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Begomovirus, a genus within the family Geminiviridae, has single-
stranded DNA genomes encapsidated in twinned particles approx. 22 X 38
nm in size. Its members are persistently transmitted by whitefly (Bemisia
tabaci), and pose significant threats to agricultural productivity, especially in
the tropical and subtropical regions (Fiallo-Olivé & Navas-Castillo 2023).
Similar situation in Indonesia, begomoviruses are still real concerns for the
cultivation of economically valuable Solanaceae, Cucurbitaceae, and Fabaceae
crops (Santosa & Somowiyarjo 2023; Wahyono et al. 2023). Thus, accurate
detection and thorough molecular characterization of these viruses are crucial
for disease management in the country (Subiastuti et al. 2019).

Universal primer pairs such as Krusty/Homer (KH) (Revill et al. 2003)
and SPG1/SPG2 (SPG) (Li et al. 2004) have been widely employed for detec-
tion of begomoviruses. These primers enable the amplification of a broad
spectrum of begomovirus genomes, facilitating the identification up to species
level in a single assay. Moreover, these primer pairs have been effectively
proven in different crops and geographic regions. KH primer pair is devel-
oped to target £ 580-base pair (bp) of partial 471 gene (coat protein/CP
gene) of the begomovirus genome which is a highly conserved region (Figure
1), allowing for detection of diverse species (Revill et al. 2003). Meanwhile,
SPG primer pair is designed to amplify + 912 bp partial fragment of Tr4AP
and Rep genes of begomoviruses (Figure 1). Therefore, not only having a high
degree of specificity and sensitivity but also SPG covers up to one third of
DNA-A segment, making it a valuable tool for studying variations in the vi-
ruses (Li et al. 2004).
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Figure 1. Schematic provided by ICTV (https://ictv.global) shows bipartite genome
of begomovirus with bidirectional genome organization of AV1, AV2, AC1, ACg,
ACs, and AC4 genes in DNA-A, and BV1 and BC1 genes in DNA-B, respectively.
Approximate positions of regions within DNA-A segment of begomovirus genome
amplified by Krusty/Homer primer pair (white area) and SPG1/SPG2 primer pair
(black area).

In Indonesia, applications of KH and SPG primers has led to the identi-
fication of several major begomovirus species. For instance, tomato yellow
leaf curl Kanchanaburi virus (TYLCKaV), squash leaf curl China virus
(SLCCNYV), pepper yellow leat curl Indonesia virus (PepYLCIV), and papaya
leaf curl virus (PaLLCV) have been detected respectively in eggplant (Solanum
melongena), squash (Cucurbita pepo), chili pepper (Capsicum annuum), and papa-
ya (Carica papaya) cultivated in regions such as Java, Lampung, Bali, and
Bengkulu using SPG primer (Kintasari et al. 2013; Wiratama et al. 2015; Su-
trawati et al. 2021; Selangga & Listihani 2021; Akin et al. 2023). Additionally,
mung bean yellow mosaic India virus (MYMIV), PepYLCIV, TYLCKaV, and
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SLCCNYV were reported in Solanaceae: chili pepper and eggplant, Cucurbita-
ceae: angled luffa (Luffa acutangular) and squash, and Fabaceae: mung bean
(Vigna radiata) crops in Yogyakarta, Southeast Sulawesi, Lampung, and Cen-
tral Java using KH primer (Wilisiani et al. 20145 Subiastuti et al. 2019; Gio-
vanni et al. 2020; Mulyadi et al. 2021; Taufik et al. 2023; Akin et al. 2023;
Santosa et al. 2024). Therefore, these viruses were also shown to be wide-
spread and infecting different plant groups in Indonesia (Wiratama et al.
2015; Listihani et al. 2019; Sutrawati et al. 2021; Taufik et al. 2023).

By enabling rapid and accurate identifications of multiple begomovirus
species, KH and SPG primers play crucial roles in the management of virus-
induced diseases in crops. Despite covering different regions, these primers
have only been used separately in molecular detection protocols and have
never been involved in the molecular characterization of the same isolate in
Indonesia. This study aims to evaluate both universal primer pairs in the mo-
lecular characterization of six begomovirus species widespread in Indonesia.
It also seeks to expand our understanding of the genetic diversity of isolates
infecting important horticultural commodities and weeds at observed loca-
tions.

