
Vol.: (0123456789)

Eur J Plant Pathol (2026) 174:1301–1314 
https://doi.org/10.1007/s10658-026-03199-1

Infectious clone–based dissection of delayed pathogenicity 
and evolutionary dynamics of Papaya leaf curl Guangdong 
virus (PaLCuGdV)

Renshu Huang · Muhammad Arif   · 
Amna Saeed · Cheng Song · Omer Beyhan · 
Muhammed Said Yolcu · Islem Abid

Received: 27 November 2025 / Accepted: 12 February 2026 / Published online: 20 February 2026 
© The Author(s) 2026

Abstract  Papaya leaf curl Guangdong virus (PaL-
CuGdV) is an economically significant begomovirus, 
although its pathogenicity and evolutionary dynam-
ics are poorly understood. This study involved the 
construction of a full infectious clone of PaLCuGdV, 
which was agroinoculated into Nicotiana bentha-
miana (N. benthamiana) to assess the infectivity 
and symptomatology. The infectious clone elicited 
typical begomoviral symptoms just at 28  days post-
inoculation, signifying delayed pathogenicity. Infec-
tion efficiency varied with strain, with successful 
transmission achieved using Agrobacterium GV301, 
but not with EHA105 alone. Southern blot analy-
sis confirmed active viral DNA replication solely in 
diseased plants. Comparative sequencing and recom-
bination analysis identified numerous recombina-
tion events among worldwide PaLCuGdV isolates, 
with the newly defined strain serving as a primary 

recombinant progenitor. These findings indicate that 
PaLCuGdV displays delayed symptom expression, 
strain-specific infectivity, and evolutionary diversity 
driven by recombination, underscoring the value of 
infectious clone systems for functional and evolution-
ary studies of begomoviruses.

Keywords  Infectious clone construction · Delayed 
pathogenicity · Strain-dependent infectivity · And 
recombination analysis

Background

The begomoviruses, which are members of the larg-
est family of plant viruses, family: Geminiviridae, 
are transmitted to plants by the haplotype insect vec-
tor whitefly (Bemisia tabaci) and contain ssDNA 
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molecules enclosed in twinned particles. These 
viruses are classified into two types: monopartite 
begomoviruses (DNA-A) and bipartite begomovi-
ruses (DNA A and DNA B) (Arif et al., 2020, 2022; 
Ban et  al., 2021; Naveed et  al., 2023). DNA B is 
essential for nuclear localization, host range determi-
nation, symptom expression, and systemic infection. 
On the other hand, DNA A is required for the virion 
production and replication of bipartite begomovi-
ruses (Amin et  al., 2021; Breves et  al., 2023). Both 
components have a noncoding region that is approxi-
mately 200 base pairs long. This section contains the 
sequence patterns necessary for determining gene 
expression and replication (Guerrero et  al., 2020; 
Ouattara et al., 2022).

The whole genome of begomoviruses is often 
cloned directly from separated dsDNA (Makeshku-
mar et al., 2021), from a whole-genome PCR ampli-
con (Arif et al., 2018) or from a genome component 
produced by RCA (Mehta et  al., 2020; Singh et  al., 
2020). Intergenic recombination may occur when 
viruses from two different genera of geminiviridae 
are present at the same time. Genetic recombination 
integrates the historical diversity of the viral genome 
into the host genome, enhancing its richness and 
facilitating novel pathways for virus evolution and the 
coevolution of begomoviruses. This approach offers 
novel avenues for examining the intricacies of bego-
moviruses (Pandey et  al., 2021; Scholthof, 2023). 
Currently, it is common for begomoviruses and 
dicot-infecting master viruses to coinfect the same 
host; thus far, three cases have been documented 
(Arif, 2024; Crespo-Bellido et  al., 2021). In each of 
these situations, the host is distinct and comprises of 
diverse plant groups. Interactions among co-infecting 
begomoviruses can result in the emergence of compli-
cated diseases or the manifestation of more virulent 
virus strains or novel begomovirus species through 
recombination events (Naveen et al., 2025). The coin-
fection of (chickpea chlorotic dwarf virus; CPCDV 
genus mastervirus) with begomoviruses infecting 
hosts from distinct families (Asteraceae, Malvaceae, 
and Cucerbitaceae) in weed, cotton, and squash has 
been reported previously (Azeem et al., 2022; Fahmy 
et al., 2015; Mosharaf et al., 2020).

