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Abstract

Paracidovorax citrulli is the causative agent of bacterial fruit blotch in melons and watermelons. This study used
comparative genomic approaches of 17 Brazilian P, citrulli strains obtained from melons and watermelons to classify
them into groups | and Il and try to understand their genomic differences. The genomes of P, citrulli presented general
characteristics similar to those shown for the genomes of the type strain of P, citrulli and reference strains of groups
I and Il. A phylogenomic analysis revealed two distinct groups of P, citrulli, in which most Brazilian P, citrulli strains
were grouped with the strain representing group |. CRISPR-Cas analysis revealed the presence of two proteins, Cas3
and Cas10, in all Brazilian P, citrulli genomes. In addition, we observed the presence of two plasmids (pAMC6 and
pAC53) in three Brazilian P, citrulli strains, all closely related to group I. The prediction of effector proteins revealed
the XopE/AvrPphe protein as a differential between the strains of groups | and Il. The present study will contribute to
a more detailed understanding of aspects of host-pathogen interactions and will help improve the detection of strains

from these groups, thus elucidating the population dynamics of Brazilian strains of P, citrulli.
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Introduction

Bacterial fruit blotch, caused by the Gram-negative
bacterium Paracidovorax citrulli (formerly Acidovorax
citrulli) (Du et al., 2023), is a disease with high destructive
potential that threatens the global production of cucurbits
(mainly melon and watermelon) for more than 50 years, since
its first detection in watermelon in the United States in 1965
(Webb and Goth, 1965; Tian et al., 2020). In Brazil, bacterial
fruit blotch was first reported of economic impact in 1997, in
commercial melon fields located in the state of Rio Grande do
Norte (Assis et al., 1999) and is currently distributed in eight
other states (Bahia, Ceara, Minas Gerais, Pernambuco, Piaui,
Rio Grande do Sul, Roraima, and S&o Paulo) (Assuncéo et
al.,2019; EPPO, 2023). In addition, bacterial fruit blotch has
also been reported in watermelon crops in Brazil (Macagnan
et al., 2003; Halfeld-Vieira and Nechet, 2007), though it
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has not caused significant economic impact on production
(Carvalho et al., 2013).

The disease can occur at different stages of melon crop.
On cotyledonary and true leaves, symptoms start as oily spots
and progress to necrotic spots (Oliveira et al., 2006; Wechter
et al., 2011). Symptoms on fruits are characterized by small
oily spots that expand and become brown. Internally, dry
rot develops as a result of bacterial colonization of the pulp
(Melo et al., 2015). Therefore, given that these symptoms
make fruit commercialization infeasible (Assuncao et al.,
2019), the efficient management of bacterial fruit blotch in
melon crops requires a set of control measures across three
production stages: seeds, seedlings, fruits and adult plants
(Assuncio et al., 2019).

Paracidovorax citrulli strains show extensive intraspecies
genetic diversity (Yang ef al., 2023). This species is divided
into two distinct groups based on variations in aggressiveness
and host preference (Walcott et al., 2004). Group I strains
have been primarily isolated from non-watermelon cucurbits
and demonstrate moderate to high aggressiveness on several
cucurbits, including melon and watermelon, while group II
strains have been isolated from watermelon and are more
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aggressive on this host than other cucurbits (Yan et al., 2013;
Yang et al., 2022). Strains of P, citrulli groups I and II can also
be distinguished by their effector proteins, which play crucial
roles in determining their host preferences (Eckshtain-Levi
et al., 2014). Furthermore, there may be other substantial
genomic differences between group I and group II strains,
as the complete genomic sequence of a representative group
I strain (M6) is approximately 500kbp smaller compared to
that of a representative group II strain (AAC00-1) (Eckshtain-
Levi et al., 2016; Yang et al., 2022).

