter-
ial relatedness and function. By comparing genomes of
Australian BLS-associated Xanthomonas strains we aim
to improve our understanding of the taxonomic status
of these species as well as incorporating Australian
BLS-causing strains into the global understanding of this
pathogen complex. These analyses will provide a founda-
tion for further identification of targets for resistance
breeding or future population genetics studies.

Results

Taxonomy and pathogenicity

Genome statistics of all 50 Australian Xanthomonas
draft genomes are reported in Table 1. All draft genomes
were approximately 5 Mbp in length, ranging from
4,806,110 bp to 5,379,097 bp and had a GC content ran-
ging from 64.02 to 66.14% (average of 64.74%) which is
consistent with reference genomes of the sequenced
species [10, 27].
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The SNP-based phylogenetic tree arranges most
strains in this study into distinct clades (Additional file
1: Figure S1). The X. euvesicatoria and X. perforans
clades grouped distinctly from the X. vesicatoria, X.
gardneri and X. arboricola clades. The X. vesicatoria and
X. arboricola clades contain three and four distinct sub-
clades respectively (branch support values of 1). Four
strains from tomato in Stanthorpe (BRIP 62409, 62411,
62415, and 62418, designated the uncharacterised
Xanthomonas sp. clade) resolved in a clade distinct from
its closest relative X. arboricola. The core genome phy-
logenies of individual BLS-causing species (excluding X.
gardneri, X. arboricola and the uncharacterised Xantho-
monas clade) clustered Australian strains in clades with
multiple strains from other countries (Fig. 1). Australian
strains of X. perforans cluster with overseas isolates xp
91-118, xp 4pls2 and xp 17-12. Nine Australian X
euvesicatoria strains cluster in a clade by themselves,
with the other ten distributed across clades with
overseas strains. Australian X. vesicatoria strains cluster
in three clades with overseas strains, distant from the
type strain ATCC 35937.

All X. euvesicatoria strains apart from BRIP 39016
tested were pathogenic on both capsicum [4] and to-
mato, where BRIP 39016 was determined to be
non-pathogenic on both hosts. Strains of X. vesicatoria
and X. perforans were pathogenic on tomato as deter-
mined previously [4], and non-pathogenic on capsicum.
Strains of the uncharacterised Xanthomonas sp. were
non-pathogenic on both hosts, and strains of X. arbori-
cola were designated non-pathogenic on tomato [4] and
capsicum. Pathogenicity of X. euvesicatoria on tomato
was observed as small, dark lesions with yellow halo that
displayed bacterial streaming. Isolations resulted in yel-
low, gram negative colonies.

Average nucleotide identity (ANI) of core genome se-
quence analysed in this study are presented in Fig. 2. An
ANI of 93% supports the separation of X. arboricola and
the four uncharacterised Xanthomonas sp. strains into
two separate species. ANI values of >98% showed the
genetic similarity of X. perforans and X. euvesicatoria
while also displaying conserved separation. ANI analysis
indicates that BRIP 39016 and DAR 26930 are also
strains of X euvesicatoria (ANI>98%). Strain DAR
33341 has an ANI<95% to all other strains in the ana-
lysis and 94% to X. euvesicatoria and was therefore ex-
cluded from X. euvesicatoria.

Pan genome composition

The nucleotide homologue cluster matrix grouped all
strains (Fig. 3) in a generally similar topology to the
phylogeny while also highlighting distinct differences be-
tween species. All species contained unique homologues
(280 in X. arboricola, 70 in X. euvesicatoria, 69 in X,
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perforans, 416 in the combined X. euvesicatoria and X.
perforans clades, 1639 in X. gardneri, 1646 in X. vesica-
toria, and 609 in the uncharacterised Xanthomonas sp.
clade). Pan genome pie charts (Fig. 4) based on the
homologue matrix (Fig. 3) describe the core, soft core,
shell and cloud genome content of each species. Gene dis-
covery plots for each species (Additional file 2: Figure S2)
showed that the number of new genes approached zero as
genome number increased.

Predicted and isolated plasmids and predicted effector
content

Contigs originating from plasmids were assembled for
48 of 50 sequenced Australian strains, resulting in a total
of 61 plasmids reconstructed for 41 strains (Table 2). A
31kb plasmid (13 plasmids of 31,328 bp and two of
31,318 bp) was present in 15 of the X. euvesicatoria
strains studied, although it was not found in any X. per-
forans strains. A 150kb plasmid (six plasmids of
159,114 bp and one of 159,115 bp) was present in seven
X. euvesicatoria strains and none of the X. perforans
strains. An 88kb plasmid (3 plasmids of 88,047 bp,
88,057 bp, 88,063 bp) was present in three of the X. vesi-
catoria strains. A 47kb plasmid (three plasmids of
47,218 bp, one of 47,214 bp) was present in four strains
of X. vesicatoria. The remaining plasmids were not
unique to individual species. A 17 kb plasmid (two of
17,360 kb, one of 17,359 kb, 17,382 kb, and 17,377 kb)
was present in four X. euvesicatoria strains and one X.
arboricola strain. Plasmids of 40—41kb were present in
two X. euvesicatoria strains, one X. perforans strain and
two X. vesicatoria strains. A single X. euvesicatoria
strain contained two plasmids of 28,462kb and
32,900 kb, while a strain of the uncharacterised
Xanthomonas sp. contained a plasmid of 28,836 kb.
The 19 plasmids less than 10 kb in size were found in
five X. euvesicatoria strains, nine strains of X. perfor-
ans, one strain of the uncharacterised Xanthomonas
clade, and DAR 33341. Protein sequence with hom-
ology to established effectors were detected in recon-
structed plasmid sequence. Homologues of AvrBsT
were detected in each of seven strains of X. vesica-
toria (four 47 kb plasmids and three 88 kb plasmids);
AvrBs3 in two strains of X. euvesicatoria on 40kb
plasmids and XopH in an X. perforans strain on a 41
kb plasmid.

