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S. SHREEDEVASENA : Tomato (Solanum lycopersicum L.) is a globally important vegetable crop, but its

production is severely hampered by bacterial leaf spot (BLS), caused by a group
of Xanthomonas species. In the present study, symptomatic leaf and fruit tissues
were collected from tomato plants and subsequently four bacterial isolates were
purified and subjected to morphological, biochemical and molecular characterisation.
The colonies were yellow, round, mucoid and Gram-negative with positive
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supervi'sion and draft Molecular confirmation using 16S rRNA gene amplification and sequencing
el revealed € >98% identity with Xanthomonas euvesicatoria. Pathogenicity tests
on the susceptible cultivar Shivam exhibited progressive disease development,
with mean severity values of 15.77% (3 DPI), 28.53% (6 DPI), 39.73% (9 DPI) and
Corresponding Author : 72.29% (12 DPI). The bacterial colonisation studies indicated a steady increase in

population from 6.1 X 10v CFU/ml (3 DPI) to 1.88 x 10w CFU/ml (12 DPI). These
findings confirm X. euvesicatoria as the causative pathogen of BLS in the region
and the study demonstrated its aggressive colonisation and pathogenic potential
in susceptible tomato genotypes. The study underscores the importance of
monitoring pathogen populations to understand their virulence spectrum and
epidemiological significance.
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omaTO (Solanum lycopersicum L.) is one of the phylogenetically related bacterial species:
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most important vegetable crops worldwide,
valued not only as a dietary staple rich in vitamins,
minerals and antioxidants but also as a significant
source of income for farmers and the agro-based
industries (Prabhu et al., 2017). The global tomato
production has steadily increased over the past
decades; however, its sustainability is increasingly
threatened by several biotic and abiotic stresses.
Among these, foliar bacterial diseases pose a
considerable challenge to both open-field and
protected cultivation systems. In particular, Bacterial
Leaf Spot (BLS), caused by members of the
genus Xanthomonas, is considered one of the most
devastating diseases of tomatoes (Apoorva et al.,
2023). BLS is a disease complex involving four

Xanthomonas euvesicatoria, X. perforans, X.
vesicatoria and X. gardneri. The disease manifests
as small, water-soaked lesions that expand into
necrotic spots with chlorotic halos on leaves, stems
and fruits. Severe infections may result in
extensive defoliation, exposing fruits to sunscald,
while fruits themselves develop conspicuous spots
and blemishes that drastically reduce their market
value (Priyanka et al., 2022). In epidemic situations,
yield losses of up to 60% have been reported,
particularly under warm and humid conditions
that favour bacterial multiplication and spread.
The management of BLS remains a formidable
challenge due to the biological and ecological
features of the pathogen. Xanthomonas species are
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primarily seedborne, enabling long-distance
dissemination through commercial seed trade and
complicating the production of pathogen-free seed
lots. Furthermore, the pathogen exhibits high genetic
diversity and remarkable adaptability (Singh and
Jagadish, 2018). These attributes facilitate the rapid
emergence of new, highly aggressive strains that can
overcome host resistance genes. Consequently,
resistant cultivars often lose effectiveness within a
few growing seasons. The chemical control using
copper-based bactericides has been the conventional
practice for decades, but their long-term efficacy has
been compromised by the widespread emergence
of copper-tolerant strains. The Integrated management
strategies combining crop hygiene, certified seeds
and resistant varieties have only achieved partial
success, thereby underscoring the need for
continuous pathogen monitoring and novel resistance
sources. The present study focuses on four
isolates of Xanthomonas euvesicatoria (GXel,
GXe2, GXe3 and GXe4) collected from naturally
infected tomato plants. The leaf and fruit samples
showing typical BLS symptoms were processed and
pure bacterial cultures were established. These isolates
were subjected to pathogenicity assays on the
susceptible tomato cultivar Shivam under controlled
conditions. The disease progression was assessed
through severity scoring and bacterial population
dynamics, while biochemical and molecular
approaches were employed for species confirmation
and genetic characterization. The outcomes of this
work provide insights into the pathogenic diversity
of X euvesicatoria isolates and highlight the necessity
of systematic monitoring of pathogen populations
for effective disease management and resistance
breeding in tomato.