Papaya leaf curl disease and various other distinct 
species within this group are transmitted by cryp-
tic whitefly species. This disease complex can have 
a substantial detrimental effect on the overall health 

of papaya plants and the productivity of their crops. 
The disease is distinguished by the curling and defor-
mation of the leaves, limited growth, and diminished 
fruit production (Soni et al., 2022; Varun et al., 2024). 
The PaLCuGdV is a monopartite begomovirus clas-
sified within the family Geminiviridae and the genus 
Begomovirus. It first emerged in Guangdong Prov-
ince, China, and transmitted by the whitefly (Bemisia 
tabaci). The virus infects papaya (Carica papaya), 
resulting in distinct symptoms including pronounced 
leaf curling, vein thickening, leaf distortion, and 
slowed growth, potentially causing substantial yield 
losses. PaLCuGdV contains a circular single-stranded 
DNA genome (~ 2.7 kb) that encodes proteins associ-
ated with replication, encapsidation, motility, and the 
inhibition of host defensive mechanisms. Similar to 
other begomoviruses, it exhibits genetic diversity and 
may be associated with betasatellites, which might 
exacerbate symptom severity. Owing to its effective 
vector transmission and adaptability, PaLCuGdV 
poses an escalating threat to papaya cultivation in 
tropical and subtropical areas, underscoring the 
necessity for molecular surveillance and integrated 
disease management strategies (Huang et  al., 2020; 
Jing et al., 2026). PaLCuGdV has caused substantial 
reductions in crop yields, ranging from 40 to 100% 
(Alcalá-Briseño et al., 2020; Soni et al., 2022; Srivas-
tava et al., 2022).

Infectious clones offer a reliable experimental 
framework for examining virus–host interactions, sat-
isfying Koch’s postulates, and analysing viral patho-
genicity under controlled conditions (Jailani et  al., 
2025). Furthermore, comparative analyses utilizing 
infectious clones provide a direct connection between 
biological characteristics such as symptom severity 
or latency and the fundamental evolutionary mecha-
nisms, including recombination and sequence diver-
gence (Jyotika et  al., 2024).To generate a standard 
infectious clone, the process normally includes clon-
ing a complete genome. This cloned genome is then 
subcloned as a tandem, consisting of one and a half 
or two genome components, into a suitable vector for 
agroinoculation. The process of building genomic 
components that consist of two replication sources is 
laborious and time-consuming (Souza et al., 2022). In 
certain cases, when a single copy of a virus genome is 
cloned and inserted into DNA of a specific length, it 
can function as an infectious clone for certain viruses 
(Möller & Maruthi, 2025; Nair et al., 2020). Previous 
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studies have shown that most infectious clones are 
composed of tandem repeat structures of geminivi-
rus/begomovirus genomes, which contribute to their 
increased pathogenicity. Consequently, this charac-
teristic complicates the cloning procedure (Shakir 
et al., 2023; Sharma & Ruhel, 2019). Begomoviruses 
‘s infection clones are constructed via a multimeric 
approach that begins with the careful design and 
selection of cloning sites, followed by the assembly of 
viral genomic segments that are produced via the use 
of restriction endonucleases. This is becoming a very 
time-consuming procedure (Neubauer et  al., 2025; 
Wang et al., 2024).

In addition, selecting clones with tandem-repeat 
viral genomes requires careful inspection of the insert 
quality. A novel method called rolling circle amplifi-
cation (RCA) has recently been developed to amplify 
certain DNA or betasatellites in a linear or symmetri-
cal manner (Oliveira et al., 2021). Multiple infectious 
clones of various geminiviruses have been produced 
with the assistance of RCA (Fondong, 2025; Quad-
ros & Zerbini, 2025). Although molecular detection 
and genome sequencing of PaLCuGdV have been 
reported, its pathogenic characteristics, infection 
efficacy, and evolutionary dynamics remain unveri-
fied in experimental infectious clone systems. Spe-
cifically, it is uncertain if PaLCuGdV demonstrates 
quick or delayed symptom onset, whether infectiv-
ity is affected by the compatibility of Agrobacterium 
strains, and the role of recombination in its genetic 
diversity. The indexing, identification, and classifi-
cation of papaya diseases are challenging because of 
the lack of knowledge regarding pests and diseases 
related to papaya. The primary hypothesis of this 
study posits that PaLCuGdV demonstrates delayed 
pathogenicity and strain-dependent infectivity in 
Nicotiana benthamiana, with its evolutionary diversi-
fication driven by frequent recombination events. To 
evaluate this hypothesis, the aims of this study were 
to: (i) develop and biologically validate a complete 
infectious clone of PaLCuGdV; (ii) assess symptoma-
tology and infection efficacy post-agroinoculation 
with various Agrobacterium strains; and (iii) exam-
ine the evolutionary relationships and recombination 
dynamics of PaLCuGdV relative to global isolates. 
This study seeks to elucidate the pathogenic behav-
iour and adaptive potential of PaLCuGdV by integrat-
ing functional infectivity testing with evolutionary 
analysis.