Leaves of horticultural crops and weeds with conspicuous begomovirus
symptoms were collected during field surveys in Magelang, Klaten, Sleman,
and Bantul Regencies in January — June 2024. Samples were purposively tak-
en based on viral symptom appearances then brought to Phytopathology La-
boratory, Universitas Gadjah Mada to be kept at -4 °C until further analysis
shortly.

Total DNA from each collected samples were extracted using Genomic
DNA Mini Kit for Plant following standard steps suggested by the manufac-
turer (Geneaid Biotech Ltd., Taiwan). PCRs for each sample were subse-
quently done twice each using either of two universal primer pairs for be-
gomoviruses detection: Krusty (F 5°-CCNMRDGGHTGTGARGGNCC-3")/
Homer (R 5°-SVDGCRTGVGTRCANGCCAT-3") targeting + 580 bp of
partial 47V1 gene (Revill et al. 2003) and SPG1 (F 5°-
CCCCKGTGCGWRAATCCAT-38")/SPG2 (R 5°-
ATCCVAAYWTYCAGGGAGCT-3") amplifying + 900 bp partial 4C1 and
AC2 genes (Li et al. 2004). Each PCR reaction was prepared in a volume of 40
pl: 2 pl (10 pmol pl-') each of reverse primer and forward primer, 20 pl of
MyTaq HS Red Mix (Bioline, Germany), 4 pl of DNA template, and 12 pl of
PCR-grade water. The PCR cycle is organized as follows pre-denaturation
step at 96 °C for 3 minutes, followed by 35 cycles of denaturation at 96 °C for
one minute, annealing 55 °C for KH and 59 °C for SPG, each lasting 1 mi-
nute, elongation at 72 °C for 1 minute, and lastly final elongation at 72 °C for
10 minutes.

PCR products were loaded into wells of agarose gel stained with
Florosate DNA Staining (15t BASE, Malaysia), and then electrophoresis for
the gel was run for 50 minutes at 50 V. The appearance and size of PCR
bands were examined under a UV transilluminator (Optima Inc., Japan). Suc-
cesstul amplified PCR products were submitted to LPPT UGM for Sanger
sequencing bidirectionally. Nucleotide sequences of partial 471, and partial
ACI and AC2 genes of each isolate were expected to be established by this
strategy. Determination of species of isolates was performed using nucleotide
BLAST online software (https://blast.ncbi.nlm.nih.gov) which paired the new
nucleotide sequences with those available in NCBI GenBank database. Nucle-
otide sequences of the novel isolates were then registered in GenBank to ob-
tain unique accession numbers.

Begomovirus isolates with complete genome sequences registered in
GenBank were aligned with and then trimmed according to the lengths of
sequences of the newly obtained isolates using ClustalW algorithm in
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MEGAT11 software (Tamura et al. 2021). Two phylogenetic trees, for partial
AV1 gene and partial 4C1 and AC2 genes, were constructed with Maximum
Likelihood (ML) statistical method and Tamura-Nei (Tamura & Nei 1993)
parameter model implemented in MEGAT11. Statistical significancy of each
branch was tested with 1000 bootstrap replicates.

Possible recombination event on the genome of isolates positioned in
different species groups of the constructed phylogenetic trees was scanned
using Recombination Detection Program (RDP v5.30) (Martin et al. 2021).
Only event detected by at least five of algorithms (Bootscan, MaxChi, Chi-
maera, 35eq, Siscan, GENECONYV, and RDP) suited in the software was con-
sidered convincing with significance of Bonferroni-corrected p value of < 0.05
(Martin et al. 2021).

In total, 14 samples: 4 chili peppers (Capsicum annuum), 1 tomato
(Solanum lycopersicum), 1 eggplant (Solanum melongena), 3 squash (Cucurbita
pepo), 2 melons (Cucumais melo), 2 yardlong bean (Vigna unguiculata ssp. sesqui-
pedalis), and 1 billy goat weed (Ageratum conyzoides) were collected during
field surveys then tested for begomovirus infection.