Studies with Brazilian strains of P, citrulli using PFGE,
MLSA of housekeeping and virulence-associated genes, rep-
PCR, and pathogenicity tests on seedlings of different cucurbit
species revealed the predominance of group I strains (Silva et
al.,2016a,b). However, the genomic sequencing of Brazilian
strains remains to be carried out. Therefore, we performed
the genomic sequencing of 17 P, citrulli strains obtained from
melon and watermelon fruit in Brazil. The main goal was
to classify them within groups I and II and characterize the
genomic differences between them using various methods,
including average nucleotide identity (ANI) and DNA-DNA
hybridization (dDDH) values, pan-genomics, phylogenomic,
CRISPR-Cas analysis, plasmid detection, and analysis of type
IIT and IV secretion system effector protein.

Material and Methods
Strains, growth conditions, and DNA extraction

Sixteen strains (CCRMAc8, CCRMAc9, CCRMAc12,
CCRMAc1.12, CCRMAc1.43, CCRMACc1.45, CCRMAc1.73,
CCRMACc1.78, CCRMAc1.83, CCRMAc5.1, CCRMACcS5.3,
CCRMAC5.28, CCRMAcMP2, CCRMACcR2, IBSBF1214,
IBSBF1521) and one strain (IBSBF1627) of P, citrulli obtained
from melon and watermelon fruits in Brazil, respectively, were
used in this study. These strains belong to a collection of 40
strains and were selected based on pathological on seedlings
and melon fruits, biochemical, molecular, and phylogenetic
variability (Silva et al., 2016b). All these strains are deposited
in the Phytobacteria Culture Collection from the Laboratory
of Phytobacteriology of the Universidade Federal Rural de
Pernambuco, Pernambuco, Brazil.

All strains were grown in nutrient yeast dextrose agar
(NYDA, 10 g dextrose, 5 g peptone, 5 g yeast extract, 3 g
meat extract, and 20 g agar, completing the volume with
distilled water to 1,000 ml) and incubated for 36 hours at 29
°C. DNA extraction from the strains was performed using the
DNA MiniPrep bacterial extraction kit (Axygen Biosciences,
MA), following the manufacturer’s recommendations. The
DNA concentration was adjusted to 10 ng pl ™! using a Biodrop
(BiodropTM, Cambridge, Canada).

Whole-genome DNA sequencing, assembly, and
annotation

The libraries were assembled according to the
manufacturer and genome sequencing was performed on the
Illumina Hiseq 2500 platform (San Diego, CA, USA), resulting
in paired- end libraries with 150-bp reads. The quality of the
reads was assessed using the FastQC software (Andrews,
2010). When necessary, sequencing adapters were removed
from the reads and the sequences were subsequently trimmed
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to exclude portions with lower quality using Trimmomatic
v. 0.32 (Bolger et al., 2014). The genomes were assembled
using the de novo method using the SPAdes-V3.15.3 software
(Bankevich et al., 2012). To evaluate the quality of the
assemblies, the Quast v.5.0.2 software was used (Gurevich et
al.,2013). Automatic genome annotation was performed using
Rapid Annotations using Subsystems Technology (RAST)
software (Overbeek et al., 2014).

Taxogenomic and phylogenomic analysis

The genomes of the Brazilian strains of P. citrulli were
compared with the genomes of the types strains of species
of the genus Paracidovorax and with genomes of 22 strains
of P, citrulli, including those representing groups I (M6) and
IT (AACO00-1) (Table S1), which were downloaded from the
Genbank database (https://www.ncbi.nlm.nih.gov/genbank/).
For general calculations of genome relatedness indices,
the average nucleotide identity was calculated using Pyani
v.0.2.11 (Pritchard et al., 2015), and DNA-DNA hybridization
(dDDH) between genomes was calculated using the Genome-
to-Genome Distance Calculator version 3.0 online service
(2023), applying the recommended formula (formula 2)
(Meier-Kolthoff et al., 2022). The similarity matrices obtained
by average nucleotide identity and DNA-DNA hybridization
were converted into a heatmap using the Morpheus platform
(2023). The genomes of the strains under study were analyzed
together with genomes of the type strain of the Paracidovorax
species to obtain orthologous genes using the Roary software
(Version 3.13.0) (Page et al., 2015), available on the Galaxy
Europe server (2023). Gene alignment was carried out using
MAFFT 7.487 (Katoh and Standley, 2013) Later, IQ-TREE
(Trifinopoulos et al., 2016) and iTOL software (Letunic and
Bork, 2021) were used to obtain a Maximum Likelihood
(ML) phylogenomic tree.

