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Bacteriophages of Acidovorax citrulli, the causal agent 
of bacterial fruit blotch, were isolated from 39 water-
melon, pumpkin, and cucumber leaf samples collected 
from various regions of Korea and tested against 18 A. 
citrulli strains. Among the six phages isolated, ACP17 
forms the largest plaque, and exhibits the morphology 
of phages in the Myoviridae family with a head diam-
eter of 100 ± 5 nm and tail length of 150 ± 5 nm. ACP17 
has eclipse and latent periods of 25 ± 5 min and 50 ± 5 
min, respectively, and a burst size of 120. The genome 
of ACP17 is 156,281 base pairs with a G + C content of 
58.7%, 263 open reading frames, and 4 transfer RNA 
genes. Blast search and phylogenetic analysis of the 
major capsid protein showed that ACP17 has limited 
homology to two Stentrophomonas phages, suggesting 
that ACP17 is a new type of Myoviridae isolated from A. 
citrulli.

Keywords : BFB, phage, watermelon

Handling Associate Editor : Oh, Chang-Sik 

Bacterial fruit blotch (BFB) is a bacterial disease of many 
Cucurbitaceae family members caused by Acidovorax 
citrulli (Schaad et al., 2008) [formerly Acidovorax avenae 

subsp. citrulli (Willems et al., 1992)]. After large economic 
losses in southwestern Indiana, USA, in the 1980s (Latin 
and Fane, 1990), this disease became a major economic 
threat to watermelon, melon, and cucumber crops in South 
America, Australia, and Asia (Isakeit et al., 1997; Schaad 
et al., 2008). In Korea, BFB was first reported in 1991 on 
watermelon in Gochang, Jeollabuk-do province (Song et 
al., 1991). Today, occasional outbreaks cause economic 
problems, and several lawsuits are ongoing between grow-
ers and seed companies. 

BFB is known to be a seed-borne disease, and seed in-
festations are the result of blossom contamination with A. 
citrulli, which can localize in the embryo and endosperm 
tissue of seeds (Lessl et al., 2007). This bacterium causes 
seedling blight, necrosis of the true leaves, extensive stem 
necrosis, and fruit blotch. On fruit, water-soaked lesions 
progress through the rind, and the fruit decays and cracks. 
Sometimes this happens close to harvest time, causing dev-
astating and unrecoverable losses. 

Chemical treatments, such as copper-containing bacteri-
cide/fungicide application on infested fields, are ineffective 
(Hopkins, 1991), and there is currently no complete and 
monogenic resistant cultivar available. Because the disease 
is seed-borne, use of pathogen-free seed is a priority for 
disease control. Seed can be produced in areas with cool 
and dry climates that have a lower chance of BFB develop-
ment. Seed can be treated with antibiotics and disinfectants 
such as streptomycin, sodium hypochlorite, and hydro-
chloric acid (Hopkins et al., 1996, 2003). However, as A. 
citrulli is localized under the seed coat (Lane and Latin, 
1992), the control efficacy of external treatments varies 
widely (Hopkins et al., 2003; Rane and Latin, 1992). Treat-
ment of the seed at 85° for 3-5 days can effectively remove 
the pathogen, but can reduce germination (Kubota et al., 
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2012). 
Recently, ‘phage therapy’ or ‘bacteriophage biocontrol’ 

of plant disease, which are applications of bacteriophages 
for control of bacterial disease, is attracting public atten-
tion due to the prevalence of drug resistant bacteria and 
contamination of food and the environment with over-used 
antibiotics (Sharma et al., 2017). In this study, we isolated 
and characterized bacteriophages that infect A. citrulli for 
the first time, which can be used bacteriophage biocontrol 
of BFB.

Eighteen strains of A. citrulli were kindly provided by 
Professor Changsik Oh of Kyung Hee University and were 
genotyped using a PCR assay with the primers G2AcFwd 
(5’-CGATAGGGTTGGGTTCAAG-3’), G12AcFwd (5’ 
-CCGAAGAGATAACACTGCATC-3’) and G12AcRev 
(5’-ACGTACTGCCGATTTTTGC-3’) (Zivanovic and 
Walcott, 2016). A. citrulli strains were grown on King’s 
medium B Base (KB) at 34°C for 48 h. 

