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Abstract

Background Xanthomonas arboricola (Xar) is a phytopathogenic bacterial species responsible for economically
significant diseases in a wide range of plants, including agricultural, ornamental, and forest species. This study
aimed to investigate the genomic basis of host specificity, adaptation, and virulence in Xar through comprehensive
comparative genomics.

Results A total of 177 genomes from nine Xar pathovars were analyzed for evolutionary relationships and effector
repertoires. From these, 30 genetically diverse genomes were selected for in-depth comparison. Core, unique,

and shared genes were identified and functionally annotated, focusing on their potential roles in adaptation and
pathogenicity. Nineteen of the genomes were originally misclassified and did not belong to the Xar species. The
remaining 158 genomes clustered into three major clades: | (Xar. pv. juglandis), Il (Xar. pv. pruni+ Xar. pv. corylina),

and lll (miscellaneous Xar). Clades | and Il exhibited high effector diversity, ranging from 38 to 54 genes, with Xar.

pv. corylina harboring the most. In contrast, Clade Il genomes had significantly fewer effectors, with subclade llla
containing only 5 and lllb up to 15. Only one TAL effector was found in nine Xar. pv. corylina strains (with no conserved
RVD patterns) and in both Xar. pv. guizotiae strains (up to 31 RVDs identified). Phylogenomic and effectorome
analyses revealed potential genomic islands acquired via horizontal gene transfer, encoding metal metabolism genes,
type II/IV secretion systems, and DNA modification enzymes. Additionally, several gene losses were observed: 19
genomes lacked flagellar assembly genes, 15 lacked nitrate metabolism genes, and 9 lacked cellulose biosynthesis
and secretion genes. In contrast, all genomes possessed a lasso peptide biosynthetic cluster, highlighting recurrent
genomic rearrangements through insertions and deletions.

Conclusions This study provides a refined understanding of the genetic diversity and adaptive mechanisms in X.
arboricola, emphasizing gene gain/loss events as central to pathovar-specific metabolic and virulence traits. These
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immunity.

arboricola, Comparative genomics

findings identify novel molecular markers with potential applications in diagnostics and targeted disease control
strategies. In particular, the characterization of conserved and lineage-specific effector repertoires provides a
framework to inform strategies for breeding resistance through the identification of candidate targets for durable host
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Background

Xanthomonas is a genus of Gram-negative bacteria that
is of significant agronomic interest. These bacteria are
primarily phytopathogenic and cause extensive damage
to hundreds of commercially important plants [1]. Since
2002, with the complete sequencing of the genomes of X.
citri subsp. citri strain 306 and X. campestris pv. camp-
estris strain ATCC33913 [2], thousands of other strains
of different species, subspecies and pathovars, patho-
genic or not, have been sequenced, thus allowing increas-
ingly robust and detailed studies involving comparative
genomics to be carried out [3—6]. From these analyses, a
series of functional studies of newly identified genes and
biological systems have enabled a better understanding of
the molecular interactions in these pathosystems [7—10].

Comparative genomic studies are well-advanced for
Xanthomonas species that infect citrus (X. fuscans and
X. citri [11-13]), rice (X. oryzae [14, 15]), brassicas (X.
campestris [16, 17]), and Solanaceae (X. vesicatoria
[9, 18]). However, for other species like X. arboricola
(Xar), commonly associated with tree crops, such stud-
ies remain in their early stages. These studies often focus
on specific pathovars or the reclassification of some
genomes, which limits the exploration of new genes and
biological systems related to adaptation and virulence
[19-23]. Consequently, our understanding of the genetic
and metabolic factors influencing host specificity in Xar
remains limited. This challenge has been exacerbated by
the emergence of new diseases associated with bacteria
of this species, particularly in Europe, where the inci-
dence of new cases has steadily increased [24—27].

It is important to highlight that the classification of
what we now recognize as an autonomous species is
based on the proposition established by Vauterin and
collaborators in 1995 [28]. In fact, records regarding Xar
date back to the early 20th century. The first report was
established by Pierce in 1901 when describing the wal-
nut blight disease in English walnut (Juglans regia) in
the state of California (USA) [29]. Two years later, Smith
described a new pathology in Japanese plums (Prunus
salicina) in the state of Michigan (USA) [30]. In both
cases, the causal agents had been classified as belonging
to the species Pseudomonas juglandis and Pseudomonas
pruni, later reclassified as independent species X. jug-
landis and X. pruni, respectively. Finally, in 1940, Miller
and collaborators isolated another pathogen from filbert

plants (Corylus avellana and Corylus maxima), classify-
ing it as Phytomonas corylina, later reclassified as X. cory-
lina [31]. Over time, as new strains and their associated
pathovars were discovered, Vauterin and collaborators
proposed a taxonomic reclassification of these microor-
ganisms in 1995 [28]. This proposal, supported by sub-
sequent studies, defined nine pathovars based on host
specificity under the umbrella of what is now recognized
as the autonomous species Xar [28].

This classification remained until 2022, when Zarei and
collaborators [23] proposed a new taxonomic reformula-
tion based on a comparative analysis of genomes involv-
ing several strains previously considered to belong to the
species Xar. According to these authors Xar. pv. juglan-
dis (causal agent of walnut blight - Juglans regia), Xar.
pv. corylina (causal agent of bacterial blight of hazelnut
- Corylus avellana), Xar. pv. pruni (causal agent of bacte-
rial spot of stone fruits and almonds - Prunus ssp.), Xar.
pv. celebensis (pathogenic for banana - Musa spp), Xar.
pv. fragariae (causal agent of strawberry bacterial leaf
blight - Fragaria x ananassa), Xar. pv. arracaciae (causal
agent of a bacterial disease identified in arracacha - Arra-
cacia xanthorrhiza), and Xar. pv. zantedeschiae (causal
agent of soft rot of arum lily - Zantedeschia aethiopica)
are pathovars of the species Xar, due to the high genomic
similarity. In contrast, Xar. pv. guizotiae (isolated from
niger - Guizotia abyssinica) and Xar. pv. populi (causal
agent of bark necrosis in poplar - Populus canadensis cv.
Regenerata) were proposed to be members of a new spe-
cies, since their genomes showed high levels of similar-
ity to each other but were found to be distinct from the
genomes of the previous group [23].

Indeed, the lack of comparative genomics studies and
the complexity of establishing a precise taxonomic clas-
sification hinder efforts to conduct comprehensive
genomic comparisons across different pathovars of this
species. Consequently, there is a significant need for
more in-depth studies to uncover the taxonomic classi-
fication, and genetic mechanisms driving the pathogenic-
ity and adaptability of Xar.