Results of PCR and the subsequent electrophoresis indicated be-
gomovirus infection in all 14 tested samples by appearance of bands with spe-
cific sizes for KH primers and for SPG primers, respectively. BLAST analysis
on the obtained sequences identified six begomoviruses: ageratum yellow vein
China virus (AYVCNYV), tomato yellow leaf curl Kanchanaburi virus
(TYLCRaV), pepper yellow leaf curl Indonesia virus (PepYLCIV), squash leaf
curl China virus (SLCCNV), mung bean yellow mosaic India virus (MYMIV),
tomato leat curl New Delhi virus (ToLCNDV) among the 14 isolates. Gen-
Bank accession nos. PP874885-94 and PQ112501-4 for partial 471 gene and
nos. PP874895-904 and PQ112505-8 for partial 4CI1 and AC2 genes were as-
signed to the obtained sequences (Table 1). Symptoms on the begomovirus
infected samples including chlorosis, mosaic, blisters, and dwarfing (Figure

2).

The laboratory work presented here identified a diverse species of Be-
gomovirus infecting 13 commercial crops and 1 weed in four regencies in Java
Island of Indonesia. All sampled plants exhibited clear and severe symptoms.
ToLCNDYV was previously detected in cucumber (Cucumais sativus) grown in
Klaten (Listihani et al. 2019). Nidianti et al. (2023) recently found SLCCNV
infection on a melon cultivar screened for breeding program in Sleman. An-
other recent report recorded PepYLCIV and SLCCNV in Magelang Regency,
infecting chili pepper and squash, respectively (Santosa et al. 2024). There-
fore, begomoviruses were shown to be still major problem hampering cultiva-
tion of different horticultural commodities and inciting economical losses in
the surveyed areas.

KH and SPG primers were demonstrated to be conveniently used in
PCR for molecular identification of six species of Begomovirus. As results, nu-
cleotide sequences of two diftferent genome regions (471, and AC1 and AC2)
of 14 isolates of the six begomoviruses were obtained using Sanger method in
this study, and then the sequences were registered in NCBI GenBank.

Phylogenetic analysis of the obtained sequences formed two separate
trees based on the genomic regions. Both trees clustered isolates into difter-
ent phylogroups according to their respective species. The newly obtained
isolates generally have a closer genetic relationship with previously reported
Indonesian isolates, as shown by their share of common basal nodes, than iso-
lates from other country. Two melon isolates from Bantul regency (MIBTL
and MIBTL2) were in SLCCNV group in AV1 tree but positioned in
ToLCNDYV group in AC1-AC2 tree, which indicated recombination in their
genomes and thus the necessity to further analysis using RDP software
(Figure 3).
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Table 1. Begomovirus isolates identified in this report

Genbank accession no.

No. [solate name Species® Host Origin Partial AV1 Partial AC1

gene and AC2

genes

1. ACSMN AYVCNV Ageratum conyzoides Sleman PP874885 PP874895
2. TrMGG TYLCRaV eggplant Magelang PP874886 PP874896
3. ToKLN-Rr TYLCRaV tomato Klaten PP874887 PP874897
4. CbKLN-Kr PepYLCIV chili pepper Klaten PP874888 PP874898
5. CbKLN-K PepYLCIV chili pepper Klaten PP874889 PP874899
6. CbMGG PepYLCIV chili pepper Magelang PP874890 PP874900
7. CbSMN PepYLCIV chili pepper Sleman PP874891 PP874901
8. LbSMN SLCCNV squash Sleman PP874892 PP874902
9. KPMGG MYMIV yardlong bean Magelang PP874893 PP874903
10. KPSMN MYMIV yardlong bean Sleman PP874894 PP874904
11. LbSMN2 g&%i\gf\;ﬁ squash Sleman PQ112501 PQ112505
12. MIBTL 1§$LCCC1qN];]\;B melon Bantul PQ112502 PQ112506
13. MIBTL2 g;%i\gf\;ﬁ melon Bantul PQ112503 PQ112507
14. LbSMN3 ToLCNDV squash Sleman PQ112504 PQ112508

@ageratum yellow vein China virus = AYVCNYV; tomato yellow leaf curl Kanchanaburi virus = TYLCRKaV; pepper
yellow leaf curl Indonesia virus = PepYLCIV; squash leaf curl China virus = SLCCNV; mungbean yellow mosaic
India virus = MYMIV; tomato leaf curl New Delhi virus = ToLCNDYV. BRecombinant isolates.