Predicted plasmids were investigated by isolating
and visualising plasmid DNA of strains BRIP 38864,
BRIP 62858, BRIP 62416, BRIP 62423, BRIP 62388,
BRIP 62397, BRIP 63464, BRIP 38997 and the extrac-
tion control DC 3000. (Additional file 3: Figure S3).
Bands approximately of the size predicted were ob-
served in strains BRIP 38864, BRIP 62858, BRIP
62423, BRIP 62397, BRIP 63464 and DC 3000. Where
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Fig. 1 Phylogeny of Australian and Genbank genomes of a) X. euvesicatoria, b) X. perforans and ¢) X. vesicatoria based on core genome
alignments generated by the Roary program. Australian strains are indicated by BRIP and DAR collection prefixes and highlighted; all others are
public genomes of related species. Type strains are indicated in bold and branch support values are displayed to clade level (measured with the
Shimodaira-Hasegawa test within FastTree). Branch length is indicated by the scale bar

GEV993
Xp GEV1026
Xp GEV915

X|
b GEV1044
Xp GEV1054

no plasmids were predicted for strain BRIP 62388,
bands similar to those of other extractions were ob-
served. For strains BRIP 62416, no plasmids were re-
covered despite the prediction of 17 kbp circular
sequence. BRIP 62423, BRIP 62397, BRIP 38997, and
BRIP 62858 may have additional large bands that
could not be separated effectively. Sizing is only ap-
proximate due to the possibility of multiple plasmid
structures (nicked circular sequence, linear sequence,
supercoiled plasmids) migrating through the gel at
different rates.

Effector and CAZyme content

The effector profiles of the dataset (Fig. 5) grouped spe-
cies in the same general topology as the whole genome
SNP phylogeny (Additional file 1: Figure S1). Effectors
that were core to each species and the entire dataset, as
well as effectors discussed in other studies, are listed in
supplementary material (Additional file 4: Table S1). The
occurrence of important effectors identified in previous
studies [1, 17] are also listed here. Retained as core to
BLS-causing species (X. euvesicatoria, X. perforans, X.
vesicatoria and X. gardneri) as listed previously (AvrBs2,
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Fig. 2 A heat map and dendrogram of average nucleotide identity (ANI) between 147 Xanthomonas genomes. The coloured bars represent the
species as indicated in the SNP phylogeny and supported ANI values shown here. Xanthomonas perforans strains of X. euvesicatoria are indicated

separately to highlight ANI differences. ANl is depicted as the colour gradient indicated by the legend: darker =1 (100% ANI), lighter = 0.88 (88% ANI)
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XopR, XopX, XopZl, XopAD, XopN, XopFl, XopK,
XopL, XopQ, XopD) [1] are AvrBs2, XopR, XopX,
XopZ1 and XopAD. Several of these effectors previously
considered core were detected in all but a few strains of
certain species; XopN was absent in one X. vesicatoria
and one X. gardneri strain, XopF1 was absent in one X.
gardneri strain, XopK was absent in one X. euvesicatoria
strain, and XopL was absent in four X. gardneri strains.
XopQ was absent in all X. vesicatoria strains and XopD
was absent in eight X. vesicatoria strains.

The dendrogram based on CAZyme family data (Fig. 6)
grouped species distinctly in the same general topology as
seen in the genome SNP phylogeny (Additional file 1: Fig-
ure S1). In contrast to the SNP phylogeny, the CAZyme
dendrogram clusters some X. arboricola and X. perforans
strains outside of their group. A total of 92 carbohydrate
active and facilitator enzyme families were identified, re-
vealing groups present or absent in certain species and
clades (Fig. 6, Additional file 5: Table S2). CAZyme

families of cell wall degrading enzyme genes identified in
BLS-causing Xanthomonas by Potnis et al. [27] were also
identified in this dataset (Additional file 5: Table S2).

