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Abstract
The replication-associated (Rep) proteins of pathogenic begomoviruses, including cotton leaf curl Multan virus (CLCuMuV) 
and pedilanthus leaf curl virus (PeLCV), interact with the DNA replication machinery of their eukaryotic hosts. The analysis 
of Rep protein sequences showed that there is 13–28% sequence variation among CLCuMuV and PeLCV isolates, with 
phylogenetic clusters that can separated at least in part based on the country of origin of the respective viruses. To identify 
specific host factors involved in the virus replication cycle, we conducted yeast two-hybrid assays to detect possible interac-
tions between the CLCuMuV and PeLCV Rep proteins and 30 protein components of the Saccharomyces cerevisiae DNA 
replication machinery. This showed that the proliferating cell nuclear antigen (PCNA) protein of S. cerevisiae interacts with 
Rep proteins from both CLCuMuV and PeLCV. We used the yeast PCNA sequence in BLAST comparisons to identify two 
PCNA orthologs each in Gossypium hirsutum (cotton), Arabidopsis thaliana (Arabidopsis), and Nicotiana benthamiana 
(tobacco). Sequence comparisons showed 38–40% identity between the yeast and plant PCNA proteins, and > 91% identity 
among the plant PCNA proteins, which clustered together in one phylogenetic group. The expression of the six plant PCNA 
proteins in the yeast two-hybrid system confirmed interactions with the CLCuMuV and PeLCV Rep proteins. Our results 
demonstrate that the interaction of begomovirus Rep proteins with eukaryotic PCNA proteins is strongly conserved, despite 
significant evolutionary variation in the protein sequences of both of the interacting partners.
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Introduction

Cotton leaf curl Multan virus (CLCuMuV), a Begomovi-
rus species in the Geminiviridae family, was a major virus 
associated with the first epidemic of cotton leaf curl disease 
(CLCuD) in Pakistan (1988–1999) and still is a component 
of this disease complex (Datta et al. 2017; Zubair et al. 
2017). CLCuMuV was also a donor parent for the evolution 
of a recombinant virus, cotton leaf curl Kokhran virus-Bure-
wala strain (CLCuKoV-Bur) that was primarily involved in 
the second leaf curl disease epidemic in Pakistan and India 
(2002–2014) (Amrao et al. 2010a, b; Kumar et al. 2010). 
On the other hand, pedilanthus leaf curl virus (PeLCV) is 
an emerging Begomovirus that infects several plant species 
including weeds, vegetables, and ornamental plant species 
in Pakistan and India (Ilyas 2010; Ismail et al. 2017; Shakir 
et al. 2018; Tahir et al. 2009; Zaidi et al. 2016).
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Begomoviruses, the most abundant viruses in the fam-
ily Geminiviridae, have single stranded (ss) DNA genomes 
and replicate in the nuclei of infected plant cells by recom-
bination-mediated and rolling circle replication (Saunders 
et al. 1991; Stenger et al. 1991). As these viruses have a 
small, ~ 2.8 kb genome with limited coding capacity, they do 
not encode any DNA polymerases and are largely dependent 
on the host DNA replication machinery to drive their rep-
lication. However, begomoviruses express two replication-
associated proteins. One of these is the replication-associ-
ated (Rep) protein that initiates the replication process by 
site-specific cleavage at a conserved nonamer (TAA TAT 
TAC) in the viral replication origin, and then rejoins the 
nascent DNA. The other protein is the replication enhancer 
protein (REn), which promotes the replication process and 
viral DNA accumulation (Hanley-Bowdoin et al. 2000; Sett-
lage et al. 2005).

Several studies have demonstrated that Begomovirus Rep 
and REn proteins interact with host proteins. For example, 
Indian mung bean yellow mosaic virus (IMYMV) Rep and 
tomato leaf curl virus (TYLCV) Rep and REn proteins inter-
act with plant proliferating cell nuclear antigen (PCNA) 
(Bagewadi et al. 2004; Castillo et al. 2003). Proliferating cell 
nuclear antigen is an integral component of DNA replisome, 
acting as sliding clamp during DNA synthesis (Maga and 
Hübscher 2003). The mung bean yellow mosaic India virus 
(MYMIV) Rep protein interacts with RAD51 and RAD54, 
which are recombinational repair proteins that work in con-
junction to each other and other host factors (Petukhova et al. 
1999). Tomato golden mosaic virus (TGMV) Rep interacts 
with retinoblastoma protein (RBR), mitotic kinesin, histone 
H3, and Ser/Thr kinase of Nicotiana benthamiana to alter 
the cell cycle in nondividing host cells (Kong and Hanley-
Bowdoin 2002; Kong et al. 2000). However, begomoviruses 
that are abundantly found in the Indian subcontinent are 
unexplored in terms of their interaction with host factors.