CRISPR-Cas, Presence of plasmids, and Type IlI
and Type IV Secretion System Analyses

The genomes of Brazilian P. citrilli strains were also
analyzed to find clustered regularly interspaced palindromic
repeats (CRISPR) and associated proteins (Cas) using the
online tool CRISPRone, in addition, the presence of plasmids
in the genomes was analyzed using the MOB-Recon software
(Robertson and Nash, 2018). The type III and IV secretion
system effector proteins present in the genomes of Brazilian P
citrilli strains and those available in GenBank were predicted
using the T3Sepp (Hui et al., 2020) and T4Sepre (Wang et
al., 2014) software, respectively.

Results

Whole-genome DNA sequencing, assembly, and
annotation

The analyzes performed with the 17 genomic sequences
of'the Brazilian strains of P. citrulli showed values for genome
size, number of coding sequences, and N50 ranged from
4,714,945 bp (CCRMAc1.12) to 5,134,657 bp (IBSBF1627),
4,472 (CCRMACcI.12) to 5,022 (IBSBF1627), and 84,151
(IBSBF1627) to 170,687 (CCRMACS5.3), respectively (Table 1).
GC content ranged from 68.9% (IBSBF1627) to 69%
(CCRMACcI1.12), and the RNA number varied between



Genomic analysis of P, citrulli

Table 1 — General characteristics and relevant information of sequenced strains of Paracidovorax citrulli from Brazil.

Strains

Parameters CCRMAc12 CCRMAcl.12 CCRMACc1.43 CCRMACcl1.45 CCRMACc1.73 CCRMACc1.78 CCRMACc1.83 CCRMACc5.1 CCRMACc5.3
Genome length (bp) 4,769,369 4,714,945 4,786,390 4,778,659 4,798,004 4,765,464 4,796,320 4,787,299 4,844,472
GC Content (%) 69 69 68.9 68.9 68.9 68.9 68.9 68.9 68.9
Number of coding sequences 4532 4472 4562 4572 4596 4542 4592 4571 4635
Largest contig 387,708 336,687 383,600 383,599 383,600 383,600 383,600 387,542 383,601
N50 148,160 133,581 146,522 170,686 133,580 131,905 161,592 161,592 170,687
Number of RNAs 50 50 50 50 50 50 50 50 50
Number of contigs 67 67 68 79 68 71 67 72 65
Genome Accession™ SAMN2481 SAMN2481 SAMN2481 SAMN2481 SAMN2481 SAMN2481 SAMN2481 SAMN2481 SAMN2481

2615 2616 2624 2620 2618 2617 2621 2630 2628

Strains

Parameters CCRMACc5.28 CCRMACcS8 CCRMACc9 CCRMAcMP2 CCRMACcR2 IBSBF1214 IBSBF1521 IBSBF1627
Genome length (bp) 4,785,933 4,817,077 4,817,808 4,816,063 4,759,031 4,786,754 4,863,575 5,134,657
GC Content (%) 68.9 68.9 68.9 69 69 68.9 68.9 689
Number of coding sequences 4564 4596 4602 4602 4530 4576 4658 5022
Largest contig 383,600 286,527 336,669 383,600 383,600 383,600 383,600 304,264
N50 146,592 161,583 150,361 149,251 133,585 170,687 133,585 84,151
Number of RNAs 50 50 50 50 51 49 50 51
Number of contigs 69 69 70 67 67 70 73 127
Genome Accession® SAMN2481 SAMN2481 SAMN2481 SAMN2481 SAMN2481 SAMN2481 SAMN2481 SAMN2481

2625 2634 2614 2627 2619 2622 2632 2629

*The Bioproject PRINA796053



49 (IBSBF1214) and 51 (CCRMACcR2 and IBSBF1627).
Furthermore, the genomes exhibited different values in the
number of contigs, which ranged from 65 (CCRMAc5.3) and
127 (IBSBF1627).