Discussion

Genomic analysis of BLS-associated Xanthomonas
strains revealed diverse groups with distinguishing fea-
tures that will have implications for future pathogenicity
and taxonomic studies. Phylogenetic analysis (SNP, core
genome, ANI) supports the close relationship between
X. euvesicatoria and X. perforans. An uncharacterised
Xanthomonas species (BRIP 62409, BRIP 62411, BRIP
62415 and BRIP 62418) was demonstrated to be distinct
from closely related strains of X. arboricola according to
the SNP phylogeny and ANIL The effector and CAZyme
profiles of species that differ in pathogenicity displayed
clear differences that may reflect differences in epidemi-
ology and niche survival.
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Fig. 3 Cluster matrix of 147 Xanthomonas genomes with dendrogram based on homologue presence (dark) and absence (light). Species
groupings are indicated with coloured bars as determined by phylogeny and ANI. Xanthomonas perforans strains of X. euvesicatoria are indicated
separately to highlight homologue differences. The four Australian strains most closely related to X. arboricola are designated in the text as an
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Taxonomic status of BLS-causing Xanthomonas species

The phylogenies and homologue matrix generated in
this study support the current taxonomic status of X.
euvesicatoria, X. perforans and X. vesicatoria [28], also
confirming previous findings [4] that X. gardneri was
not detected in Australian strains of this study. A recent
study based on whole genome ANI determined that X.
euvesicatoria and X. perforans were not genetically dis-
tinct enough to be considered separate species [29]. Our
study found an ANI of 98.6% between strains of X. euve-
sicatoria and X. perforans, supporting these findings.
While genetically very similar, strains of X. perforans
were still clearly distinguished from X. euvesicatoria and
other species in the phylogenetic analyses and the ana-
lyses of secretion systems. This may reflect differences in
phenotype and pathogenicity, as Australian strains of X.
euvesicatoria and X. perforans are generally isolated
from capsicum and tomato respectively [4]. This

example of genetically similar species being reliably dif-
ferentiated by other measures is important to consider
in the ongoing debate of how to classify bacteria, as a
name could reflect phylogenetic groupings or phenotypic
(and pathogenic) differences.

The core genome phylogenies of the individual
BLS-causing species X. euvesicatoria, X. perforans and
X. vesicatoria cluster Australian strains in multiple
clades with strains from overseas (Fig. 1). Australian X.
vesicatoria strains are similar to strains from Italy (LMG
920), Zimbabwe (LMG 919), Macedonia (53 M) and
Bulgaria (15b). Australian strains of X. perforans gener-
ally resolved in a clade of their own, closely related to
the type strain. A subclade clustered BRIP 62398 and
BRIP 62397 with xp 4pls2 and xp 17-12, two strains
from Sicily and the USA respectively (Table 1).
Australian strains of X. euvesicatoria generally clustered in
their own clade, with strains BRIP 62425, BRIP 38997,
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Fig. 4 Pie plots of gene content in core, soft core, shell and cloud genomes describing the pan genome for X. euvesicatoria, X. perforans, X.
vesicatoria and X. gardneri. The core genome is defined as genes present in 99-100% of strains; soft core, shell and cloud genomes are defined as
95-99%, 15-95% and 0-15% respectively. Number of genomes in each pan genome is indicated as 'n’

0 934 cloud

soft core shell

X. gardneri (n=11)

cloud
541

shell 1319

2579

cloud

X. perforans (n=45)

BRIP 39016, BRIP 62438, DAR34895 and DAR82542 dis-
persed throughout the phylogeny with overseas strains,
generally from the USA. The presence of Australian and
overseas strains together in different clades may represent
direct introductions of pathogens or the general distribu-
tion of the species across the world over time.

Pan genome of collected Xanthomonas species
The homologue matrix of strains in this study reflected
the whole genome SNP phylogeny, while also highlighting
blocks of unique and shared regions containing hundreds
of genes that may be relevant to host specificity, virulence,
other phenotypic traits and niche adaptations. This matrix
shows that the genomes of X. euvesicatoria strains BRIP
39016 and DAR 26930 were included in the X. perforans
group, indicating there may be some recombination
events present in these strains/ species. The Australian
strains were not significantly differentiated from overseas
strains by this matrix, indicating a certain level of species
homogeneity distributed across the world.

The core genomes of species in this dataset represent
conserved functionally essential genes, while the larger
accessory and cloud genomes contained genes that may

be specific to growth or pathogenicity, particularly as
species with different pathogenic capabilities are present
in the homologue matrix. Most species analysed indi-
vidually reflected this trend of large accessory genomes,
with the exception of X. gardneri, which was influenced
by the small sample size of highly similar strains. The
gene discovery plots for the pan genomes of these spe-
cies showed that the genomes of X. euvesicatoria and X.
perforans can be considered closed. Plotting gene discov-
ery indicates there is some potential that additional ge-
nomes would result in detection of new genes for X.
vesicatoria and X. gardneri. The large accessory genomes
observed in many of these species reflects the genetic di-
versity seen in other studies of Xanthomonas species [3],
and also suggests that genome plasticity could result in
new genes being added to the population.

