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The complete genome sequence of tomato leaf curl Palampur virus (ToLCPIV), that in-
fects a papaya (Carica papaya) plant, was determined. The virus genome was composed of
2,756 and 2,719 nucleotides (nt) in length, encoding all proteins required for replication,
encapsidation and movement with the genome features typical of a bipartite begomovirus.
Pairwise identity, derived using the Sequence Demarcation Tool (SDT), identified that the
virus DNA A and DNA B shared maximum sequence identity 98-99% corresponding to
the DNA A of ToLCPIV ([IR: Jir-T65X:08] JF501720) and 96-98% to the cognate partner
DNA B of ToLCPIV ([IR: Jirl:T55P:07] FJ660423), respectively. The evolutionary relation
using phylogenetic dendrograms of DNA A and DNA B genome components were clus-
tered with TOLCPIV genomes of DNA A and DNA B of Iranian isolates. This study provides
the first evidence of a bipartite TOLCPLV infecting papaya in the Sultanate of Oman and
also indicates the requirement for more surveillance of this virus in Oman, as ToLCPLV is
a major threat to tomato and other vegetable crops in South Asia (India and Pakistan) and
in Iran.
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Single-stranded DNA (ssDNA) viruses belong to the
family of monophyletic groups of viruses recognized
as Geminiviridae. These phytopathogens cause severe
losses to both monocotyledonous and dicotyledonous
crops (Rojas et al. 2005). Subject to the genome struc-
ture, type of transmitting vector and host assortment,
the family includes 520 virus species that are divided
into 14 genera. Among them the begomovirus (BGV)
genus consists of 445 recognized virus species, dis-
tributed globally through a complex of cryptic (with
44 known) whitefly (Bemisia tabaci) species and causes
massive economic losses to crops (Walker et al. 2021).
They can infect dicotyledonous including economical-
ly important host plants. The viruses of the BGV genus
are further distributed into monopartite (containing
a single DNA A) or bipartite (DNA A and DNA B),
whereas monopartite BGVs are mainly accompanied
with DNA satellites. Monopartite BGV's primarily oc-
cur in the Old World (OW), namely, Australia, Asia,
the Middle East, Africa and Europe, whereas bipartite

BGVs are mainly found in America, known as the New
World (NW) (Idris et al. 2011; Shafiq et al. 2021). In
bipartite BGVs, the DNA A component is homolo-
gous to the monopartite BGV genome which encodes
replication associated protein (Rep), replication en-
hancer protein (Ren), transactivator protein (Trap),
a symptom determinant protein (C4), coat protein
(CP) and pre-coat protein (V2) which is lacking in
the NW BGVs. The DNA B of bipartite BGV encodes
proteins for cell-to-cell movement as movement pro-
tein (MP) and for long distance movement, identified
as nuclear shuttle protein (NSP). Both cognate DNA
A and DNA B genome share a generic region located
in the intergenic region (IR), with an adequate level of
similarity to allow the Rep protein of DNA A to repli-
cate cognate DNA components (Hanley-Bowdoin et al.
1999). Tomato leaf curl Palampur virus (ToLCPIV) is
an emerging bipartite begomovirus that is widespread
in Iran, Pakistan and India. It infects several impor-
tant crops including bitter gourd, cucurbits, cucumber,
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melon, muskmelon, tomato, and watermelon (Hey-
darnejad et al. 2009; Ali et al. 2010; Namrata et al.
2010; Esmaeili et al. 2015).