The objective of this study was to explore the rela-
tionship between the effectorome, phylogenomic clas-
sification, and host specificity. Additionally, we aimed
to identify specific genes responsible for cellular struc-
tures, metabolic mechanisms, and virulence induction
in interactions with host plants and adaptation to the
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environment. To achieve this, we focused on evaluat-
ing the genomic content of the pathogen Xar through
comprehensive comparative genomics analysis. This
investigation seeks to enhance our understanding of its
pathogenic attributes and address the urgent need for
more effective disease control strategies.

Methods

Genome selection for evolutionary analysis

A total of 177 genomes from Xar, representing nine dis-
tinct pathovars, were selected for comparative genomic
analysis. In addition, 72 genomes from 24 other Xan-
thomonas species (three to eight genomes per species)
were included to support broader phylogenetic inference
(Table S1). All genomes were retrieved from the NCBI
RefSeq database on March 7, 2024. Initial phylogenetic
screening was conducted using the AMPHORA3 [32]
pipeline, followed by a comprehensive pangenome anal-
ysis of Xar genomes using Panaroo [33] version 1.5.0.
Prior to pangenome inference, quality control was per-
formed via Multi-Dimensional Scaling (MDS) to identify
and exclude potential outliers or misclassified genomes.
Genome-based taxonomic classification was performed
using GTDB-Tk (v2.5.2) [34] with default parameters,
and assignments were evaluated based on Average
Nucleotide Identity (ANI) relative to reference genomes
in the GTDB database (Table S2).

A subsequent, more focused analysis was performed
using only Xar genomes. For this, a phylogenetic tree
was constructed based on 164 genomes: 158 previously
validated as belonging to Xar species, and six additional
genomes forming the intermediate clade between Xar
and X. gardneri and originally annotated as Xar but
potentially belonging to other species. These six genomes
were included to assist in robust tree rooting. This phy-
logenetic reconstruction was based on 263 single-copy
core gene families identified across the selected genomes,
using a minimum identity threshold of 90%. These core
genes were concatenated and aligned, and the final phy-
logeny was inferred using version 3 IQ-TREE [35]. Tree
rooting was performed with the Minimal Ancestor Devi-
ation (MAD) method to ensure accurate evolutionary
positioning.

Effectorome analysis

A set of 85 Type III effectors from “The Xanthomonas
Resource” website, available at www.xanthomonas.org,
was analyzed by protein-nucleotide 6-frame translation
(tblastn) searches against the set of 166 genomes with
e-value <le-50 cutoft. Additionally, given the significance
of Transcription Activator-Like Effectors (TALEs) in
Xanthomonas species, their presence was investigated in
other X. arboricola genomes. A blastn was done using the
list of TALEs available at “The Xanthomonas Resource”
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as a query (Table S3). The search was done initially with
maximum similarity and coverage and then decreasing
the values to determine not only how many TALEs are
present, but also at what level of similarity (Table S4).
For genomes where any putative TALE was identified,
we conducted an analysis of the genomic region and the
composition of Repeat Variable Di-residue (RVD) using
the program TALE-NT [36] (Table S5). The alignment of
repetitive regions was established using Clustal Omega
[37] and a cladogram was generated from the results
using FigTree (http://tree.bio.ed.ac.uk/software/figtree/).
To complement the BLAST analysis, DeepSecE v0.1.2
[38], a novel tool leveraging the pre-trained protein lan-
guage model ESM-1b [39], was used to predict putative
type L, 1L, III, IV, and VI secretion system effectors (Table
S6).

Subgroup genome selection for comparative genome
analysis

From the 164 genomes selected for evolutionary profil-
ing, a subset of 30 genomes was chosen to capture both
effectorome diversity and host-range representation. This
set also included six genomes potentially misclassified
as Xar, which were used for phylogenetic tree rooting.
Although more genomes became available later, the orig-
inal 30 genomes still represent the main phylogenetic and
functional diversity of the species. This selection strategy
ensures that the comparative genomic analysis captures
a wide range of genetic and functional diversity within
the species. X. gardneri strain SM40611 was used as an
outgroup.

Prediction of Xar protein families

The 30 genomes previously selected were annotated
using the PGAP pipeline version 2024-04—-27.build7426.
X. gardneri strain SM40611 was used as an outgroup in
this analysis. All 31 genomes were incorporated into a
specific repository (http://jau.facom.ufms.br/arboricol
a/), and from there, comparative analysis based on the
identification of families of orthologous proteins was
performed using the OrthologSorter tool [40] (https://g
it.facom.ufms.br/bioinfo/orthologsorter), which employs
blastp [41] and OrthoMCL [42] tools with default param-
eters to determine orthology. This pipeline generates
three main outputs: (a) protein families unique to each
genome (singletons), (b) protein families shared among
at least two genomes (accessory or flexible genome),
and (c) protein families shared across all genomes (core
genome).

Phylogenomic profile

The phylogenomic profile using Orthologsorter was pre-
dicted based on the conserved protein families shared by
all species analyzed as described above. The families that
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had exactly one protein per genome were aligned and
concatenated using MUSCLE [43]. After the removal of
non-informative alignment columns (positions that may
not be conserved, including those with too many gaps
or that may be saturated by multiple substitutions) using
GBlocks [44], the tree was generated using RAXML [45]
with the PROTCAT model, rapid bootstrapping with
1000 replicates, and maximum likelihood search. To
compare the phylogenomic results obtained from the
core genome, an additional analysis was conducted using
MUMi [46]. MUMIi quantifies intraspecies variation and
conservation at the DNA level to determine similarity
and dissimilarity among the samples (genomes). Both
phylogenomic topologies were generated and compared.

Metabolic profile

The metabolic profile of Xar genomes was analyzed using
KEGG [47] to map pathways and understand metabolic
functions.

Hypothetical genes reannotation and CAZyme prediction
All hypothetical genes identified and located in exclusive
regions of the investigated genomes, as detailed in the
analyses presented, were manually re-annotated using
Uniprot [48] and KEGG [47]. In cases where a putative
new function was attributed based on alignment param-
eters, such genes were assigned an additional nomen-
clature (e.g., Hyp/xxxx, where Hyp indicates that the
hypothetical protein may have a function of xxxx). Car-
bohydrate-active enzymes (CAZymes) were predicted
for the Xar proteomes using dbCAN3 v4.1.4 [49]. Pro-
teins were considered CAZymes if>2 prediction tools
supported the positive hit (Table S7). Final figures were
curated and assembled using advanced vector-based
graphical composition techniques. This process inte-
grated outputs from specialized bioinformatics tools with
high-resolution design protocols to ensure structural
alignment, consistent visual identity, and professional-
grade clarity of all results.