Predicted plasmids reconstructed from collected
Xanthomonas strains

The seven 150kb plasmids from X. euvesicatoria had
high homology to the X euvesicatoria plasmid
pLMG930.2 of similar size (167,496 bp). Similarly, the
31kb group of Australian plasmids found in X
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Table 2 Reconstructed circular sequence assembled for Australian Xanthomonas draft genomes from whole genome sequence data

Strain Species ° Plasmid number ° Plasmid .0 Plasmid .1 Plasmid .2 Plasmid .3
BRIP 62410 xa 0

BRIP 62412 xa 0

BRIP 62414 xa 0

BRIP 62416 xa 1 17,377

BRIP 62432 xe 1 17,382

BRIP 62441 xe 1 31,328

BRIP 62555 xe 1 31,328

BRIP 62757 xe 2 159,114 31,328
BRIP 62858 xe 3 8247 159,114 31,328
BRIP 62959 xe 1 159,115

BRIP 38997 xe 2 17,360 **%40,439
BRIP 63464 xe 2 159,114 31,328
BRIP 39016 xe 2 32,900 28,462
BRIP 62396 xe 2 31,328 4316
BRIP 62400 xe 1 31,328

BRIP 62403 xe 2 31,328 159,114
BRIP 62390 xe 2 159,114 31,328
BRIP 62391 xe 2 8247 31,328
BRIP 62392 xe 1 31,328

BRIP 62395 xe 1 31,328

BRIP 62438 xe 0

BRIP 62425 xe 3 31,328 159,114 17,360
DAR 34895 xe 1 31,318

DAR 82542 xe 4 2587 17,350 **%40,429 31,318
DAR 26930 xe 1 8201

BRIP 62383 Xp 1 1418

BRIP 62384 Xp 1 2808

BRIP 62398 Xp 1 7812

BRIP 62404 Xp 1 2808

BRIP 62397 Xp 1 **41,842

BRIP 62386 Xp 1 2808

BRIP 62405 Xp 2 2589 5031
BRIP 63262 Xp 2 2589 5031
BRIP 63565 Xp 1 2808

BRIP 63666 Xp 1 1418

BRIP 62389 Xp 0

BRIP 62409 X Sp 0

BRIP 62411 X sp 1 28,836

BRIP 62415 X sp 0

BRIP 62418 X Sp 1 1418

DAR 33341 X sp 2 7154 4921
BRIP 38864 XV 2 *88057 41,641
BRIP 62388 XV 0

BRIP 62413 XV 1 *47218
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Table 2 Reconstructed circular sequence assembled for Australian Xanthomonas draft genomes from whole genome sequence data

(Continued)

Strain Species ° Plasmid number ° Plasmid 0 © Plasmid .1 Plasmid .2 Plasmid .3
BRIP 62423 XV 1 *47218

BRIP 62428 XV 1 *47218

BRIP 62429 XV 1 *47214

BRIP 38861 XV 2 *88063 41,641

DAR 26931 XV 1 *88047

DAR 26933 XV 0

species as determined by whole genome SNP phylogeny and ANI
Pcircular sequences assembled by recycler for each strain
Scircular sequence ID is indicated by decimal value after strain ID

Length is described in base pairs. * indicates the predicted plasmid contains AvrBsT, ** XopH, ***AvrBs3

euvesicatoria shared homology with X. euvesicatoria and
X. citri plasmids pLMG930.4 (GenBank, unpublished)
and CFBP6167 plasmid pG [7]. This homology, and their
presence in X. euvesicatoria strains (notably absent in X.
perforans strains) indicates these 150 kb and 31kb se-
quences are previously characterised plasmids. This is
likely also the case for plasmids of 47 kb found in X. vesi-
catoria, as they are similar in size and homology to the X.
vesicatoria plasmid pLMG911.2 (CP018727.1, 47 kb). By
contrast, three 88 kb plasmids in X. vesicatoria, although
similar by sequence homology, are much smaller than the
X vesicatoria plasmid pLMG911.1 (192,558 bp).

Plasmids of 40 kb found in X. vesicatoria, X. euvesica-
toria and X. perforans were most similar to previously
reported plasmids of X. campestris pv. campestris strains
CN14 (GenBank: CP017318.1) and CN15 (CP017325.1),
and X. perforans pLH3.3 (NZCP018474.1) and pLH3.2
(NZCP018476.1), all of varying sizes. Three plasmids of
approximately 28-32kb were slightly different in size
and homology to the 31 kb plasmids, their presence in
older and uncharacterised Xanthomonas strains indicat-
ing they may be more distantly related. Interestingly, five
17 kb plasmids of X. euvesicatoria did not significantly
match any plasmid sequence and were not recovered in
the plasmid isolations of BRIP 62416 and BRIP 38997.
Evidence for large (80—150 kbp) plasmids was observed
in the plasmid extractions, as well as bands that are
likely 30—-40 kbp in size (Additional file 3: Figure S3). No
definitive bands at 8 kbp or 17 kbp were observed in strains
BRIP 62858, BRIP 62416 and BRIP 38997, indicating some
smaller plasmids may be a result of computational recon-
struction. There also appeared to be some plasmids present
that were not detected by the selected programs, as in BRIP
62388. False positives and negatives may be a result of inte-
grative conjugative elements or repeat regions that may re-
quire further sequencing to fully resolve.

Avirulence genes have been found in many described
plasmids of most genera, including Xanthomonas patho-
gens [8]. Sequence with homology to three effectors
(AvrBs3, AvrBsT and XopH) were detected in assembled

plasmids of ca. 40—47 kb. AvrBsT was detected in most
X. vesicatoria plasmids (seven of nine), and has been
known to exist on plasmids since its characterisation
[9, 30]. As in other studies of plasmid-borne effectors
[31], the presence of effectors here demonstrates
these circular elements have the potential to influence
pathogenicity. XopH, detected in one plasmid of X.
perforans, has been suggested as a potential determin-
ant of pathogenicity in X. arboricola pv. corylina [32].
It has also been found in X. campestris pv. campestris
[33], and here was found in the majority of X. gard-
neri and X. vesicatoria chromosomes. Other genes,
for example copper tolerance genes, have been found
on Xanthomonas plasmids [8], suggesting other sig-
nificant adaptive genes in addition to effectors may
be investigated in future studies.