Taxogenomic and phylogenomic analysis

The results of the ANI and dDDH analyzes demonstrated
that values among the genomes of the Brazilian strains
of P. citrulli ranged from 99.6% (IBSBF1627) to 99.9%
(CCRMACc1.12) and 97.5% (IBSBF1627) to 100%
(CCRMAC1.12), respectively (Figure 1A). ANI and dDDH
values above 99.6% and 96.7%, respectively, were observed
among the genomes of the strains sequenced in this study and
the genome of the type strain of P. citrulli (DMS 17060"),
showing that the analyzed strains belong to this species. Pan-
genomic analysis of the genomes of Paracidovorax species
revealed 87 core genes, 4651 shell genes, and 29251 cloud
genes. The phylogenomic ML tree built with the core genome
showed that all Brazilian strains were grouped into a single
cluster along with DMS 17060" (Figure 1C).

The ANI and dDDH values observed among the genomes
of Brazilian strains and genomes of 22 strains of P. citrulli
available in GenBank ranged from 99.3% (P. citrulli EP) to
99.9% (CCRMACc1.43) and 93.1% (P. citrulli EP) to 100%
(CCRMACS.1), respectively (Figure 1B). When we analyzed
only the Brazilian strains, we can verify that the ANIm and
dDDH values observed among the genomes of the Brazilian
strains of P. citrulli varied between 99.6% (IBSBF1627) to
99.9% (CCRMAc1.12), and 97.5% (IBSBF1627) to 100%
(CCRMACcI.12), respectively. When we compared the
genomes of the Brazilian strains with the group I (M6) and 11
(AACO00-1) strains, ANIm and dDDH values among Brazilian
strains and the M6 strain ranged from 99.6% (IBSBF1627)
to 99.9% (CCRMAc12) and from 97.5% (IBSBF1627) to
99.9% (CCRMACc12), respectively. In comparison, the values
among Brazilian strains and AACO00-1 strain ranged from
99.6% (CCRMACc12) to 99.9% (IBSBF1627) for ANIm and
97.4% (CCRMACc1.83) to 99.9% (IBSBF1627) for dDDH.

The pan-genomics conducted on the Brazilian P. citrulli
strains, along with strains obtained from GenBank, identified
1399 core genes, 2936 shell genes, and 11795 cloud genes.
The phylogenomic ML tree built with the core genes (1399)
grouped 16 Brazilian strains of P. citrulli along with DMS
170607, M6, and other eight strains (HPP21-3-3B, HPP21-9-4B,
NWBSC196, pslb65, ZJU1106, NWBSC107, KACC17001,
tw6), while only one Brazilian strain (IBSBF1627) was
grouped along with AACO00-1 and others 12 strains obtained
from GenBank (Figure 1D).

CRISPR-Cas, Presence of plasmids, and Type llI
and Type IV Secretion System Analyses

Analysis of the CRISPR-Cas system revealed Cas
proteins. All strains in the present study presented Cas3 and
Cas10 proteins, which are included in class I. In addition to
the proteins aforementioned, we also observed in all strains
the presence of the csa3, csaSgrll, deddh, and ding genes
(Figure 2).

The plasmids pACM6 and pACS53 were detected in the
genomes of only three of the 17 strains sequenced in this study
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(Table 2). Plasmid pACM6 was identified in strains CCRMAc9
and IBSBF1521, while plasmid pAC53 was present in strains
CCRMACc8, CCRMACc9 and IBSBF1521(strains belonging
to group I). The predicted plasmids showed GC content
ranging from 60.63 (CCRMACc8) to 61.25% (IBSBF1521).
The visualization of pACM6 alongside the chromosomal
genome revealed varying plasmid fragments across the strains
examined in this study (Figure 3).

The predicted number of effector proteins of the type
IIT secretion system varied from 25 (CCRMAc1.43) to 34
(CCRMACcMP?2 and IBSBF1214). In turn, the number of type
IV secretion system proteins ranged from 60 (CCRMAc1.12)
to 68 (IBSBF1627). The effector protein XopE/AvrPphe,
which belongs to the type III secretion system effector family,
was predicted in all Brazilian strains belonging to group I
and was absent in the Brazilian strain belonging to group
IT (IBSBF1627). In addition, the description of the type III
and type IV effector proteins predicted in the genomes of
these strains is listed in Table S1. In turn, based on the result
obtained from phylogenomic ML, we found that all Genbank
strains belonging to group I present in their composition the
effector protein XopE/AvrPphe, which belongs to the type II1
secretion system effector family; while in group II strains this
protein is absent (Table S1).

