Holman et al. BMC Genomics (2026) 27:540 BMC Genomics
https://doi.org/10.1186/s12864-026-12875-9

Whole-genome characterization and analysis 2
of Pantoea agglomerans R6: a genomic insight

into its pathogenicity and resistance as

a potential opportunistic plant pathogen

Darin Edward Holman", Ashwil Klein? and Marshall Keyster'”

Abstract

Pantoea agglomerans is a Gram-negative bacterium increasingly recognised as an opportunistic pathogen, yet the
molecular basis underpinning its host-interaction capacity remains poorly understood. Here, we report the whole-
genome sequencing and integrative characterisation of P agglomerans strain R6, isolated from Lactuca serriola.

The 4.7 Mb draft genome (GC content 55.6%) encodes 4,349 genes, including secretion system components,
siderophore clusters, adhesins, and multidrug efflux pumps. Comparative genomic analysis against previously
characterised Pantoea strains revealed an open pan-genome shaped by horizontal gene transfer, with multiple
genomic islands harbouring putative virulence- and resistance-associated loci. Notably, homologues of type VI
secretion system components, iron acquisition systems, and stress response pathways suggest adaptive potential
during host colonisation. Complementary phenotypic assays supported these genomic predictions, demonstrating
swarming motility, biofilm formation, extracellular polysaccharide production, and enzymatic activities associated
with host interaction in related strains. While R6 displayed susceptibility to B-lactams, its genomic repertoire
indicates potential for adaptive resilience under selective pressure. This integrative genomic and phenotypic
characterisation identifies candidate molecular features associated with opportunistic behaviour and highlights the
genomic potential of R6, rather than experimentally validated causal determinants of pathogenicity.
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Introduction

Pantoea agglomerans is a Gram-negative, facultatively
anaerobic bacterium within the family Enterobacteria-
ceae that occurs across a broad range of habitats. It is fre-
quently recovered from plant-associated environments,
including epiphytic and endophytic niches, as well as
from soil and water, and it has also been reported from
animal-associated sources [1-3]. This ecological breadth
reflects a species capable of thriving in multiple contexts,
but it complicates interpretation in agricultural and clini-
cal settings, as strains may exhibit either beneficial or
opportunistic pathogenic behaviour depending on their
genetic repertoire and environmental conditions.

Despite extensive reports describing both plant-benefi-
cial and opportunistic pathogenic P. agglomerans strains,
the molecular features that distinguish these lifestyles
remain poorly resolved, particularly for strain R6 isolated
from Lactuca serriola.

The genus Pantoea, first described by Gavini, Mergaert
[2], comprises yellow-pigmented bacteria that display
notable adaptability and have been detected in diverse
reservoirs such as seeds, insects, and clinical environ-
ments [2, 4]. Several members of the genus are of agricul-
tural relevance, particularly P agglomerans, P. ananatis,
and P stewartii, which are associated with both plant-
associated lifestyles and plant disease development.

A substantial number of Pantoea isolates have been
described as plant growth-promoting bacteria (PGPB),
supporting host performance through mechanisms that
improve nutrient availability and stress tolerance. These
mechanisms include nitrogen fixation, phosphate solu-
bilisation, siderophore-mediated iron acquisition, and
production of phytohormones such as indole-3-acetic
acid (IAA) [5, 6]. Beyond direct growth promotion,
some strains suppress phytopathogens through com-
petitive exclusion, antimicrobial production, and stimu-
lation of host defence responses. For example, selected
non-pathogenic isolates have been applied as biological
control agents against fire blight caused by Erwinia amy-
lovora, demonstrating their value in integrated disease
management strategies [7].

In contrast, pathogenic Pantoea strains have been
implicated in economically important diseases across
multiple crops, including rice blight, maize leaf spot,
sorghum dieback, onion centre rot, cotton blight, and
walnut dieback [8, 9]. In Brassica napus, infections can
present as leaf spotting and blight symptoms, vascular
dysfunction, and stem lesions, ultimately reducing plant
vigour and yield. These outcomes highlight the capacity
of Pantoea to colonise and persist in diverse plant tissues,
including leaves, stems, seeds, and vascular niches, which
facilitates dissemination and disease establishment.

Reflecting this duality, P agglomerans is particu-
larly notable because strains occur at both ends of the

Page 2 of 19

interaction spectrum, from growth-promoting and bio-
control-associated isolates to opportunistic plant and
human pathogens [10, 11]. This variability is supported
by genetic determinants linked to host interaction. Secre-
tion systems such as type III and type VI mediate effec-
tor delivery, while surface-associated factors, including
lipopolysaccharides, extracellular polysaccharides, and
adhesins, promote attachment and immune modula-
tion. Iron acquisition systems enable survival in nutrient-
limited host niches. In addition, phytohormone-related
pathways, including IAA and cytokinin biosynthesis,
may alter host physiology and influence the shift between
beneficial colonisation and disease under specific condi-
tions [12—14]. These features underscore the fine bound-
ary between mutualism and pathogenicity in this species.

Advances in microbial genomics have substantially
improved our ability to investigate this diversity at the
molecular level. The draft genome of P agglomerans
strain R6, isolated from Lactuca serriola, revealed more
than 4,000 predicted coding sequences, including loci
linked to stress tolerance, metabolic versatility, and puta-
tive virulence-associated functions [15]. Comparative
analyses across pathogenic and non-pathogenic strains
indicate that horizontal gene transfer, often mediated by
plasmids and genomic islands, strongly shapes the evolu-
tion of P agglomerans. Such genomic plasticity enhances
ecological fitness, yet it also limits the ability to infer risk
solely from taxonomic identity.

A clearer understanding of the genetic basis underpin-
ning beneficial versus pathogenic traits in P. agglomerans
is therefore essential for both disease prevention and the
safe development of Pantoea-based applications in agri-
culture. To address this gap, assays were selected to eval-
uate traits relevant to host interaction and safety. Biofilm
and EPS measurements were included to assess coloni-
sation capacity, enzymatic profiling to identify activities
associated with substrate utilisation, and antibiotic sus-
ceptibility testing to determine whether genomic resis-
tance predictions translate into phenotype.

