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Abstract: Acidovorax citrulli, the causal agent of bacterial fruit blotch (BFB), is an economically
important pathogen of watermelon and related plant species worldwide. In the period 2014–2018,
several outbreaks of BFB were observed in major watermelon production regions in Serbia. A total of
43 strains, isolated from symptomatic watermelon tissue, were analyzed by biochemical, pathogenic
and molecular tests. Based on the phenotypic characteristics, PCR assay, and 16S rRNA gene
sequence analysis, all strains were identified as A. citrulli. A multilocus sequence analysis of the four
housekeeping (adk, gyrB, pilT and gltA) and three virulence genes (Aave_1548, avrRx01 and luxR)
revealed that studied A. citrulli strains represent the homogeneous population and they clustered
together with group II reference strain AAC00-1. Strain affiliation to group II was confirmed by PCR
based on the putative type III secretion effector gene and by duplex PCR test. High homogeneity
of studied strains was also confirmed by BOX-PCR. Differences were observed for two strains in
their pathogenicity as well as susceptibility to copper compounds. Moreover, six major watermelon
varieties grown in Serbia showed high sensitivity to the pathogen, while cross inoculation assay
revealed that the strains were able to infect other species within the Cucurbitaceae family.

Keywords: bacterial fruit blotch; Acidovorax citrulli; watermelon; identification; MLSA

1. Introduction

Cucurbit cultivation contributes significantly to vegetable production in Serbia. Cu-
cumber, watermelon, melon, pumpkin and muskmelon represent some of the most impor-
tant species used for fresh consumption, but also for processing and the pharmaceutical
industry. According to FAO statistics, Serbia belongs to a group of mid-range producing
countries in Europe. In 2019, watermelon yield reached approximately 28.6 t/ha [1].

However, profitability of the production is often compromised by occurrence and
spread of pathogenic microorganisms. Cucurbitaceous plants are especially suscepti-
ble to some bacterial diseases. An unknown disease first reported as seedling blight of
watermelon occurred in 1965, in an agricultural station in Georgia, USA [2]. Initial symp-
toms were described as water-soaked spots of the lower surface of the cotyledons. The
causal agent was identified as a new phytobacterium, Pseudomonas pseudoalcaligenes subsp.
citrulli [3,4]. In 2008, this organism was reclassified as Acidovorax citrulli, the causal agent
of bacterial fruit blotch (BFB) [5]. Until 1996, A. citrulli was largely studied as a pathogen
of watermelon. However, in the next few years disease symptoms were noticed on other
cucurbits. Rapidly, the pathogen has spread to many countries mainly via contaminated
seed [6,7]. It caused considerable damage to the watermelon and melon industry in China
and United States [8]. In Europe, the bacterium was first detected in Turkey, afterwards in
Hungary and Greece [9–11]. Destructive disease outbreaks in the fields of other cucurbit
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species showed a wide host range within the family [12,13]. Assouline et al. [14] stated that
the pathogen was detected in several shipments of tomato seeds imported from India, as
well as in eggplant seedlings grown from imported seed [15]. This was the first detection of
BFB pathogen outside the family Cucurbitaceae. A group of authors from Israel confirmed
previous reports by isolating A. citrulli strains from symptomatic eggplants and tomato [16].
Likewise, Malliarakis et al. [17] reported the disease occurrence on tomato seedlings in
Greece. As a consequence, serious losses in the production were recorded.

In Serbia, watermelon and melon production mostly originates from imported repro-
ductive material, which created the risk of introduction of A. citrulli. The pathogen is listed
on the national list of quarantine organisms, and was not recorded until 2014 [18]. Since
then, several outbreaks of BFB on watermelon plants have been recorded countrywide.

According to previous research based on carbon substrate utilization, molecular
methods, fatty acid methyl ester analysis (FAME) and repertoire of type III secretion
effectors, A. citrulli strains could be divided into two biochemically and genetically distinct
groups, I and II [8,12,15,19–21]. Group I includes strains mainly recovered from melon
and non-watermelon cucurbits, while group II comprises of strains mostly isolated from
watermelon. However, the population of A. citrulli from Serbia was never studied in this
manner and consequently there was no information regarding the genetic diversity and
population structure of this new emerging pathogen. During intensive BFB investigation,
starting from 1999, many results were consistent with the host preference statement [8,20,22].
Although these data proposed the host preference of groups I and II, greenhouse inoculation
assay showed there is no clear evidence for rigid host specificity [12]. Similar results were
reported by Zivanovic and Walcott [19]. Zhao et al. [21] indicated that there were possible
variations in host preferences between I and II group strains in conditions of both natural
infection and artificial inoculation. Their study showed that groups I and II diverge in the
ability to infect foliage of different species within cucurbits and that host preference is more
expressed in cucurbit fruit tissues.