In 2018, as a part of a BGV survey of papaya (Ca-
rica papya) plants displaying severe symptoms of leaf
curling, vein thickening, downward leaf cupping and
stunted growth typical of BGV phenotypes were col-
lected (symptomatic n = 3 and non-symptomatic n = 2)
from two locations from Khasab in Oman (26.1654°N
56.2426°F) (Fig. 1). The viral genome material was ex-
tracted from papaya leaves using the CTAB method
Doyle (1987), with slight modifications. Initial BEG
detection was identified by PCR with a thermal cycler
C1000 TouchTm (Bio-Rad, USA) using AV494 (viral
strand) and AC1048 (complementary strand) CP based
degenerate primers (Wyatt and Brown 1996), which
amplified approximately 550 bp. One pg of purified,
total nucleic acid preparations was added to each tube
containing PCR mix and a total reaction volume of
50 pl. The PCR master mix contained 150 pM dNTPs,
2.5 Mm MgCl,, 1.25 units of Tag DNA polymerase,
and 20 pmol of each primer. PCR was carried out in
a thermocycler with 35 cycles, each consisting of 1 min
at 93°C (denaturation), 20 s at 58°C (annealing), and
30 s at 72°C (extension) and 10 min at 72°C for final
extension. The amplified fragment was analyzed by se-
quencing and BLAST (https://blast.ncbi.nlm.nih.gov).
The results confirmed that they were associated with
tomato leaf curl Palampur virus (ToLCPLV). To recover
the complete genome of the TOLCPIV infected papaya,
the extracted DNA was used in rolling circle amplifi-
cation (RCA) employing TempliPhi 100 Amplification
Kit (GE Healthcare, USA), and yielded high molecular
weight concatemer products. RCA was carried out in

Fig. 1. Papaya plant naturally infected by tomato leaf curl
Palampur virus displaying leaf curling and downward leaf
cupping symptoms
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a total volume of 20 pl with 150-250 ng DNA, 10 mM
dNTPs, 100 uM n-hexamer primer plus reaction buffer
and 10 units of phi29 polymerase. The RCA conditions
were 95°C for 3 min, addition of enzyme followed by
incubation at 30°C for 18-20 h and completed by inac-
tivating the enzyme at 65°C for 10 min. The RCA am-
plified product was digested with Ndel/Kpnl restriction
enzyme, the digestion fragment was approximately
2.7 kb which was detected on 0.75% agarose gel. The di-
gested fragment was purified and cloned into pGEM-T
Easy vector systems (Thermo Fisher Scientific, USA) at
the compatible restriction sites. At least two full-length
clones (DNA A and DNA B) from each plant were con-
firmed and sequenced completely through the Sanger
sequencing method by Macrogen Inc. (South Ko-
rea). Sequences were assembled and manipulated us-
ing Lasergene package (DNAStar Inc., Madison, WI,
USA).

The complete DNA A genome of bipartite BGV
isolates (PV14-1, PV15-3 and PV16-4) were deter-
mined to be 2,756 nucleotides (nt) in length (Gen-
Bank acc. no. MZ423187-MZ423189) (Table 1). The
DNA A components had a genome structure typical
of bipartite BGV discovered from the OW, including
four ORFs encoding for Rep (367 kDa protein), TrAp
(139 kDa protein), REn (136 kDa protein) and AC4
(58 kDa protein) in the complementary sense and
two ORFs encoding for CP (256 kDa protein) and
MP (115 kDa protein) in the virion strand (Fig. 2 and
Table 1). The highest nucleotide identity (98-99%) was
associated with the isolates of TOLCPIV reported from
Iran ([IR: Jir8:T58P:08] FJ660431) (Heydarnejad et al.
2013), followed by isolates from Pakistan (96-98%)
and India (92-97%) using the Sequence Demarcation
Tool (SDT 1.2) (Fig. 3) (Mubhire et al. 2014). According
to the ICTV criteria set at 94 and 91% for demarcation
of new strains and species the virus isolates identified
here from papaya were the new isolates of ToLCPIV
(Brown et al. 2015). None of the recombinant event
was identified for TOLCPIV in RDP 4.1 program using
availablealgorithms (viz. RDP, GENECONYV, BootScan,

Tomato leaf curl palampur virus (ToLCPIV)