MATERIAL AND METHODS
Sample Collection and Isolation of Xanthomonas

Bacterial leaf spot infected leaf and fruit samples of
tomato (Solanum lycopersicum L.) were collected
from the University of Agricultural Sciences, GKVK
campus, Bengaluru, Karnataka, India. The infected

portions were surface sterilized with 70 per cent
ethanol for 30 seconds, followed by three rinses with
sterile distilled water to remove any residual
disinfectant. The infected tissues were crushed and
macerated in sterile distilled water. The resulting
suspension was streaked onto nutrient agar (NA)
plates, sucrose nutrient agar (SNA) and glucose
yeast extract peptone agar(GYPA) and incubated at
28/ +/ 2°C for 48 hours. The isolated individual
colonies were selected and restreaked to obtain pure
cultures for further analysis.

Pathogenicity Test

The susceptible Shivam cultivar was used for
the pathogenicity assays under controlled glass
house conditions (28 & 2 °C, 85% relative humidity,
16 h light/8 h dark). At 32 days post sowing, single
colonies of each bacterial isolate were cultured in
nutrient broth for 48 h, then adjusted to 1x10® CFU/
mL(OD,,=0.3). For syringe infiltration, this
bacterial suspension was pressure injected into a
1-2 cm? area of the abaxial leaf midrib; each
treatment included both biological and technical
replicates arranged in a completely randomised
design (CRD). After inoculation, plants were
maintained at 28 + 2 °C, 16 h photoperiod and 85 per
cent RH. Disease severity was scored at 0, 3, 6, 9 and
12 days post-inoculation using the 0-5 scale of
Vallejos et al. (2010).

Biochemical Characterisation of Xanthomonas
Isolates

The colonies exhibiting characteristic yellow
pigmentation and mucoid, presumed to be
Xanthomonas spp., were selected for biochemical
characterisation studies. The biochemical analysis of
Xanthomonas euvesicatoria pv. euvesicatoria was
carried by adapting the protocol of Fan et al.,
2022. The Gram reaction and cellular morphology of
the isolates were determined by Gram staining:
smears of 24 hr culture were heat fixed on clean
glass slides, stained with crystal violet (1 min),
treated with Gram’s iodine (1 min), decolorized in
95 per cent ethanol (30 s) and counterstained with
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safranin (1 min), then examined under microscope.
The Catalase activity was assessed by placing a
loopful of fresh culture on a slide and adding 1-2 drops
of 3 per son H, O, observing for effervescence. The
3 per cent KOH test was performed by mixing
a loopful of culture with a drop of KOH on a slide for
1 min and then observing for the formation of a
viscous, mucoid thread upon lifting the loop. To assess
oxidase activity, commercially available discs
containing N, N, N2, N2, N2-tetramethyl-p-
phenylenediamine were moistened with sterile
distilled water and inoculated by smearing a 24 hr
bacterial colony.

Molecular Characterization using 16S rRNA

The Genomic DNA was extracted from pure cultures
of Xanthomonas isolates grown on nutrient broth
at 28/ £/ 2°C for 48 hr using a modified sucrose,
Tris-EDTA buffer Method (Weisburg ef al., 1991). A
loopful of bacterial culture was suspended in 500/ uLL
of TE buffer, followed by the addition of 100/ uL of
10 per cent SDS and 20/ uL of Proteinase K (20/ mg/
mL). Subsequently, 100/ uL. of CTAB/NaCl solution
was added and the suspension was incubated at 65°C
for 10 minutes. The DNA was extracted using an equal
volume of chloroform: isoamyl alcohol (24:1) and the
aqueous phase was precipitated with 600/ puL of ice
cold isopropanol. The DNA pellet was washed with
70 per cent ethanol, air-dried and resuspended in
50/ pL of TE buffer. For 16S rRNA gene
amplification, universal primers 27F (52 AGAGTTTG
ATCMTGGC TCAG-32) and 1492R (52 TACGGYT
ACCTTGTTACGACTT-32 ) were used in a 25/ pL
PCR reaction containing 12.5/ uL of 2x PCR
Master Mix, 1/ pL each of forward and reverse
primers (10/ pM), 2/ pL of genomic DNA and
8.5/ uL of nuclease-free water (Csaikl et al., 2008).
The PCR was carried out with initial denaturation
at 95 °C for 3 minutes, followed by 35 cycles of
denaturation at 95 °C for 30 seconds, annealing at
55 °C for 1 minute and extension at 72 °C for
1 minute, with a final extension at 72 °C for
10 minutes. PCR products were confirmed by
1.2 per cent agarose gel electrophoresis and
sequenced commercially. The sequences were

analysed using BLASTn against the NCBI Gen
Bank database for pathogen identification.