In this study, we characterise P. agglomerans R6 using
an integrative approach that combines phenotypic assays
with genome-based analyses to evaluate determinants
of host interaction and opportunistic behaviour. Pheno-
typic traits assessed included swarming motility, biofilm
and extracellular polysaccharide production, extracellu-
lar enzymatic activities, nutrient acquisition capacities,
and antibiotic susceptibility, as these features are directly
linked to colonisation ability, persistence in planta, and
potential pathogenicity. These observations were inter-
preted alongside genomic predictions of secretion sys-
tems, adhesion factors, and iron uptake loci to provide a
cohesive assessment of strain-level functionality.
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Materials and methods
Bacterial isolate and growth conditions
Pantoea agglomerans strain R6 was originally isolated
from Lactuca serriola roots collected at the University of
the Western Cape (Bellville, South Africa) as previously
reported by Istain, Mokgokong [15]. For routine experi-
ments, a single colony was cultured in nutrient broth at
22 °C unless stated otherwise. Strain R6 was maintained
as 50% glycerol stocks at — 80 °C and revived on Reason-
ers2 agar prior to experiments. Working cultures were
not passaged more than twice to avoid phenotypic drift.
The designation “R6” originates from the isolate cod-
ing scheme used in the original collection study by Istain
et al. [15], in which bacterial isolates obtained from
Lactuca serriola roots were assigned sequential identifi-
ers prefixed with “R” to denote root origin. Species iden-
tification as Pantoea agglomerans was determined from
whole-genome sequence analysis reported in that study.
The same strain name has been retained in the present
work to maintain continuity with the deposited genome
record (GenBank accession JACRVA000000000).

Genomic DNA extraction and 16S rRNA identification
Genomic DNA was extracted from overnight cultures
using the GenElute™ Bacterial Genomic DNA Kit (Sigma-
Aldrich) according to the manufacturer’s instructions.
Species identity was confirmed by amplification of the
16S rRNA gene using universal primers E9F and 1492R.
PCR amplification was performed under standard cycling
conditions (initial denaturation at 95 °C, followed by
30 cycles of denaturation, annealing at 55 °C, extension
at 72 °C, and a final extension step). Amplicons were
sequenced at the Central Analytical Facility (Stellen-
bosch University), and resulting sequences were edited
in BioEdit and identified using BLAST against the NCBI
nucleotide database.

Gram staining and Scanning Electron Microscopy (SEM)
Cell wall type and morphology were assessed by Gram
staining using a standard protocol [3] and visualised by
light microscopy. For ultrastructural analysis, SEM sam-
ple preparation was performed based on Tian, Hu [16]
with minor modifications. Briefly, cells were fixed with
glutaraldehyde followed by osmium tetroxide, dehy-
drated through a graded ethanol series, treated with
HMDS, mounted on aluminium stubs, sputter-coated,
and imaged using scanning electron microscopy.

Motility and swarming assays

Motility was evaluated using sulfide indole motility (SIM)
medium prepared according to Shields and Cathcart [17].
Cultures were stab-inoculated into SIM agar and incu-
bated at 25 °C for 24—48 h. Motility was recorded as dif-
fuse growth extending from the stab line.
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Swarming behaviour was assessed on Mueller—Hin-
ton agar plates by spot-inoculating a single colony at the
plate centre and incubating at 25 °C for up to 5 days. Plate
images were captured before and after incubation and
analysed using Image] [18] to compare swarm expansion.

Exopolysaccharide (EPS) production

EPS production was quantified using a phenol-sulfuric
acid carbohydrate assay with minor adjustments from
Elnahas, Amin [19]. Cultures were grown in LB broth
(supplemented with sucrose) at 25 °C for 48 h under agi-
tation. Cells were removed by centrifugation and EPS was
precipitated from the supernatant using chilled acetone,
dried, and resuspended in sterile water. Total carbohy-
drate content was determined by measuring absorbance
at 490 nm and quantified against a glucose standard
curve. All experiments were performed in triplicate.

Biofilm formation assay

Biofilm formation was evaluated using a crystal vio-
let microtiter plate assay using Coffey and Anderson
[20] method with minor adjustments. Briefly, cultures
were grown overnight in LB broth, the following day it
was diluted 1:100 in LB broth, and 200 pl incubated in
U-bottom 96-well plates at 30 °C for 48 h. Wells were
gently washed to remove planktonic cells, stained with
0.1% crystal violet, and solubilised with 30% acetic acid.
Absorbance was measured at 595 nm to estimate biofilm
biomass. Experiments were conducted in triplicate.

Functional and biochemical characterisation

A series of plate-based assays was conducted to evaluate
enzymatic activities relevant to plant-associated fitness
and pathogenic potential. All plates were spot inoculated
with protocols being adapted according to the reference.
Amylase activity was assessed on starch agar follow-
ing incubation at 25 °C for 48 h and visualised by iodine
staining, where clear zones indicated starch hydrolysis
[21, 22]. Catalase activity was determined by bubble for-
mation after exposure to 3% (v/v) H,O, [23]. Cellulase
activity was evaluated on carboxymethylcellulose agar
incubated at 25 °C for 48 h and visualised using Congo
red staining and NaCl destaining to detect halo forma-
tion [24]. Chitinase activity was assessed on colloidal
chitin agar supplemented with bromocresol purple and
incubated at 25 °C for 48 h, with colour change and halo
formation indicating positive activity [25]. Lipase activity
was determined on tributyrin agar following spot inocu-
lation and incubation at 25 °C, where clear zones indi-
cated lipid hydrolysis as described by Carrazco-Palafox,
Rivera-Chavira [26]. Oxidase activity was assessed using
commercial oxidase test strips according to the manufac-
turer’s instructions. Protease production was evaluated
on skim milk agar after incubation at 25 °C for 48 h, with
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clearance zones indicating casein hydrolysis [27]. Ure-
ase activity was tested on Christensen’s urea agar incu-
bated at 25 °C for 48 h, with a colour change from yellow
to pink indicating positive urease activity [28]. All assays
were performed in triplicate.

Carbon source utilisation and compound production
Carbon utilisation assays were performed using stan-
dard plate-based growth screening. Glucose metabolism
was evaluated on glucose agar plates incubated at 25 °C
for 48 h, with growth indicating utilisation [28]. Sucrose
utilisation was tested on 10% sucrose agar-based media
by monitoring bacterial growth following incubation at
30°C.

Hydrogen sulphide production was evaluated using
peptone water cultures with lead acetate strips suspended
in the tube headspace and incubated at 25 °C for 48 h,
with strip darkening indicating H,S production. Indole-
3-acetic acid (IAA) production was quantified using the
Salkowski colorimetric method as described by Gordon
and Weber [29], using cultures grown in yeast extract
mannitol broth with and without tryptophan supplemen-
tation, followed by spectrophotometric measurement
and comparison to an IAA standard curve. Siderophore
production was assessed on chrome azurol S (CAS)
agar as described by Alexander and Zuberer [30], where
orange halo formation indicated siderophore activity. All
experiments were conducted in triplicate.