In order to clarify the phylogenetic relationship of bacterial species within a genus,
multilocus sequence analysis (MLSA) of housekeeping genes was used as a powerful
tool [23]. According to MLSA A. citrulli strains clustered into two genetically distinct
groups, corresponding to the previously described pulse field gel electrophoresis (PFGE)
and multilocus sequence typing (MLST) analysis of housekeeping genes [8,24]. In addition,
diversity within the strains isolated from different hosts was recorded based on repetitive
element sequence-based PCR (rep-PCR) analysis [24].

This paper describes comprehensive characterization of this emerging pathogen iso-
lated in Serbia based on biochemical, physiological and molecular tests, including phylo-
genetic analysis of the strains. Additionally, the host preference of A. citrulli strains was
evaluated, as well as sensitivity of the strains to different bactericides.

2. Materials and Methods
2.1. Sampling and Isolation of Bacterial Strains

During August 2014, typical BFB symptoms were noted on mature watermelon
(Citrullus lanatus) fruits originating from fields in the north of Serbia (Srem district). First
symptoms were observed as water-soaked, irregularly shaped fruit lesions followed by rind
cracks and inner tissue softening. Over the following years (2014–2018, except 2017), similar
symptoms were detected in other watermelon growing localities. Pathogen isolation was
carried out using fragments from border area between apparently healthy and diseased
tissue, just beneath surface of the rind. The samples were macerated in 1 mL of sterile
distilled water (SDW) and the macerate was streaked onto nutrient agar medium (NA,
Torlak, Serbia), followed by incubation for 2–3 days at 27 ◦C. Single colonies were purified
and selected for identification and further characterization (Table 1).
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Table 1. Bacterial strains isolated in this study.

Strain Data

Strain Host (Variety) Isolation Source Locality Year

KFB a 340 C. lanatus, (Farao) Fruit Ašanja 2014
KFB 341 C. lanatus, (Farao) Fruit Ašanja 2014
KFB 342 C. lanatus, (Farao) Fruit Ašanja 2014
KFB 343 C. lanatus, (Farao) Fruit Ašanja 2014
KFB 344 C. lanatus, (Farao) Fruit Ašanja 2014
KFB 345 C. lanatus, (Farao) Fruit Ašanja 2014
KFB 346 C. lanatus, (Farao) Fruit Ašanja 2014
KFB 347 C. lanatus, (Farao) Fruit Ašanja 2014
KFB 348 C. lanatus, (Farao) Fruit Ašanja 2014
KFB 349 C. lanatus, (Farao) Fruit Ašanja 2014
KFB 350 C. lanatus, (Farao) Fruit Ašanja 2014
KFB 351 C. lanatus, (Unknow) Fruit Čelarevo 2014
KFB 352 C. lanatus, (Unknow) Fruit Čelarevo 2014
KFB 365 C. lanatus, (Top Gun) Fruit Rečka 2015
KFB 366 C. lanatus, (Top Gun) Fruit Rečka 2015
KFB 367 C. lanatus, (Top Gun) Fruit Rečka 2015
KFB 368 C. lanatus, (Top Gun) Fruit Rečka 2015
KFB 369 C. lanatus, (Eleta) Fruit Šabac 2016
KFB 370 C. lanatus, (Eleta) Fruit Šabac 2016
KFB 371 C. lanatus, (Eleta) Fruit Šabac 2016
KFB 372 C. lanatus, (Eleta) Fruit Šabac 2016
KBI b 76 C. lanatus, (Farao) Fruit Ašanja 2014
KBI 77 C. lanatus, (Farao) Fruit Ašanja 2014
KBI 78 C. lanatus, (Farao) Fruit Ašanja 2014
KBI 79 C. lanatus, (Farao) Fruit Ašanja 2014
KBI 80 C. lanatus, (Farao) Fruit Ašanja 2014
KBI 81 C. lanatus, (Farao) Fruit Ašanja 2014
KBI 82 C. lanatus, (Farao) Fruit Ašanja 2014
KBI 83 C. lanatus, (Farao) Fruit Ašanja 2014
KBI 84 C. lanatus, (Farao) Fruit Ašanja 2014
KBI 85 C. lanatus, (Farao) Fruit Ašanja 2014
KBI 86 C. lanatus, (Farao) Fruit Ašanja 2014