The molecular interactions of agriculturally important 
viruses in Pakistan and India with proteins in their host 
plants were a missing link in begomoviruses research. To 
address this issue, we used yeast two-hybrid assays to iden-
tify interactions of CLCuMuV and PeLCV Rep proteins 
with eukaryotic proteins. Our experiments exploited the 
replication machinery of the eukaryotic model organism, 
Saccharomyces cerevisiae (yeast), which consists of only 
thirty proteins, thereby avoiding the gene redundancy prob-
lems that are inherent in plant systems. Our identification 
of PCNA as a Rep-interacting protein was generalized in 
follow-up experiments using PCNA homologs from three 
plant species.

Materials and methods

Microorganisms, plasmids and general methods

Manipulation of S. cerevisiae and Escherichia coli nucleic 
acids was done using standard molecular methods (Sam-
brook et al. 1989). Escherichia coli strain Top10 was used 
for subcloning. Gateway compatible two-hybrid plasmids 
pGADT7-GW and pGBKT7-GW (Clontech, https ://www.
clont ech.com) were used to prepare prey and bait con-
structs, respectively, for yeast two-hybrid assays.

Saccharomyces cerevisiae strain, AH109 (MATa, trp1-
901, leu2-3, 112, ura3-52, his3-200, gal4∆, gal80Δ, LYS2:: 
GAL1 UAS—GAL1TATA  -HIS3, GAL2UAS- GAL2TATA -ADE2, 
URA3:: MEL1UAS- MEL1TATA -lacZ), a derivative of strain 
PJ69-2A that contains ADE2 and HIS3 markers (James et al. 
1996), was used in the yeast two-hybrid experiment.

Amplification and cloning of replication‑associated 
genes from S. cerevisiae

Thirty genes have been reported to be involved in S. cerevi-
siae DNA replication (Fragkos et al. 2015) (Supplementary 
Table S1). Based on the available sequences at the Saccha-
romyces genome database (SGD; https ://www.yeast genom 
e.org), specific primers for all thirty genes were designed 
using the online tool, Primer3 (Untergasser et al. 2012). 
Primer sequences are listed in Supplementary Table S2. 
Candidate genes for the prey library were amplified with 
high fidelity Phusion (pfu) polymerase using S. cerevisiae 
DNA as the template and processed for Gateway recom-
bination-based cloning in pGADT7-GW, as described by 
the manufacturer (New England Biolabs). All of the cloned 
genes were confirmed by restriction digestion using BglII 
and XhoI, PCR using T7 promoter forward and gene-specific 
reverse primers, and DNA sequencing to verify the absence 
of any mutations. To prepare the bait constructs, coding 
regions of PeLCV-Rep and CLCuMuV-Rep proteins were 
amplified from the full-length PeLCV clone (Accession no: 
MF135486) and the full-length CLCuMuV clone (Acces-
sion no: EU365616), respectively, and were cloned in the 
pGBKT7-GW plasmid vector. As a positive control in the 
yeast two-hybrid assay, replication enhancer protein (REn) 
was amplified from the CLCuMuV clone (Accession no: 
EU365616) and cloned in both pGADT7-GW and pGBKT7-
GW plasmids. All of the cloned genes were confirmed by 
PCR using T7 promoter forward and gene-specific reverse 
primers, followed by sequencing to verify the absence of 
any mutations. Correct reading frames and intact amino acid 
sequences were confirmed using BLAST and alignment with 
the respective reference genome.

https://www.clontech.com
https://www.clontech.com
https://www.yeastgenome.org
https://www.yeastgenome.org
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Amplification and cloning of cotton, tobacco, 
and Arabidopsis PCNA cDNAs