Fig. 2. Genome of tomato leaf curl Palampur virus: DNA A and
DNAB
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Fig. 3. Pairwise sequence analysis using MUSCLE alignment in the species demarcation tool (SDTv1.2) with sequences of DNA A (A)
and DNA B (B)
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Fig. 4. Phylogenetic dendrograms based on complete nucleotide sequences of bipartite begomovirus genome were constructed
in MEGAX software with Neighbor joining (NJ) algorithm and with best fit kimura-2 parameter and 1000 bootstrap value. Both trees
were arbitrarily rooted on the distinct sequences of tomato leaf curl New Delhi virus DNA A (A) and DNA B (B), respectively
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MaxChi, SiScan, Chimaera and 3SEQ) (Martin et al.
2015). The evolutionary relationships of DNA A se-
quences of ToLCPIV indicated a degree of geographi-
cal clustering among DNA A of ToLCPLV isolates.
The phylogenetic dendrogram based on complete nu-
cleotide sequences of bipartite begomovirus genome
were constructed in MEGAX software with Neighbor
joining (NJ) algorithm and with best fit kimura-2 pa-
rameter and 1,000 bootstrap. The trees were arbitrar-
ily rooted on the distinct sequences of tomato leaf curl
New Delhi virus DNA A and DNA B, respectively.
The results of the phylogenetic trees showed that
ToLCPIV DNA A isolates of this study were closely
related to the DNA A of ToLCPIV Iranian isolates. The
geographical clustering reflected that the Omani and
Iranian isolates evolved at a similar time and are closer
to each other than what has been reported from India
and Pakistan (Fig. 4). Three DNA B isolates (PV14-6,
PV15-5and PV16-8) identified were 2,719 nt in length
(accession numbers MZ423190-MZ423192, respec-
tively) (Table 1). The cognate DNA B components
had a genome arrangement characteristic of DNA B
molecules typical in all bipartite BGV genomes, and
were comprised of a NSP (31 kDa protein) and MP
(29 kDa protein). SDT analysis revealed that DNA B
nucleotide sequence identity was 96-98% with Iran
isolate TOLCPIV ([IR: Jir6:T3P:07] FJ660427) (Fig. 3D).
In phylogenetic analysis, the DNA B of ToLCPIV
from the Oman group with cognate DNA B of Iranian
ToLCPIV isolates were distant from Indian or Pakista-
ni isolates (Fig. 4). Papaya belongs to the family Cari-
caceae. Due to its dietary benefits and demand, papaya
fruit production has significantly increased over the
last few decades in different geographical countries.
Meanwhile, different BGV's such as okra enation leaf
curl virus (OELCuV), cotton leaf curl Gezira virus
(CLCuGeV), papaya leaf curl virus (PaLCV), papaya
leaf curl China virus (PaLCCNV), ageratum yellow
vein virus (AYVV), tomato leaf curl Bangladesh virus
(ToLCBaV), and radish leaf curl virus (RaLCV) have
been found to infect this fruit plant in different coun-
tries (Chang et al. 2003; Shahid et al. 2013; Shen et al.
2014; Bananej et al. 2016; Tang et al. 2018; Hamim et al.
2019; Nehra et al. 2019; Bananej et al. 2021). Although
a cotton infecting monopartite BGV (CLCuGeV) has
been identified which infects papaya plants in Oman
(Khan et al. 2012), none of the bipartite BGV has
been reported to infect papaya plants in the country.
This is the first study showing bipartite BGV infect-
ing papaya plants in Oman. The highest nt identity and
close clustering of ToLCPIV isolates with Iranian iso-
lates indicates that the introduction of ToLCPIV into
Khasab happened quite recently, possibly through ag-
riculture trade between both countries. TOLCPIV has
been reported to infect different crop species, result-
ing in heavy crop losses in Iran which is very close to
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the Khasab area. Additionally, Iran and Oman have
frequent agriculture trade through the Khasab port. It
is possible that TOLCPIV was transfered to Oman via
trade of infected materials (vegetables, ornamental or
fruit plants). Nevertheless, such theories need to be
verified at the genome level. Due to limited agricul-
tural land, papaya plants are grown close to vegetable
crops in Oman, where intercropping of different crops
particularly tomato (a primary host for ToLCPIV) is
routine in farmers’ fields. It is feared that the whitefly
vector may transmit the virus to the tomato plants. To
prevent a very likely outbreak of TOLCPIV epidemics
in tomato fields, we suggest discouraging the planting
of crops near papaya plants. If the cultivation of differ-
ent crops in neighboring fields is unavoidable, then the
cultivation approach, planting distance, and schedul-
ing should be thoroughly analyzed to efficiently con-
trol ToLCPIV.

Acknowledgements

The authors are grateful to SQU for providing funds
under internal grant (IG/AGR/CROP/20/02) to MS
Shahid.