Recombination in the 4C1 and AC2 regions of genomes of MIBTL and
MIBTL2 was detected by RDP, Bootscan, MaxChi, Chimera, and 3Seq algo-
rithms in RDP thus can be deduced as significant. WMK, a SLCCNYV isolate
from Indonesia, was revealed as the major parent of the two isolates while
17MY167A, a ToLCNDV isolate from Malaysia, was the minor parent. The
RDP analysis also found a strong recombination signal in the genome of
LbSMN2 with support from RDP, GENECONYV, MaxChi, Chimaera, SiScan,
and 3Seq algorithms. A SLCCNYV isolate from Timor-Leste (T4D) was sug-
gested to be the major parent while its minor parent was LbSMNS3, a
ToLCNDYV isolate from Indonesia.

MBTL and MBTL2 isolates were included in SLCCNV cluster in KH
tree while positioned in ToLCNDYV group in SPG tree, strongly indicating
recombination. MBTL and MBTL2 isolates which showed almost identical
genetic sequences, at least in the observed regions, originated from two mel-
on plants separated only around 25 m each other in the same greenhouse in
Bantul Regency. These two were the only plants showing clear viral symp-
toms among >300 individuals in the greenhouse. RDP analysis confirmed
MBTL and MBTL2 were SLCCNV recombinant isolates which received do-
nor from ToLCNDYV. Scan using RDP further detected a recombination sig-
nal in the genome of LbSMN2, which was also a SLCCNYV isolate recipient of
genetic donor from ToLCNDYV. This recombination was unlikely observable
if only one of primer pairs applied in the molecular diagnostic. Both SLCCNV
and ToLCNDYV are prone for recombination, and interspecies genetic ex-
change between them have been reported to occur naturally
(Venkataravanappa et al. 2018). Another study demonstrated a case of intravi-
ral recombination in the genome of an Indonesian ToLCNDV isolate
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Figure 2. Variation of disease symptoms on horticultural crops caused by different begomoviruses reported in this
study. A. Chlorosis and stunting on chili pepper infected by PepYLCIV isolate CbMGG in Magelang; B. Choloro-
sis on yardlong bean infected by MYMIV isolate KPMGG in Magelang; C. Chlorosis on eggplant infected by TY-
LCKaV isolate TrMGG in Magelang; D. Chlorosis on chili pepper infected by PepYLCIV isolate CbSMN in
Sleman; E. Vein chlorosis on Ageratum conyzoides infected by AYVCNYV isolate ACSMN in Sleman; F. Severe mosa-
ic and blisters on squash infected by recombinant SLCCNV-ToLCNDYV isolate LbSMN2 in Sleman; G. Severe mo-
saic on squash infected by ToLCNDYV isolate LbBSMN3 in Sleman; H. Mosaic on melon infected by recombinant
SLCCNV-ToLLCNDYV isolate MIBTLZ in Bantul.

(Wilisiani et al. 2019). In begomoviruses, recombination may act as a mecha-
nism that ensures the evolution path is stay adaptive to new hosts or chang-
ing environmental constraints (Vo et al. 2022).

Protocol for detection and molecular characterisation of begomoviruses
using KH and SPG has been established in this report but both primer pairs
need to be tested against other species to complement the efficacy data of
these primers. Nucleotide sequences covered by both primers provided im-
portant genomic data of isolates, including recombination events. Therefore,
future studies on identification of begomoviruses are recommended to use
both primer pairs to reduce false negative in case a distinct recombinant
breakpoint could not be detected by one of the primers. Additional nucleotide
sequences of 14 begomovirus isolates improved our understanding of the ge-
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Figure 3. Phylogenetic trees based on nucleotide sequences of (A) £ 552 bp partial 471 gene targeted by Krusty/
Homer primers and (B) £ 893 bp partial 4C1 and AC2 genes covered by SPG1/SPG2 primers of isolates of six be-
gomovirus species. The trees were generated in MEGA11 software by the Maximum-Likelihood method based on
Tamura-Nei-parameter’s model (1000 bootstrap replicates, only >50 % values were shown). Isolates reported here
were marked with black triangles. SLCCNV and ToLCNDV recombinant isolates were marked with rec’. Agera-
tum yellow vein China virus = AYVCNYV; tomato yellow leaf curl Kanchanaburi virus = TYLCKaV; pepper yellow
leaf curl Indonesia virus = PepYLCIV; squash leaf curl China virus = SLCCNV; mungbean yellow mosaic India
virus = MYMIV; tomato leaf curl New Delhi virus = ToLCNDV

nomic variance of Indonesian isolates. Further surveys are needed to study
our local recombinant isolates that potentially cause outbreaks in the future,
as have been observed in other countries (Moriones et al. 2017).
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