Assessment of Bacterial Density

The bacterial colonization density in infected leaf
tissue was determined as follows. The symptomatic
leaves (0.5 g) were surface sterilized, rinsed and
homogenized in 10 mL of sterile 0.1 M phosphate
buffer (pH 7.0) using an autoclaved mortar and
pestle. The resulting suspension was serially diluted
(10! to 10°) in the same buffer and 100 pL aliquots
of each dilution were spread onto nutrient agar
plates in triplicate. The plates were incubated at
28 °C for 48 h, after which colony forming units (CFU)
were counted and expressed per gram of fresh tissue.

Histochemical Staining for Bacterial Colonization

For histochemical assessment of bacterial
colonization, 2 mm % 3 mm leaf segments were
excised from infection sites and transferred to a small
Petri dish containing 10 uL each of propidium iodide
(20 mM) and SYTO™ 9 nucleic acid stain (3.34 mM)
from the LIVE/DEAD™ BacLight™ kit (Invitrogen)
following the protocol of Boulos et al., 1999. The
samples were incubated in the dark for 30 min,
then washed three times with phosphate buffered
saline to remove excess dye. The stained fragments
were mounted in a drop of immersion oil on glass
slides, covered with a coverslip and visualized
under an EVOS M700 fluorescence microscope
(Thermo Fisher Scientific), with propidium iodide
indicating dead cells (red fluorescence) and SYTO 9
labelling live and dead bacteria (green fluorescence).

Statistical Analysis

Statistical analyses were conducted in R (Version
4.2.0; R Core Team, 2023). All experiments
comprised three biological replicates and data were
presented as mean + standard error (SE). Pairwise
comparisons of means were performed by Duncan’s
multiple range test (DMRT) at a significance level
of P < 0.05. The bar graphs illustrating disease
severity scores and bacterial colonization densities
were generated with ggplot2, displaying error bars
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for SE and letters denoting statistically homogeneous
groups as determined by DMRT.

RESULTS AND DIScussION

Isolation and Morphological Features of
Xanthomonas Isolates

The bacterial isolates isolated from infected
tomato leaves showing typical small, water soaked
lesions with chlorotic halos produced characteristic
colonies that were yellow, round, smooth, mucoid
and convex. The colony features are indicative
of Xanthomonas species, particularly due to the
presence of the yellow xanthomonadin pigment
(Fig. 1). The confirmed colonies were subsequently
subjected to biochemical and molecular
characterization for definitive identification.
The symptomatology observed in the present
study, small, water-soaked lesions with chlorotic
halos, is consistent with earlier reports describing
bacterial spot of tomato caused by Xanthomonas
spp. (Jones et al., 2000; Ciardi et al., 2000 and
Achari et al., 2019). The recovered colonies
exhibited morphological traits typical of
Xanthomonas, including yellow pigmentation due to
xanthomonadin, a membrane-bound brominated
aryl polyene pigment unique to this genus.
Xanthomonadin is known to protect bacterial cells
from photodamage and oxidative stress,
contributing to pathogen survival on leaf surfaces
(Poplawsky & Chun, 1997 and Abrahamian et al.,
2021). Similar morphological characteristics of
X. euvesicatoria isolates from tomato have been
reported by Obradovic et al. (2004) and Timilsina

et al. (2020), further supporting the identification of
the pathogen in the present study.

Biochemical of Xanthomonas

euvesicatoria

Properties

The biochemical characterization of the isolates
results is consistent with the typical profile
of Xanthomonas euvesicatoria. Gram staining
revealed slender, uniformly pink rods, indicative
of Gram-negative morphology. The oxidase test
was negative, as evidenced by the absence of purple
coloration on oxidase discs within 30 seconds. In
the 3 per cent KOH solubility test, cultures
produced an immediate viscous, mucoid thread,
further confirming the Gram-negative cell wall
structure. Catalase activity was positive, with rapid
effervescence observed upon exposure to 3 per cent
H,0,, indicating the presence of catalase enzyme. The
combined oxidase-negative, KOH-positive
and catalase-positive reactions unequivocally
supported the identification of the isolates as
X. euvesicatoria (Fig. 2). The biochemical traits
observed in this study align with established
diagnostic profiles for X. euvesicatoria (Schaad et al.,
2001 and Jones et al., 2004). The negative oxidase
reaction and positive catalase activity are hallmark
features of Xanthomonas spp., reflecting their
aerobic metabolism and lack of cytochrome ¢ oxidase.
The immediate formation of a viscous thread in the
KOH solubility test further corroborates the
Gram-negative cell wall structure, as previously
reported by Elliott and Stead (1987); Griffin et al.,
2017. Similar biochemical profiles have been
documented in X. euvesicatoria isolates from tomato

Fig. 1 : Cultural characterization of the GXe4. a) Sucrose Nutrient Agar b) Nutrient Agar c¢) Glucose Yeast extract Peptone Agar
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Fig. 2 : Biochemical characterization of the GXe4. a) Gram staining b) Oxidase test ¢) 3% KOH d) Catalase test

and pepper in diverse geographic regions (Jones et
al., 1986; Obradovic et al., 2004; Timilsina et al.,
2020), reinforcing the reliability of these assays for
preliminary identification.