Antibiotic susceptibility screening

Ampicillin susceptibility was assessed using an agar-
based growth assay. R2A agar plates supplemented with
filter-sterilised 1% ampicillin were prepared, and cul-
tures standardised to approximately ODgo = 0.5 were
spread plated (100 pL per plate). Plates were incubated at
25 °C for 48 h and monitored for growth relative to non-
antibiotic controls. All experiments were conducted in
triplicate.

Nutrient solubilisation assays

Phosphate solubilisation was evaluated on Pikovskaya’s
agar following spot inoculation and incubation at 25 °C
for 48 h, with solubilisation recorded as the formation of
clear halo zones around colonies as described by Ishak,
Rahim [31]. Zinc solubilisation was assessed on a defined
agar medium supplemented with insoluble ZnO and
varying NaCl concentrations, incubated at 25 °C for 48
h, with clearance zones indicating zinc solubilisation as
previously described Dinesh, Srinivasan [32]. All experi-
ments were conducted in triplicate.

API 20E biochemical profiling
Biochemical identification and metabolic profiling were
performed using the API 20E system (BioMérieux)
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according to the manufacturer’s instructions. Overnight
cultures grown on tryptic soy agar were used to prepare
bacterial suspensions in 0.85% NaCl diluent, and inocu-
lated strips were incubated at 37 °C for 24 h. Reactions
were interpreted using the API reading guide and anal-
ysed with the APILAB Plus database for species-level
identification.

Genome sequencing, annotation, and comparative
genomics

Whole-genome sequencing and assembly of P. agglomer-
ans R6 were previously performed by Istain, Mokgokong
[15]. Briefly, the draft assembly comprises 366 contigs (>
1,000 bp), with a reported GC content of 55.61% and an
N50 of 25,969 bp, with approximately 100x sequencing
depth. The genome project is available in GenBank under
accession JACRVA000000000 (BioProject PRINA647595;
BioSample SAMNI15595211; SRA  SRR12904959).
Genome annotation was performed using Proksee [33]
incorporating Prokka v1.14.6 [34] with default param-
eters and the RefSeq bacterial database (release 220).
Pan-genome analysis was conducted using Roary v3.13.0
[35] with a 95% BLASTYp identity threshold and core gene
definition of > 99% strain presence; genomes were first
annotated with Prokka using identical settings to ensure
consistency. Visualization of the pan-genome was per-
formed with GView server (2024 release) [36] and PanX
v1.6 using default clustering parameters [37].

Genomic islands were predicted using IslandViewer4
(web version 2024-03) [38] incorporating the IslandPath-
DIMOB [39] and SIGI-HMM algorithms with default
significance thresholds. Prophage regions were identi-
fied using PHASTER (database update 2023-12) [40] with
regions classified as intact, questionable, or incomplete
according to PHASTER scoring criteria. CRISPR arrays
and Cas genes were detected using CRISPRCasFinder
v4.2.20 [41] with evidence level > 2 and default repeat
similarity thresholds. Antimicrobial resistance genes
were screened using CARD RGI v6.0.3 against the CARD
database v3.2.9 [42], and only hits with > 60% identity
and > 60% coverage were considered for downstream
interpretation.

Statistical analysis

Biological and technical repeats (in triplicates) were
conducted for all experiments, for repeatability and
reproducibility purposes. All the seedling root material
mentioned were collected from 4 plants per treatment.
All statistical data was analyzed using one-way analysis of
variance (ANOVA) and the means were tested for signifi-
cance using the GraphPad Prism 8.0.1 software by apply-
ing the Tukey-Kramer test at 5% level of significance.
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Fig. 1 Morphology and surface-associated behaviour of Pantoea agglomerans R6. A Swarming motility on Mueller-Hinton agar following central point
inoculation and incubation at 25 °C; colony expansion was recorded at 24 h intervals for 48 h with a 1.5cm scale. B Gram-stained preparation observed
at 100x oil immersion showing Gram-negative, rod-shaped cells. C Scanning electron micrograph (5 pm scale indicated at the bottom of the image),
observed with a SEM MAG of 10.0 kx and SEM HV of 5.0 kV, illustrating bacillary morphology and cell clustering embedded within an extracellular matrix

consistent with EPS and biofilm formation

Results and discussion

The swarming ability of Pantoea agglomerans (Fig. 1A) is
a critical aspect of its motility and pathogenicity. Swarm-
ing is a coordinated, flagella-driven movement of bacte-
rial cells across solid surfaces, allowing them to colonize
and spread efficiently. This process is often regulated by
genes that govern flagellar synthesis and function, such as
fliC (encoding flagellin) and fliA (a sigma factor required
for flagellar gene expression), which are essential for
motility and swarming [43] (Supplementary Figure S1).
The capacity to swarm not only facilitates rapid surface
colonization but also contributes to biofilm formation,
which enhances persistence in both environmental and
host-associated niches.

The Gram-negative cell envelope of P. agglomerans pro-
vides a structural basis for several phenotypes observed
in strain R6. The outer membrane, enriched in lipopoly-
saccharides, contributes to surface interactions that sup-
port swarming motility and initial attachment, consistent
with the extensive colony expansion recorded on Muel-
ler—Hinton agar (Fig. 1A) [44, 45]. Swarming analysis
demonstrated a marked expansion of the R6 colony
from an initial area of 0.22 arbitrary units at time 0 to
5.92 units after 48 h, representing a 26.9-fold increase in
surface coverage as quantified using Image] (Table S1).
This envelope architecture also facilitates the retention
of extracellular polymeric substances visualised by SEM
(Fig. 1C; Figure S5), promoting cell clustering and bio-
film initiation [46, 47]. Furthermore, the outer membrane
acts as a selective permeability barrier, which is relevant
to the ampicillin susceptibility profile of R6, as f-lactams
must traverse this layer to reach their peptidoglycan tar-
gets [48, 49]. These links connect cell wall structure with

Table 1 Extracellular polymeric substance (EPS) production by P
agglomerans R6

Bacterium Glucose (ug/ml)
P agglomerans R6 420.12+39.53 a
Positive control 569.28+50.20 b

EPS was quantified using the phenol-sulfuric acid assay and expressed as pug
glucose equivalents mL™" based on a glucose standard curve. LB medium served
as negative control and Microbacterium sp. as positive control. Values represent
mean+SE (n=10). Different letters (a, b) indicate statistically significant
differences at p <0.05 according to Tukey-Kramer test

the measured motility, biofilm-associated morphology,
and antibiotic response of the strain.

In P agglomerans R6, the rod-shaped Gram-negative
morphology observed by Gram staining (Fig. 1B) corre-
sponds with the cell clustering seen in SEM images (Fig.
1C), supporting the capacity of the strain to establish sur-
face-associated communities. Such aggregation is con-
sistent with the quantitative EPS production measured
for R6 (Table 1) and with the crystal-violet biofilm assay,
traits that contribute to protection and resource utilisa-
tion within developing biofilms [50-52].