Methods

Viral source collection and extraction of DNA

This study utilized a begomovirus PaLCuGdV, 
which was obtained from various areas within the 
Guangdong region of China. The prevalence of 
disease was substantial, characterized by a large 
population of cryptic whiteflies (B. tabaci) on host 
plants that were affected. The isolation of DNA 
from leaves exhibiting symptoms of virus infection 
was conducted through a meticulous protocol as 
described by (Lavanya & Arun, 2019). This proto-
col involved the utilization of cetyl trimethyl ammo-
nium bromide (CTAB) for the isolation of viral 
DNA.

Cloning of PCR products and sequence analysis

The infected plants yielded full-length DNA A and 
B. Whole PaLCuGdV DNA A and DNA B were 
acquired from the RCA/PCR amplification products 
using the primer pair PaLCuGdV-F (5′-CGT​TTG​
GTA​CTC​CCC​AAG​A-3′) and PaLCuGdV-R (5′-
CAA​CAG​CAA​AGC​ATT​CTC​AGT-3′), which were 
subsequently cloned and subjected to sequencing. 
PCR reactions were performed in a final volume of 
25 μL containing template DNA, 1 × PCR buffer, 
MgCl₂, dNTPs, forward and reverse primers, and 
Taq DNA polymerase. The thermal cycling condi-
tions consisted of an initial denaturation at 94  °C, 
followed by 35 cycles of denaturation, anneal-
ing, and extension, with a final extension step at 
72  °C. After purification via a gel extraction kit 
following the manufacturer’s recommendations, 
the PCR products were cloned and inserted into 
the pTZ57R/T vector (Fermentas). The PCR prod-
ucts, both cloned and un-cloned products, were 
sequenced from Macrogen, Korea. The DNASTAR 
Inc. program Lasergene was used to analyze the 
sequences (Chen et al., 2024). The already submit-
ted sequences in the database (http://​www.​ncbi.​nlm.​
nih.​gov/​BLAST/) were compared with the obtained 
sequences to determine sequence similarity. The 
Open Reading Frames (ORFs) finder tool, accessi-
ble at http://​www.​ncbi.​nlm.​nih.​gov//​gorf/​gorf.​html, 
was utilized to identify the ORFs of the obtained 
sequences.

http://www.ncbi.nlm.nih.gov/BLAST/
http://www.ncbi.nlm.nih.gov/BLAST/
http://www.ncbi.nlm.nih.gov//gorf/gorf.html
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Infectious clone construction and infiltration of 
Agrobacterium

Agrobacterium strains (EHA105, GV301) carry-
ing a suitable plasmid were cultured in liquid broth 
medium (LB) enriched with the antibiotics kana-
mycin and rifampicin at an optical density of 0.8 at 
28  °C to infect N. benthamiana with begomovirus 
(PaLCuGdV). After centrifugation at 6000–12000 
RPM for 1  min, the cultures were resuspended 
in induction medium supplemented with 10  mM 
2-(N-morpholino) ethane sulfonic acid (MES) at 
pH 5.6, 10  mM MgCl2, and 150  μM acetosyrin-
gone. To create an infectious begomovirus clone, 
the SalI enzyme was used to partially break down 
the RCA product. The SalI enzyme in the pCAM-
BIA1301 binary vector was used to clone head-to-
tail tandem repeat dimers. The reliability of this 
infectious clone was verified through sequencing. 
The acquired sequence confirmed the authenticity 
of the infectious clone of PaLCuGdV. Agrobacte-
rium strain GV301 was individually transformed 
with tandem repeat-containing recombinant pCAM-
BIA1301. The amended Agrobacterium was grown 
to 1.0 at 600  nm. The cultures were incubated at 
room temperature for 3 h in induction buffer.