Effector profiles of Xanthomonas

Many studies have presented core effector lists for
Xanthomonas pathogens and found that these effectors
are integral to certain strains/species and play key roles
in pathogenicity [1, 13, 17, 29, 34]. The effector profiles
determined by this study show distinct patterns specific
to species and clades. We have revised the core and spe-
cific effector list for Xanthomonas species causing BLS
and contrast them with species displaying different
pathogenic abilities.

Core and specific effectors

Few effectors were found to be shared between closely
related phylogenetic groups, a finding consistent with a
previous study on the type strains of four BLS-causing
Xanthomonas species [27]. Subsequent studies have
noted that strains may display different effector profiles
to that of the type strain of their species [17], a pattern
also observed in this study. The core effectors previously
identified in the type strains of the BLS pathogens X.
gardneri, X. perforans, X. vesicatoria and X. campestris
pv. vesicatoria (X. euvesicatoria) [27] were expanded
[17] with the addition of XopE2 and a member of the
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Yop] family (AvrBsT and Xop]J1). Barak et al. [29] further
refined the list of core effectors, finding all effectors pre-
viously identified [27], with the exception of XopAD that
displayed internal stop codons in some X. euvesicatoria
strains. The analysis of effectors in species that do not
cause BLS provides an opportunity to compare and con-
trast effector profiles with X. vesicatoria, X. euvesicatoria
and X. perforans. The Xanthomonas sp. clade has few ef-
fectors, most of which are shared with some X. arbori-
cola and X. vesicatoria strains. Reduced T3SS effector
repertoires do not necessarily indicate a lack of patho-
genic capability [35], however it is likely these effectors
(Additional file 4: Table S1) are not directly involved in
pathogenicity on tomato or pepper due to their presence

in non-pathogenic strains. The Australian X. arboricola
strains in this study have varied effector profiles with
few common effectors. As there are relatively few se-
quenced strains of X. arboricola from different hosts, it
is difficult to draw meaningful conclusions about ef-
fector profiles in relation to their pathogenicity. The
variation observed in these profiles is likely a result of
wider host range, presenting a point of contrast to the
other groups.

In this study, the core effectors AvrBs2, XopAD, XopR,
XopX and XopZl were found in the majority of strains
of X. euvesicatoria, X. gardneri, X. perforans and X. vesi-
catoria. All of these strains together with those of X.
arboricola and the uncharacterised Xanthomonas sp.
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clade contained rpfA, rpfB and rpfF, members of the rpf
gene family that regulate pathogenicity factors and bio-
film production [36]. Homologues of AvrBs2, involved in
the modulation of effector delivery [37] were also found
in all strains of this study. Other effectors previously
listed as core to BLS-causing Xanthomonas species were
detected in most strains of these species with some ex-
ceptions as listed above. Interestingly, many of these ef-
fectors are also present in X. arboricola strains and the
uncharacterised Xanthomonas clade. For example,
XopF1 was only absent in one strain of X. gardneri, but
was detected in BLS-causing species as well as most X.

arboricola and all strains of the uncharacterised clade.
The core effectors XopK, XopL and XopN, were also
found in strains not isolated from tomato or pepper,
which indicates these proteins may not be associated
with specificity to these hosts. No single effector in this
study appeared to be consistently associated with patho-
genicity on tomato based on comparison with the X
arboricola and Xanthomonas spp. clades. This was also
the case for pepper pathogenic strains, though XopAA
and Xop]3 were present only in the pepper pathogenic
X. euvesicatoria and the non- pepper pathogenic BRIP
39016. The profiles presented here represent
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homologues in predicted protein sequence, so it is pos-
sible inactivation in effector gene sequences play a role
in pathogenicity as well.

As demonstrated by Barak et al. [29], the core effectors
listed above do not determine pathogenicity on tomato
due to their presence in an X. euvesicatoria strain iso-
lated from rose. One particular clade of X. arboricola
(containing the MAFF strains) shared many effectors
with BLS-causing species, further emphasising the need
for comprehensive pathogenicity studies to tie effector
profile to functional traits.

Effectors and host range of the X. euvesicatoria and X.
perforans clades

While X. euvesicatoria is commonly reported as a patho-
gen of tomato and pepper, all but two X. euvesicatoria
strains (BRIP 39016 and DAR 26930) from Australian
crops were found in capsicum and chilli [4]. Recent re-
ports indicate it is more common to observe X. perfor-
ans (and X. gardneri) in tomato and X. euvesicatoria in
peppers [17, 38, 39]. Prior to 1991, X. euvesicatoria was
the main BLS pathogen on tomato in Florida [1]. This
indicates it was once more common to find X. euvesica-
toria in tomato than it is today. As the only Australian
X. euvesicatoria strains isolated from tomato were from
1973 and 1976, Australian X. euvesicatoria populations
reflect this host shift observed overseas. One X. perfor-
ans strain (Xp2010) from Florida displayed dual infect-
ing ability in pepper and tomato [27]. An Australian
strain, BRIP 62398, phylogenetically related to Xp2010
did not share this trait, as all tested Australian X. perfor-
ans strains were pathogenic only on tomato. While this
indicates pathogenicity traits are not necessarily reflected
in phylogenies, variation in virulence on pepper of cer-
tain phylogenetic groups has been noted [17].