References

Ali 1., Malik A.H., Mansoor S. 2010. First report of tomato leaf
curl Palampur virus on bitter gourd in Pakistan. Plant Dis-
ease 94 (2): 276-276. DOI: 10.1094/PDIS-94-2-0276A

Bananej K., Kraberger S., Varsani A. 2016. Okra enation leaf
curl virus in papaya from Iran displaying severe leaf curl
symptoms. Journal of Plant Pathology: 637-639. DOL:
http://www.jstor.org/stable/44280513.

Bananej K., Shafiq M., Shahid M.S. 2021. Association of cot-
ton leaf curl Gezira virus with tomato leaf curl betasatellite
infecting Carica papaya in Iran. Australasian Plant Disease
Notes 16: 1-4. DOI: https://doi.org/10.1007/s13314-021-
00417-z

Brown J.K., Zerbini EM., Navas-Castillo J., Moriones E., Ramos-
-Sobrinho R., Silva J.C., Fiallo-Olive E., Briddon R.W,
Hernandez-Zepeda C., Idris A., Malathi V.G., Martin D.P,
Rivera-Bustamante R., Ueda S., Varsani A. 2015. Revision
of begomovirus taxonomy based on pairwise sequence
comparisons. Archives of Virology 160 (6): 1593-619. DOL:
10.1007/s00705-015-2398-y

Chang L.S., Lee Y.S., Su H.J., Hung T.H. 2003. First report of pa-
paya leaf curl virus infecting papaya plants in Taiwan. Plant
Disease 87: 204. DOL: https://doi.org/10.1094/PDIS-12-15-
1531-PDN

Doyle J.J. 1987. A rapid DNA isolation procedure for small
quantities of fresh leaf tissue. Phytochemical Bulletin 19:
11-15.

Esmaeili M., Heydarnejad J., Massumi H., Varsani A. 2015.
Analysis of watermelon chlorotic stunt virus and tomato
leaf curl Palampur virus mixed and pseudo-recombination
infections. Virus Genes 51 (3): 408-416. DOI: 10.1007/
s11262-015-1250-5

Hamim 1., Borth W.B., Melzer M.]., Suzuki J.Y., Wall M.M.,
Hu J.S. 2019. Occurrence of tomato leaf curl Bangladesh
virus and associated subviral DNA molecules in papaya
in Bangladesh: molecular detection and characterization.



)

PO KA

Muhammad Shafiq Shahid and Abdullah M. Al-Sadi: First identification of tomato leaf curl Palampur virus ...

Archives of Virology 164 (6): 1661-1665. DOI: 10.1007/
s00705-019-04235-8

Hanley-Bowdoin L., Settlage S.B., Orozco B.M., Nagar S,
Robertson D. 1999. Geminiviruses: models for plant
DNA replication, transcription, and cell cycle regulation.
Critical Reviews in Plant Sciences 18 (1): 71-106. DOI:
10.1080/07352689991309162

Heydarnejad J., Hesari M., Massumi H., Varsani A. 2013. Inci-
dence and natural hosts of tomato leaf curl Palampur virus
in Iran. Australasian Plant Pathology 42: 195-203. DOL
https://doi.org/10.1007/s13313-012-0164-0

Heydarnejad J., Mozaffari A., Massumi H., Fazeli R., Gray A.J.,
Meredith S., Lakay F, Shepherd D.N., Martin D.P,, Varsa-
ni A. 2009. Complete sequences of tomato leaf curl Palampur
virus isolates infecting cucurbits in Iran. Archives of Virology
154 (6): 1015-1018. DOI: 10.1007/s00705-009-0389-6

Idris A.M., Shahid M.S., Briddon R.-W,, Khan A., Zhu J.K,
Brown J.K. 2011. An unusual alphasatellite associated with
monopartite begomoviruses attenuates symptoms and re-
duces betasatellite accumulation. Journal of General Virol-
ogy 92 (3): 706-717. DOI: 10.1099/vir.0.025288-0

Khan A., Akhtar S., Al-Shihi A., Al-Hinai F,, Briddon R. 2012.
Identification of cotton leaf curl Gezira virus in papaya in
Oman. Plant Disease 96: 1704. DOI: 10.1094/PDIS-05-12-
0438-PDN

