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Watermelon mosaic virus (WMV), a member of the ge-
nus Potyvirus, causes serious economic losses in cucur-
bit crops. For molecular biological studies of viruses, 
it is necessary to construct an infectious clone that can 
facilitate gene functional analysis. In this study, we con-
structed an infectious cDNA clone of WMV genomic 
RNA by Gibson assembly and evaluated its virulence 
and symptoms on a variety of host plants. A WMV 
isolate (WMV-IS-me2) collected from melon in Iksan, 
Jeonbuk Province, Korea in 2015 caused mosaic symp-
toms on leaves. Four overlapping PCR fragments of the 
full-length genome of this isolate and the pJL89 binary 
vector with overhanging ends of 40 bp were amplified 
by reverse transcription PCR and joined in a single 
isothermal reaction. The complete nucleotide sequence 

of the infectious cDNA clone of WMV was determined 
and the recombinant vector was transformed into Agro-
bacterium tumefaciens GV3101. Following agro-infil-
tration, an infectious clone (pWMV-M, KACC95145P) 
systemically induced mosaic symptoms on watermelon 
(Citrullus lanatus), zucchini (Cucurbita pepo), melon 
(Cucumis melo), and Nicotiana benthamiana plants. 
This infectious clone may be useful for screening cucur-
bit varieties resistant to WMV, as well as for studying 
viral gene function.

Keywords : Gibson assembly, infectious cDNA clone, Po-
tyvirus, watermelon mosaic virus

Watermelon mosaic virus (WMV) is a member of the ge-
nus Potyvirus in the family Potyviridae with filamentous 
particles having approximately 750 nm long (Desbiez and 
Lecoq, 2004; Purcifull et al., 1984). WMV is an economi-
cally important virus that infects cucurbit and horticultural 
crops worldwide (Chare and Holmes, 2006; Desbiez and 
Lecoq, 2008; Desbiez et al., 2009; Lecoq et al., 2011; Pur-
cifull et al., 1984). It is efficiently transmitted by at least 
35 different aphids in a non-persistent manner and induces 
symptoms such as mosaic, vein banding, stunting, and leaf 
deformation (Purcifull et al., 1984). The WMV genome is 
composed of a single-stranded positive-sense RNA mol-
ecule of about 10 kb and has a covalently linked 5-terminal 
protein (viral protein linked genome) and a 3-terminal 
polyA tail. The viral genome encodes a polyprotein that is 
proteolytic for about 10 mature proteins, including helper 
component protease (HC-Pro), cylindrical inclusion (CI), 
nuclear inclusion A protein (NIa-Pro), coat protein (CP), 
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and others (Desbiez and Lecoq, 2004). The P3 cistron also 
encodes a second protein, P3N-PIPO, which is generated 
by transcriptional slippage in the open reading frame of 
P3 (Olspert et al., 2015). Based on the amino acid (aa) se-
quences of the CP protein, WMV isolates are classified into 
three groups, G1 to G3 (Hajizadeh et al., 2017). The G1 
(referred to as the “classical” [CL] strain) and G2 groups 
contain KEA and KET aa motifs, respectively, at positions 
3-5 in the N-terminal part of the CP, whereas the G3 group 
(the “emergent” [EM] strain) has a KEKET aa motif at 
positions 3-7 (with the insertion of two amino acids) in the 
N-terminal part of the CP (Hajizadeh et al., 2017). The G3 
group has been observed to cause more severe symptoms 
since the year 2000 and can be divided into four subgroups, 
EM1 to EM4 based on multiple introductions and recom-
bination events (Bertin et al., 2020; Desbiez et al., 2007, 
2009). 