Scanning electron microscopy (SEM) provides further
resolution into the structural and functional organiza-
tion of P agglomerans. SEM images of P agglomerans
R6 revealed the presence of bacterial clusters embedded
within an extracellular polymeric substance (EPS) matrix.
EPS production is a hallmark of biofilm formation, serv-
ing as a protective scaffold and enabling cell-to-cell
adhesion. EPS production is a critical factor underlying
biofilm formation in P agglomerans [46]. Table 1 illus-
trates the EPS production of P agglomerans R6, which
correlates with its biofilm-forming ability. EPS facilitates
bacterial adhesion to surfaces, provides a protective bar-
rier against environmental stresses such as desiccation
and predation, and enhances resistance to antibiotics [47,
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53]. In addition to these protective roles, EPS biosyn-
thetic gene clusters have been linked to virulence traits,
including interactions mediated by the type VI secretion
system (T6SS). The T6SS contributes to pathogenicity
by enabling direct interactions with host cells as well as
competitive exclusion of other microorganisms [54, 55].
Collectively, EPS production and its regulation highlight
the multifaceted role of P agglomerans in both persis-
tence and pathogenesis.

Biofilm development is a multistage process regulated
by genetic and environmental cues, with surface topog-
raphy playing a central role. Rougher surfaces enhance
bacterial attachment, facilitating subsequent biofilm
maturation [56]. SEM analysis (Fig. 1C) of P. agglomerans
revealed clustering similar to Gram-stained preparations
(Fig. 1B) and highlighted the extracellular matrix that
underpins biofilm integrity [57, 58]. To complement these
observations, a qualitative biofilm assay was conducted
using crystal violet staining (Fig. 2) with quantitative data
in Table S4. When compared with Microbacterium sp., a
known biofilm producer, P agglomerans displayed simi-
lar colour patterns, in contrast to the negative control.
Environmental conditions modulate biofilm formation
in P. agglomerans, with nutrients and signaling molecules
enhancing EPS production and biofilm stability [59, 60].
These modifications influence its interactions with plant
hosts, thereby shaping virulence. Biofilms provide a pro-
tective niche for colonization and have been implicated
in plant diseases such as gall formation and rot, under-
scoring the role of biofilm-mediated pathogenicity in P
agglomerans [3, 61].

Together, swarming motility, Gram-negative cell
wall structure, and SEM-based morphological obser-
vations illustrate the interconnectedness of motil-
ity, adhesion, and biofilm formation in P agglomerans.

Negative control

Positive control

P. agglomerans R6

Fig. 2 Crystal violet assessment of biofilm formation by P agglomerans
R6. Biofilm biomass was evaluated in 96-well polystyrene plates following
48 h static incubation at 30 °C. Wells were stained with 0.1% crystal violet,
washed to remove planktonic cells, and visualised after solubilisation of
bound dye. LB medium served as negative control and Microbacterium
sp. as positive biofilm control. Quantitative OD595 values are provided in
the Table S2
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Swarming enables initial colonization, Gram-negative
cell wall architecture supports structural resilience and
pathogenic interactions, while SEM imaging reveals the
tangible outcomes of these processes, clustered cells
embedded in biofilm matrices. These features collectively
underscore the bacterium’s ecological adaptability and
pathogenic potential.

Phenotypic characterisation of P. agglomerans R6

The experimental panel was selected to evaluate traits
that differentiate beneficial plant-associated behaviour
from opportunistic pathogenic potential in P agglom-
erans. Biofilm and EPS assays were included to assess
surface colonisation capacity and persistence on plant tis-
sues. Enzymatic tests (amylase, lipase, oxidase) (Table S2)
were chosen because such activities have been linked to
degradation of host substrates and interaction with plant
defences. Antibiotic susceptibility testing was performed
to determine whether CARD-predicted resistance deter-
minants confer phenotypic resistance, an important
safety consideration for potential agricultural application.
API 20E profiling provided metabolic context for ecologi-
cal adaptation and confirmed species-level identification.

Functional assays indicated that R6 expresses mul-
tiple traits associated with plant-associated fitness and
potential host interaction. The strain produced substan-
tial biofilm biomass (crystal violet OD595 = 0.84 + 0.07)
supported by EPS levels of 420.12 + 39.53 pg glucose
equivalents mL™, consistent with the extracellular matrix
visualised by SEM. Enzymatic screening detected amy-
lase and lipase activities. Amylase production is note-
worthy, as similar enzymes in phytobacteria are secreted
via the type II secretion system to degrade host sub-
strates and facilitate colonisation [62, 63]. Lipase activity
may enhance adhesion to host cells, modulate immune
responses, and support survival in competitive environ-
ments [64, 65]. R6 also displayed filamentous growth, a
strategy associated with depletion aggregation and bio-
film stabilisation through EPS, flagella, pili, and quorum
sensing signals [66].

Although P. agglomerans is typically described as oxi-
dase negative [67], R6 demonstrated oxidase activity,
suggesting functional aerobic respiration supported by
cytochrome bd oxidases that enable growth under low
oxygen and contribute to oxidative stress tolerance [68,
69]. This respiratory flexibility may provide a competi-
tive advantage in plant-associated niches with fluctu-
ating oxygen levels. In antibiotic susceptibility testing,
R6 remained susceptible to ampicillin, consistent with
reports that some P. agglomerans strains lack B-lactam
resistance [50] and indicating that CARD-predicted
homologues did not confer phenotypic resistance under
the conditions tested.
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High-concentration sucrose (10%) was used to mimic
plant-like conditions and evaluate its impact on surface-
associated traits. In several bacteria, including Pseudo-
monas aeruginosa and Streptococcus mutans, sucrose
modulates expression of virulence-related genes and
stimulates EPS-mediated biofilm formation [49, 70,
71]. Although less potent than glucose, sucrose plays an
important regulatory role in plant-associated bacteria
[72-74].

API 20E metabolic profiling (Table S3) revealed utili-
sation of mannitol, rhamnose, sucrose, arabinose, and
amygdalin, consistent with metabolic patterns reported
for the genus [75]. Mannitol utilisation occurs via man-
nitol dehydrogenase, converting mannitol to fructose
for entry into glycolysis [76], and disruption of this path-
way can impair bacterial growth [77]. Rhamnose and
arabinose, abundant in plant tissues, were metabolised
through their respective isomerases [78, 79], supporting
colonisation and persistence in host environments [80,
81]. Sucrose fermentation, mediated by invertase hydro-
lysis to glucose and fructose, further supports colonisa-
tion of sugar-rich plant surfaces [82], and loss of sucrose
metabolism has been associated with reduced bacterial
fitness [83, 84]. Based on API 20E analysis, R6 corre-
sponded to profile code 1,005,133, supporting its identi-
fication as P. agglomerans.