Martin D.P,, Murrell B., Golden M., Khoosal A., Muhire B. 2015.
RDP4: Detection and analysis of recombination patterns in
virus genomes. Virus Evolution 1 (1): vev003. DOI: https://
doi.org/10.1093/ve/vev003

Mubhire B.M., Varsani A., Martin D.P. 2014. SDT: a virus clas-
sification tool based on pairwise sequence alignment and
identity calculation. PLoS One 9: €108277. DOL: https://doi.
org/10.1371/journal.pone.0108277

Namrata J., Saritha R.K., Datta D., Singh M., Dubey R.S,,
Rai A.B., Rai M. 2010. Molecular characterization of tomato
leaf curl Palampur virus and pepper leaf curl betasatellite
naturally infecting pumpkin (Cucurbita moschata) in India.
Indian Journal of Virology 21 (2): 128-132. DOI: 10.1007/
s13337-011-0022-7

Nehra C., Marwal A, Verma R.K,, Mishra M., Sharma P,
Gaur R. 2019. Papaya yellow leaf curl virus: A newly identi-
fied begomovirus infecting Carica papaya L. from the In-

www.czasopisma.pan.pl P N www.journals.pan.pl

301

dian subcontinent. The Journal of Horticultural Science and
Biotechnology 94: 475-480. DOI: https://doi.org/10.1080/1
4620316.2019.1570827

Rojas M.R., Hagen C., Lucas W.J., Gilbertson R.L. 2005. Exploit-
ing chinks in the plant’s armor: Evolution and emergence
of geminiviruses. Annual Review of Phytopathology 43:
361-394. DOI: 10.1146/annurev.phyto.43.040204.135939

Shafig M., Sattar M.N., Shahid M.S., Al-Sadi A.M., Briddon R.-W.
2021. Interaction of watermelon chlorotic stunt virus with
satellites. Australasian Plant Pathology 50 (1): 117-128.
DOI: https://doi.org/10.1007/s13313-020-00757-x

Shahid M.S., Yoshida S., Khatri-Chhetri G.B., Briddon R.W,,
Natsuaki K.T. 2013. Complete nucleotide sequence of
a monopartite Begomovirus and associated satellites infect-
ing Carica papaya in Nepal. Virus Genes 46: 581-584. DOI:
10.1007/s11262-013-0888-0

Shen W, Tuo D., Yang Y., Yan P, Li X., Zhou P. 2014. First report
of Ageratum yellow vein virus associated with a new beta-
satellite infecting Carica papaya in China. Journal of Plant
Pathology 96 (3): 610. DOI: 10.4454/jpp.v1i1.3199

Tang Y., He Z., She X, Yu L. 2018. First report of papaya leaf curl
China virus infecting Acalypha australis in China. Plant
Disease 102: 1674. DOI: https://doi.org/10.1094/PDIS-01-
18-0030-PDN

Walker PJ., Siddell S.G., Lefkowitz E.J., Mushegian A.R., Adria-
enssens E.M., Alfenas-Zerbini P, Davison A.J., Demp-
sey D.M., Dutilh B.E., Garcia M.L., Harrach B., Harrison R.L.,
Hendrickson R.C., Junglen S., Knowles N.J., Krupovic M.,
Kuhn J.H., Lambert A.J, Lobocka M., Nibert M.L.,
Oksanen M., Orton R.J., Robertson D.L., Rubino L., Saba-
nadzovic S., Simmonds P.,, Smith D.B., Suzuki N., Van Doo-
erslaer K., Vandamme A.-M., Varsani A., Zerbini EM. 2021.
Changes to virus taxonomy and to the International Code
of Virus Classification and Nomenclature ratified by the In-
ternational Committee on Taxonomy of Viruses. Archives
of Virology 166: 2633-2648. DOI: 10.1007/s00705-021-
05156-1

Wryatt S., Brown J. 1996. Detection of subgroup III geminivirus
isolates in leaf extracts by degenerate primers and polymer-
ase chain reaction. Phytopathology 86 (12): 1288-1293.
DO https://doi.org/10.1094/Phyto-86-1288