Prior to agro-infection, the Agrobacterium cul-
tures containing the virus and satellite were com-
bined in equal proportions (1:1). The culture mix-
ture was introduced into the lower surface of the 
cotyledon leaves of 2-week-old seedlings. After 
Agrobacterium inoculation, N. benthamiana plants 
were maintained in an incubator at 25 °C and 80% 
relative humidity. After 20  days of Agrobacterium 
penetration, an infection clone of PaLCuGdV was 
injected into the plants following the methods of 
(Zhang et al., 2024). Young N. benthamiana leaves 
were injected into the lower lamina via a super-
fluous syringe. The agroinoculated plants were 
maintained at 25  °C in a controlled environment 
(Udavatha et  al., 2022). After viral inoculation, N. 
benthamiana plants were cultivated in a traditional 
greenhouse at 22–24 °C with 16 h of daylight. After 
28 days of Agrobacterium infiltration, the DNA and 
RNA from newly formed leaves of infected plants 
were extracted. Using both DNA and RNA sam-
ples, the expression levels of the target genes were 
evaluated.

Southern blot analysis for validation of infection

A total of 10  µg of genomic DNA extracted from 
PaLCuGdV, which was found in Agrobacterium-
mediated N. benthamiana, was subjected to diges-
tion with EcoR1. The digested DNA was then elec-
trophoresed on an agarose gel and allowed to run for 
the entire night. After being treated with a solution 
containing 0.5 M NaOH and 1.5 M NaCl, the DNA 
was transferred to a nylon membrane via the capil-
lary transfer technique. Following UV crosslinking, 
the DNA underwent 16 h of temperature-controlled 
hybridization with a DIG-labeled DNA probe at 
42  °C. After the membrane was assembled with 
the aid of the CPSD substrate, it was examined via 
an anti-DIG antibody (Diggins & Hancock, 2023; 
Ramesh et al., 2021).

Comparative evolutionary divergence, history, 
phylogenetic, and recombination analyses

The NCBI isolates of begomoviral isolates and 
their satellites were used to understand their line-
age. Using PaLCuGdV-associated viral isolates, an 
ancestor tree was created for this virus. This phy-
logenetic tree was built via maximum likelihood 
in MEGA11. The maximum composite likelihood 
model was used to analyze and quantify the degree 
of evolutionary divergence between the derived 
sequences of this plant virus. The Sequence Demar-
cation Tool (SDT) with SimPlot was used to com-
pare both new and old PaLCuGdV isolates. The 
sequence alignment was performed via ClustalW. 
Recombination analysis was conducted utilizing 
RDP4 software on aligned full-length PaLCuGdV 
genome sequences retrieved in the present study, 
alongside representative isolates obtained from 
the NCBI database. The analyses utilized various 
recombination detection techniques inside RDP4, 
including RDP, BootScan, MaxChi, Chimaera, SiS-
can, and 3Seq, employing default parameters and 
a Bonferroni-adjusted significance threshold of 
p < 0.05. Only recombination events validated by 
a minimum of four separate methods were deemed 
reliable and incorporated into subsequent analysis 
(Bornancini et al., 2020; Silva et al., 2022; Tamura 
et al., 2023).
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Results

The effective creation of the PaLCuGdV infectious 
clone was validated via restriction digestion and 
sequencing, confirming the integrity of the tandem-
repeat viral genome. Subsequent to agroinocula-
tion, N. benthamiana plants were observed weekly 
to evaluate infection efficacy and symptom devel-
opment. In contrast to other begomoviruses that 
manifest symptoms within two weeks, PaLCuGdV-
inoculated plants exhibited no symptoms during 
the initial three weeks post-inoculation. Distinct 
leaf curling, vein banding, and growth retardation 
manifested only after 28 days, signifying a delayed 
onset of pathogenicity. After four weeks of agroin-
oculation with EHA105, a mixed infection with the 
desired begomovirus was detected in N. bentha-
miana, although the onset of symptoms varied, as 
shown in Table  1. These symptoms confirmed the 
ability of the infectious clone to infect host plants. 
At 28 dpi, visible symptoms continued to develop, 
resembling typical begomovirus infection patterns.

A distinct disparity in infectivity was noted 
across Agrobacterium strains. Plants infected with 
GV301 exhibited distinct begomoviral symptoms 
and tested positive for viral DNA, while those inoc-
ulated solely with EHA105 remained asymptomatic 
throughout the trial duration. The results indicate 
that the infection efficacy of PaLCuGdV is signifi-
cantly affected by the Agrobacterium strain utilized 
for delivery, underscoring a crucial experimental 
variable frequently neglected in infectious clone 
research.