Molecular Confirmation of Isolates

The molecular confirmation of the isolates was
achieved by amplifying the 16S rRNA gene using
universal primers, which yielded ~1.5 kb products
visualized on a 1.2 per cent agarose gel.
The amplicons were sequenced and BLAST
analysis revealed >99% identity with Xanthomonas
euvesicatoria reference strains in the NCBI Gen
Bank database. The 16S rRNA gene sequence
of Xanthomonas euvesicatoria isolate Gxe4
was queried against the NCBI nucleotide database
using the BLASTN algorithm. The best hit

corresponded to X. euvesicatoria strain OQ151978.1
with >99% identity and full query coverage,
supporting its assignment to this species. Additional
close matches included other X. euvesicatoria strains
such as LMG 27969 and NCPPB 4321, all showing
high sequence similarity (>98%). The sequence
for Gxe4 was subsequently submitted to GenBank
under accession number [PX096578]. The Multiple
sequence alignment of Gxe4 and selected
Xanthomonas reference sequences was performed
using MEGA11. A Maximum Likelihood tree was
generated under the Kimura 2-parameter model,
with 1,000 bootstrap replicates to test clade
robustness. The resulting Fig. 3 shows isolate
Gxe4 clustering tightly with X. euvesicatoria
0Q151978.1 and other X. euvesicatoria strains,
forming a strongly supported monophyletic clade

1%

1%

- —{: XvPPE91115.1
1%
(17Tl 8a% Xe00Q151975.1

XeDOQ151978.1
GXed

XoHMS582883.1

XeMZ0araarT. 1

BE%Y.

XeMGES4642.1

XaCP167827.1

XpMR104792.1

BE %Y

—
= XgLRB28253.1

-

BacillusLC557814.1 )

Fig. 3 : Molecular phylogenetic analysis of Xanthomonas species associated with bacterial spot using 16S rRNA gene sequences
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(bootstrap support: 99%). This clade was clearly
separated from other Xanthomonas species such
as X. perforans and X. gardneri. Bacillus served as
the outgroup to root the tree. The 16S rRNA gene
is a well-established marker for bacterial taxonomy
and identification due to its conserved and variable
regions (Weisburg et al., 1991 and Ammons et al.,
2002) and similar approaches for X. euvesicatoria
have been reported in tomato and pepper (Obradovic
et al., 2004 and Timilsina et al., 2020). The
phylogeny also distinguished the bacterial spot
complex into four lineages: X. euvesicatoria (Xe), X.
perforans (Xp), X. vesicatoria (Xv) and X. gardneri
(Xg). The isolate GXe4 clustered within the Xe
clade, confirming its identity. Within the tree, Xe and
Xp appeared as sister groups, reflecting recent
divergence, while Xv was more distantly related and
Xg formed an independent branch representing a

distinct evolutionary trajectory. This phylogeny
underscores the genetic distinctness of GXe4 and
clarifies the evolutionary relationships among the
four species responsible for bacterial spot in tomato.

Pathogenicity Assays

Disease severity in the susceptible tomato cultivar
Shivam increased progressively with advancing days
after inoculation (Fig. 4 & Table 1). At 3 DPI,
the mean severity was 15.77%, which rose
to 28.53% at 6 DPI and 39.73% at 9 DPI. The
highest severity was recorded at 12 DPI,
reaching 72.29%, indicating rapid disease
development during later stages of infection. The
steady rise in severity over time reflects the active
colonization and expansion of Xanthomonas
euvesicatoria within host tissues (Fig. 5). The
sharp increase between 9 and 12 DPI corresponds

Fig. 4 : Pathogenicity assay on Shivam cultivar at (a) 3 dpi, (b) 6 dpi, (c) 9 dpi and (d) 12 dpi (dpi = days post inoculation)

TaBLE 1

Disease severity, bacterial population and progression of Xanthomonas euvesicatoria
in tomato cultivar Shivam at different days post inoculation (DPI)