Discussion

Seventeen strains of P. citrulli obtained from melon
(n = 16) and watermelon (n = 1) fruits with symptoms of
bacterial fruit blotch in Brazil were selected to carry out a
genomic characterization aiming to detect genomic differences
among strains of the groups I and II to understand in more
detail aspects of the pathogen-host interaction and help to
improve the detection of the strains of these groups.

The ANI and dDDH values obtained for the
17 Brazilian strains, in comparison with the type strain of P
citrulli (DSM170607), corroborate the parameters previously
established for species determination. Thus, given that the
criterion established for bacterial species determination is
70% for dDDH and 95% for ANI (Goris et al., 2007; Richter
and Rossell6-Mora, 2009), these results confirm all strains as
P, citrulli. In addition, the phylogenomic analysis performed
here demonstrated that all Brazilian strains were closely related
to DMS 170607, as they were all grouped into a single clade
with bootstrap 1000 (Figure 1A). Using rep-PCR, Melo et al.
(2014) verified that the Brazilian strains were closely related to
the type strain of P. citrulli, which was designated as group I,
and similar results were also observed by Silva ez al. (2016b).
The congruence between whole-genome—based analyses (ANI,
dDDH, and phylogenomics) and earlier molecular approaches
strengthens the evidence that the Brazilian population of P
citrulli represents a homogeneous taxonomic group.

The values found in our study closely aligned with those
observed for the genomes of the type strain (DSM 170607)
and reference strains of groups I (M6) and II (AACO00-1) of
P, citrulli available in GenBank, which had genome sizes of
4,848,266 bp, 4,899,546 bp, and 5,352,772 bp, respectively,
and a coding sequence number of 4,678, 4,644, and 5,174.
Evolutionary evidence that separates strains of both groups
lies in the presence of eight DNA fragments found in the



Genomic analysis of P. citrulli 5

Figure 1 — Maximum-likelihood phylogenetic tree based on core genes of sequenced strains of P.citrulli (CCRM) and species of genus Paracidovorax (A) and strains of P, citrulli (B). Numbers at nodes are bootstrap values (>50%)
from 1000 repetitions. Bar represents the expected number of substitutions per site. Superscripts following strain names: T = type strain of a species; R = Strains Representatives of group I and group II.
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Figure 2 — Representative diagram of Cas proteins found in all Brazilian genomes of Paracidovorax citrulli and its subtypes. Image created by BioRender.

com.

Table 2 — Occurrence of plasmids in three strains of Paracidovorax citrulli group 1.

. Plasmid Plamisd CG Content .. Identity percentage  Cod. Accession
Strain (code)* length (bp) %) Description (NCBI) (NCBI) (%) (NCBI)
P, citrulli strain M6
plasmid pACS3 99,62 CP029374.1
CCRMACc8 AH419 49505 61,23
P, citrulli strain NWB SC196
plasmid pACS3 99,32 CP042322.1
P, citrulli strain M6
plasmid pACM6 99,79 CP029374.1
CCRMACc9 AH419 48074 60,63
P, citrulli strain NWB SC196
plasmid pACS3 99,44 CP042322.1
P, citrulli strain M6
plasmid pACM6 99,62 CP029374.1
IBSBF1521 AH419 49553 61,25
P, citrulli strain NWB SC196 99.32 CP042322.1

plasmid pACS53

*Code generated by MOB-Recon software.

genome of the strain AACO00-1 (group II reference strain),
which are absent in the M6 genome (group I reference strain)
(Eckshtain-Levi et al., 2016). In the present study, we found
that the genome of strain IBSBF1627 is approximately 500
kb larger than those of the other Brazilian strains (Table 1).
Furthermore, it was the only strain grouped along with
AACO00-1 (group II). The ANI and dDDH analyses did not
present borderline values that allowed the separation of P.
citrulli groups. However, there was a trend regarding ANI
and dDDH values; strains within the same group have higher
ANI and dDDH values, while strains from different groups
have lower ANI and dDDH values.