Strains of X. euvesicatoria and X. perforans are genet-
ically similar and share a similar effector profile, while
still displaying notable differences. The core effectors
XopF1, XopL, XopN, XopQ, XopR, XopX, XopAK, were
conserved in the X. euvesicatoria and X. perforans
strains in this study as well as in a previous study (that
did not include X. perforans strains) [29]. While core ef-
fectors may indicate evolutionary history, several studies
note that functionality of effector genes must be investi-
gated in addition to presence or absence [17, 29]. Aus-
tralian strains of X. euvesicatoria displayed almost
identical profiles to those of overseas strains, apart from
a group of 11 that contain an AvrBs3 homologue along
with xe678 and xe685 that likely reflect pathogenicity
differences. Australian X. perforans effector profiles were
also similar to other X. perforans strains, though they (as
well as xp91-118 and xp4pls2) lack XopE2. Australian
X. perforans (excluding BRIP 62397) appear to have
XopE3 where all other X. perforans strains do not. These
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presences and absences may have pathogenicity implica-
tions according to the description of the XopE family
[40], though this pattern does also reflect their clade
groupings in the core genome phylogeny. XopE3 has
also been implicated in citrus pathogenicity [41]. Further
investigation into the function of these effectors may re-
veal the significance of these patterns.

An effector that has been used to track population
changes is the 600 amino acid protein XopAE, which
is a fusion of the HpaF and hpaG effectors [27]. The
majority of Australian X. euvesicatoria and X. perfor-
ans strains contained a XopAE homologue, while four
X. euvesicatoria strains (BRIP 62438, BRIP 38997,
DAR 34895 and DAR 82542) had hpaG and hpaF as
separate effectors. These strains were collected from
locations and/ or time points different from the rest
of the collection, possibly reflecting different intro-
ductions or outbreaks. Barak et al. [29] suggested the
presence of the translational mutation and the single
alleles represented separate introductions, as they ob-
served in strain LMG918. The difference in effector
profiles between strains separated by time has also
been noted previously [17] and is reflected in histor-
ical strains of X. euvesicatoria in this study, in par-
ticular BRIP 39016 and DAR29630 that are also
separated geographically.

Effectors of X. vesicatoria and X. gardneri

Strains of X. vesicatoria have a distinct effector profile
similar to X. gardneri, which reflects their position in
the whole genome SNP phylogeny. The variation of
effector profile within X. vesicatoria reflects the
phylogenetic clades identified, rather than specific dif-
ferences in Australian and overseas strains. Homo-
logues of XopAG and XopAl have previously been
identified as specific to X. vesicatoria [27]. However,
we have shown that homologues of XopAG exist in
DAR 33341 (Xanthomonas sp.) and an X. arboricola
strain (NCPPB 100457). XopAl was also detected in
these and an additional five strains of X. arboricola.
Previous studies of the X. gardneri effector profile
found differences between the type and other strains,
which is also evident in this study [17].

Key CAZymes

Similar to the effector profiles, the cazyme profiles
grouped strains mostly into species, highlighting regions
of difference. No differences between Australian and
overseas strains within species were detected. CAZyme
genes and families have been identified previously in the
type strains of BLS-causing Xanthomonas species [27]
and reflect the profiles seen in this study. Cellulases are
known to be common to the gammaproteobacteria [42],
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and the abundance of GH families was expected. The
xylanase families GH10 and GH30 [25, 43] were present
in all strains, indicating these groups share similar strat-
egies for degrading plant cells. Identifying core carbohy-
drate active enzymes needs further investigation into the
proteins and genes of these enzyme families [27]. Carbo-
hydrate utilisation reactions have been used as a diag-
nostic tool for many years to differentiate bacterial
species based on substrate usage [23]. It has also been
suggested that secreted cell wall degrading enzymes play
a role in host adaptation, with several studies linking
these enzymes and pathogenicity [35].

CAZyme differences between species

The CAZyme family profiles of the X. euvesicatoria and
X. perforans strains were nearly identical, apart from the
absence of three families (CE8, CE14, and GH39) in the
X. euvesicatoria strains. The absence of these families of
plant polysaccharides, acetylases and pectinases high-
lights a distinct difference between these two groups.
The absence of CE8 (a pectin methylesterase family) in
X. euvesicatoria strains correlates with their lack of abil-
ity to degrade pectin [25, 43].