Results

Phylogenomic classification and host diversity of Xar
genomes

A comprehensive phylogenomic analysis was conducted
using 177 genomes of Xanthomonas arboricola (Xar),
along with 72 genomes from other Xanthomonas spe-
cies (Fig. 1). This allowed the construction of a robust
phylogenetic tree in which 158 Xar genomes clustered
into a well-defined and isolated clade, while the other 19
genomes grouped unexpectedly outside this cluster (Fig.
S1). Among these 19 genomes, nine formed a subclus-
ter between Xar and X. gardneri, including two strains
annotated as Xar. pv. populi (CFBP3122 and CFBP3123),
two as Xar. pv. guizotiae (CFBP7408 and CFBP7409),
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and two as Xar. pv. juglandis (CPBF367 and CPBF426).
The remaining ten genomes grouped with other Xan-
thomonas species: CFBP8590 and CFBP8592 with X. can-
nabis; FORF20, FORF21, FORF23, FORF26, PLY3, PLY4,
and PLY9 with X. dyei; and MEUM1 with X. hortorum
and X. gardneri.

To confirm whether these 19 excluded genomes indeed
belong to other species, a refined analysis using Pana-
roo was performed. Multidimensional scaling (MDS)
revealed these genomes to be highly dispersed (Fig. 1A
and B), corroborating the initial phylogenomic findings.
A subsequent phylogenomic analysis was conducted
using the 158 validated Xar genomes, along with the six
genomes forming the intermediate clade between Xar.
and X. gardneri. This set included two strains each of
Xar. pv. guizotiae (CEBP7408 and CFBP7409), Xar. pv.
populi (CEBP3122 and CFBP3123), and Xar. pv. juglan-
dis (CPBF367 and CPBF426). Including these genomes
enabled tree rooting and expanded host diversity in the
analysis. The resulting tree topology (Fig. 1C) revealed
three major clades (I, II, and III), each of which could be
further divided into subclades (a and b).

Clade I contains only Xar. pv. juglandis genomes. Sub-
clade Ia contains isolates from Chile (CFSAN and IVIA),
the USA (417), and Portugal, while subclade Ib includes
genomes from Serbia (OS and OC), China (DW3F3),
and New Zealand, highlighting high genomic variability
within this pathovar. Clade II consists solely of Xar. pv.
pruni (subclade 1la) and Xar. pv. corylina (subclade IIb)
genomes, which showed less genomic diversity than
those of Xar. pv. juglandis, particularly among Xar. pv.
pruni strains.

Clade III is the largest and most diverse, also subdi-
vided into at least two subclades. Unlike Clades I and II,
variability in Clade III does not appear to correlate with
host origin. Interestingly, the genome of Xar. pv. arraca-
ciae marks a potential boundary between subclades IIla
and IIIb but could not be confidently assigned to either
group. This may reflect the current under-sampling of
this pathovar, as it is represented by a single genome, and
additional sequences may resolve it into a distinct sub-
clade (Illc). Lastly, the six genomes presumed to belong
to non-Xar species form three well-separated basal sub-
clades, providing tree rooting and further supporting
previous phylogenomic results (Fig. S1).

Diverse Type lll effectorome patterns across Xar clades

Effectorome analysis revealed substantial variation in
the distribution of Type III secretion system effectors
(T3Es) across Xar strains, with distinct presence/absence
patterns among the previously defined clades, includ-
ing genomes likely misclassified as Xar (Fig. 2). Notably,
strains showing phylogenomic incongruence exhibited
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Fig. 1 Characterization and phylogeny of the evaluated Xar genomes. (A) Pangenome analysis of 177 Xar genomes obtained from NCBI. Nineteen of
these genomes exhibited a certain degree of dissimilarity compared to the others analyzed. The inclusion or exclusion of these genomes significantly
impacts genomic comparison parameters. (B) Pangenome plot of the 158 genomes validated as belonging to the species X. arboricola. (C) Phyloge-
nomic analysis of 164 Xar genomes. Six of the 19 genomes excluded by Panaroo [33] were used to root the tree. The distribution of Xar genomes can
be observed in three major clades (I to Ill), which can be subdivided into well-defined subclades (a and b). The strain Xar pv. araucariaceae was classified
as independent of clades llla and lllb. This positioning is attributed to its unique phylogenetic branching and its status as the sole representative of this

pathovar evaluated in the current dataset

markedly divergent effector repertoires compared to con-
firmed Xar genomes.

The cladogram on the left summarizes the phyloge-
nomic structure shown in Fig. 1. Asterisks (*) in red indi-
cate the 30 reference genomes selected for comparative
analyses. The presence/absence matrix displays T3SS
effectors across genomes from the three main Xar clades,
using the same color scheme as in Fig. 1. The bottom row
indicates the frequency of each effector: green denotes
high frequency, red low frequency. The last six genomes
correspond to strains likely belonging to a species other
than Xar and were used to root the phylogeny shown in
Fig. 1.

Of the 85 T3E genes present in Xanthomonas, 14 were
absent from all genomes analyzed (hpaT, xopAJ, xopAK,
x0pAM, xopAR, xopBG, xopC2, xopll, xopI2, xopO, xopS,
xopU, xopW, and xopY). Only three effectors (avrBS2,
x0pAZ, and xopAW) were conserved across all confirmed
Xar strains.

Clade I, composed exclusively of Xar. pv. juglandis, dis-
played a relatively consistent effector profile, with 38—47
T3Es per genome. Variability stemmed primarily from
differential presence of xopE2, xopAH, xopAl, xopJ1, and

xopJ5. Subclade Ia was characterized by xopE4, avrBS1,
hopH1, and hopH?2, while xopB and xopBB were exclusive
to subclade Ib.

Clade II genomes harbored 44-52 T3Es, with clear
subclade-specific signatures. XopALI, xopAL2, xopAl,
xopJ1, and xopJ2 were consistently present in subclade
IIb, while xopBA and xopAT were restricted to subclade
IIa. These two effectors were exclusive to Xar. pv. pruni
strains, except for xopBA, also found in Xar. pv. arra-
caciae. Likewise, xopAFI1, xopAF2, xopE3, and xopE5
were shared only between clade II and Xar. pv. arraca-
ciae. Additional effectors such as xopBB, avrBS1, hopH1,
hopH2, avrBS3, xopAGl1, xopAG2, xopAO, xopD, and
x0pC1 were confined to subclade IIb but displayed het-
erogeneous distribution.