Days Post Inoculation

Disease Severity

Bacterial Population

(DPI) (%) (Mean + SD) (CFU/ml) (Mean + SD)
3 DPI 15.77 + 0.30 6.10 x 10° + 0.10
6 DPI 28.53 £ 0.27 9.67 x 10v £ 0.15
9 DPI 39.73 £+ 0.28 1.38 x 10w + 0.15
12 DPI 7229 + 0.38 1.88 x 10w + 0.20
SE(m) 0.19 6.67 x 10t
CD (5%) 0.61 2.17 x10u
CV% 0.83 0.95
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Disease Sevirity at different DPIs
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Fig. 5 : Disease Severity of Shivam at Different Days Post Inoculation

with the critical phase of lesion expansion and
widespread tissue necrosis, characteristic of
bacterial leaf spot in susceptible genotypes.
Similar progression patterns have been reported
in Srivastava et al., 2021 and Jones et al., 1991,
where the absence of effective resistance
mechanisms allowed the pathogen to multiply
resulting in severe foliar damage. These findings
confirm the highly susceptible nature of the
Shivam cultivar and highlight the capacity of
X. euvesicatoria to cause significant tissue
destruction in vulnerable hosts.

Bars represent mean disease severity (= SD) of
Shivam at 3, 6, 9 and 12 days post inoculation
(DPI). Different letters above bars indicate
significant differences among means according
to Duncan’s Multiple Range Test (DMRT) at p > 0.0

Bacterial Colonization in Shivam Cultivar

The bacterial population of Xanthomonas euvesic-
atoria in the susceptible tomato cultivar Shivam

increased consistently with time. At 3 DPI, the mean
bacterial load was 6.1 x 10v CFU/ml, which rise to
9.67 x 10v CFU/ml at 6 DPI and 1.38 x 10w CFU/
ml at 9 DPI. The highest population was recorded at
12 DPI with 1.88 x 10w CFU/ml, indicating a clear
progression of bacterial multiplication within host
tissues (Fig.6). The Histochemical staining of the
infected tissues shows a gradual increase in live cells
(green fluorescence) over time, while the presence of
only a few dead cells (red fluorescence) suggests a
compatible interaction, which is further supported
by bacterial proliferation confirmed through
colony-forming unit analysis (Fig.7). This increasing
trend shows the aggressive colonisation capacity
of X. euvesicatoria in a susceptible cultivar.
Comparatively, low variation at early time points of
infection points to uniform bacterial establishment,
while the greater variability observed at 12" DPI
reflects differences in lesion expansion and tissue
colonisation as the infection progressed. Similar
population dynamics have been reported in Varympopi
et al.,2022, where susceptible tomato lines supported
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Fig. 6 : Colony Forming Units of Shivam at Different Days Post Inoculation

Fig. 7 : Histochemical Staining of Infected Leaf Tissue in Shivam at 12 Days Post Inoculation (DPI)
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exponential bacterial growth that ultimately resulted
in severe disease development. These findings
highlight the importance of bacterial population
buildup in assessing disease severity and progression.
In contrast to resistant cultivars, where bacterial
multiplication is often restricted, Shivam permitted
continuous pathogen proliferation, confirming its high
susceptibility. These findings point to the necessity
of adopting effective monitoring and management
strategies to limit the impact of bacterial leaf spot
under field conditions.

Bars represent mean colony forming units per
millilitre (CFU/ml) + standard deviation (SD) of
Shivam at 3, 6, 9 and 12 days post inoculation (DPI).
Different letters above bars indicate significant
differences among means according to Duncan’s
Multiple Range Test (DMRT) at p < 0.05.

Histochemical staining of infected leaf tissue showing
bacterial colonization in Shivam at different days post
inoculation (DPI): (a) 3 DPI, (b) 6 DPI, (c) 9 DPI,
and (d) 12 DPL

This study conclusively identified Xanthomonas
euvesicatoria as the causal agent of bacterial leaf spot
in tomato at the University of Agricultural Sciences,
GKVK campus, Bengaluru. The integration of
morphological traits, biochemical reactions and 16S
rRNA-based molecular characterization provided
reliable confirmation of pathogen identity.
Pathogenicity assays showed that the susceptible
cultivar Shivam supported continuous pathogen
multiplication, with disease severity rising sharply
between 9 and 12 DPI and bacterial populations
reaching 1.88 x 10w CFU/ml. These results highlight
the aggressive nature of X. euvesicatoria and its
capacity to cause significant foliar damage in
susceptible cultivars. The study provides insights into
pathogen biology, colonization patterns and virulence,
forming a valuable basis for epidemiological studies
and future management strategies. The continuous
monitoring of pathogen diversity and population
dynamics will be essential to mitigate the impact of
bacterial leaf spot in tomato production systems.
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