For molecular biological studies of viruses, it is neces-
sary to construct an infectious clone. Infectious clones from 
plant RNA viruses are useful tools for reverse genetics in 
studies of viral pathogenesis, gene function, and plant–virus 
interactions, and in applications as vectors for the expres-
sion of foreign genes or virus-induced gene silencing (Boyer 
and Haenni, 1994; Brewer et al., 2018; Fang et al., 2021; 
Nagyová and Subr, 2007). For decades, the most common 
approaches to assembly of DNA constructs and infectious 
clones have taken advantage of restriction endonuclease 
specificities to create compatible ends that are joined using 
DNA ligases. The presence or lack of restriction sites in 
vector backbones and viral sequences are major constraints 
to the assembly of large and multiple inserts (Nakahara 
et al., 2015). The construction of full-length infectious 
clones of RNA viruses is often laborious due to the many 
cloning steps required. In the case of Potyvirus, cDNA 
clones are often unstable due to the toxicity of some viral 
proteins toward Escherichia coli, but this can be overcome 
by insertion of introns into the virus genes (Desbiez et al., 
2012; Gao et al., 2012; Tran et al., 2019). However, intron 
insertion requires an additional cloning step to establish 
restriction sites in the viral sequence. To overcome these 
problems, sequence- and ligation-independent cloning pro-
cedures such as in-fusion cloning (Berrow et al., 2009; Li 
and Elledge, 2012; Tuo et al., 2015), homologous recombi-
nation in yeast (Bao et al., 2020; Cui et al., 2018; Desbiez 
et al., 2012; Youssef et al., 2011), and Gibson assembly 
(Blawid and Nagata, 2015; Gibson et al., 2009) have been 
used to construct full-length cDNA clones of plant viruses. 

WMV continues to cause damage to cucurbit crops such 
as watermelon, melon, cucumber, and pumpkin worldwide, 
including in Korea. However, there is a lack of reverse 

genetics tools for WMV to explore virus replication, sys-
temic movement, and symptom development. To develop 
cucurbit varieties resistant to WMV, it is necessary to study 
the interactions between the virus and the host plant. The 
construction of infectious clones of WMV is essential for 
studying these interactions. In 2012, a full-length cDNA 
clone of WMV was constructed using a recombination 
technique in yeast and fusion PCR and by inserting introns 
(Desbiez et al., 2012). 

Generally, when inserting large viral genome, such as 
potyvirus of about 10 kb in length, or more or when per-
forming subsequent modification of clones, the use of a 
large binary vector (>10 kb) can reduce the efficiency of 
infectious clones (Lin et al., 2013; Pasin et al., 2018). In 
addition, clones can become unstable when the expression 
of unwanted viral genes is increased using plasmid vectors 
with high copy numbers (Pasin et al., 2018). To overcome 
these problems, we used Gibson assembly to construct a 
full-length cDNA clone of the WMV isolate IS-me2 using 
a small pJL-89 binary vector (Lindbo, 2007) of about 4.7 
kb with a low copy number. We evaluated virulence and 
symptoms of the clone on a variety of host plants.

Materials and Methods

Virus source and RNA extraction. We collected seven 
melon leaves showing mosaic symptoms (Supplementary 
Fig. 1A) in the melon greenhouse of Jeonbuk State Agri-
cultural Research & Extension Service in Iksan, Jeonbuk 
province, Korea in 2015. The samples collected from 
symptomatic plants were examined by leaf dip using trans-
mission electron microscopy (TEM) and reverse transcrip-
tion polymerase chain reaction (RT-PCR) using the WMV 
detection primers (Table 1). The isolate was purified bio-
logically by three times of single local lesion passages us-
ing Chenopodium quinoa and were proliferated in zucchini 
(Cucurbita pepo). Fresh leaf samples were stored at –80°C 
until use.

Electron microscopy. Quick dip preparation was used for 
the observation of virus particle morphology in samples 
collected from the greenhouse and inoculated by infectious 
clone. Dip preparations were conducted by grinding a small 
piece (1 × 1 mm) of leaf tissue with 2-3 drops of 2% PTA 
(phosphotungstic acid), pH 7.0. The extract was mounted 
on a carbon-stabilized and formvar coated grid (200 mesh). 
After 1 min later, the excessive sap on grid was filtered off 
with a piece of filter paper. Electron microscopy was done 
with 80 KV with LEO 912AB (Carl Zeiss, Jena, Germany).
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Total RNA extraction and RT-PCR. Total RNA was 
extracted from WMV-infected leaves using the EASY-spin 