Clade III exhibited the lowest effector gene con-
tent. In subclade IIla, genomes averaged only four
T3Es, including avrXccAl and the three core effec-
tors. The most enriched genome in this group, Xar F21
(GCF_014199115), carried seven T3Es. Subclade IIIb
had a broader effector range (5-15 genes), with Xar. pv.
arracaciae CFBP7407 exhibiting the most diverse effec-
torome (36 genes), followed by Xar. CFBP6827 (22) and
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Fig. 3 Prediction of TALEs in the investigated genomes. (A) Coverage analysis of the 516 TALEs in the Xar. corylina, Xar. guizotiae and X. gardneri genomes.
Numbers within colored circles indicate TALEs with the highest similarity to previously described TALEs from other Xanthomonas genomes: Xoo — X.
oryzae pv. oryzae, Xoc — X. oryzae pv. oryzicola. The black arrow marks TalAO13, the TALE with the highest sequence coverage and identity among the five
genomes analyzed. Xar. pv. corylina NCCB100457 is the only strain without significant similarity or coverage. (B) Sequence composition of the genomic
region corresponding to TalAO13 in Xar. pv. corylina 1159 and (C) Xar. pv. guizotiae 7408. Six high-identity matches were found in strain 1159; and three in
strain 7408. In both genomes, two matches correspond to genes annotated as avrBs3. Match details are provided in the supplementary materials (Table
S5). Below the matches, predicted RVD motifs within the TalAO13 region are shown. RVDs on the plus strand are in red; those on the minus strand, in
black. Adjacent histograms display the number of tandem repeats (Y-axis: 15 to 30) and their frequency in the analyzed region. In Xar. pv. guizotiae 7408,
31 repeats were found, each with 30 RVDs. (D) RVD repeat composition in the 30 repeats of the avrBs3 gene from Xar. pv. guizotiae 7408. The cladogram
was constructed from a multiple sequence alignment. Sequence numbers correspond to those in panel C. The last four rows summarize repeat counts
and patterns across positions while the last four columns, across sequences

CFBP7630 (21). CFBP7407 uniquely carried multiple
effectors, including xopAB, xopN, xopX, xopEl, xopAH,
xopE4, xopAl, xop]l, xop]5, xopAFl, xopAF2, xopE3,
Xx0pES, xopBA, xopB, xopAG1, xopAG2, and xopT. Con-
versely, genomes with the lowest effector content in this
clade (CFBP7629, GCF_014196045, and CFBP7634)
encoded only avrXccAl and xopR, along with the three
core effectors.

Finally, genomes previously identified as non-Xar
showed distinct effectorome profiles. Xar. pv. juglandis
CPBF367 and CPBF368 contained only three (avrBS2,
xopAZ, and xopR) and four (+avrXccAl) T3Es, respec-
tively. Xar. pv. populi strains encoded only avrBS2,
x0pAZ, and xopAW. Remarkably, Xar pv. guizotiae
strains CFBP7408 and CFBP7409 exhibited unique rep-
ertoires, with xopAP and xopAQ found exclusively in
both genomes. Additionally, xopJ2, xopJ3, xopJ4, and
xopJ6 were unique to CEFBP7408, further distinguishing it
from all other analyzed strains.

TALE analysis reveals identification and potential
functionality in Xar. pv. guizotiae genomes

Given that transcription activator-like effectors (TALEs)
are hallmark features of Xanthomonas species®, their
presence was assessed across all Xar genomes. Surpris-
ingly, most genomes showed no significant matches to
any of the 516 TALE sequences described in the litera-
ture, with alignment coverages rarely exceeding 5% of
query length. Only a few genomes exhibited substantial
similarity, particularly those where the avrBs3 effector
was previously identified, including nine of fourteen Xar.
pv. corylina strains and both Xar. pv. guizotiae strains
(CFBP7408 and CFBP7409). In these cases, multiple
TALEs showed alignment coverages exceeding 80%, with
the TalAO13 sequence reaching up to 95% in the Xar. pv.
guizotiae genomes (Fig. 3A).

Further similarity analysis of the TalAO13 sequence
revealed the genomic insertion site of the avrBs3 gene
in these strains. In Xar. pv. corylina, however, the TALE
sequences appeared fragmented. Figure 3B illustrates the
alignment of TalAO13 in Xar. pv. corylina strain 1159,
showing correspondence with a truncated avrBs3¥ and
four downstream genes. Repeat variable di-residue (RVD)

analysis identified the presence of TALE repeat units, but
no clear pattern characteristic of functional TALEs, sug-
gesting that these sequences may be non-functional in
this pathovar.

In contrast, Xar. pv. guizotiae strain CFBP7408 carried
a complete TalAO13 sequence, showing high identity
across the entire length of avrBs3 (Fig. 3C). RVD analysis
confirmed a canonical organization, revealing at least 31
tandem TALE repeats of 30 amino acids each, with the
variable di-residues forming combinations of HD, NG,
NI, and NH motifs (Fig. 3D), indicative of a potentially
functional TALE.

Global comparison involving 30 selected Xar genomes

Our next comparative analysis of Xar genomes sought
to determine gene content differences that could explain
differences in virulence induction and adaptation among
the strains considered. Based on the phylogenomic anal-
yses and effectorome composition, a subset of 30 rep-
resentative genomes was selected for this analysis. The
selected genomes are shown in supplementary Table S1.

Within this subgroup of genomes, we identified a core
genome composed of 2868 families of orthologous pro-
teins, in addition to 72,610 families of proteins compris-
ing the flexible genome (Fig. 4A). The core genome and
the MUMI analysis (Fig. 4B) enabled us to establish a
similar phylogenomic profile shown in Fig. S1 and Fig. 1C
into well-defined clades with specific pathovars (Fig. 4C
and D).

When comparing the number of genes specific to given
genomes, a wide divergence was observed, ranging from
185 in Xar. pv. arracaciae CEBP7407 to only seven in Xar.
pv. juglandis CFBP2528 (Fig. 4A). This variation may be
directly correlated with the number of strains for each
pathovar investigated. When classified into categories
(with assigned function - WAF, hypothetical proteins -
Hyp, encoding integrases and transposases - I/T, intact
or as pseudogenes - V), additional interesting results
emerge (Fig. 4E). For instance, most exclusive genes in
Xar. pv juglandis NCPPB1447 exhibited premature stop
codon mutations, suggesting potential inactivity. The
number of integrases and transposases is notably high in
two strains of Xar. pv. juglandis isolated from Portugal
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(CPBF1521 and 427 strains) and in the two strains of Xar.
pv. guizotiae from Ethiopia, which may correlate with the
number of effectors identified in these genomes. Finally,
this classification revealed a unique gene repertoire with
distinct functions in some genomes, potentially enhanc-
ing virulence in Xar. pv. corylina NCCB100457, Xar. pv.
juglandis CEBP7179, Xar. pv. populi CFBP3122 and Xar.
pv juglandis CPBF426 genomes.