KBI 340 C. lanatus, (Unknow) Fruit Leskovac 2018
KBI 341 C. lanatus, (Unknow) Fruit Leskovac 2018
KBI 342 C. lanatus, (Unknow) Leaf Leskovac 2018
KBI 343 C. lanatus, (Unknow) Fruit Šabac 2018
KBI 344 C. lanatus, (Unknow) Fruit Šabac 2018
KBI 345 C. lanatus, (Unknow) Fruit Šabac 2018
KBI 346 C. lanatus, (Unknow) Fruit Šabac 2018
KBI 347 C. lanatus, (Unknow) Fruit Šabac 2018
KBI 348 C. lanatus, (Unknow) Fruit Šabac 2018
KBI 349 C. lanatus, (Unknow) Fruit Šabac 2018
KBI 350 C. lanatus, (Unknow) Fruit Šabac 2018

a KFB Collection of Phytopathogenic Bacteria, University of Belgrade, Faculty of Agriculture, Serbia; b KBI
Collection of Bacteria, Institute for Plant Protection and Environment, Belgrade, Serbia.

2.2. Phenotypic Characterization

The following differential physiological and biochemical tests were performed: Gram
reaction using 3% KOH, catalase activity, fluorescence on King’s medium B (KB) [25],
growth on yeast extract–dextrose—-CaCO3 (YDC) agar and temperature tolerance at 41 ◦C,
production of acid from L-arabinose, sucrose and sorbitol, nitrate reduction and oxidative–
fermentative (O/F) test [26,27]. In addition, levan production, oxidase activity, pectolytic
activity on potato slices, arginine utilization and production of a hypersensitive reac-
tion (HR) on tobacco (Nicotiana tabacum cv. ‘Samsun’) (LOPAT) were tested [28]. Strain
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A. citrulli NCPPB 3679T (National Collection of Plant Pathogenic Bacteria, strain isolated
from C. lanatus in the USA) was used as positive control in all tests.

2.3. Genomic DNA Extraction and PCR Identification

Total genomic DNA was extracted according to the protocol described by Aljanabi and
Martinez [29], with modifications. The following steps were added: (a) the samples were
incubated at 37 ◦C for 30 min after adding Proteinase K; (b) 1 µL of RNase (10 mg/mL) was
added to each sample before incubation; (c) incubation at 37 ◦C for 1 h. Quality of extracted
DNA was checked by gel electrophoresis on 0.8% agarose gel and then stored at −20 ◦C for
further analysis. PCR was performed by using A. citrulli—specific primers BX-L1/BX-S-R2
following the reaction conditions described by Bahar et al. [30] in order to amplify 279 bp
DNA fragment. The PCR program parameters consisted of initial denaturation at 95 ◦C
for 1 min, followed by 35 cycles of 35 s at 94 ◦C, 35 s at 68.1 ◦C and 45 s at 72 ◦C and a
final extension for 7 min at 72 ◦C. PCR reactions were performed in a Thermal Cycler 2720
(Applied Biosystem, Foster City, CA, USA). Amplified PCR products (5 µL) were separated
by gel electrophoresis in 1.5% agarose gel in 1× Tris-acetate-EDTA (TAE) buffer, stained
in ethidium bromide (1 µg/mL) and visualized under UV illuminator (Vilber Lourmat,
Marne-la-Vallèe, France).

2.4. 16S rRNA Sequence Analysis

The 16S rRNA gene fragment was amplified and sequenced (Macrogene Europe, The
Netherlands) for two selected strains (KFB 343 and KFB 344) using universal pair of primers
fD1 and rP2 [31]. Chromatograms were analyzed using Finch TV 1.4.0 software, while
sequences were processed using the MEGA 7 package [32]. BLAST program [33] was used
for comparative analysis of the obtained sequences with the sequences deposited in the
NCBI database. Partial sequences generated in this study were deposited in the GenBank
database under accession numbers KP410333 and KP410334.

2.5. Pathogenicity Test

Pathogenicity of the strains was tested by spraying three two-week-old watermelon
(cv. ‘Rosa’) seedlings per strain using hand-held sprayer. Bacterial suspensions were pre-
pared from 24 h old cultures grown on NA and adjusted to 108 CFU/mL. The plants were
sprayed until run-off in three replicates and were maintained in a greenhouse at approx.
27 ◦C, under plastic bags for 24 h, in order to maintain high humidity. After that, plants
were grown at approx. 27 ◦C for two weeks. Sterile distilled water and A. citrulli NCPPB
3679T were used as negative and positive control, respectively.