Samples for phage isolation were collected from 96 sites 
around the Korean Peninsula. Samples included soil from 
watermelon farms, and leaves of watermelon, pumpkin, 
and cucumber plants. Approximately 10 g of leaf or soil 
sample was mixed with sterilized distilled water for 30 
min, then centrifuged at 3000 × g for 20 min at 4°C. The 
supernatant was filtered through Minisart filters (Sigma-
Aldrich, St. Louis, MO, USA) with a 0.2-μm pore size. 
The presence of phages was determined through a spotting 
assay against different A. citrulli strains. For the spotting 
assay, 300 μl of exponential phase A. citrulli was mixed 
with 4 ml KB top agar, overlaid on KB media, and left 
to solidify at room temperature for 20 to 30 min. Filtered 
sample water (3 μl) was spotted on the solidified top agar 
and incubated at 34°C overnight. Among the 96 samples, 
six, including three watermelon leaves, two pumpkin 
leaves, and one cucumber leaf sample, were positive in the 
spot assay. The plaque assay was conducted three times 
using the wash solution described above to obtain a pure 
culture of bacteriophages. Plaques were picked using steril-
ized pipette tips with the ends cut, and were maintained in 
SM buffer (100 mM NaCl, 8 mM MgSO4, 50 mM Tris-Cl). 
Considering the large number of samples, the percentage 
corresponding to six positive samples (6.25%) is quite low. 
Although it has been reported that there are an average of 1.5 
× 107 phages per gram of soil (Ashelford et al., 2003), it is 
estimated that there are up to over 109 bacterial cells in the 
same amount of soil (Torsvik and Øvreås, 2002). Thus, the 
chance of isolating phages that infect a specific bacterium 
is still low. One method to overcome this problem is en-
richment of the phage population in samples through addi-
tion of the proper medium for the bacterial host, along with 

the corresponding host or a mixture of host strains, fol-
lowed by incubation and phage isolation by plaque assay. 
In the following experiment, we performed these enrich-
ment steps and were able to isolate several phages. On the 
other hand, isolation of all six phages from leaves was an 
unexpected result, considering the harsh conditions, such as 
UV radiation, present on the leaf surface. The phyllosphere 
is known to be the location where phages can most readily 
be isolated, although how the phages get there is not yet 
understood. It has been suggested that they originate in the 
soil from which the plant germinated or are deposited by 
insect vectors (Buttimer et al., 2017). 

It is known that bacteriophages that produce larger 
plaques have bigger burst sizes (Abedon and Culle, 2007). 
If a phage is going to be used for bacteriophage biocontrol, 
it will be necessary to produce a large amount of phages. 
Therefore, we selected a phage called ACP17, which pro-
duced the largest plaques among the six phages isolated. 
The one-step growth curve also revealed that the eclipse 
and latent periods of ACP17 were 25 ± 5 min and 50 ± 5 
min, respectively and the burst size was 120. 

Phage ACP17 was amplified for EM observation and 
genome analysis following previously published protocols 
with minor modifications (Bonilla et al., 2016), includ-
ing ultracentrifugation on a CsCl density gradient of 1.25, 
1.37, and 1.50 g/ml. Purified phage ACP17 was placed on 
300 mesh copper grid, negatively stained with 4% uracil 
acetate, and observed with a transmission electron micro-
scope (H-7500, Hitachi, Ltd., Tokyo, Japan) at the Center 
for Research Facilities of Pukyong National University. 
Phage sizes were measured using the software ImageJ 
(https://imagej. nih.gov/ij/). EM observation showed a clear 
picture of a head measuring 100 ± 5 nm and tail 150 ± 5 

Fig. 1. Electron micrograph of ACP17 using negative staining. 
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nm in length, indicating that phage ACP17 is a member of 
the family Myoviridae (Fig. 1). The family Myoviridae is 
composed of diverse phages with different burst sizes and 
infection processes. Thus, the burst size, eclipse period, and 
latent period are within the ranges of viruses in the Myo-
viridae family. For example, bacteriophage J2, which in-
fects the plant pathogen Ralstonia solanacearum, belongs 
to the Myoviridae family and has a latent period of 60 min 
and burst size of 100-110 plaque-forming units (PFU) per 
infected cell showed a similar one-step growth curve to 
ACP17 (Bhunchoth et al., 2015). 