Comprehensive biochemical and API 20E datasets are
provided in Tables S1 and S2.

Genomic exploration of Pantoea agglomerans R6 for gene
mining

Whole-genome sequencing and draft assembly of P
agglomerans R6 were previously generated using Ion
Torrent technology by Istain, Mokgokong [15]. The
published assembly is approximately 4.7 Mb in size
(4,671,676 bp), with a GC content of 55.61%, and com-
prises 366 contigs (> 1,000 bp) with an N50 of 25,969 bp.
The genome encodes 4,349 predicted genes, including
4,083 protein-coding sequences, together with multiple
RNA features (rRNAs, tRNAs, and ncRNAs) that support
core cellular functions.

In addition, the genome contains pseudogenes, includ-
ing disrupted and truncated coding sequences, which
may reflect genome plasticity and ongoing adaptation
within plant-associated environments.

To contextualise the genetic repertoire of R6, compara-
tive analysis was performed against publicly available P
agglomerans genomes (KM1, C410P1, TH81, UAEUI1S,
and L15) and visualised using a pan-genome map (Fig.
3). Across these strains, conserved loci included key
motility and chemotaxis genes, iron acquisition systems,
and secretion-associated components, including T6SS-
associated proteins (e.g., Hcp and VgrG), consistent
with previous pan-genome findings [85]. Genes linked
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to adhesion, haemolysin transport, and multidrug efflux
systems were also detected across strains, supporting the
view that core host-interaction traits and antimicrobial
tolerance mechanisms are widely distributed within P
agglomerans lineages.

A comparative analysis of genomic islands (GIs) was
performed across six genomes, including P. agglomerans
strains KM1, C410P1, TH81, UAEU18, and L15, with a
pathogenic Escherichia coli genome included as a refer-
ence comparator (Fig. 4). The IslandCompare workflow
was used to support GI detection and cross-genome
comparison, enabling integrated visualisation of pre-
dicted islands and associated antimicrobial resistance
(AMR) determinants. GI prediction was based on Island-
Path-DIMOB and SIGI-HMM [86, 87], which identify
candidate horizontally acquired regions using sequence
composition features such as dinucleotide bias, the pres-
ence of mobility-associated genes, and atypical codon
usage patterns. This comparative framework provided an
overview of shared and strain-specific GI regions across
the analysed genomes and guided downstream interpre-
tation of GI-associated virulence- and AMR-linked loci
discussed in subsequent sections.

IslandViewer4 (Fig. 5) presents a comparison between
P agglomerans R6 and P. agglomerans strain C410P1,
highlighting predicted genomic island regions, using a
data base from [88], with potential pathogenicity-asso-
ciated content shared between the two strains. Several
candidate loci were detected using IslandPath-DIMOB,
including cutA, xisR, pagP, glsB, yefM, mqo, gstA, and
capV, while dnaB and capV were additionally identified
by SIGI-HMM. Notably, capV was consistently detected
across prediction approaches, suggesting it may repre-
sent a conserved GI-associated feature in these genomes.

The gene capV has previously been implicated in bac-
terial survival-related phenotypes. For example [89],
reported that overexpression of a capV variant (capV
Q329R) promoted bacterial filamentation, a trait that can
enhance persistence under stress conditions. Because
filamentation has also been linked to immune eva-
sion, including reduced susceptibility to phagocytosis,
these findings support a potential role for capV-asso-
ciated functions in host interaction and opportunistic
pathogenicity.

Pan-genome analysis using PanX across 12 P. agglom-
erans genomes identified 8,604 predicted protein-cod-
ing genes in the species pan-genome, comprising 5,600
accessory genes (65%) and 3,004 core genes (34%) (Fig. 6).
In comparison [62], analysed five P. agglomerans strains
using a Roary-based pipeline and reported a smaller pan-
genome of 6,727 genes, with 3,065 genes (45.6%) assigned
to the accessory fraction and 3,662 genes (54.4%) repre-
senting the core genome. The observed increase in pan-
genome size with the inclusion of additional strains,
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together with a reduction in the proportional size of the
core genome, is consistent with an open pan-genome
structure for P. agglomerans [89].

An open pan-genome reflects the presence of a con-
served genetic backbone alongside a variable gene pool
that differs between lineages. As described by [90], this
accessory fraction frequently contains genes that enhance
niche adaptation and may influence host interaction
phenotypes. Horizontal gene transfer (HGT) is a major
driver of this variability, facilitating the acquisition and
dissemination of functions such as antimicrobial resis-
tance and virulence-associated traits [91]. In the present
analysis, strain-specific gene content (Fig. 3) supports
ongoing genome diversification within P agglomerans,
consistent with HGT contributing to ecological flexibility
and potential opportunistic behaviour.

In addition to the variable gene pool identified through
pan-genome analysis, P agglomerans R6 was found to
encode CRISPR-Cas features, including seven CRISPR
arrays, four cas genes, and two predicted cas clusters
(Table 2; Fig. 7) [41]. The CRISPR-associated sequences
were detected across multiple contigs, which may reflect

locus fragmentation due to the draft assembly rather
than discrete independent arrays. CRISPR-Cas systems
provide defence against invading nucleic acids such as
bacteriophages and plasmids and can therefore influence
genome stability and the rate at which mobile genetic ele-
ments are acquired or maintained. The presence of these
loci, together with evidence of mobile genetic elements in
the R6 genome (Fig. 9), suggests that R6 has the capacity
to both encounter and respond to foreign DNA, support-
ing persistence in competitive microbial environments.

While CRISPR-Cas systems are not direct virulence
determinants, they may indirectly shape strain fitness by
limiting phage susceptibility and modulating the reten-
tion of horizontally acquired traits. In this context, the
CRISPR-Cas repertoire in R6 may contribute to long-
term survival and adaptation, which are relevant features
for evaluating the ecological success and opportunistic
potential of P. agglomerans.