(DNA-free) total RNA extraction kit (Intron, Seongnam, 
Korea) according to the manufacturer’s instructions. Spe-
cific primer pairs were designed to construct a full-length 
cDNA clone of WMV-IS-me2 and detect WMV infection 
(Table 1). For the amplification of three WMV genome 
fragments and the backbone pJL89 vector, RT-PCR reac-
tions were carried out using the SuperScript IV One-step 
RT-PCR System (Invitrogen, Thermo Fisher Scientific, 
Seoul, Korea). The reaction was performed in a volume of 
50 μl containing 1 μl total nucleic acids (0.5 μg/μl), 2.5 μl 
forward primer (10 μM), 2.5 μl reverse primer (10 μM), 25 
μl 2× Platinum SuperFi RT-PCR master mix, 0.5 μl Super-
Script IV RT mix, and nuclease-free water. The RT-PCR 
conditions were as follows: reverse transcription at 50°C 
for 10 min and RT inactivation/initial denaturation at 98°C 
for 2 min; amplification of 35 cycles of denaturation at 
98°C for 10 s, annealing at 45°C (for WMV-1F/1R), 53°C 
(for WMV-2F/2R, -3F/3R), or 63°C (for pJL89-F1/R1) for 
10 s, and extension at 72°C for 5 min; and a final extension 
at 72°C for 5 min. The amplified fragments were purified 
using a MEGAquick-spin agarose gel extraction kit (Intron), 
and the concentrations of the purified fragments were mea-
sured using the Nanodrop 2000c (Thermo Fisher Scientif-
ic). For WMV detection, one-step RT-PCR was conducted 
in a 20 μl final volume. The reaction mixtures included 10 
μL of RT-PCR master mix 2× (Genetbio, Daejeon, Korea), 
1 μl of total RNA (approx. 0.5 μg), 0.5 μl each of 10 μM 

forward and reverse primers, and 8 μl of ddH2O. The RT-
PCR conditions were as follows: 30 min at 50°C; 10 min 
at 94°C; and 35 cycles consisting of 30 s at 94°C, 30 s at 
55°C, 60 s at 72°C, and 5 min at 72°C. PCR products were 
analyzed by electrophoresis on a 1% agarose gel at 100 V 
for 60 min, and DNA bands were visualized using a UV 
transilluminator. 

Construction of a full-length cDNA clone of WMV us-
ing Gibson assembly. To construct the infectious cDNA 
clone of WMV, three fragments covering the full-length 
genomic RNA of WMV-IS-me (GenBank accession no. 
MN854647, 10,031 nt) were amplified using the primer 
pairs WMV-1F/1R, -2F/2R, and -3F/3R, and linearized bi-
nary vector was prepared from pJL89 (4,707 nt, Addgene, 
Cambridge, MA, USA) by PCR using the primer pair 
pJL89-F1/R1 (Table 1). These four fragments share over-
lapping sequences of 40 bp at both the 5′ and 3′ ends (Table 
1, Fig. 1). To generate the recombinant plasmid containing 
the whole WMV genome, the RT-PCR amplified genomic 
cDNA fragments of WMV-IS-me and PCR-linearized 
pJL89 vector were fused using Gibson Assembly Master 
Mix (New England BioLabs, Hitchin, UK). The reaction 
was performed in a total volume of 20 μl, containing 1.5 
μl (~0.05 pmol) of the gel-purified pJL89 vector (113 ng/μl);  
2 μl, 3.5 μl, and 3 μl (0.1 pmol each) of the gel-purified 
viral fragments for WMV-1F/1R (88 ng/μl), WMV-2F/2R 
(76 ng/μl), and WMV-3F/3R (77 ng/μl), respectively; and 
10 μl of the 2× GA master mix. The reaction mix was incu-

Table 1. Primers used to construct an infectious full-length cDNA clone of WMV

Primer Sequence (5′→3′)a Tm  
(°C)

Target
(amplicon  
size, bp)