Co-inoculation of N. benthamiana with EHA105 
did not result in any symptoms. Plants that remained 
asymptomatic after 28 days of post inoculation were 
found to be in a similar state, indicating that their 
health status was effectively unchanged. Typical 
signs of PaLCuGdV infection became apparent after 
28 days. No symptoms were observed in N. benthami-
ana plants following inoculation with EHA105. The 
results revealed that EHA105, which carries bego-
movirus, did not satisfy Koch’s postulates and was 
unable to co-infect other hosts, as depicted in Table 1. 
All EHA105 assays were conducted exclusively in N. 
benthamiana; therefore, conclusions regarding host 
range or coinfection potential are restricted to this 
host.

Southern blot research revealed direct evidence 
of active virus replication in infected plants. Viral 
DNA signals were consistently identified in diseased 
plants, but asymptomatic plants exhibited no detect-
able hybridization signals. The stringent correla-
tion between symptom manifestation and viral DNA 
accumulation verifies that the identified disease phe-
notype arose from effective systemic infection rather 
than ephemeral expression or mechanical injury 
during agroinoculation. The PaLCuGdV infectious 
clone caused developmental retardation, vein clear-
ing, and mottling in the majority of inoculated plants, 
which presented characteristic begomovirus symp-
toms. Three out of five plants inoculated with GV301 
developed symptoms, whereas two plants remained 
symptom free. Following agroinoculation, the symp-
toms of the N. benthamiana plants were similar to 
those observed under field conditions. Plants that did 

Table 1   Insertion of infectious clones with designated strains via agroinoculation in N. benthamiana 

* Days for first appearance of symptoms
αDays at which leaves were collected for detection
Symptoms: C = curling, D = distortion, RLM = rolling leaf margins, IR = inward rolling, DR = downward rolling, LL = leathery 
leaves, Y = yellowing, B = Brittling, VB = vein banding, CL = curled leaves, Chs = Chlorosis

Strain/Plant host Number of inoculated 
plants

Incubation time Signs/symptoms Detection positiv-
ity via southern 
blot

N. benthamiana
GV301

3/5 1*−35α C, D, RLM, IR, DR, LL All positive

N. benthamiana, 
GV301 + EHA105

3/4, 4/4 1*−35 α LL, Y, CL, Chs, VB, B All positive

N. benthamiana
EHA105

4/4 1*−35 α healthy All negative
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not show symptoms yielded negative results in the 
Southern blot, whereas all symptomatic plants tested 
positive.

Through phylogenetic and sequence demarcation 
analyses, the genetic links between several isolates of 
PaLCuGdV were ascertained to understand its vari-
ety and track its evolutionary history. The ancestral 
history of this begomoviral species was established 
in MEGA11, as shown in Figs.  1 and 2. The node 
number represents the bootstrap value, which was 
determined by 1000 repeats. The sequences of the 
agro-infected plants collected in this study are indi-
cated by circles. The EHA105 and GV301 strains 
were used to establish the ancestral tree. Further 
research should explore the evolutionary factors that 

lead to PaLCuGdV diversification or the possibility 
of cross-species transmission, among other suggested 
concerns.

The overall sequence pairs and average base sub-
stitutions per site are shown in Table 2. The bootstrap 
process (1000 repeats) yielded the standard error 
estimate(s) displayed in the second column. The max-
imum composite likelihood method was used for the 
analyses. For every sequence pair (pairwise deletion 
option), all uncertain locations were eliminated.

During evaluation, the relative values of instan-
taneous r were considered. To simplify, the sum of 
the r values is set to 100. For A, T/U, C, and G, the 
nucleotide frequencies are 25.83%, 30.35%, 20.80%, 
and 23.03%, respectively. A tree topology was 

Fig. 1   A phylogenetic tree was constructed in MEGA11 for new isolates and isolates previously submitted to the NCBI database. 
The ancestral history of these species was monitored after agroinoculation in N. benthamiana 
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automatically constructed for the purpose of calcu-
lating ML values. The value of −12,511.189 was the 
maximum log likelihood for this calculation. By ana-
lyzing the nucleotide frequencies in the PaLCuGdV 
sequences, it is possible to identify genomic areas 
that are both conserved and varied. Understanding 
the genetic diversity and evolutionary trends of the 
virus is improved by this investigation. These findings 
are crucial for the development of effective diagnos-
tic instruments, accurate treatments, and robust crop 

varieties. The average was determined by calculat-
ing the sequence length of each isolate (both new and 
old) together with their corresponding codon regions.