The Comprehensive Antibiotic Resistance Database
(CARD) and its Resistance Gene Identifier (RGI) plat-
form were used to screen the P. agglomerans R6 genome
for putative antimicrobial resistance (AMR)-associated
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T 3 ™ r

Fig.4 Comparative genomic island analysis of Pantoea agglomerans genomes. Predicted genomic islands (Gls) were identified using the IslandCompare/
IslandViewer4 pipeline and visualized across four P agglomerans genomes. a Maximum-likelihood phylogenetic tree illustrating the relatedness of the
analysed strains. b Linear genome maps showing predicted Gl regions as coloured segments along each genome; grey connectors indicate homologous
regions shared between genomes. ¢ Gene-content view of selected Gl clusters displaying annotated coding sequences associated with mobility, antimi-
crobial resistance, and secretion-related functions. Colours reflect Gl groupings based on prediction algorithms and clustering

loci [42]. The initial RGI output returned a large number
of matches (> 1,000) (Fig. 7), reflecting the broad detec-
tion scope of CARD, which includes both high-confi-
dence resistance determinants and lower-confidence
homology-based hits. To focus interpretation on the
most relevant candidates, hits were further evaluated
based on sequence similarity, and only a subset of genes
exceeded a 60% match threshold (Table 3).

Among these higher-scoring candidates were farA,
gyrB, emrR, adeF, FEZ-1, ompK37, qnrS8, eptA, and arnT,
representing resistance mechanisms including antibiotic
efflux, target alteration, target protection, and reduced
permeability. These predicted AMR-associated features
suggest that strain R6 may possess genetic capacity for
antimicrobial tolerance under selective pressure, which
could support persistence in competitive or stressed
environments. Further phenotypic validation would be
required to confirm whether these loci translate into clin-
ically or agriculturally relevant resistance profiles.

Two loci, gyrB and emrR, are associated with fluo-
roquinolone resistance mechanisms based on CARD
homology; these represent genomic predictions and do
not imply phenotypic resistance. Fluoroquinolone resis-
tance mechanisms show potential against antibiotics
such as enoxacin; ciprofloxacin; levofloxacin; moxifloxa-
cin; gatifloxacin; lomefloxacin; nalidixic acid; norfloxa-
cin; ofloxacin; trovafloxacin; grepafloxacin; sparfloxacin
and pefloxacin, with some being efficient second, third
and even fourth generation antibiotics. The resistance

mechanisms deployed by each gene and the drug class it
falls under is shown in Table 3.

Using Bakta v1.8.2 (DB v5.0, Light) [92], additional
genomic features were identified in P agglomerans R6,
including three short open reading frames (sORFs) and
two predicted OriC protein regions (Table 4).

Short open reading frames are increasingly recognised
as a common but under-annotated component of bacte-
rial genomes. Although many sORFs encode peptides of
~ 100 codons or fewer, accumulating evidence suggests
that these small proteins can contribute to cellular regu-
lation and stress adaptation, including functions such as
toxin—antitoxin components, modulators of protein sta-
bility, and regulatory factors [90, 93—95]. Because sORFs
are often missed by conventional annotation workflows,
their identification in R6 highlights genomic elements
that may influence strain-level phenotypes but require
further functional investigation.

In addition, the origin of chromosomal replication
(OriC) represents a central regulatory locus controlling
genome duplication. Replication initiation is typically
mediated by DnaA binding to conserved motifs within
OriC, and this process is coordinated to ensure accu-
rate timing and once-per-cycle replication under varying
environmental conditions [92, 96—-98]. The detection of
OriC features in the R6 genome supports the complete-
ness of the assembly and provides context for genome-
level regulation and stability.

Taken together, the identification of sORFs and OriC-
associated features (Fig. 8) adds further resolution to the
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role in Pathogenicity Islands (PAls), Resistance Islands, Metabolomic Islands, and or Symbiosis Islands

gene count
ra
=

du

1]
& 0
= | 5]
8 i1
& 5
&8
O]
w27
1_

0 T T T

2,000 4,000 6,000

gene

T 1 0
8,000 0

PP —
10000 15000

gene length

T
5000

Fig. 6 PanX based gene count within 12 strains of P agglomerans. The core and accessory (acc) genes making up the genome of P agglomerans species

genome architecture of P agglomerans R6 and highlights
genetic elements that may contribute to fitness and per-
sistence under fluctuating environmental conditions.

By interacting with larger membrane proteins, small
hydrophobic proteins, which are encoded by small open
reading frames, assist bacterial pathogens adapt to envi-
ronmental stresses and thus regulate bacterial viru-
lence (Fig. 8) [100]. Small membrane proteins encoded
by sORFs may also represent promising targets for the
development of synthetic peptides with antivirulence or

antibacterial activity. However, their small size (< 100
amino acids) and often subtle contributions to cellular
function make them difficult to detect and less amenable
to random mutagenesis screens, meaning their roles in
pathogenicity could easily be underestimated [101].
Bacteriophages, viruses that specifically infect bac-
terial cells, play crucial roles in microbial ecology and
the dynamics of pathogenesis [99]. In P agglomerans
R6, four phages were identified: three double-stranded
DNA (dsDNA) phages with 100% sequence matches
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Table 2 CRISPR-Cas features identified in Pantoea agglomerans R6

Classification Contig Strand length
CRISPR JACRVA010000002.1 Forward 92 bp
CRISPRII JACRVA010000002.2 Forward 104 bp
CRISPRIII JACRVA010000025.1 Forward 122 bp
CRISPR IV JACRVA010000039.1 Forward 110 bp
CRISPRV JACRVA010000043.1 Forward 129 bp
CRISPRVI JACRVA010000063.1 Forward 92 bp
CRISPRVII JACRVA010000188.1 Reverse 120 bp
Casgenel JACRVA010000127.1 Forward 1,329 bp
Casgenell JACRVA010000128.1 Forward 1,636 bp
Cas genelll JACRVA010000197.1 Forward 1,383 bp
Casgene IV JACRVA010000197.1 Forward 1,383 bp
Cas cluster | JACRVAO010000128.1 Forward 1,329 bp
Cas cluster Il JACRVA010000197.1 Forward 1,636 bp

CRISPR arrays and associated Cas genes were detected using CRISPRCasFinder v4.2.20. The table lists array coordinates, repeat number, consensus repeat sequence,
predicted Cas gene composition, and evidence level as defined by the software

B CRISPR
CARD
Mcos

Il GC Content
GC Skew+
M GC Skew-

|l [ F] ] aomee 1.0 Mbp ,
1 (= P. agglomerans R6 aEl |
Pan-genome

3.5 Mbp 1.5 Mbp

Fig. 7 Pan-genome annotation analysis of P agglomerans R6 obtained using Gview server. Circles illustrate the following from outermost to innermost
rings : (1) CRISPR - Showing CRISPR arrays and their associated Cas proteins [41], (2) CARD - Comprehensive Antibiotic Resistance Database (CARD) Re-
sistance Gene Identifier (RGI) [42], (3) CDS, (4) GC content, and (4) GC skew, (5) CRISPR - Showing CRISPR arrays and their associated Cas proteins [1, 41]