The X. euvesicatoria strains had mostly glycosyl hydro-
lase (GH) and polysaccharide lyase (PL) families (PL10,
PL3, CBM63, GH16, PL17, PL6, GH4, GH89, GT84) and
lacked many CAZyme families present in other species.
The CAZyme families PL3, CBM63 and GH16 were
found in all X. vesicatoria and X. gardneri strains and
many X. arboricola strains. The conserved presence of
some CAZyme families that are present or absent in
some species may indicate different substrate utilisation
capabilities. Groups of cellulose degrading enzymes also
display different profiles, which indicates that species
have different modes of action on this substrate. The
families GH5, GH9 and GH12 were found in most or all
of the strains in this study, GH8 and GH6 had a more
restricted distribution. In particular, GH6 was identified
only in strains of X. vesicatoria and DAR 33341, which
may reflect different strategies or evolutionary pathways
for degrading cellulose.

Conclusions

This study has provided an overview of the genome
structure and content of several Xanthomonas species
and expanded the original identification of Australian
species associated with BLS. We support the taxonomic
status of X. euvesicatoria and X. perforans as one spe-
cies, though it is clear these strains also have conserved
differences that complicate taxonomy. Our analysis of
effector proteins and carbohydrate active enzymes links
pathogenic data with proteins detected in the genomic
analysis, demonstrating that while these profiles differ
between species no single pathogenicity factor was
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identified. It is clear that some differences may also exist
in Australian populations regarding effector content.
The limitations of bioinformatic reconstruction of plas-
mids was also highlighted. This study has furthered the
understanding of species that cause BLS and provided
several points of future study to improve the under-
standing of Australian bacterial populations.

Methods

Isolate collection, pathogenicity testing and sequencing
Strains of Xanthomonas spp. associated with BLS in
Australia were collected as described in Roach et al. [4].
To determine pathogenicity on tomato and capsicum, all
isolates (excluding DAR strains as only genomic data
was available) were inoculated on susceptible Capsicum
annuum var. Yolo Wonder and susceptible Solanum
lycopersicum var. Grosse Lisse. Overnight cultures of
bacteria were diluted in distilled H20 to concentrations
of 1x10® cfu/ml and sprayed onto plants until run-off.
Pathogenicity was recorded after approximately 7 days.
Pathogenicity on host of isolation has been reported [4].
Pathogenicity on the alternative host was observed as
small, dark lesions with yellow halo that displayed bac-
terial streaming.

The dataset of 50 Australian strains was comprised of
44 strains held in the Queensland Plant Pathology Herb-
arium (BRIP) culture collection and six sequenced Aus-
tralian strains provided by the NSW Plant Pathology
Herbarium (DAR) (Table 1). Selected strains of each
identified species represented a range of taxa, host and
geographical distribution. Strains were grown overnight
in lysogeny broth (Luria-Bertani) [44] and the DNA was
extracted using a Qiagen DNeasy Blood and Tissue kit
(Qiagen; Hilden, Germany). Genomic libraries were pre-
pared using an Illumina Nextera XT Library Preparation
Kit according to the manufacturer instructions (Illumina;
San Diego, USA). Sequencing was conducted using a
Miseq v3 reagent kit on an Illumina Miseq®.

Genome construction

Sequence read adaptors were trimmed with Cutadapt
version 1.8.1 and quality trimmed using Trim Galore
(q=25 with ‘paired’ and ‘nextera’ flags) version 0.4.0
[45]. Contigs were assembled with SPAdes version 3.5.0
[46] (with kmers of 127, 117, 107, 97, 87, 77, 67 using
the ‘careful’ flag), and annotated with Prokka version
1.11 [47] using the packaged database (using the ‘genus’
and ‘force’ flags). In addition to the 44 sequenced
strains, sequence data for 6 Australian strains from
DAR were processed with SPAdes and Prokka as above.
Genome statistics including GC content, contig num-
ber, N50 and genome length were calculated with
QUAST version 4.5 [48].
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An additional 97 genomes of Xanthomonas strains
available in GenBank were downloaded and re-annotated
with Prokka (as described above) for standardisation and
included in analyses (Table 1). These public genomes
represent the majority of sequenced X. arboricola, X.
euvesicatoria (X. campestris pv. vesicatoria), X. gardneri,
X. perforans, and X. vesicatoria strains in GenBank.
Average nucleotide identity of scaffolds was calculated
for the entire dataset of 147 genomes with pyani version
0.2.4 [49] using the default settings. Strains were deter-
mined to belong to the same species if ANI values were
above the 95-96% zone as set in Konstantinidis et al.
[50] and utilised in Barak [29].

Plasmid prediction and isolation

Plasmid prediction from the draft genomes of Australian
strains was achieved using the plasmidSPAdes option
(‘plasmid’ flag) of SPAdes version 3.8.0 [46]. Circular se-
quences from these assemblies were finished using recyc-
ler version 0.62 [51]. Bandage version 0.8.1 [52] was used
to view the Recycler paths. The Blast+ algorithm version
2.6.0 [53] was used to compare the plasmid sequences to a
custom database of complete Xanthomonas plasmids ob-
tained from GenBank [54]. Plasmid isolation was carried
out on a subset of strains (BRIP 38864, BRIP 62858, BRIP
62416, BRIP 62423, BRIP 62388, BRIP 62397, BRIP 63464,
BRIP 38997) using the alkaline lysis method described in
Chakrabarty [55]. The Pseudomonas strain DC 3000 [56]
was used as an extraction control. Strains were grown in
LB broth and processed with the described buffers, resus-
pending the pelleted DNA in distilled H20. Plasmid DNA
was visualised on 0.7% agarose gels using standard electro-
phoresis at 40 V for 4—12 h.