Primers for Gossypium hirsutum PCNAs (GhPCNA1 and 
GhPCNA2) and Nicotiana benthamiana PCNAs (NbPCNA1 
and NbPCNA2) were designed based on reference genomes 
available at Cottongen (https ://www.cotto ngen.org) and the 
Solanaceae Genomics Network (https ://www.solge nomic 
s.net), respectively. Total RNA was isolated from G. hir-
sutum and N. benthamiana plants grown in a greenhouse 
at 28–30 °C, using the SV total RNA isolation kit (Pro-
mega). Single-stranded cDNA was synthesized using a 
first strand cDNA-synthesis kit (SMART-MMLV Reverse 
Transcriptase-Clontech). Amplification of GhPCNA1 and 
GhPCNA2 was performed with primers CotAD-37582 and 
CotAD-04662, respectively (Supplementary Table  S2). 
Tobacco PCNA1 and PCNA2 cDNAs were amplified from 
synthesized cDNA using pfu polymerase, using prim-
ers Nben-14 and Nben-8, respectively (Supplementary 
Table S2), cloned in a Gateway-compatible two-hybrid 
plasmid (pGADT7-GW), and confirmed by PCR, restric-
tion digestion, and Sanger sequencing. Arabidopsis cDNA 
clones for PCNA1 and PCNA2 (AtPCNAs) were purchased 
from ABRC/TAIR (https ://www.arabi dopsi s.org) and cloned 
in pGADT7-GW using the Gateway cloning system (New 
England Biolabs).

Sequence and phylogenetic analysis of Arabidopsis, 
cotton, tobacco and yeast PCNAs

The Lasergene (V.8) package (DNASTAR, Madison, Wis-
consin) was used to assemble and analyze DNA sequences. 
The sequences obtained here were compared with the ref-
erence genomes of each host, which are available in Gen-
Bank. Amino acid sequences of PCNA from G. hirsutum, A. 
thaliana, and N. tabacum, as well as other begomoviruses-
susceptible plant species whose genomes are available in the 
GenBank, were aligned using MUSCLE alignment in the 
Sequence Demarcation Tool (SDT) (Muhire et al. 2014), and 
identity scores were calculated. Furthermore, PCNA cDNA 
sequences were aligned using MEGA6 (Tamura et al. 2013) 
by applying the CLUSTAL-W algorithm (Edgar 2004) and 
a neighbor joining phylogenetic tree was constructed with 
1000 bootstrap replication values.

Diversity and molecular phylogeny 
of replication‑associated protein of CLCuMuV 
and PeLCV

To investigate the diversity of CLCuMuV and PeLCV Rep, 
we used the amino acid sequences of Rep protein from two 
virus isolates used here, along with the selected isolates avail-
able in the National Center for Biotechnology Information 

(NCBI) database. All selected Rep sequences were aligned 
using the MUSCLE algorithm in SDT (Muhire et al. 2014) 
and pairwise identity percentages were calculated. The Rep 
phylogenetic tree was constructed using the neighbor-joining 
method based on a CLUSTAL-W alignment (Edgar 2004) in 
MEGA6 (Tamura et al. 2013).

Yeast two‑hybrid assay

The Gateway compatible yeast two-hybrid plasmids, pGBKT7-
GW and pGADT7-GW (https ://www.clont ech.com) were used 
to express the bait and prey proteins, respectively. Replica-
tion-associated proteins of two begomoviruses (CLCuMuV 
and PeLCV) were used as bait in this study. Self-interaction 
of CLCuMuV REn protein (AC3 × AC3), as reported previ-
ously (Settlage et al. 2001), was used as the positive control. 
Empty plasmids (pGADT7-GW × pGBKT7-GW) were used 
as the negative control in the initial yeast two-hybrid assay. In 
the subsequent experiments, yeast DNA Primase (YIR008C, 
PRI1) protein was used as a negative control against CLCu-
MuV-Rep protein.