Holman et al. BMC Genomics (2026) 27:540

Page 12 of 19

Table 3 Antimicrobial resistance—associated determinants identified in Pantoea agglomerans R6 using CARD-RGI

Gene Match  Drug Class Resistance Mechanism Antibiotic
(%)
farA 60 antibacterial free fatty acids antibiotic efflux palmitic acid; oleic acid; linoleic acid
gyrB 80.85 fluoroquinolone antibiotic antibiotic target alteration  enoxacin; ciprofloxacin; levofloxacin; moxifloxacin; gati-
floxacin; lomefloxacin; nalidixic acid; norfloxacin; ofloxa-
cin; trovafloxacin; grepafloxacin; sparfloxacin; pefloxacin
emrR 80.12 fluoroquinolone antibiotic antibiotic efflux nalidixic acid
adef 60.7 fluoroquinolone antibiotic; tetracycline  antibiotic efflux tetracycline
antibiotic
ompK37  60.36 monobactam; carbapenem; cephalo- reduced permeability to cefoxitin; cefotaxime
sporin; cephamycin; penam; penem antibiotic
qnrs8 60.87 fluoroguinolone antibiotic antibiotic target protection  ciprofloxacin; levofloxacin; moxifloxacin; gatifloxacin;
nalidixic acid; norfloxacin; sparfloxacin
eptA 60.14 peptide antibiotic antibiotic target alteration  polymyxin B
arnT 60.46 peptide antibiotic antibiotic target alteration  colistin A; colistin B

Predictions were generated with CARD RGI v6.0.3 (CARD database v3.2.9) using =2 60% sequence identity and =60% coverage thresholds. The table reports gene
homologues, predicted resistance mechanisms, antibiotic classes, and model confidence. These represent genomic predictions and do not imply confirmed

phenotypic resistance

Table 4 Open Reading Frames (sORFs) and predicted OriC features in the SmallPantoea agglomeransR6 genome

Protein name Length (bp) Amino Acid Sequence Accession
Leul 27 MFRSVRLLGLLLNALSLRGRLVGGIKH MBE5683307.1
ThrL 22 MRKISLNTTITTTITTGNGAG MBE5682804.1
AzuC 25 MKRIFKHVFRAYVETFKHVPPGAMY MBE5683414.1
OriC 18786—19 215 Origin of replication -

OriC 19353-21093 Origin of replication -

sORFs were identified during Prokka-based genome annotation, and OriC regions were predicted using standard GC-skew and motif analyses. The table lists
genomic coordinates, predicted peptide lengths, functional annotations where available, and features associated with chromosomal replication origin
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of virulence action

Fig. 8 Conceptual overview of potential roles of small open reading
frames (sORFs) in Pantoea agglomerans R6. The diagram summarises pre-
dicted functions of sORF-encoded peptides identified in the R6 genome,
including possible involvement in regulatory networks, modulation of
stress responses, and interaction with host-associated pathways. Arrows
indicate putative influences on traits related to persistence and host inter-
action; relationships are based on bioinformatic prediction and literature
reports rather than experimental validation in R6. Adapted from [99]

to known viral phages, and one single-stranded DNA
(ssDNA) phage. Their hallmark scores were 2, 0, 1, and 0,
respectively.

Virulent phages typically hijack bacterial cellular
machinery, replicate their genomes, and ultimately lyse
the host cell [102]. While lysis itself does not directly
increase pathogenicity, it can indirectly influence disease
outcomes by releasing toxins, enzymes, or other viru-
lence factors from lysed cells into the surrounding envi-
ronment. Moreover, temperate or lysogenic phages can
integrate into bacterial genomes, potentially carrying and
spreading genes that modulate virulence, resistance, or
metabolic traits.

Thus, the phages detected in P agglomerans R6 may
shape its ecological fitness and pathogenic potential,
either through direct genetic contributions or by influ-
encing interactions within microbial communities
(Figs. 9 and 10). Bacteriophages are key contributors to
bacterial genome evolution and can influence strain-level
traits through lytic activity and lysogenic integration [99].
In P agglomerans R6, four putative phage-associated
regions were detected (Fig. 9), including three sequences
with a 100% match to dsDNA phages and one associated
with ssDNA phage features. The predicted regions dis-
played hallmark scores of 2, 0, 1, and 0, respectively, indi-
cating variable levels of phage signature support across
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Fig.9 Pan-genome mobile genetic element analysis of P agglomerans R6 obtained using Gview server. Circles illustrate the following from outermost to
innermost rings: (1) VirSorter - Detect dsDNA and ssDNA virus genomes (phage) [103], (2) Alien Hunter - Predict putative Horizontal Gene Transfer (HGT)
events [104], (3) mobileOG-db - Find mobile genetic elements (MGEs) [105]
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the genome. While strictly lytic phages primarily impact
bacterial populations through host cell lysis [102], tem-
perate phages may persist as prophages and contribute
to genome diversification by facilitating horizontal gene
transfer and introducing accessory functions that can
affect host interaction, stress tolerance, or antimicrobial
resistance potential [104].

Consistent with this, one phage-associated sequence
(JACRVA010000216.1) showed an 85.36% match to a
Siphoviridae-related phage (Siphoviridae sp. ct2u94),
a family frequently associated with lysogeny and gene
movement between bacterial hosts [105, 106]. Putative
horizontally acquired regions were additionally sup-
ported by Alien_hunter 1.7 analysis (Fig. 9), with candi-
date contigs listed under the Alien_hunter output [107].
Horizontal gene transfer is a major mechanism driving
bacterial adaptation, enabling acquisition of traits such
as resistance determinants, metabolic functions, and
host-associated fitness factors that may broaden ecologi-
cal range [108, 109]. In environments where microbial
competition is intense, antibiotic-producing taxa can act
as reservoirs for resistance-associated genes, which may
subsequently be disseminated across bacterial commu-
nities [110, 111]. Together, these observations suggest
that mobile DNA has likely contributed to the acces-
sory genome of R6 and may influence its ecological per-
sistence and opportunistic potential [112]. To further
evaluate genome mobility, mobileOG-db (Beatrix 1.6 v1)
analysis identified 278 mobile genetic element (MGE)-
associated features in R6 (Fig. 10) distributed across five
functional categories: integration/excision (24), recombi-
nation/repair (112), phage-related (46), stability/transfer/
defence (39), and transfer (57) [105]. The abundance and
diversity of these MGE-associated functions indicate a
genetically dynamic genome with capacity for ongoing
acquisition and rearrangement of accessory loci, sup-
porting adaptation under fluctuating environmental and
host-associated selective pressures.