Among the 182 unique genes identified in Xar pv.
corylina NCCB100457, 28 clustered in a single genomic
region, flanked by integrases that together contribute to
the coding of a type 4 secretion/conjugation apparatus
(T4SS) (Fig. 5A). With clear signatures of a horizontal
transfer, if these genes are functional, they could provide
an adaptive advantage to this strain isolated from Corylus
colurna in the USA. For Xar. pv. juglandis CFBP7179, 34
unique genes were identified in a large genomic region,
with integrases at the upstream end (Fig. 5B). Most of
these unique genes are associated with the metabolism
of heavy metals and metalloids, including copper, arse-
nic, mercury, cadmium, and lead. Another set of genes in
this region is associated with the synthesis of a type IV
secretion/conjugation apparatus (further details will be
provided later). In Xar. pv. populi CFBP3122, a set of 15
unique genes was identified in a region encoding a type
II secretion apparatus (T2SS) (Fig. 5C). Finally, in Xar. pv
juglandis CPBF426, six unique genes were identified, four
of which are involved in DNA phosphorothioation (DNA
PT) in a genomic region flanked by an integrase (Fig. 5D).

Other genes and systems associated with virulence and
adaptation

Aiming to expand the analyses of the flexible genome,
other genes encoding functional apparatus and biological
processes were evaluated. The systems analyzed and their
presence and absence in each genome are summarized in
Fig. 6A. The global syntenic organization using Xar. pv.
juglandis strain 417 as a reference genome is shown in
Fig. 6B. These genes and systems were grouped into six
major categories: secretion systems, flagellum, biofilm
and quorum sensing, adaptation, secondary metabolites,
and cell wall degrading enzymes. For most functions
associated with these categories, the genomes are very
similar to each other. However, significant discrepan-
cies are observed in some of these systems, as described
below.

Secretory systems

Regarding secretion systems, notable discrepancies were
observed in the genes encoding T2SS and T4SS, in addi-
tion to the extra copy of the T2SS previously mentioned
in the Xar. pv. populi 3122 genome (Fig. 5C). For T3SS,
the genes encoding this apparatus were not identified
in the genomes of the clade to which Xar. pv. fragariae
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(LM@G19145, LMG19144, and CFBP6775 strains), Xar. pv.
juglandis 3004, both strains of Xar. pv populi (CFBP3123
and CFBP3122 strains) and Xar. pv. juglandis (CPBF367
and CPBF426 strains) belong (Fig. 6A and B. Notably,
these genomes also harbor the smallest effectorome
repertoires identified in this study (Fig. 2). Analysis of
the putative functional profiles of the effectors across
the 30 reference strains indicates a marked reduction of
these genes and the loss of the T3SS in the aforemen-
tioned genomes (Fig. 2). Rather than indicating reduced
virulence per se, this pattern suggests that these strains
may rely on alternative virulence strategies that are less
dependent on T3SS-mediated effector delivery. Such
strategies may include the secretion of cell wall-degrad-
ing enzymes via the T2SS, production of toxins or sec-
ondary metabolites, and other as yet uncharacterized
mechanisms. Importantly, these inferences are based
on genomic data and require experimental validation.
Indeed, other Xanthomonas species, such as X. sacchari
and X. albilineans, are known pathogens despite lack-
ing a canonical T3SS, supporting the notion that diverse
pathogenicity strategies exist within the genus. The flank-
ing genes at both ends of the genomic region contain-
ing the T3SS in the reference genome (Xar. pv. juglandis
strain 417) are found concatenated in the genomes lack-
ing this apparatus (Fig. 6C). This highlights the role of
insertion and deletion events in the evolutionary dynam-
ics of Xanthomonas species and the genomic erosion
observed in the genomes that have lost these genes.

Most genomes lack gene clusters associated with type
IV secretion/conjugation apparatus synthesis. Among
the genomes that do contain them, there is variation
not only in gene composition, but also in potential evo-
lutionary inheritance. For instance, in Xar. pv. corylina
NCCB10047 and Xar. pv. arracaciae 7407, these genes
are inserted in a genomic region exclusive (putative epi-
some) to each species (Fig. 5).

Flagellum assembly

Flagellum synthesis and regulation are complex processes
dependent on a series of genes that code for proteins
with regulatory and structural functions. In Xar, using
the Xar. pv. juglandis 417 as a reference, two large gene
clusters were identified. One cluster is located in the cen-
tral region of this genome, containing genes involved in
the chemotaxis process (Che). The other gene cluster is
closer to the 10 o'clock region of the genome (Fig. 6A and
B). The first cluster is found in all investigated strains,
except in Xar. pv. corylina 2565 which has the second
gene cluster identified only in the other two Xar. pv. cory-
lina and Xar. pv. juglandis strains, except for those posi-
tioned in the most basal clade (426 and 367 strains). The
second group is mostly made up of genes that code for
the MS, P and L rings that integrate the flagellum into
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Fig. 4 Comparative genomic analysis involving the 30 previously selected Xar genomes. X. gardneri strain SM40611 was used as an outgroup in these
analyses. (A) Floral diagram highlighting a core genome of 2868 orthologous protein families. The colors of the petals were arbitrarily assigned to group
or differentiate the genomes based on the phylogenomic profile in Fig. 1. The numbers at the ends of the petals indicate the total number of singleton
genes (unique genes) identified in each genome. (B) Phylogenomic analysis with the core genome. Circular nodes indicate bootstrap support values
below 100%. The absence of circular nodes on the clades indicates maximum bootstrap support (100%). The background colors that classify the genomes
are the same as those used in the floral diagram. (C) Conservation analysis of DNA sequences using Mummer array [46]. The intersections between lines
and columns in red tone variations indicate greater similarity, while in green tones, lower similarity between genomes. The colors assigned to each ge-
nome are the same as those shown in the floral diagram. (D) Phylogenomic distribution based on Mummer matrix results. Note that there is conservation
in the distributions of all clusters defined by the core genome analysis, except for some small internal transitions observed (dotted red lines). (E) Assess-
ment, categorization and structural organization of unique genes in each of the genomes evaluated in six categories: WAF (with assigned function), Hyp
(Hypothetical) or I/T (encoding integrases or transposases), with the presence or absence of mutations that led them to be classified as pseudogenes
(). On top of the panel the hosts and the identification of the country where the strains were isolated are reported (with a three-letter abbreviation).
N/A — Not identified or reported. The letters A-D in some of the histogram bars signal the presence of a set of genes that were analyzed regarding their

organization and importance in the respective genomes, and which are outlined in detail with the same identification as in Fig. 5

the inner and outer membranes (Fig. 7A). It is interesting
to note that the genes flanking this region, at both ends,
are also concatenated in genomes that do not have them,
signaling the intervention of INDELSs in the structure and
biological dynamics of Xar.