2.6. Host Preference

In order to determine the host spectrum, we also performed the spray-inoculation
tests as described above on seedlings of other cucurbit species, including cucumber
(Cucumis sativus, cv. ‘Sunčani potok’), melon (Cucumis melo, cv. ‘Sezam’), pumpkin
(Cucurbita pepo, cv. ‘Beogradska’) and butternut squash (Cucurbita moschata, cv. ‘Nektar’).
The experiment was performed in three replicates.

2.7. Watermelon Cultivar’s Susceptibility to A. citrulli

Susceptibility of different watermelon cultivars to A. citrulli was tested by inoculating
seedlings of six the most commonly grown cvs. in Serbia: Rosa, Crimson Sweet, Top
Gun, Talisman, Bonta and Delta. Inoculation was performed by the spraying method as
described in previous tests. SDW was used as negative, and A. citrulli NCPPB 3679T as
positive control. This experiment was performed in three replicates.

2.8. Strains Sensitivity to Bactericides

The in vitro effect of different concentrations of copper (II) hydroxide, copper oxychlo-
ride and streptomycin sulfate on development and growth of A. citrulli strains isolated
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in Serbia was studied. Bacterial strains were grown on NA for 24 h and afterwards were
suspended in SDW in concentration of approx. 1 × 108 CFU/mL. Droplets (3 µL) of each
tested strain were spotted on the surface of sucrose peptone agar (SPA) plates [26] amended
with either 100 or 200 ppm of copper hydroxide or copper oxychloride, and with 25 or
50 ppm of streptomycin sulfate, respectively [26]. Resistant Xanthomonas euvesicatoria E-3
(University of Florida, Gainesville, FL, USA) strain was used as a positive control. Strains
able to grow on the tested medium were considered copper or streptomycin resistant. The
experiment was repeated twice.

2.9. Differentiation of Strains by Rep-PCR

Genetic relatedness among the strains was assessed by rep-PCR fingerprinting. All
43 strains were amplified by BOXA1R primer [34]. PCR products were separated by gel
electrophoresis on 1.5% agarose gel in 1 × TAE buffer. Amplified fragments were stained
and visualized as described before.

2.10. PCR Assays for Distinguishing Group I and II A. citrulli Strains

PCR assay was performed as described by Zivanovic and Wallcott [19]. Reactions were
conducted using two forward primers: G2AcFwd, specific for group II, and G12AcFwd,
primer specific for both A. citrulli groups. Reverse primer G12AcRev was unique and
used with both forward primers. Expected size of the amplified products was 291 and
254 bp, respectively.

In addition, duplex PCR assay proposed by Zhao et al. [21] was also applied for
distinguishing groups I or II. Group I specific primer set 550-34F/550-626R and group II
specific primers 2708-225F/2708-433R amplify 593 bp and 209 bp products, respectively.

2.11. Multilocus Sequence Analysis (MLSA)

Based on results of previous tests, localities and year of isolation, 12 strains were
selected for MLSA analysis. MLSA was conducted by PCR amplification and partial
sequencing of 7 genes in total, including four housekeeping genes (adk, gyrB, pilT and
gltA), and three virulence-associated genes (Aave_1548, avrRx01 and luxR), according to
the protocol of Silva et al. [24]. Raw gene sequences obtained from Macrogen Europe
(The Netherlands) were processed and deposited as described above for 16S rRNA gene
sequences. The BLAST program described by Altschul et al. [33] was used to compare
sequences obtained with those available in NCBI GenBank. CLUSTAL W algorithm [35]
integrated into MEGA 7 software [32] was used for sequence alignments. The phylogenetic
analysis was performed with IQ-TREE 1.6.12 [36] software available through the IQ-TREE
web server (http://iqtree.cibiv.univie.ac.at) (accessed on 10 September 2021) [37]. The best-
fit DNA substitution model was selected based on Bayesian Information Criterion (BIC) [38].
Nine maximum likelihood trees in total were generated, seven for each gene and two for
concatenated dataset of virulence and housekeeping genes. Branch support was assessed by
ultrafast bootstrap analysis (UFBoot) using 1000 replicates [39]. The maximum likelihood
trees were visualized using FigTree, v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/)
(accessed on 10 September 2021) [40]. Generated partial sequences were deposited in the
NCBI GenBank database under accession numbers MZ148272 and MZ501872-501931.