ML estimates of transition/transversion bias were 
evaluated on the basis of new and old isolates of this 
begomovirus. The bias (R) for transition/transversion 
is calculated to be 0.67. The Kimura model was used 
to estimate the substitution pattern and rates. There 
are four similar nucleotide frequencies: A = 25.00%, 
T/U = 25.00%, C = 25.00%, and G = 25.00%. To esti-
mate the ML values, an automated process was used 
to compute the tree topology. During this computa-
tion, the highest log likelihood was −12,577.046. The 
maximum likelihood estimate of the gamma param-
eter for site rates was determined via the Tamura‒Nei 
model with the addition of the + G option. The form 
parameter for the discrete gamma distribution is pre-
dicted to be 4.6069. An evolutionary rate differential 
among sites was modeled via a discrete gamma distri-
bution with 5 categories and a positive G parameter. 
The average evolutionary rates in these groups were 
0.45, 0.71, 0.93, 1.19, and 1.72 substitutions per site, 
respectively. The frequencies of the nucleotides are 
as follows: A = 25.83%, T/U = 30.35%, C = 20.80%, 
and G = 23.03%. To estimate the ML values, a tree 

Fig. 2   A sequence demarcation tool was used to investigate 
the close relationship between the old and new sequences of 
this begomovirus. The pairwise identity represents the rela-

tionship between our isolates obtained after agroinoculation 
with the infectious clone and GV301 or EHA105 in N. bentha-
miana 

Table 2   Estimation of substitutions per site during maximum 
likelihood

The probability of substitution (r) from one base (row) to 
another base (column) is represented by each entry. The esti-
mation of substitution patterns and rates was conducted via the 
Tamura‒Nei model. The italicized text indicates the rates of 
conversion substitutions, whereas the bold text indicates the 
rates of other transitional substitutions

A T/U C G

A - 9.01 6.18 8.80
T/U 7.67 - 8.91 6.84
C 7.67 13.01 - 6.84
G 9.87 9.01 6.18 -
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topology was automatically generated. The com-
puted log likelihood reached a maximum value of 
−12,495.260.

Recombination analysis performed using RDP5 
identified a total of fourteen recombination events 
among three full-length PaLCuGdV genome 
sequences. Each event was supported by at least 
four independent detection methods implemented in 
RDP5, including RDP, BootScan, MaxChi, and Chi-
maera (Table 2; Fig. 3). In this context, the major par-
ent is defined as the sequence contributing the larger 
proportion of the recombinant genome, whereas the 
minor parent represents the sequence donating the 
smaller recombinant fragment. Based on this defini-
tion, PaLCuGdV-EHA105 and PaLCuGdV WM-3 
were identified as major parental contributors, while 
PaLCuGdV WM-2 acted as the minor parental con-
tributor in specific recombinant regions. Nucleotide 
positions 1–1564 were inferred to be derived pre-
dominantly from major parents (EHA105 or WM-3), 
whereas sequence regions downstream of position 
1564 showed contribution from the minor parent 
WM-2. Color-coded representations in Fig.  3 illus-
trate the distribution of major and minor parental 

regions across the recombinant genomes. The recently 
reported isolate PaLCuGdV-EHA105 was recognized 
as a prominent recombinant across many events, with 
substantial corroboration from RDP, BootScan, Max-
Chi, and Chimaera studies. Conversely, isolates like 
PaLCuGdV-WM-2 often functioned as minor pro-
genitors, supplying abbreviated genomic segments. 
A notable recombination breakpoint was revealed at 
nucleotide position 1564, delineating regions origi-
nating from the major parent (EHA105 or WM-3) 
and the minor parent (WM-2), as reliably observed 
by multiple detection techniques. Phylogenetic analy-
sis identified the newly generated PaLCuGdV strain 
inside a robust clade of Asian PaLCuGdV isolates, 
thereby affirming its taxonomic identity. Despite 
significant overall sequence similarity, comparative 
analysis indicated considerable genetic heterogeneity 
among isolates, implying continuous diversification.