Biofilm production and quorum sensing response

Biofilm formation and quorum sensing responses are
critical traits linked to adaptation and virulence in Xan-
thomonas. Among the 30 Xar genomes analyzed, notable
variation was observed in gene content associated with
these processes. Specifically, a genomic region involved
in cellulose biosynthesis and secretion was identified,
which is absent in certain strains, including Xar. pv. cor-
ylina, Xar. pv. pruni, two Xar. pv. juglandis strains from
the basal clade (CPBF426 and CPBF367), and Xar. pv.
populi strain CFBP3123 (Fig. 6A and B).

This region comprises a six-gene cluster organized in
tandem, including two regulatory genes (bcsQ and besR)
and four structural genes directly involved in polymeriza-
tion and secretion (bcsA, besB, besZ, and besC) (Fig. 7B).
In genomes lacking this cluster, the flanking genes at both
ends appear directly concatenated, suggesting a complete
deletion of the operon.

Genes of interest within a genomic island in the Xar genome
associated with adaptation

In the same extensive putative episome region where
a copy of T4SS is located in Xar pv. juglandis strain
417, several other genes of interest were also observed
(Fig. 7C). This includes a group of genes involved in cop-
per resistance, previously well characterized by Assis et
al. 2021 [19]. Notably, these metal resistance genes differ
from those identified for Xar. pv. juglandis 7179 (Fig. 5B),
suggesting they have the same function but were acquired
through distinct horizontal gene transfer events. Addi-
tionally, a cluster of genes associated with nitrate
metabolism is present (Fig. 7C). Upstream of the metal
resistance genes, genes related to nitrate metabolism,
including those for internalization and siroheme syn-
thesis, are arranged in tandem. Siroheme is an essential

cofactor for the enzyme that converts nitrate into nitrite.
This cluster was identified only in Xar. pv. guizotiae, Xar.
pv. populi 3122, Xar. pv. fragariae, Xar. pv. celebensis, Xar.
pv. zantedeschiae, and in strains 426, 367 and 417 of Xar.
pv. juglandis (Fig. 6A and B). To date, there has been no
experimental analysis of the importance of these genes in
Xar metabolism.

Secondary metabolites

Lasso peptide An interesting gene cluster present in
all 30 reference strains investigated and functionally
reported only in X. gardneri is associated with lasso pep-
tide synthesis. The synthesis of this molecule depends on
a small gene (LP), which codes for a protein containing
two domains: an N-terminal corresponding to the leader
peptide and a C-terminal corresponding to the lasso pep-
tide itself. Three other genes (Lp-B2, Lp-Cyc and Lp-Iso)
participate in the processing of the active molecule, sepa-
rating these two peptides and contributing to the folding
of the final structure (Fig. 7D). These genes are always
arranged in tandem. In all 30 genomes investigated, the
genes involved in the processing of the lasso peptide were
identified with a high degree of coverage and identity.
As for the gene coding for the lasso itself, two tandem
copies (LPI and LPII) were identified. Sequence pairing
analysis of the unprocessed lasso protein was established
using LPI and LPII sequences previously described for
X. gardneri as Refs. [50]. A high degree of conservation
was evident between the LP copies, with specific differ-
ences between Xar and X. gardneri and between the LPI
and LPII sequences, specifically in the N-terminal portion
(leader peptide). When comparing the fraction of pro-
cessed peptides, a clear difference is observed between
LPI and LPII lasso peptides. However, among the species
evaluated the peptides are identical (Fig. 7D).

Other secondary metabolites In addition to the pres-
ence of genes encoding the lasso peptide as a signature of
the Xar species, gene clusters associated with the synthe-
sis of secondary metabolites were identified in practically
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Fig. 6 Comparison of other genes and cellular processes associated with Xar virulence and adaptation. (A) Analysis of the presence and absence of
genes associated with the synthesis of other secretory systems, involved with regulation and flagellum synthesis, biofilm production and quorum sens-
ing, adaptation, biosynthesis of secondary metabolites and degradation of plant cell wall. Presence of the respective system is shown in black; absence
is shown in white. An asterisk (*) indicates the absence of specific genes within the set associated with that function. Partial loss is indicated in gray. Blue
indicates the presence of a system or gene set that differs from the reference model used for comparison. In systems with quantitative gene variation,
the numbers indicate their respective representations, accompanied by a heat map analysis. (B) Global synteny of the investigated genomes using the
genome of Xar. pv. juglandis strain 417 as a reference. In orange, the presence of genes is highlighted. Alongside the figure are some of the functional
groups presented (secretory systems type Il and Il - T2SS/T3SS, NRPS, chemotaxis - Che, conjugation - Tra, resistance to metals - Cu, nitrogen metabolism
- N, phage insertions, cellulose synthesis - Cel, and flagellum synthesis). At the bottom of the figure, a presence/absence analysis of the genomic region
encoding the T3SS apparatus (in red) is shown, using Xaj417 as the reference genome. Genes with unrelated functions are shown in yellow, and flanking
genes in pink. In genomes lacking this region, the upstream and downstream flanking genes (pink) appear concatenated, suggesting a possible INDEL

event at this locus

all genomes, such as synthesis of lankacidin C, xanthofer-
ritin, and xanthomonadin (Fig. 6A and B). Others, how-
ever, are pathovar-specific or shared with reduced groups
of strains. However, the greatest variation observed refers
to the number of clusters involved in the synthesis of non-
ribosomal peptides (NRPs), mostly present in a single
copy, but with some genomes containing up to nine dis-
tinct clusters, as is the case of Xar. pv. juglandis 3004.

Cell wall-degrading enzymes (CWDE)

The composition of the main hydrolytic enzymes
secreted by Xanthomonas was evaluated in the 30
genomes investigated. Although there are small differ-
ences in the number of these enzymes between genomes,
none of these differences have functional significance to
be shown (Fig. 6A).

Discussion
Bacteria belonging to the Xanthomonas genus have sig-
nificant economic importance due to their ability to
infect and damage a wide range of plant hosts [51]. Since
2002, following the complete genome sequencing of X.
citri subsp. citri and X. campestris pv. campestris, several
studies have focused on characterizing the gene reper-
toires of both pathogenic and non-pathogenic strains
[2]. These efforts have significantly improved our under-
standing of shared genes and species-specific features [4].
A similar scenario is observed in X. arboricola. How-
ever, studies on this species remain less comprehensive
compared to other well-characterized Xanthomonads.
Although Xar has been recognized as a distinct species
since 1995 [28], several reclassification proposals have
emerged, based on host specificity, virulence profiles, or
genomic similarity [23, 52]. Currently, over one hundred
complete genomes across nine pathovars are available
in public databases (NCBI: taxon 56448), making Xar
an excellent candidate for comparative genomic studies.
Investigating the genomic specificities of each pathovar
can elucidate correlations between gene content and vir-
ulence potential in compatible hosts, thereby informing
more rational and effective control strategies [53]. This
study presents a comparative genomic analysis to identify

new sets of genes potentially involved in adaptation and
virulence in Xar.