3. Results
3.1. Isolation and Phenotypic Characterization of Bacterial Strains

From the samples collected in five localities, 43 Acidovorax-like strains were isolated
(Table 1). Forty-two strains were isolated from mature watermelon fruits, while one was
recovered from watermelon leaf. The strains formed circular, glistening, slightly convex,
whitish colonies with regular edge on NA after 24–48 h. All strains were Gram-negative,
oxidase and catalase positive and nonfluorescent. They grew at 41 ◦C and produced beige
to tan-colored, round, nonmucoid and convex colonies on YDC agar. All strains utilized
L-arabinose, were arginine dihydrolase and levan negative, did not reduce nitrate, nor

http://iqtree.cibiv.univie.ac.at
http://tree.bio.ed.ac.uk/software/figtree/
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utilize sucrose and sorbitol. They produced a weak oxidative reaction in O/F test and did
not induce potato soft rot. All but two, KBI 82 and KBI 86, induced hypersensitive reaction
in tobacco leaves (Table 2). According to the results, the strains isolated from watermelon
in Serbia belong to A. citrulli [27]. In addition, we observed loss of vitality in one month
when the strains were stored as a suspension in SDW at 4 ◦C, respectively [41].

Table 2. Bacteriological characteristics of strains isolated from watermelon plants in Serbia.

Test

Results a

Investigated Strains b Control Strain c

KFB 340–352, KFB 365–372,
KBI 76–81, KBI 83–85, KBI

340–350

KBI 82,
KBI 86 NCPPB 3679T

Gram reaction − − −
Catalase activity + + +
Growth on 41 ◦C + + +

Fluorescens on Kings medium B − − −
Levan production − − −

Oxidase production + + +
Pectinolytic activity − − −

Arginine dihydrolase production − − −
Tobacco hypersensitivity + − +

Oxidative–fermentative (O/F) test (O) (O) (O)
Nitrate reduction − − −

Acid production from:
Arabinose + + +

Sucrose − − −
Sorbitol − − −

a, +, positive reaction; −, negative reaction; (O) weak oxidative reactions were obtained in two replicates. b KFB,
Collection of Phytopathogenic Bacteria, University of Belgrade, Faculty of Agriculture, Serbia; KBI Collection of
Bacteria, Institute for Plant Protection and Environment, Belgrade, Serbia. c NCPPB, National Collection of Plant
Pathogenic Bacteria, Central Science Laboratory, York, United Kingdom.

3.2. PCR Identification and 16S rRNA Sequence Analysis

PCR reaction with BX-L1/BX-S-R2 primers yielded 279 bp DNA fragment in all tested
strains, indicating their affiliation to A. citrulli species (Figure 1). The 16S rRNA gene
sequence from two strains (GenBank Accession Nos. KP410333 and KP410334) showed
100% identity to A. citrulli strains from China (KJ210353), Thailand (KJ210352) and USA
(KJ210339), previously deposited in the NCBI GenBank database. Phylogenetic tree revealed
that strains KFB 343 and KFB 344 grouped with A. citrulli, A. cattleyae and A. avenae strains
(data not shown).
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3.3. Pathogenicity Test and Host Preference

All tested strains except two, KBI 82 and KBI 86, caused characteristic symptoms on
inoculated watermelon seedlings. Water-soaked lesions developed on the abaxial side
of cotyledons two days after inoculation while symptoms on the adaxial side appeared
three days later (Supplementary Figure S1). Necrosis and seedling dieback occurred within
7 days. Plants inoculated with SDW as well with strains KBI 82 and KBI 86 did not develop
symptoms. Bacteria were reisolated from the inoculated plants and identified as A. citrulli
by the PCR [6]. In pathogenicity tests on several other cucurbit hosts, cucumber, melon,
pumpkin and butternut squash, all tested strains, except KBI 82 and KBI 86, produced
symptoms resembling those on watermelon seedlings, such as irregularly shaped water-
soaked lesions. Identity of reisolated bacteria was confirmed by the PCR. No symptoms
were observed on tissue inoculated with SDW.

3.4. Cultivars Susceptibility to A. citrulli

In this study, we tested the susceptibility of six commonly grown watermelon cvs.:
Rosa, Crimson Sweet, Top Gun, Talisman, Bonta and Delta. The results showed that all
the tested watermelon cvs. were sensitive to A. citrulli. No significant difference in the
symptom development was observed. Characteristic water-soaked lesions were detected
on all tested plants two days after inoculation.

3.5. Susceptibility to Bactericides

Copper compounds inhibited growth of all tested strains except KFB 368. This strain
grew on SPA plates amended with 100 ppm of copper (II) hydroxide while at concentration
of 200 ppm Cu(OH)2 a weak bacterial growth was observed. This strain is tolerant to
100 ppm of copper oxychloride but two times higher concentration inhibited growth. The
reaction of strains to streptomycin was variable as well. Seventeen strains were tolerant to
the lower concentration of streptomycin sulfate, while five strains tolerated both 25 and
50 ppm of the antibiotic (Supplementary Table S1).