Recombination examination revealed fourteen 
notable recombination events corroborated by vari-
ous independent detection techniques. The newly 
identified isolate often served as a principal recom-
binant parent, supplying extensive genomic areas 
to recombinant sequences, while other isolates 

Fig. 3   Recombination analysis of full-length PaLCuGdV 
genomes was conducted utilizing RDP4. Only events corrobo-
rated by a minimum of four different methodologies (RDP, 
BootScan, MaxChi, Chimaera, SiScan, and/or 3Seq; p < 0.05) 
are presented. Major parents denote sequences that contrib-

ute significantly to the recombinant’s broader genomic area, 
whereas minor parents provide lesser portions. Breakpoint 
locations are marked throughout the genome, with color cod-
ing differentiating parental contributions



1309Eur J Plant Pathol (2026) 174:1301–1314	

Vol.: (0123456789)

provided smaller pieces as secondary parents. A 
significant recombination breakpoint was identified 
near nucleotide position 1564, delineating genomic 
areas with differing parental origins. These find-
ings suggest that recombination is pivotal in deter-
mining the genomic architecture of PaLCuGdV and 
may enable fast adaptation to novel hosts or envi-
ronmental conditions.

The PaLCuGdV also differentiates primary 
parents utilized to create recombinants. The data 
show microevolution in PaLCuGdV populations 
after agro-inoculation. Additionally, genetically 
recombined PaLCuGdV isolates have an ecologi-
cal advantage over their original viral forms. DNA 
viruses, which are among the most basic types of 
pathogens, are excellent model systems for study-
ing the relationships between cSSR and recombi-
nation processes. An ancestry tree revealed (Fig. 4) 
that new isolates serve as potential major recom-
binants, whereas some other isolates are potential 
minor parents. Some isolates have unknown recom-
bination events.

Discussion

This PaLCuGdV was identified in papaya and tomato 
plants across various regions of Guangdong Province, 
where it has a wide host range. The virus prevalence 
was significantly higher than that previously reported. 
A key finding of this study is the postponed emer-
gence of pathogenic symptoms after the agroinocula-
tion of the PaLCuGdV infectious clone in N. bentha-
miana. Although numerous begomoviruses, including 
Tomato yellow leaf curl virus and Cotton leaf curl 
Kokhran virus, manifest discernible symptoms within 
7–14 days post-inoculation (Raza et al., 2022), PaL-
CuGdV-infected plants displayed symptoms only 
after approximately 28  days. The prolonged asymp-
tomatic duration indicates that PaLCuGdV may 
necessitate an extended adaption phase for systemic 
dissemination and replication. Comparable delayed 
viral symptom manifestation has been observed in 
certain recombinant begomoviruses in field condi-
tions, where latent phases facilitate covert dissemina-
tion (Naveed et al., 2023). These findings collectively 
suggest that PaLCuGdV demonstrates unusually 

Fig. 4   The ancestry tree with new and old isolates of PaLCuGdV in which genetic recombinant regions were removed
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slow pathogenic progression among begomoviruses, 
potentially impacting epidemiological strategies for 
early diagnosis and illness treatment.

To develop an infectious clone of this begomo-
virus, viral RCA products were partially digested 
following protocols to validate findings from earlier 
research (Jain et  al., 2023; Vargas-Hernandez et  al., 
2022). The infectious clone was identified through 
restriction analysis, digestion, and sequencing. DNA 
and RNA were extracted from the infected upper 
leaves of N. benthamiana, and PCR/RT‒PCR con-
firmed coinfection with begomovirus. In this study, 
agroinoculation was used to evaluate the biological 
activity and stability of an infectious clone of PaL-
CuGdV, resulting in reproducible symptom devel-
opment in Nicotiana benthamiana, following the 
method described by (Hasan et  al., 2015; Manivan-
nan et al., 2019). The successful induction of disease 
symptoms confirms that the cloned viral genome 
is biologically functional and capable of systemic 
infection under experimental conditions. In contrast, 
EHA105 alone did not induce symptoms, but symp-
tom expression was restored following co-inoculation 
with GV301, indicating a dependence on compatible 
helper components for pathogenicity (Guo & Yang, 
2023; Jailani et al., 2023).

Although agroinoculation is a well-established 
technique for evaluating begomovirus infectivity, its 
application here specifically demonstrates the infec-
tivity of PaLCuGdV Guangdong and highlights dif-
ferential biological behavior among related isolates. 
This finding is consistent with previous reports show-
ing that infectious clone-based inoculation provides 
greater reliability and reproducibility than direct RCA 
or particle bombardment approaches, particularly 
when evaluating recombinant or satellite-associated 
viruses (Abdel-Salam et  al., 2024; Parmar et  al., 
2021).