WMV-1F aaattaaaacaactcataaa 45 WMV-frg1
(3,040)WMV-1R TGATTATGAAAATTTTTGCAACGCTATGTTCCTTATTTATccacatttcgattcccttct

WMV-2F ataaataaggaacatagcgt 53 WMV-frg2
(3,760)WMV-2R CATACCCAACTCCAAACATTGTCTCCTTGTGACCATCTGAagagttcgtgagttggcaga

WMV-3F tcagatggtcacaaggagac 53 WMV-frg3
(3,371)WMV-3Rb CAGGTCGGACCGCGAGGAGGTGGAGATGCCATGCCGACCCtttttttttttttttttttt

pJL89-F1 gggtcggcatggcatctcca 63 pJL89
(4,721)pJL89-R1c CGTTTGTTTTGTTTGATGTCTTTATGAGTTGTTTTAATTTcctctccaaatgaaatgaac

Detection primer
WMV-UNI-1F CAGTTTGAATCATGGTACAGCGC 55 WMV

(392)WMV-UNI-1R TGTGCTATTGCTTCTCTTGCCC
aSequences in capital letters represent 40 bp of overlapping nucleotides among the watermelon mosaic virus (WMV) RNAs and the pJL89 vec-
tor. 
bUnderlined sequences represent the overlapping region with pJL89 vector nucleotides. 
cUnderlined sequences represent the overlapping region with WMV RNA nucleotides.
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bated at 50°C for 1 h, and then GA products were dialyzed 
for 15 min using a cellulose membrane (VSWV, 0.025 μm) 
(Merck-Millipore, Darmstadt, Germany). 

E. coli and A. tumefaciens transformation of the full-
length cDNA clone of WMV. The dialyzed GA product 
(2 μl) was used for transformation of competent cells of 
the E. coli strain DH10B (Thermo Fisher Scientific) by 
heat shock according to a standard protocol. Positive colo-
nies containing the expected cDNA clone of WMV were 
screened by kanamycin resistance and confirmed by colony 
PCR using detection primers (Table 1). The plasmids were 
extracted from PCR-positive colonies to sequence the full-
length cDNA clone of WMV. Constructs of the WMV 
clone (pWMV-M, 2 μl, 1.7-2.8 μg/μl) were transformed 
into 100 μl of the A. tumefaciens strain GV3101 using the 
freeze-thaw method. The transformants were selected on 
yeast extract peptone (YEP) medium containing 50 mg/l  
kanamycin and 50 mg/l rifampicin for 2 days at 28°C. In 
agro-transformation of plasmid pWMV-M, three transfor-
mants were selected and confirmed via colony PCR. 

A. tumefaciens-mediated agrotransfection. To test the 
pathogenicity of pWMV-M clone, each of three Agrobac-
terium cultures was infiltrated into host plants. A positive 
single colony of Agrobacterium harboring a full-length 
WMV cDNA clone was grown at 28°C overnight in YEP 
medium containing kanamycin (50 mg/l), rifampicin (50 
mg/l), and acetosyringone (20 μM). The cultures were 
harvested by centrifugation at 5,000 rpm for 10 min, resus-

pended in MMA infiltration buffer (10 mM MES, pH 5.6, 
10 mM MgCl2, 200 μM acetosyringone) to a final OD600 

of 0.6, and incubated at 28°C for 2 h. The resuspended 
Agrobacterium cultures containing each plasmid were in-
filtrated into the abaxial surface of cotyledons of melon (C. 
melo), zucchini (C. pepo), watermelon (C. lanatus), and 
true leaves of N. benthamiana using a 1-ml syringe with-
out a needle. Transformed Agrobacterium containing only 
the binary vector pJL-89 were used as a negative control. 
All of the inoculated plants were kept in an aphid-proof 
greenhouse at 25-28°C, and after 30 days of inoculation the 
symptoms of inoculated plant leaves were photographed 
and subjected to RT-PCR using WMV detection primers 
(Table 1).