3.6. Differentiation of Strains by Rep-PCR

The obtained genetic fingerprints showed that all tested strains, except KFB 358, belong
to the same BOX-PCR group. The genetic profile of this strain had an extra fragment of
approx. 3500 bp, when compared with the other profiles.

3.7. Distinguishing Group I and II of A. citrulli Strains

Conventional PCR, proposed by Zivanovic and Wallcott [19], yielded specific fragment
with primer set G12AcFwd/G12AcRev. These primers amplify DNA region of 254 bp in
strains of both A. citrulli groups. Using the group II specific primers G2AcFwd/G12AcRev,
an expected 291 bp fragment was amplified in all tested strains. Based on obtained re-
sults, it is shown that all Serbian A. citrulli strains belong to the group II. Duplex PCR
reaction by Zhao et al. [21] resulted in amplification of a 209 bp fragment, which confirmed
previous results.

3.8. Multilocus Sequence Analysis (MLSA)

Sequences of the four housekeeping genes (gyrB, pilT, adk, gltA) and three virulence-
associated genes (Aave_1548, avrRx01, luxR) were analyzed. Phylogenetic trees were
generated based on obtained sequences for each gene, as well as on concatenated datasets
of four housekeeping and three virulence genes (Figures 2 and 3). Partial sequences
obtained were identical for all 12 tested strains isolated in Serbia, except for gene luxR,
where strain KBI 342 exhibited one SNP. They clustered together with the reference strain
belonging to group II of A. citrulli. However, strains isolated from different non-watermelon
hosts in China, Brazil and Mexico were placed within the group I, together with group I
model strain M6, isolated in Israel from melon (Supplementary Figures S2–S8). There
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was no significant difference in strains’ distribution on phylogenetic trees generated from
concatenated datasets and nucleotide sequences of single genes.
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Figure 2. Maximum likelihood tree based on concatenated housekeeping genes adk, pilT, gyrB and gltA
(2404 bp) sequences. The tree indicates the phylogenetic position of 12 representative A. citrulli strains
(marked in bold). Comamonas testosteroni (strain ATCC 11996T) was used as the outgroup organism.
General time-reversible model with rate heterogeneity across Gamma model (GTR + G4 + F) was
applied for tree construction. Ultrafast bootstrap support values (>70) are indicated at the nodes.
Classification of strains into group I and II is shown on the phylogenetic tree.
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luxR (1873 bp). Phylogenetic position of 12 representative strains isolated within this study is marked
in bold. The tree was midpoint rooted. The scale bar represents the number of expected substitutions
per site under the best-fitting HKY + F model. Branch support was assessed by ultrafast bootstrap
analysis (UFBoot) using 1000 replicates. Classification of strains into group I and II is showed on the
phylogenetic tree.
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4. Discussion

A. citrulli is a quarantine pathogen in Serbia and BFB outbreaks were recorded spo-
radically in different areas in the country starting from 2014. Thus, we studied 43 strains
isolated from watermelon in 2014, 2015, 2016 and 2018. In all outbreaks, extent of the yield
reduction was very high, reaching over 90%. The objectives were to characterize and deter-
mine genetic relatedness among the A. citrulli strains isolated in Serbia and worldwide, to
check the strains’ pathogenicity and host range by inoculating various cucurbit species and
different watermelon cultivars, and to study sensitivity of strains to different bactericides.

In 2014, when the first outbreak in Serbia was recorded, water-soaked, irregularly
shaped lesions with slightly raised margins were noticed on watermelon fruits at the time
of their physiological maturity. This was quickly followed by development of the fruit
rind cracks and inner tissue softening [17,41]. It is possible that such lesions represented a
pathway for penetration of other opportunistic microorganisms causing the fruit maceration
and degradation.

Different molecular techniques were used to identify and characterize isolated strains.
Aside from conventional PCR, the 16s rRNA analysis represents one of the essential tools
for identification and determination of relationships between bacterial strains. Therefore,
two representative strains, KFB 343 and KFB 344, were analyzed by partial sequencing
of their 16S rDNA. Comparing obtained sequences with those previously deposited in
the NCBI GenBank, the causal organism of watermelon disease in Serbia was placed
in genus Acidovorax. They showed 100% identity to A. citrulli strains, but also the tree
revealed that investigated strains grouped to A. cattleyae and A. avenae (data not shown).
Therefore, we further characterized investigated strains by using more discriminatory
methods. Repetitive sequence-based polymerase chain reaction (rep-PCR) was applied to
constitute a genomic fingerprint for tested strains. According to the BOX-PCR profiles, all
the strains isolated in four seasons in Serbia belong to the highly homogeneous group. No
significant differences were observed, with the exception of only one strain (KFB 358).