The detection of PaLCuGdV in Guangdong Prov-
ince and the observation of coinfection-related effects 
further support the capacity of begomoviruses to 
engage in complex interactions with non-cognate 
viral components. While coinfection between viruses 
from distinct genera is uncommon, such interactions 
have been documented under experimental conditions 
and may contribute to viral persistence, host adapta-
tion, and evolutionary diversification (Kumari et  al., 
2024; Roumagnac et al., 2022). (Macedo et al., 2018; 
Souza et  al., 2022). The observed delayed symptom 

onset, strain-specific infectivity, and numerous 
recombination events indicate a virus that maintains 
a balance between restricted aggressiveness and sig-
nificant evolutionary potential (Baebler et al., 2020). 
These traits may promote long-term survival in mixed 
cropping systems and allow PaLCuGdV to acclimate 
to new hosts or environmental circumstances. These 
findings enhance our comprehension of PaLCuGdV 
biology and underscore the significance of infectious 
clone systems for analysing host–virus interactions 
and viral evolution in begomoviruses.

Prior studies have indicated that the majority of 
infectious clones incorporate tandem repeat con-
structs of begomovirus and geminivirus genomes to 
increase their pathogenicity. This, in turn, complicates 
the cloning procedure (Dai et al., 2022). Begomovirus 
multimeric constructs are made by carefully choosing 
and designing cloning sites and then assembling the 
viral genomic fragments with restriction endonucle-
ases (Hu et al., 2020; Zhao et al., 2022). Furthermore, 
selecting clones with tandem-repeat viral genomes 
requires careful inspection of insert quality. A novel 
method, RCA, has recently been developed to amplify 
specific DNA or betasatellite sequences in a linear 
or symmetrical manner (Fondong, 2025). The use of 
RCA facilitated the production of multimeric infec-
tious clones for many geminiviruses. Microprojector 
bombardment was used to test CoYVV and CoGMV 
pathogenicity in tobacco culture. Gum and phenolic 
substances in several agricultural plants prevent the 
mechanical transmission of yellow mosaic disease 
(Makeshkumar & Sankar, 2022; Reddy et al., 2024).

The examination of nucleotide diversity among 
the various nations indicated that there was very little 
distinction between our isolated group and those from 
other Asian countries. However, nucleotide diversity 
could not be calculated for two hosts because of the 
limited availability of sequences (Saeed et al., 2024; 
Song et al., 2021). We estimated substitution patterns 
and rates. Notably, in comparison with eukaryotes 
such as yeast and humans, the frequency of recom-
bination events between cSSR repeats and recombi-
nation is anticipated to be lower in geminiviruses. 
For example, geminiviruses have well-characterized 
gene locations and expression levels, which allows 
for correlations among transcription, recombination, 
and microsatellites. In naturally occurring ssDNA 
viral genomes, the detectable recombination break-
points are not randomly distributed. Instead, they are 
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concentrated in certain recombination hotspots or in 
recombination cold spots, with the latter occurring 
less frequently (George et  al., 2015; Mishra et  al., 
2020; Renukadevi et  al., 2024). In our study, some 
isolates were potential major recombinants, whereas 
some old isolates were minor parents. Some of them 
have unknown regions. These results are totally 
aligned with multiple previous studies.

Conclusion

In this study, an infectious clone of the recently 
identified PaLCuGdV Guangdong was successfully 
constructed and evaluated through agroinoculation 
in Nicotiana benthamiana. The PaLCuGdV clone 
induced visible disease symptoms under the experi-
mental conditions employed, whereas the EHA105 
clone did not produce detectable symptoms when 
inoculated alone. However, symptom development 
was observed following co-inoculation of EHA105 
with GV301, indicating a dependence on a compat-
ible helper virus. Because symptom development was 
assessed qualitatively and experiments were restricted 
to a single host species, conclusions regarding patho-
genicity strength or broader host interactions cannot 
be quantitatively inferred. Nevertheless, these find-
ings suggest that begomoviruses from distinct geo-
graphical regions may interact with non-cognate 
betasatellites and alphasatellite, although such inter-
actions appear to be biologically constrained. Con-
sistent with previous studies, frequent recombination 
events were detected, and the non-random distri-
bution of recombination breakpoints indicates the 
combined influence of selective and mechanistic pro-
cesses in begomovirus evolution.
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