For the yeast two-hybrid screening, bait proteins were 
first checked for autoactivation by transformation into yeast 
using PEG/LiAc/ss carrier DNA method (Gietz and Woods 
2006). After observing no autoactivation in the yeast two-
hybrid assay, we used the bait plasmids for co-transformation 
with individual prey plasmids from S. cerevisiae replica-
tion machinery using the same PEG/LiAc/ss carrier DNA 
method. Transformants were first plated onto low stringency 
yeast synthetic dropout medium (SD)  Leu−,  Trp− to recover 
the transformed cells with prey and bait plasmids. Transfor-
mants were then allowed to grow at 28 °C for 3 days, diluted in 
10 µl of  dH2O, streaked to low stringency SD medium/Leu−, 
 Trp− media, and incubated at 28 °C for 3 days. Colonies were 
then streaked on SD medium/Leu−,  Trp− media supplemented 
with X-α-gal and incubated again at 28 °C for 3 days. Colo-
nies were further streaked on high stringency SD medium/
Trp−,  Leu−,  His− supplemented with 2 mM 3-amino-1,2, 4 
triazole (3AT) and X-α-gal (Bartel et al. 1993) to prevent the 
appearance of false positives. Plates were incubated at 28 °C 
for 3–7 days for yeast growth. Plant orthologs of PCNA were 
co-transformed with CLCuMuV and PeLCV Rep individually 
in yeast cells and screened on high stringency SD medium, 
 Trp−,  Leu−,  His− supplemented with 2 mM of 3AT and X-α-
gal, using the method described above.

https://www.cottongen.org
https://www.solgenomics.net
https://www.solgenomics.net
https://www.arabidopsis.org
https://www.clontech.com
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Results

Diversity and molecular phylogeny 
of replication‑associated proteins (Rep) 
of begomoviruses

Begomoviruses, which have compromised proofreading 
activity because of their single-stranded DNA genome 

organization, exhibit a high mutation frequency and a 
fast evolutionary rate. Based on the calculations of pair-
wise percent identity, we found great diversity within 
and among Rep proteins from different CLCuMuV and 
PeLCV isolates. CLCuMuV-Rep is quite different from 
PeLCV-Rep, sharing only 72–87% sequence identity at 
the protein level. Thus, our phylogenetic analysis sepa-
rates CLCuMuV-Rep (group a) from PeLCV-Rep (group 
b) proteins (Fig. 1). The PeLCV Rep protein that was 

Fig. 1  Phylogenetic analysis for PeLCV-Rep and CLCuMuV-Rep. 
A neighbor-joining phylogenetic tree of replication-associated (Rep) 
proteins of cotton leaf curl Multan virus (CLCuMuV) and pedilan-
thus leaf curl virus (PeLCV) was generated in Mega6 (Tamura et al. 
2013) based on a CLUSTAL-W alignment using the CLCuMuV and 
PeLCV Rep isolates from this study and all related sequences avail-
able in GenBank. Isolates of CLCuMuV-Rep (group a) segregate 
separately into different clade than PeLCV-Rep isolates (group b), 
indicative of the high level of amino acid sequence variation (13–
28%). Moreover, sequence variation also exists within PeLCV-Rep 
and CLCuMuV-Rep isolates based on the specific strain and country 

of origin. Rep sequences of PeLCV isolates segregated into two clear 
clusters based on their origins in Pakistan and India, respectively. 
Similarly, CLCuMuV segregated into five clusters based on the strain 
and country of origin. Different clusters have been named according 
to their strains or country of origin and are compressed for better rep-
resentation. Rep sequences of PeLCV and CLCuMuV that were used 
as bait plasmids in this study are marked with italic letters. The Rep 
protein of tomato mottle virus (ToMoV) was taken as outgroup. A 
number at each node represent the percentage of 1000 bootstrap rep-
lication values
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used here (amplified from a full-length clone of accession 
MF135486), shares 91–99% sequence identity with other 
PeLCV isolates from Pakistan and India, thus constituting 
a monophyletic group in the analysis.