Based on biochemical and genetic characteristics, the A. citrulli population can be
divided into groups I and II [8,12,15,19–21]. Eckshtain-Levi et al. [42] recognized even
a third group which includes only two strains weakly virulent on watermelon, squash
and melon seedlings [19]. For distinguishing in which group our strains belong, we
applied conventional PCR described by Zivanovic and Walcott [19] and duplex PCR
assay described by Zhao et al. [21]. The results placed our strains in group II. In order to
investigate phylogenetic relationships of species within a genus, MLSA currently represents
a widely-used method [23]. In our study, 12 A. citrulli strains originating from Serbia were
selected for MLSA analysis. The assay was performed by sequencing of four housekeeping
genes and three virulence genes based on a scheme proposed by Silva et al. [24]. MLSA
phylogenetic analysis was performed on individual gene sequences and on concatenated
dataset. The obtained results showed all 12 tested strains belong to the same phylogenetic
group. They lacked genetic diversity, only strain KFB 342 exhibited one SNP for gene luxR.
Our strains clustered together, within one branch, together with the group II reference
strain AAC00-1. According to virulence genes analysis, it is shown that strains EP and T1
isolated from eggplant and tomato in Israel are closely related to our and other group II
strains (Supplementary Figures S2–S4). Phylogenetic trees also indicate that A. citrulli
strains isolated from other cucurbits worldwide formed a separate group together with
group I reference strain M6 (Figures 2 and 3, Supplementary Figures S2–S8).

Two strains, KBI 82 and KBI 86, did not induce hypersensitive response in tobacco
leaves nor cause any symptoms in pathogenicity tests and on other cucurbit plants in
cross inoculation test. Based on these properties, it is possible that strains KBI 82 and
KBI 86 are lacking some of the virulence genes. The strains were isolated from two separate
watermelon plants with BFB symptoms in the same field, indicating dissemination of the
nonpathogenic population in the area. Nonpathogenic strains of A. citrulli were described
previously; Schaad et al. [43] suggested that some A. citrulli strains do not produce a
hypersensitive response in plants. Johnson et al. [44] indicated there are nonpathogenic
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A. citrulli strains. They can occur naturally or can be generated by mutagenesis. The loss of
pathogenicity and the ability to induce HR in nonhost plants occurs as a consequence of
mutation in T3SS genes [44]. Nevertheless, strains KBI 82 and KBI 86 exhibited biochemical
and genetic features typical for A. citrulli.

It other studies, it was shown that group I and II strains vary in virulence on water-
melon and non-watermelon plants [8,12,15,19,22]. Watermelon strains were highly virulent
on watermelon, while weakly virulent on other species. In our study, cross inoculation tests
indicated a wide host range of A. citrulli despite their group II designation and potential
interference in agricultural production of other cucurbits. Some of the predominant water-
melon varieties in Serbia, Rosa, Crimson Sweet, Top Gun, Talisman, Bonta and Delta, were
tested for susceptibility to BFB. The trials showed there are no resistant cultivars, as sug-
gested by other literature data [7,45]. Limited resistance has been found in a small number
of plant introductions (PIs) in watermelon [46]. However, some genotypes at most stages
of plant development showed high level of resistance, which suggests that they possess
BFB resistance genes and could be used in breeding [45]. Recently, a group of researchers
from South Korea developed a marker for distinguishing resistant and susceptible melon
genotypes through a PCR assay [47].

Cultural measures often do not give appropriate results in bacterial diseases con-
trol. Furthermore, antibiotics are not allowed in Serbia for plant disease control [48].
Copper-based compounds are the most widely-used chemicals for managing BFB and
other bacterial diseases in the field [49]. Hence, producers often resort to uncontrolled use
of copper compounds, which can lead to the pathogen resistance. In tests of reaction to
the bactericides within this study, the strains were more tolerant to streptomycin sulfate
than to copper (II) hydroxide and copper oxychloride. Copper inhibited growth of all
tested strains but one (KFB 368), thus treatment based on this compound could potentially
improve control efficacy of BFB. Twenty-eight strains out of forty-three were sensitive to
the lower concentration of streptomycin sulfate, while five strains grew even on the media
amended with 50 ppm of this antibiotic. These results suggest the possibility of resistance
development. Considering the negative effects of chemical measures, their insufficient
efficiency in control of bacterial diseases as well as their negative impact to the environment,
development of BFB resistant cultivars will have substantial role in the disease control.