Phylogenomic analyses revealed misclassifications
of several strains. For example, strains CFBP8590 and
CFBP8592 clustered within the X. cannabis clade, with
no available metadata on host or origin. Strains FORF20,
FORF21, FORF23, FORF26, PLY3, PLY4, and PLY9, all
isolated from Arabidopsis thaliana in France, clustered
with X. dyei, a species also associated with A. thaliana.
Strain MEUM]I, likewise isolated from A. thaliana, clus-
tered with X. hortorum or X. gardneri. These findings
corroborate those of Zarei et al. [23], who demonstrated
that these strains are misclassified and should be reas-
signed to other species.

Phylogenomic reconstruction allowed the classifica-
tion of confirmed Xar strains into three major clades,
designated I, II, and III. Clades I and II show pathovar-
specific clustering. Clade I contains only Xar pv. jug-
landis genomes and is subdivided into two subclades (Ia
and Ib). This division may reflect distinct evolutionary
profile and geographical origins, as Chilean strains were
distributed across both subclades, suggesting at least two
separate introduction events. Notably, the effector rep-
ertoires (effectoromes) also differed between subclades:
some effectors were exclusive to Ia, while others were
restricted to Ib.

Clade II includes Xar. pv. pruni and Xar pv. cory-
lina, each forming a well-defined subclade (Ila and IIb,
respectively). Xar. pv. pruni genomes showed remark-
able genomic and effectorome homogeneity, while Xar.
pv. corylina exhibited greater diversity in both aspects.
Interestingly, certain effectors, such as xopBA and
xopAT, were exclusively and consistently present in Xar.
pv. pruni, potentially indicating a role in host specificity,
although experimental validation would be required to
confirm this.

Clade IIT displayed the greatest host diversity and
was also subdivided into two subclades (IIIa and IIIb).
Although the associated hosts varied, effectorome com-
position remained relatively conserved within each sub-
clade. Genomes in IIla harbored only four T3E genes,
whereas IIIb genomes encoded around 15. Notable
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exceptions include Xar. pv. arracaceae (strain CPBF426),
isolated from Arracacia xanthorrhiza in Brazil, which
carries 36 T3E genes, and strains from Capsicum ann-
uum (CFBP6827, Poland) and Salvia splendens (YchA,
China), with 22 and 21 T3Es respectively.

The most striking case involved Xar. pv. guizotiae,
represented by two strains (CFBP7408 and CFBP7409)
isolated from Guizotia abyssinica in Ethiopia. Previous
studies proposed reclassifying these strains as X. guizo-
tiae sp. nov.,, and our results confirm their divergence
from Xar and reveal an extensive effectorome: 50 T3E
genes in CFBP7408 and 43 in CFBP7409. Four T3Es were
unique to CFBP7408 among all genomes examined.

All these results regarding genomic diversity and effec-
torome heterogeneity indicate that the variation in effec-
torome complexity among the investigated Xar genomes
reflect the challenges in classifying strains within this
species. In some cases, effectorome distribution appears
to be directly related to the associated host, as observed
for most organisms in the Xar III clade. However, in
the remaining genomes analyzed, such a correlation is
not evident. Instead, effectorome composition shows a
stronger relationship with genomic similarity, thus cor-
roborating the phylogenomic distribution instead of an
association with the pathovars or associated hosts. This
supports the notion that genetically similar strains, even
when isolated from different hosts and causing different
symptoms, may in fact represent the same microorgan-
ism. This highlights the value of comparative genomics as
a tool for uncovering new avenues of functional investi-
gation [54]. In the context of plant—pathogen molecular
interactions, such insights are essential for expanding
fundamental knowledge and guiding the development of
more effective disease control strategies [55, 56].

The effectorome analysis revealed a wide range in
T3E content across genomes. Some strains lacked effec-
tors entirely, while others possessed extensive reper-
toires capable of manipulating host immunity. To further
investigate effector diversity, we examined the presence
of transcription activator-like effectors (TALEs) [57].
It is important to highlight that in some Xanthomonas
genomes it is possible to identify a significant set of
TALE-encoding genes with these functions [58, 59],
while in others, such genes were not identified, as previ-
ously demonstrated for the Xar. pv. juglandis strain 417
genome [60]. Analysis of the presence and absence of
TALEs in the investigated genomes demonstrated that
these molecular tools for activating conditioned gene
expression responses in plants appear to be a functional
attribute found only in Xar. pv. guizotiae strains [57].
Only in these strains we determined the presence of the
complete avrBs3 gene, with all the complement of RVD
repeats, which have been shown to be associated with
these gene expression regulatory genes [61]. Based on
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their broad repertoire of effectors (the largest among the
strains investigated), we hypothesize that Xar pv. guizo-
tiae strains may have elevated virulence potential, medi-
ated by the plant-pathogen interactions of these proteins.
However, this remains a genomic-based prediction, and
experimental validation (e.g., pathogenicity assays, host-
range tests, or expression studies) is required to confirm
these effects. Nevertheless, these strains represent an
interesting biological model for functional research and
a potential concern in the possible emergence of new
diseases [62], especially on the African continent, where
they were isolated.

In addition to investigating the evolutionary profile and
composition of the effectorome, this work also aimed to
understand the contribution of other genes and cellular
processes that could contribute to adaptation to different
environments and hosts. In these terms, a robust com-
parative genomic analysis involving 30 of the 177 initially
selected genomes was performed. The selection of these
genomes was based on the diversity of associated hosts
and the composition of the effectorome. It was found that
the phylogeny based on the core genome of this subset
of organisms reflected a distribution very similar to that
presented for the larger set of genomes, but with an evi-
dent grouping of strains based on the hosts of isolation.
This behavior was not observed in the genomes belong-
ing to the Xar III clade, described previously, which adds
evidence to the hypothesis that some strains contained in
this clade may actually represent another Xanthomonas
species [23].

Analysis of the composition of the unique genes of
each strain revealed the presence of intriguing genes that
may confer molecular benefits to the strains possess-
ing them [63]. This is the case of Xar. pv. corylina strain
NCCB100457 that carries additional copies of genes
involved in the synthesis of the T4SS secretion apparatus,
which could confer greater conjugation potential [64] or
bactericidal activity in competition events [65]. Another
example is the additional copy of T2SS in Xar. pv. populi
strain CFBP3122, which could give it greater efficiency in
the distribution of hydrolytic enzymes or effectors [7, 66].
The presence of the genetic cluster involved with DNA
phosphorothioate (PT) could confer Xar. pv juglandis
strain CPBF426 greater DNA stability once subjected to
stress conditions [67]. All these gains in gene functions
clearly outline the importance of horizontal gene transfer
events and transposition elements in the genetic diversity
observed in Xanthomonas [68] as fundamental in adapta-
tion and induction of virulence [19].