One possible application of ACP17 is for control of 
BFB. There are two genotypes of A. citrulli, genotype I and 
II (Tao et al., 2009), which can be differentiated via PCR, 
as described above. ACP17 was tested for its lytic activity 
against 18 host strains; 16 of genotype I and 2 of genotype 
II. As shown in Table 1, ACP17 could lyse all 16 strains 
of genotype I and one strain of genotype II. Between the 
two genotypes, genotype II is the major causal agent of 
BFB in watermelon. Although the number of tested geno-
type II strains is limited, the inability of ACP17 to lyse all 
genotype II strains poses a problem for the application of 
this phage in bacteriophage biocontrol. However, more ex-
tensive investigation using more host strains, especially of 
genotype II, is necessary.

One concern for the use of bacteriophage biocontrol in 
plant disease is the stability of phage particles. Although 

purified phage can be applied directly, it can also be mixed 
with other chemical components, such as antibiotics for 
their synergistic action (Borah et al., 2000; Frampton et al., 
2012). After application, phages will face harsh conditions 
and the stability of phages is important for therapeutic ap-
plication. Among various external physical and chemical 
factors that affect the survivability of bacteriophages, tem-
perature and pH are crucial (Jończyk et al., 2011). The sta-
bility of ACP17 was tested at different pH and temperature 
levels. Purified ACP17 was added (approximately 4.0 × 105 
PFU/ml) to SM buffer that had been adjusted to pH 2, 5, 6, 
7, 9, or 12 and incubated for 24 h at room temperature prior 
to plaque assays with the A. citrulli strain NWB SC196. 
As shown in Fig. 2, ACP17 was stable over the pH range 
of 6 to 9, but the titer decreased at pH 5 and showed com-
plete inactivation at pH 2 and 12. Similarly, the stability of 
ACP17 was tested at different temperatures by incubating 
the phage (approximately 4.0 × 105 PFU/ml) for 24 h at 
–20, 4, 25, 34, 37, 45, and 60°C before performing plaque 
assays. The results shown in Fig. 2 reveal that ACP17 is 
stable at temperatures ranging from –20 to 45°C, but is in-
activated at 60°C. These results suggest that ACP17 will be 
stable during regular mixing processes, but heating at high 
temperature for formulation or long-term storage at high 
temperature should be avoided (Gill and Hyman, 2010; 

Table 1. Host range of phage ACP17

Group No Strains Host
Lysis activity 

of ACP17

I

  1 NWB SC107 Watermelon +
  2 NWB SC108 Watermelon +
  3 NWB SC109 Watermelon +
  4 NWB SC111 Watermelon +
  5 NWB SC172 Watermelon, fruit +
  6 NWB SC187 Watermelon +
  7 NWB SC196 Watermelon, stem +
  8 NWB SC201 Watermelon +
  9 NWB SC206 Watermelon, stem +
10 NWB SC212 cucumber, +
11 NWB SC238 Watermelon, leaf +
12 NWB SC058 Melon +
13 NWB SC076 Watermelon +
14 NWB SC175 Cucumber +
15 NWB SC195 Watermelon, leaf +
16 NWB SC202 Watermelon +

II
17 NWB SC074 Watermelon –
18 KHU Watermelon +

Fig. 2. Stability of ACP17 under various pH (top) and tempera-
ture (bottom) conditions analyzed by plaque assay. Results are 
the average of three replicates and the vertical bars indicate stan-
dard deviation.
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Lim et al., 2013).
Total nucleic acid was isolated from the purified virus 

and subjected to digestion with DNase, RNase, and exo-
nuclease. As expected, nucleic acid extracted from ACP17 
was digested by DNase and exonuclease but not by RNase, 
indicating that the nucleic acid is linear double-stranded 
DNA (data not shown). Genomic library construction and 
sequence analysis of ACP17 was performed by Teragene 
Korea Co., Seoul, Korea. Purified genomic DNA was ran-
domly sheared to yield DNA fragments with an average 
size of 350 base pairs (bp) using a Corvaris S2 Ultrasonica-
tor (Covaris, Inc., Woburn, MA, USA). Library preparation 
was performed using the Illumina TruSeq DNA PCR-free 
preparation kit (Illumina, Inc., San Diego, CA, USA) and 
sequenced on the Illumina HiSeq 4000 platform (Illumina, 
Inc., San Diego). Further image analysis and base calling 

were performed with real time analysis (RTA) 2.7.3 and 
bcl2fastq v2.17.1.14 (Illumina, Inc., San Diego). Normal-
ized reads were assembled using IDBA-UD ver. 1.1.1. 
(Peng et al., 2012) and contigs were aligned to the NCBI 
nucleotide database using BLASTN with an E-value cutoff 
of 1e-10. Alignment results were classified taxonomically 
using Krona tools (Ondov et al., 2011). Bacteriophage con-
tigs were extracted using an unshared program that we had 
developed. Gene models were predicted using GeneMark.
hmm with Heuristic models (Besemer and Borodovsky, 
1999). 