Sequence and phylogenetic analysis of the clone. The 
sequence of the clone was determined by a commercial 
company (Bionics, Daejeon, Korea). The sequences were 
assembled using SeqMan of the DNAStar v. 5.02 pro-
gram (Lasergene, Madison, WI, USA). The nucleotide 
sequences and the deduced amino acid sequence of the 
clone were aligned using the Geneious method in Geneious 
Pro 10 software and compared with those of WMV-IS-me 
(wild type) and previously reported WMV isolates. The 
phylogenetic relationships of the clone were analyzed us-
ing the maximum likelihood method in MEGA-X (Kumar 
et al., 2018) with best-fit nucleotide substitution models 
(TN93+G+I for the CP gene). Bootstrap values were cal-
culated using 1,000 random replications. All positions con-
taining gaps and missing data were eliminated. A soybean 

Fig. 1. Strategy for clone construction via Gibson assembly. Three genomic fragments covering the full-length genomic sequence and a 
fragment of the pJL89 vector were assembled to generate pWMV-M through a GA reaction. Arrows indicate the primers used (Table 1). 
WMV, watermelon mosaic virus.
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mosaic virus isolate (accession no. NC_002634) was used 
as an outgroup.

Results

Virus source. The melon samples collected from symp-
tomatic plants were examined by leaf dip using TEM 
and revealed filamentous virus particles about 700 nm 
long (Supplementary Fig. 1B). The RT-PCR result using 
the WMV detection primers (Table 1) showed all tested 
samples were positive for WMV (Supplementary Fig. 1C). 
One (WMV-IS-me2) of the seven WMV-positive samples 
was purified biologically and proliferated in zucchini. 

Construction of the clone using Gibson assembly. Four 
overlapping PCR fragments of the full-length genome of 
this isolate WMV-IS-me2 and the pJL89 binary vector 
were assembled in an isothermal GA reaction, and the re-
sulting construct was named pWMV-M (Fig. 1). After E. 
coli (DH10B strain) transformation of GA reaction product, 

three colonies were randomly picked and confirmed to be 
positive for WMV via colony PCR. The sequences of plas-
mid DNA purified from positive colonies were identical. 
The full sequence of the cloned pWMV-M was determined 
using the dideoxy chain termination method and deposited 
in GenBank (GenBank accession no. OR134098, 10,081 nt 
[containing polyA]). 

Infectivity of the clone in host plants. To examine the 
infectivity of the cloned pWMV-M, agroinfiltration was 
performed as described previously (Kwak et al., 2016). At 
10 days post-inoculation (dpi), the upper leaves of plants 
agroinfiltrated with pWMV-M began to develop mosaic 
symptoms. After 3 weeks post-inoculation, N. benthami-
ana and watermelon showed mild mosaic symptoms, and 
melon and zucchini showed mosaic symptoms compared 
to mock-inoculated plants (Fig. 2). No symptoms were 
observed in the mock-control plants (Fig. 2). To confirm 
WMV infection of the inoculated plants, total RNAs ex-
tracted from the upper non-inoculated leaves were sub-

Fig. 2. Symptoms observed after 21 dpi in melon (Cucumis melo), zucchini (Cucurbita pepo), watermelon (Citrullus lanatus), and 
Nicotiana benthamiana mock-inoculated plants, inoculated with pWMV-M clone, and inoculated with the WMV -IS-Me2 wild-type 
isolate. WMV, watermelon mosaic virus.
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jected to RT-PCR using the WMV detection primers (Table 
1). A band of the predicted size (approximately 392 bp) 
was observed only from symptomatic plants (Fig. 3A), 
indicating that these plants were systemically infected with 
WMV. In addition, the typical WMV virion, a filamentous 
rod of about 700 nm in length, was visualized by TEM in 
symptomatic plants (Fig. 3B). Only two of the three agro-
transformants were confirmed to infect all four plants with 
WMV (Table 2, Supplementary Fig. 2A), when the first 
agro-transformant was re-inoculated into six N. benthami-
ana plants, five out of the six plants were confirmed to be 
infected with WMV (Supplementary Fig. 2B). We further 
evaluated the infectivity of the pWMV-M clone by me-
chanical inoculation to three identical plants with inoculum 
from each plant previously agroinoculated by pWMV-
M clone. All the plants were infected and confirmed to 
be positive for WMV detection (Supplementary Fig. 2C). 