Analysis of the species’ flexible genome enabled the
identification and classification of a set of genes with
significant potential to enhance adaptive capabilities
[69]. In addition to T4SS and T2SS already discussed,
another interesting set was related to genes encoding
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Fig. 7 Analysis of the composition and syntenic organization of other gene clusters in the Xar genomes. (A) Genomic region associated with flagellar
assembly. The gene organization observed in the representation of Xar. pv. juglandis strain 417 was only observed in other strains of Xar. pv. juglandis,
in strains of Xar. pv. corylina, and in strains CFBP3123 of Xar. pv. populi and NCPPB1832 from Xar. pv. celebensis. The flanking genes are concatenated in
genomes where this region was not identified, indicating a gain or loss mediated by INDEL events. The colors assigned to genes are the same as those
assigned to proteins in the structural model. (B) Synteny analysis, presence and absence of genes involved in cellulose synthesis in Xar genomes, a model
that represents the proteins encoded by the respective genes and their functions in the process of synthesis and secretion of this polymer. The flanking
genes at both ends are found in tandem in genomes that do not have this cluster. (C) Broad genomic region identified in the reference genome Xar. pv.
juglandis strain 417. In addition to a region that confers resistance to copper, previously characterized by Assis and collaborators [19], this region also pres-
ents an upstream cluster of genes involved with nitrate metabolism, and downstream genes involved with the synthesis of the T4SS apparatus. A profile
of the structural and metabolic function of genes involved in nitrate metabolism is outlined. (D) Synteny of genes within the region encoding the lasso
peptide. The genes that participate in the structuring of the functional peptide are present in tandem (LP-B2 - biosynthesis B2 protein, LP-Cyc - cyclase
and LP-I -isopeptidase): OR — oxidoreductase; Hp — Hypothetical proteins; DUF — domain unknown function. On the bottom is shown the identity and
conservation profile between the sequences of lasso peptides | and Il in Xar using as references the sequences previously described in X. gardneri (Xga)
[50]. The asterisk (*) indicates conservation between all sequences (central position) or specifically between the structures of each LP (top and bottom).
On the right is a model of the possible composition of the two lasso peptide structures identified in Xar (LPI and LPIl). The colors and numbering are the

same as those identified in the alignment profile

the structural proteins of the T3SS apparatus: precisely
the genomes that do not have these genes were the same
ones that presented the lowest number of effectors [70].
Clade III strains display broad host-range pathogenicity
despite a markedly reduced T3SS effector repertoire, sug-
gesting that alternative virulence strategies underlie their
success. Considering that the acquisition of this appa-
ratus by horizontal transfer can confer pathogenicity to
hitherto non-pathogenic strains [71], and that similarly,
the absence of this apparatus has already been described
as a condition for the loss of pathogenicity potential in
a series of species [53], these observations suggest that
strains devoid of this apparatus are predicted to be less
reliant on T3SS-mediated virulence compared to those
that have it. Together, these observations suggest that
specific combinations or expression levels of cell wall-
degrading enzymes (CWDEs), non-ribosomal peptides,
lasso peptides, or other secondary metabolites may
serve as alternative primary virulence factors in Clade III
strains, potentially compensating for the reduced T3SS
effector repertoire. These inferences remain predictions
based on genomic data and require experimental vali-
dation. In addition, some of the investigated strains also
lack identifiable gene clusters associated with flagellum
synthesis and regulation. Given that both structures share
genes and biological functions [72], we can assume that
loss of pathogenicity potential not only arises from the
inability to secrete effector proteins but also from lack of
flagellum-dependent motility [73]. For others, however,
the loss of genes encoding the flagellar apparatus could
be compensated by the activity of genes associated with
the T3SS, as previously demonstrated for X. fuscans [13].

Regarding the set of genes associated with the flex-
ible genome, three additional clusters were highlighted:
the nitrate metabolism gene cluster, genes involved in
cellulose synthesis and secretion, and those associated
with lasso peptide synthesis. The presence of a nitrate
metabolism gene cluster provides a phytopathogen with
ecological and metabolic flexibility, enabling adaptation

to diverse environments, exploitation of host resources,
regulation of virulence, and enhanced survival [74]. Simi-
larly, the presence of cellulose synthesis and secretion
genes and lasso peptide synthesis genes plays a crucial
role in biofilm formation, host colonization, microbial
competition, immune evasion, stress resistance, and
potential virulence regulation [75].

Together, these findings suggest that both metabolic
pathways and secreted factors contribute to pathogen
adaptation and may represent targets for disease con-
trol strategies, including approaches aimed at disrupting
pathogen metabolism. In addition, the characterization
of effector repertoires across Xar lineages provides com-
plementary opportunities for disease management. Con-
served effectors may represent promising targets for
broad-spectrum resistance through the deployment of
corresponding resistance (R) genes, while lineage-specific
effectors could inform breeding strategies tailored to par-
ticular pathovars or host systems. Furthermore, under-
standing effector diversity and distribution may support
the design of more durable resistance by anticipating
pathogen adaptation and effector loss or diversification.

Specifically, genes encoding lasso peptides have been
identified in a limited number of Xanthomonas spe-
cies, with X. gardneri being the most well-characterized,
producing Xanthomonins [50]. In the present study, all
investigated strains contained this gene cluster, with a
composition identical to that described in X. gardneri,
suggesting that Xar species also produce these macrolac-
tam peptides as a defense mechanism [76].

In summary, this genomic comparative analysis identi-
fied both unique and shared genes that may confer adap-
tive advantages to the Xar strains under investigation.
These findings highlight potential targets for functional
studies aimed at gaining deeper insights into the biology
of these phytopathogens, thereby paving the way for new
control strategies and integrated disease management
approaches.
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Conclusions

The comparative genomic analyses performed in this
work revealed that there is an immense organizational
complexity in the genomes belonging to the species X.
arboricola, and this complexity is directly related to the
environment, host and composition of the unique and
flexible genome, resulting from insertion and deletion
events that may contribute to the virulence and adapta-
tion profiles of the pathovars and strains investigated.
This was exemplified by the diversity of the effectorome,
and in the set of structural and fundamental genes in bio-
logical processes, such as those associated with the syn-
thesis of secretion, conjugation and motility apparatuses.
Other interesting genomic features included the compo-
sition of genes linked to specialized metabolic functions,
such as genes involved in PT DNA, cellulose synthesis
and export, nitrogen metabolism, and genes coding for
the synthesis of molecules with antimicrobial action,
such as the diversity of NRPs and the production of lasso
peptide. This extensive molecular repertoire makes Xar
bacteria highly versatile organisms and informative mod-
els for studying molecular interactions with the diverse
microenvironments of different host plants.
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