Comparative identification of genes associated with
pathogenicity and virulence in Pantoea sp

Putative virulence-associated loci in WT-R6 were identi-
fied using BLAST-based screening against the Virulence
Factor Database (VFDB) together with genome anno-
tation outputs generated using the NCBI Prokaryotic
Genome Annotation Pipeline (PGAP). As summarised
in Table 5, candidate genes were grouped into five func-
tional categories: secretion systems, adhesion, motil-
ity, iron uptake/sequestration, and toxin-related factors.
These assignments were based on the presence of anno-
tated homologues within the P agglomerans R6 genome
and should be interpreted as genomic predictions of
potential host-interaction capacity.

Page 14 of 19

Within the secretion system category, WT-R6 encoded
a complete set of structural components associated with
a type VI secretion system (T6SS), including core Tss
proteins (TssA—TssM) as well as hallmark effectors and
associated components such as hemolysin-coregulated
protein (Hcp), valine—glycine repeat protein (VgrQG),
PAAR-repeat proteins, and the ATPase ClpV, collectively
supporting the presence of a functional T6SS apparatus.
Adhesion-associated genes included outer membrane
protein A (OmpA) and filamentous haemagglutinin
(FHA), which are commonly linked to bacterial attach-
ment and persistence in host-associated environments.
Consistent with the observed motility phenotype, mul-
tiple flagellar genes were also detected, and these may
additionally contribute to surface attachment, secretion-
associated processes, and biofilm formation.

Iron acquisition and sequestration functions were rep-
resented by both regulatory and transport-associated
loci, including the ferric uptake regulator (Fur) and iron
uptake protein (EfeOQ). WT-R6 also encoded the iron/
manganese ABC transporter permease (SitC), which has
previously been reported in P. agglomerans KM1 (includ-
ing plasmid-associated contexts) [64]. Additional sider-
ophore-related uptake genes were detected, including
ferric siderophore ABC transporter components (FepD),
enterobactin transport-associated proteins (FepB, FepG,
EntS), siderophore-iron reductase (FhuF), and multiple
siderophore-associated transport components, includ-
ing TonB-dependent receptor homologues such as FepA,
collectively supporting the capacity for high-affinity iron
scavenging.

Finally, toxin-associated annotations included haemo-
lysin-related loci such as haemolysin secretion/activa-
tion components (Hha, ShiB, FhaC, HecB), haemolysin
XhlA, and haemolysin III-like cytotoxic proteins. Hae-
molysins have been described as important contributors
to host damage and inflammatory signalling in multiple
bacterial systems, including Serratia marcescens, where
haemolysin activity has been linked to induction of pro-
inflammatory cytokines during infection [113-115].
Although the contribution of these predicted haemoly-
sin-associated genes to virulence in WT-R6 remains to
be experimentally determined, their presence supports
the potential for cytotoxic or host-interaction pheno-
types under appropriate conditions.

The characterisation of strain R6 is significant because
it exemplifies the dual nature of P. agglomerans as both a
plant-associated commensal and a potential opportunis-
tic pathogen. Genomic features detected in R6, including
type VI secretion components, adhesion-related factors,
and high-affinity iron uptake systems, are commonly
associated with competitive fitness and host interaction,
yet these same traits may contribute to disease under
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permissive conditions. At the same time, phenotypes
such as EPS production and nutrient solubilisation reflect
functions typically exploited in agricultural biotechnol-
ogy. This combination underscores that the utility of
Pantoea-based inoculants must be evaluated at the strain
level, balancing beneficial activities with genomic indica-
tors of risk.

The virulence- and host-interaction-associated genes
identified in R6 represent homologues of loci previ-
ously reported in pathogenic Pantoea strains and should
therefore be interpreted as indicators of genomic poten-

, MBE5681208.1, MBE5681821.1, MBE5681827.1, MBE5682136.1, MBE5683011.1, MBE5683044.1,

, MBE5682024.1, MBE5682025.1, MBE5683005.1, MBE5682135.1, MBE5680846.1, MBE5683369.1,

% tial supported by comparative genomics and phenotypic
_ > characterisation, rather than experimentally validated
§ ,EE causal determinants.
2 3 Conclusion
= § The integration of gene mining and comparative genomic
o T analyses demonstrates that Pantoea agglomerans R6 har-
2 E‘ bours a complex repertoire of putative pathogenicity
b < determinants. These include secretion system effectors,
[aa} v . B E . .
= 5 adhesion and motility-related genes, siderophore-medi-
S O% %’ ated iron acquisition systems, and toxin-associated loci,
8 o@ r—;; many of which are localized within genomic islands and
888 £ appear to have been horizontally acquired. The presence
822 S of these features within the accessory genome, combined
S é 5 § g ; with eYidence‘ ?f an open pan-genome, highlights the
SI25925 3|8 genomic plasticity of R6 and its capacity to adapt across
218 88 8 3|8 diverse ecological niches. These findings are consistent
gD DD DD e
&‘3 222223 with broader observations in Pantoea spp., where the
5 balance between mutualism and pathogenicity is often
:r; mediated by horizontally transferred elements and regu-
5 latory flexibility.
c e % While comparative analyses strongly suggest that P
c £ pi % 2 agglomerans R6 possesses the genetic potential for oppor-
g g 733 tunistic pathogenicity, functional validation is required to
c ? 5 53 E determine the specific contributions of individual viru-
-% 35 E £ _§1 lence factors versus those associated with commensal or
S -z T 25 plant growth-promoting roles. This underscores the need
S5 538 for integrated genomic and experimental approaches to
E more precisely define the molecular basis of host inter-
g actions in P, agglomerans, providing a critical foundation
T for both risk assessment and the informed exploitation of
< é beneficial strains in sustainable agriculture.
T § For future work, EMS mutagenesis could be employed
g |2 to generate random mutations in P agglomerans R6,
g‘ § facilitating the identification of genes involved in viru-
o §~ 5 lence, stress response, and host adaptation [116, 117].
5 £ S |2 Subsequent whole-genome sequencing of mutant strains,
§ g “g T coupled with comparative genomics, would allow precise
28 = 9 g determination of the genetic determinants underpin-
CRE: “S i 5 ning pathogenic potential. Complementary approaches,
n g L & § o § including metabolomic profiling and in planta functional
% 2 %E % % g assays, would provide insights into how these genetic
LS 8 factors influence bacterial physiology, host interactions,
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and virulence. Together, these strategies offer a compre-
hensive framework for understanding and predicting the
pathogenicity of P agglomerans R6, while distinguishing
traits that differentiate opportunistic pathogens from
non-pathogenic or beneficial strains.

Overall, this work establishes a solid foundation for
future studies, emphasizing both the evolutionary mech-
anisms that shape the ecological versatility of R6 and the
experimental avenues necessary to unravel its pathogenic
potential.
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