The phylogenetic ML tree constructed with the core
genes (cMLSA) divided the strains of P. citrulli into two
distinct groups, in which the majority of them, including
16 Brazilian strains, clustered together with the type strain
DMS 170607, as well as M6 and others strains (HPP21-3-3B,
HPP21-9-4B, NWBSC196, NWBSC107, pslb65, ZJU1106,
KACC17001, tw6), with a bootstrap of 1000% (Figure 1B),
demonstrating that all of them belong to Group I sensu Walcott
et al. (2000; 2004) and confirming the predominance of P,
citrulli group I strains in Brazil, as previously described
(Silva et al., 2016a, b). According to Zlatkovi¢ et al. (2022),
the strains ZJU1106 and psIb65 (also present in our study)
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Plasmid pACM6
- 100% identity
. 70% identity

50% identity

Figure 3 — Circular visualization between the genomes of Brazilian strains of Paracidovorax citrulli. Graphs located in the inner center indicate GC
content and GC asymmetry diagrams, in addition to the reference genome (M6). Colored rings indicate P. citruli strains CCRMAc9, CCRMAcS8 and
IBSBF1521, respectively.



clustered with the reference strain of group I (M6) and the type
strain, thus corroborating the results of the present study. The
strain IBSBF1627 was grouped along with AACO00-1 (group
1), EP, T1, KACC18784, NWBSC074, KACC18782, AAC00-
1 #5593, AACO00-1 #5596, AAC00-1 #5684, KACC17005,
KACCI17005 2 and KACC17913. Based on the analysis of the
partial 23S rDNA sequence, strain IBSBF1627 was classified
belonging to as group I (Silva et al., 2016b). However, in the
analysis carried out, strains representative of the two groups
were not used, resulting in a discrepancy in the results obtained.
Through phylogenomic analysis based on core genes, our study
demonstrated greater resolution and robustness compared to
single-locus approaches, thus supporting the reclassification
of isolate IBSBF1627 as belonging to group II. This result
highlights the importance of using robust methods, based on
complete genomes, for the correct determination of bacterial
groups, since misclassifications resulting from partial gene
analyses can lead to erroneous interpretations of the pathogen’s
population structure.

Currently, several CRISPR-Cas mechanisms are found
in prokaryotes, which are categorized into two large classes,
six types and around 33 subtypes based on the nature of the
effector complex and Cas enzymes involved (Furtado et al.,
2021). Here, we found that all Brazilian strains of P, citrulli
have Cas3 and Cas10 proteins, which are included in class I.
The presence of these proteins in the P. citrulli genomes is
essential for the bacterial response. In this case, the CRISPR-
based bacterial response can be divided into three important
phases: adaptation, expression and interference, therefore, the
action of Cas proteins occurs in the first phase (adaptation),
where the invading organism is detected and processed by a
complete set of Cas proteins (Deveau et al., 2008, Makarova
et al., 2020) (Figure 2).