Therefore, the results demonstrated that pWMV-M is fully 
infectious. The pWMV clone was deposited into the Kore-
an Agricultural Culture Collection (KACC, Wanju, Korea) 
under accession no. KACC95145P.

Sequence and phylogenetic analysis of the pWMV 
clone. The clone sequence was aligned with those of 46 
other WMV isolates, including the WMV-IS-Me2 wild-
type isolate, from NCBI GenBank to examine the phylo-
genetic relationships among WMV isolates. A maximum 
likelihood tree was constructed based on the CP sequences 
of 47 WMV isolates; it indicated that the pWMV-M clone 
and WMV-IS-me isolate clustered with the EM1 subgroup 
of EM isolates (Fig. 4). The pWMV-M clone had the high-
est nucleotide sequence identity, 99.8%, with the WMV-
IS-Me2 wild-type isolate (MN854647) and showed 95-
99% identities with other EM groups and 93-94% identities 

Fig. 3. (A) Detection by reverse transcription polymerase chain reaction (RT-PCR) of watermelon mosaic virus (WMV) in cucurbit and 
tobacco plants inoculated with the pWMV-M infectious clone. Total RNAs, isolated from upper non-inoculated leaves of each plant, 
were analyzed at 30 dpi by RT-PCR. Lanes 1 to 4, mock (empty binary vector)-inoculated plants; lanes 5 to 8, pWMV-M infectious 
clone-inoculated plants; lanes 1 and 5, watermelon; 2 and 6, zucchini; 3 and 7, melon; 4 and 8, Nicotiana benthamiana. N, negative 
(healthy) control; P, positive control inoculated with original isolate; M, 100-bp ladder. (B) Filamentous virus particles from pWMV-M 
inoculated melon leaves. 

Table 2. Symptoms and infectivity on host plants inoculated with the original virus isolate (WMV-IS-me2) and the WMV infectious 
clone (pWMV-M)

Province
WMV-IS-me2 (wild-type) pWMV-M (clone)

Symptoms No. of plants infected/
no. of plants inoculated Symptoms No. of plants infected/

no. of plants inoculated
Cucumis melo (melon) M, VB, VC 3/3 M 2/3
Cucurbita pepo (zucchini) M, VB 3/3 M 2/3
Citrullus lanatus (watermelon) M, VB, VC 3/3 MM 2/3
Nicotiana benthamina - - MM 2/3
Symptoms: M, mosaic; MM, mild mosaic; VB, vein banding; VC, vein chlorosis; -, not tested.
WMV, watermelon mosaic virus.
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with the CL and G2 groups.

Molecular and pathological comparison between the 
WMV wild-type and infectious clone. To confirm the 
pathogenicity and infectivity of the pWMV-M clone, the 
Agrobacterium culture was repeatedly infiltrated into cu-
curbit crops and tobacco and then compared to the original 
wild-type WMV-IS-me2 isolate. The cucurbits melon, 
zucchini, and watermelon agroinfiltrated with the pWMV-
M clone showed milder symptoms of mosaic without vein 

banding compared to the original wild-type isolate (Table 2, 
Fig. 2). Full-length sequencing of the clone confirmed that 
out of 13 nucleotide changes, eight amino acid substitutions 
were present in seven proteins as compared to the original 
wild-type WMV-IS-me2 isolate (Table 3). 