Being that the pathogen is seed-borne, it can be easily introduced in the countries
where its presence is not determined yet. Indeed, trade of infected seed lots and seedlings
has the most important role in spreading the disease all over the world. Despite efforts to
prevent the spread of disease in Serbia by phytosanitary control measures, the pathogen
was detected in watermelon fields. According to the producers, symptoms similar to BFB
were noticed even earlier, but the disease was unknown and probably misdiagnosed. Since
there are no adequate chemical measures, this kind of control is indispensable. Seeds
from symptomatic and asymptomatic fruits of the same watermelon genotypes showed
transmission rates of A. citrulli up to 35.3%. These results confirm that asymptomatic
fruits can harbor contaminated seeds which lead to the transmission of the pathogen [45].
Probably the most efficient strategy for BFB control would be to eliminate the pathogen
from seed, fruit, and transplant production systems [44]. It would be convenient to produce
cucurbit seeds in regions with cooler and dry climates where BFB development would be
limited [50]. It is necessary to apply control measures such as using certified seed, inspection
of transplants, destruction of all symptomatic plants, sanitation procedures, elimination of
plant debris and crop rotation. Chemical compounds could prevent infection emergence,
but pathogen localization often interferes with efficacy of treatment. Implementation of
resistant cultivars is an important step in future BFB management, but it is difficult to
execute. Breeding programs are usually time consuming, expensive, very complex and
diverse. In addition, timely and reliable diagnosis has a decisive role in crop protection. It is
crucial to improve our knowledge about A. citrulli pathogenesis. By gathering all obtained
facts, it will be possible to enhance strategies in order to reduce the economic impact of
BFB worldwide.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy12020235/s1, Figure S1: Water-soaked lesions development on watermelon cotyle-
don. Artificial inoculation. Photo: A. Obradović., Figure S2: Phylogenetic tree based on Aave_1548
sequence data. Position of 12 representative A. citrulli strains isolated within this study is marked in
bold. The tree was midpoint rooted. The best fitting model F81 + F was applied for tree construction.
Ultrafast bootstrap support values (>70) are indicated at the nodes. Classification of strains into
group I and II was showed on the phylogenetic tree. Figure S3: Phylogenetic tree based on avrRx01
sequence data. Position of 12 representative A. citrulli strains isolated within this study is marked in
bold. The tree was midpoint rooted. The best fitting model HKY + F was applied for tree construction.
Ultrafast bootstrap support values (>70) are indicated at the nodes. Classification of strains into
group I and II is shown on the phylogenetic tree. Figure S4: Phylogenetic tree based on luxR sequence
data. Position of 12 representative A. citrulli strains isolated within this study is marked in bold. The
tree was midpoint rooted. The best fitting model F81 + F was applied for tree construction. Ultrafast
bootstrap support values (>70) are indicated at the nodes. Classification of strains into group I and II
is shown on the phylogenetic tree. Figure S5: Phylogenetic tree based on adk sequence data. Position
of 12 representative A. citrulli strains isolated within this study is marked in bold. The tree was
midpoint rooted. The best fitting model TIM + G4 + F was applied for tree construction. Ultrafast
bootstrap support values (>70) are indicated at the nodes. Classification of strains into group I and II
is shown on the phylogenetic tree. Figure S6: Phylogenetic tree based on gltA sequence data. Position
of 12 representative A. citrulli strains isolated within this study is marked in bold. The tree was
midpoint rooted. The best fitting model TIM + G4 + F was applied for tree construction. Ultrafast
bootstrap support values (>70) are indicated at the nodes. Classification of strains into group I and II
is shown on the phylogenetic tree. Figure S7: Phylogenetic tree based on gyrB sequence data. Position
of 12 representative A. citrulli strains isolated within this study is marked in bold. The tree was
midpoint rooted. The best fitting model TVM + G4 + F was applied for tree construction. Ultrafast
bootstrap support values (>70) are indicated at the nodes. Classification of strains into group I and II
is shown on the phylogenetic tree. Figure S8: Phylogenetic tree based on pilT sequence data. Position
of 12 representative A. citrulli strains isolated within this study is marked in bold. The tree was
midpoint rooted. The best fitting model GTR + G4 + F was applied for tree construction. Ultrafast
bootstrap support values (>70) are indicated at the nodes. Classification of strains into group I and II
are shown on the phylogenetic tree. Table S1: Susceptibility of isolated strains to bactericides.
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