The presence of plasmids pACM6 and pAC53 was
only verified in the CCRMAc8, CCRMACc9, and IBSBF1521
strains, which show greater similarity to group I (reference M6
strain), whereas these plasmids were not found in the Brazilian
strain of group II (IBSBF1627). Yang et al. (2019) observed
the absence of plasmids in the AACO00-1 strain (group II),
while in the M6 strain (group I) it was present. Furthermore,
the authors identified the overlap of the pACM6 plasmid in
eight strains group II through BlastN, indicating that these
strains did not have the plasmid, and that in some group I
lineages, plasmids are absent, which further reinforces the
results obtained in the present study. The presence of plasmids
offers several advantages in plant-pathogen interactions,
considering that the plasmid is composed of several accretive
genes, such as antibiotic resistance, heavy metal tolerance,
toxin production, and ecological fitness of the pathogen to
survive adverse conditions, in addition to virulence genes that
contribute to bacterial pathogenicity (Smalla et al.,2015). In
P, citrulli, certain plasmids, such as pAMC6, may contain in
their composition genes responsible for plasmid replication,
maintenance and transfer, such as the stbB, repA, parA and
parB, traX and mobC genes, and all the genes necessary
for the synthesis of a functional type IV secretion system
(Yang et al., 2019). Plasmids also play an important role in
bacterial evolution by transferring beneficial traits within
and between bacterial species, positively contributing to host
fitness (Rodriguez-Beltran et al., 2021).
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The presence of proteins essential for the type Il secretion
system was predicted in our study. The mechanisms by which
plant pathogenic bacteria regulate the type III secretion system
are crucial for the infection process (Tampakaki et al., 2010)
and these mechanisms have been well reported in some plant
bacteria. For example, HrpG and HrpX regulate the type
IIT secretion system in bacteria of the genus Xanthomonas
spp. (Xue et al., 2014) and HrpB in Ralstonia solanacearum
(Jiménez-Guerrero et al.,2019). hrpX and hrpB encode AraC-
type transcriptional activators that directly intercede in the
expression of several hrp/hrc operations, in addition to many
genes of the type III transmission system. Orthologous genes
of the hrpG and hrpX/hrpB groups found in the P. citrulli Aac5
strain belonging to group II are critical for its pathogenicity,
according to Zhang et al. (2018). The authors also report that
HrpG triggers the expression of hrpX, which consequently
regulates the expression of a T3E gene belonging to the YopJ
family. Among the predicted effector proteins in our study, we
found that all strains had a type IV pilin protein (Table S1).

Among the predicted effector proteins in our study, we
identified in all strains the presence of a type IV pilin protein
(Table S1). Type IV pili are associated with the virulence of
P, citrulli, since these bacterial surface structures contribute
to adhesion to the host, colonization, aggregation, biofilm
formation, and the uptake of genetic material (Craig et
al., 2004; Nudleman and Kaiser, 2004). Previous studies
demonstrated that suppression of the pil4 gene resulted in the
complete loss of motility in strain pslb65 (group I). However,
in group II strains such as Aac5, mutation of pilA4 led only to
partial loss of twitching motility (Yang et al., 2023), suggesting
functional differences between groups. It is also important to
emphasize that groups I and II differ in their T3SS effector
repertoire (Eckshtain-Levi ef al., 2014). In this study, we
detected the effector protein of the XopE/AvrPphe family,
which was present in all group I strains and absent in group
II strains, both in Brazilian P, citrulli strains and in sequences
available in GenBank. This finding reinforces the existence
of specific variations between groups, which may be directly
related to the adaptation and virulence of different lineages.

The results obtained from the characterization of the
genomic diversity of the Brazilian P. citrulli population will
contribute significantly to understanding the ecological,
taxonomic, evolutionary, pathogenicity, and virulence
aspects of the strains studied, which will be beneficial for the
development of tools that will enable accurate diagnosis and
the monitoring of emerging strains. Identifying strains carrying
plasmids is of paramount importance, since plasmids can carry
genes responsible for the bacterium’s adaptation and virulence,
thus increasing its suitability in agricultural environments.
Moreover, the identification of a group II strain underscores
the relevance of ongoing surveillance in agricultural systems,
as this group poses a threat to watermelons and other cucurbits,
ultimately compromising crop performance and reducing
productivity.

Conclusion

We confirmed the predominance of two phylogenomic
lineages, with predominance of P. citrulli group I strains in
Brazil and verified that all strains had Cas genes in their
composition. The study revealed for the first time the presence
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of plasmids pACM6 and pAc53 in Brazilian strains of P,
citrulli, in which they varied between 49553 bp and 48074
bp. Furthermore, through the prediction of effector proteins
we can also differentiate group I and II strains of Brazilian P,
citrulli, verifying the presence of the XopE/AvrPphe protein.
The present study will contribute to the understanding of the
population diversity of Brazilian strains of P, citrulli and will
assist in the development of techniques for managing bacterial
fruit blotch, mainly in melon crops in Northeastern Brazil.
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