Discussion

WMV is an economically important virus that infects cu-
curbits and horticultural crops in temperate and Mediter-
ranean climatic regions of the world (Desbiez et al., 2009). 
Infected plants generally show mosaic, vein banding, vein 
clearing, and malformation symptoms on leaves. WMV 
has a wide host range that includes more than 170 species 
of plants belonging to 27 families (Shukla et al., 1994). In 
Korea, WMV was first reported in sesame, squash, and 
cucumber in 1980 (Chang and Lee, 1980) and later in 
various cucurbits, including melon, watermelon, pumpkin, 
and gourd (Lee and Lee, 1981). Since then, WMV has 
become widespread in Korean cucurbit crops (Han et al., 
2023; Jin et al., 2009; Kim et al., 2012; Ko et al., 2004, 
2006, 2007) and has also been reported in other crops, such 
as Korean ginseng (Panax ginseng) (Choi et al., 2014; 
Jung et al., 2013) and cluster mallow (Malva verticillata) 
(Kim et al., 2019). WMV is one of the most prevalent and 
widespread viruses, often detected in co-infection with 
other viruses in cucurbit crops. Especially, WMV exhibits 
synergistic symptoms in cucurbit crops during mixed infec-
tions with cucumber green mottle mosaic virus compared 
to single infections, which can progress to vascular wilt and 
plant death in some cases (Kim et al., 2000; Moradi and 
Jafarpour, 2010; Wang et al., 2017). 

In this work, a full-length cDNA clone of a WMV isolate 
from melon was successfully constructed with a pJL89 
binary vector using Gibson assembly. Gibson assembly al-
lows the simultaneous and directional cloning of multiple 
viral fragments of the complete genomes of viruses in any 
vector without restriction, digestion, or ligation. The com-
plete nucleotide sequence of the full-length cDNA clone 
pWMV-M was determined and deposited in GenBank 
(OR134098) and in KACC (KACC95145P). 

The pWMV-M clone and WMV-IS-me isolate were 
phylogenetically grouped with G3 (EM) group based on 
their CP sequences (Fig. 4). Emergent strains of WMV 
have been reported to cause severe symptoms in cucurbits 
(Desbiez et al., 2009). Recent studies on genetic diversity 
of WMV revealed that all 56 Chinese isolates (Wang et 
al., 2017) and 57 U.S. isolates (Abdalla and Ali, 2021) 
also belong to the G3 group. The pWMV-M clone induced 
mosaic symptoms on three cucurbit crops (melon, zucchini, 

Fig. 4. Phylogenetic analysis based on the nucleotide sequences 
of complete coat protein (CP) genes of the pWMV-M clone, 
WMV-IS-me isolate, and the watermelon mosaic virus (WMV) 
isolates previously reported in GenBank. The phylogenetic tree 
was constructed by maximum likelihood in MEGA X using 
the TN93+G+I model. The bootstrap values are indicated at the 
nodes (based on 1,000 replicates). Viruses isolated in this study 
are shown in bold font. The tree was rooted using soybean mosaic 
virus isolate (accession no. NC_002634) as an outgroup. 
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and watermelon) and on N. benthamiana (Table 2). 
However, these symptoms were milder than those caused 
by the wild-type WMV-IS-me2 isolate. Eight amino acid 
mutations in seven proteins, including P1, HC-Pro, P3, CI, 
Pro, RdRp, and CP, were found in the pWMV-M clone 
comparing to WMV-IS-me2 isolate. Thus, these 8 amino 
acid sequence differences may function in symptomatology 
of WMV.

There are currently no reports indicating that mutations 
in the amino acids of WMV alter its symptoms. However, 
the key amino acids that influence symptom development 
in the Potyvirus genus are well-documented. Specifically, 
the P1, HC-Pro, and P3 proteins play crucial roles in 
determining the symptoms and pathogenicity. Single amino 
acid mutations of these proteins can shift the symptoms 
from severe to mild or even result in no symptoms at all 
(Urcuqui-Inchima et al., 2001). The FRNK and CDN motifs 
of HC-Pro in Potyvirus are highly conserved and involved 
in symptom severity and virulence (Atreya et al., 1992; 
Desbiez et al., 2010; Gao et al., 2012; Seo et al., 2011).

It remains to be investigated which genes of WMV de-
rived from the infectious full-length clone are involved 
in the expression of different symptoms. We will study 
the role of key amino acids in WMV pathogenicity and 
symptom development using the pWMV-M infectious 
clone. This clone provides a powerful tool to study gene 
function, pathogenicity, and virus-host interactions, and 
may contribute to a better understanding of the molecular 
biology of WMV.
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