Sequence analysis showed that the genome of ACP17, 
which is deposited in GenBank under accession number 
KY979132, is composed of 156,281 bp with G + C content 
of 58.7%, 263 open reading frames (ORF), and 4 transfer 
RNAs (tRNAs) (Supplementary Table 1). It also revealed 

Fig. 3. Phylogenic tree based on 
the amino acid sequences of the 
major capsid proteins of selected 
members of Myoviridae and 
phage ACP17. Bar indicates the 
number of nucleotide substitu-
tions per site.
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that the average length of phage genes is 578.09 bp, with 
a minimum length of 123 bp and a maximum gene length 
of 5712 bp. Among the 263 ORFs, 250 are encoded by the 
plus strand and 13 by the minus strand, while 101 were 
predicted to encode proteins of known function such as 
viral structural proteins, proteins involved in virus replica-
tion, recombination, transcription, DNA modification, and 
virus release. In BLAST analysis, among the 101 putative 
proteins, only 37 and 4 showed homology to those encoded 
by Stenotrophomonas phage IME-SM1 and Stenotroph-
omonas SMP1, respectively. The high sequence homology 
to these two viruses was confirmed using a phylogenetic 
tree constructed based on the amino acid sequences of the 
major capsid protein. As shown in Fig. 3, ACP17 showed 
close relationships with these two phages.

There is no detailed information available about Ste-
notrophomonas phage IME-SM1, which is a member 
of the T4virus genus of family Myoviridae, and whose 
genome sequence was deposited under accession number 
KR560069.1. Stenotrophomonas phage SMP14 was iso-
lated from Stenotrophomonas maltophilia, an opportunistic 
bacterium causing nosocomial infections. Stenotroph-
omonas phage SMP14 also belongs to the Myoviridae fam-
ily; it has a head size of 87 × 77 nm, a tail of 129 × 18 nm, 
and a genome size of 160 kilobases (kb), which makes it 
smaller than ACP17 but with a similar genome size. Both 
Acidovorax and Stenotrophomonas belong to the phylum 
Proteobacteria, but fall into the different classes of Gam-
maproteobacteria and Betaproteobacteria, respectively. 
Therefore, the close relationship of ACP17 to these two 
phages might simply indicate that ACP17 is more closely 
related to this virus than other known viruses, and this 
relationship can be resolved after more viruses similar to 

ACP17 have been isolated. In fact, alignment of the ORFs 
encoded by ACP17 and Stenotrophomonas phage IME-
SM1 showed that ORFs common to both phages are a 
very limited component of the ORFs encoded by these 
two phages (Fig. 4). Therefore, we concluded that phage 
ACP17 is a novel phage first isolated from A. citrulli, and 
that it has limited homology to phages infecting Stenotro-
phomonas.

Despite homology to the structural proteins of Stenotro-
phomonas phages, the tail fiber protein of ACP17 showed 
the highest sequence homology to the Vibrio phage  
vB_VmeM-32. The ORF that encodes single-stranded 
DNA-binding proteins shares the highest amino acid se-
quence homology with that of Prochlorococcus phage P-
SSM5. In addition, the putative RNA ligase encoded by 
ACP17 showed high amino acid sequence homology with 
that of Ralstonia phage RSP15 and Salmonella phage 
SSE121. In addition, ACP17 endolysin, which can digest 
the bacterial cell wall (Walmagh et al., 2013), exhibits ho-
mology to Acinetobacter phage vB_AbaS_TRS, isolated 
from Acinetobacter baumannii (Turner et al., 2016). There-
fore, considering the limited homology of proteins encoded 
by ACP17 to those encoded by two Stenotrophomonas 
phages and the small number of proteins showing homolo-
gy to those of other phages, ACP17 is assumed to be a new 
type of phage isolated for the first time from A. citrulli. The 
application of ACP17 in bacteriophage biocontrol against 
BFB will be considered in future research.
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