Analysis of genome content

A phylogeny that displays general species relationships
was generated using the RedDog pipeline version
V1beta.10.3 [57]. Briefly, the RedDog pipeline assembles
and aligns raw reads against a reference genome (X.
campestris pv. vesicatoria strain 85-10, Table 1), then
creates a phylogeny using SNP data generated within the
pipeline. Simulated reads were generated for public ge-
nomes using WgSim v. 0.3.1-r13 for inclusion in analysis
[58]. Support values of the resulting phylogeny calcu-
lated by FastTree version 2.1.8 [59] are displayed as a
range of 0 to 1. The final tree was annotated in FigTree
ver. 1.4.2 [60] and GIMP version 2.8.14 [61].

Roary version 3.8.2 [62] was used to cluster homo-
logues, generate a core alignment (-e and -n flags), and
generate the pan-genus homologue matrix. The core
alignment was then used to create individual phylogenies
of BLS-causing species X. euvesicatoria, X. perforans,
and X. vesicatoria with FastTree and annotated with Fig-
Tree and GIMP. The homologue matrix was then used
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to generate pan-genome pie plots using scripts available
within the Roary package. Core genes were defined as
present in 99-100% strains, soft core genes in 95-99%
strains, shell genes in 15-95% strains and cloud genes in
0-15% strains. Gene discovery graphs were plotted using
Roary scripts and R version 1.0.136 [62] to determine if
the pan-genome was open or closed. These analyses
were done for each species as defined in Table 1 (DAR
33341 was not included). The homologue matrix was fil-
tered in R to identify unique genes of each species.

Carbohydrate-active and associated enzyme (CAZyme)
coding sequences within each genome were identified
using HMMER version 3.1b2 [63] and the DbCAN data-
base [64]. The CAZyme hits were then clustered manually
and presented as a heat map and dendrogram in R version
3.3.0 [65] using the pheatmap package [66] and annotated
in GIMP. T3SS enzyme protein (effector) sequence and
select regulatory protein sequence (rpf) were sourced from
GenBank as listed in the Xanthomonas resource ‘effector’
page [67] and compared to the genome sequence and re-
constructed plasmid sequence using the Blast+ algorithm.
Hits were filtered (e-value 0.00001) and presented as a
heat map using R and GIMP as described above.

Additional files

Additional file 1: Figure S1. Phylogeny of Australian and Genbank
genomes based on whole genome SNP data. Australian strains are
indicated by BRIP and DAR collection prefixes; all others are public genomes
of related species. Type strains are indicated in bold and branch support
values are displayed to clade level (measured with the Shimodaira-
Hasegawa test). Branch length is indicated by the scale bar. Clade colouring
is based on phylogeny and ANI values to assign strains to species. The four
Australian strains most closely related to X. arboricola are designated in the
text as an uncharacterised Xanthomonas species. (PNG 278 kb)

Additional file 2: Figure S2. Gene discovery graphs for X. euvesicatoria,
X. perforans, X. vesicatoria and X. gardneri plot number of new genes in
the species pan-genome as genome number increases. The graph curves
demonstrate how many new genes will be added with the addition of
more sequenced genomes to estimate pan-genome completeness. X
axis: genome number; Y axis: number of new genes. (PNG 45 kb)

Additional file 3: Figure S3. Standard electrophoresis of plasmid
isolations with predicted circular sequence in base pairs below each lane.
Ladder = Generuler™ DNA Ladder Mix, ThermoFisher Scientific, Waltham,
Massachusetts. The 10 kbp label marks the largest ladder fragment, and
the 60-70 kbp label marks the band present in DC 3000 (plasmid
extraction control). A) gel was run for approx. 12 h at 40V B) gel was run
for approx. 4 h at 40V. A and B represent two different extraction
experiments (PNG 79 kb)

Additional file 4: Table S1. Homologues of effector protein families
present in all strains of each Xanthomonas species and unique to each
species. Effectors listed include all alleles displayed in the effector matrix
for each effector family. ® present in all strains of a species and possibly
present in other strains/ species. ® uncharacterised Xanthomonas sp. of
four strains. © core to species in Schwartz et al. 2015. ¢ core to species in
Potnis et al. 2011. © Xp4B and Xp4p1S2 have truncated HpaG protein
annotations, Xp4p1s2 has truncated XopAE protein annotation. " BRIP
39016 has a larger (650 aa) XopAE protein than all others (546 aa). °
present in all Australian strains except BRIP 62397 (DOCX 13 kb)

Additional file 5: Table S2. Cazyme families present in all strains of
each Xanthomonas species and families unique to each species. Function
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is described according to the CAZy database.” all three present in DAR
26930, GH39 present in BRIP 39016, CE14 absent in GEV915. ® genes of
CAZyme family present in all strains of species. < genes of CAZyme family
absent in all strains of species. ¢ genes of CAZyme family present in
some strains of species. © absent in 1-3 strains. (DOCX 13 kb)
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