The Rep protein sequences of the two viruses can be fur-
ther divided into subclades that are separated based on the 
strains and their geographic origins. The PeLCV-Rep group 
segregated into two clades, with Rep proteins clustering 
together according to their origins from Pakistan or India, 
with the exception of two isolates, PeLCV [IN:ND:Car:16] 
KX168427-Rep and PeLCV [PK:Mul:06] AM712436-Rep, 
that constituted a third cluster. Similarly, CLCuMuV-Rep 
segregated into six clusters, mainly according to the strain 
and country of origin: Cluster I represents the isolates that 
belong to Faisalabad strain of CLCuMuV reported from 
China, India and Pakistan; Cluster II represents the isolates 
of the Darwinii strain of CLCuMuV, which was reported 
from Pakistan and India; Cluster III consists of Pakistani and 
Indian isolates of the Hisar strain of CLCuMuV; Cluster IV 
represents CLCuMuV isolates reported only from India and 
belongs to the hibiscus viral group; Cluster V represents the 
Pakistan strain of CLCuMuV isolates reported from either 
Pakistan or India; and Cluster VI represents the Rajasthan 
stain of CLCuMuV, isolated from Pakistan and India. All of 
the Rep protein sequences used to construct the phylogenetic 
tree have been provided in Supplementary File S1. Rep pro-
tein alignments from representative strains of CLCuMuV 
and PeLCV are presented in Supplementary Fig. S1.

Replication‑associated proteins (Rep) of CLCuMuV 
and PeLCV show significant interaction with S. 
cerevisiae PCNA protein

The DNA replication machinery of S. cerevisiae, which con-
sists of only 30 essential proteins (Fragkos et al. 2015) (Sup-
plementary Table S1), was used to identify cellular proteins 
involved in Begomovirus replication. To screen the potential 
candidates, we cloned the thirty S. cerevisiae replication-
associated genes into a two-hybrid plasmid, pGADT7-GW, 
which has a GAL4 activation domain. All cloned constructs 
were confirmed to have intact open reading frames by 
DNA sequencing. BLAST comparisons to the S. cerevisiae 
genome database (https ://www.yeast genom e.org/) showed 
99–100% identity with the reference genome. We selected 
genes encoding CLCuMuV (Accession MF135486) and 
PeLCV (Accession EU365616) Rep proteins as bait, fusing 
them to the GAL4 binding domain in the two-hybrid plasmid 
pGBKT7-GW. BLAST DNA sequence analysis of the bait 
constructs, PeLCV-Rep and CLCuMuV-Rep, showed 100% 
sequence identity with their respective viral clones.

In yeast two-hybrid assays, S. cerevisiae replication-
associated genes were screened as prey, with CLCuMuV 
and PeLCV Rep proteins as bait. Positive colonies on low 

stringency SD medium were further screened for expression 
of two reporter genes, His3 and beta galactosidase on high 
stringency SD medium (Leu-/Trp-/His-) supplemented with 
2 mM 3-Amino-1,2,4-triazole (3-AT) and X-α-gal. 3-AT is a 
competitive inhibitor of imidazole glycerol-phosphate dehy-
dratase (HIS3), https ://www.en.wikip edia.org/wiki/Imida 
zoleg lycer ol-phosp hate_dehyd ratas e and high affinity bind-
ing between two candidate prey and bait proteins allows the 
expression of HIS3 reporter gene from the plasmid, resulting 
in yeast growth on minimal medium containing 2 mM 3-AT. 
This shows true interactions between candidate proteins in 
the yeast two-hybrid system.

One out of the sixty prey-bait combinations, only 
YBR088C, the cell nuclear antigen of S. cerevisiae 
(ScPCNA), allowed growth on medium stringent SD 
medium  (Leu−/Trp−), along with the positive control 
(Fig. 2a–c). Interaction of ScPCNA with the Rep proteins of 
both CLCuMuV and PeLCV was confirmed by sequencing, 
re-transformation in yeast, and selection on high stringency 
SD medium (Fig. 2d–g).

Molecular phylogeny of PCNA from S. cerevisiae 
and selected plant hosts

Based on BLAST searches in GenBank, we identified two 
PCNA proteins each in N. benthamiana, G. hirsutum, and 
A. thaliana genomes. These plant proteins shared 38–40% 
amino acid sequence identity with the 258-amino acid S. 
cerevisiae PCNA (ScPCNA) (Table 1, Supplementary Fig. 
S2), thus making the S. cerevisiae protein a separate branch 
radiating from the plant PCNA clade in the phylogenetic tree 
(Fig. 3). The NbPCNA1 and NbPCNA2 proteins contain 
264 amino acids each, the GhPCNA1 and GhPCNA2 pro-
teins are comprised of 266 amino acids, and the AtPCNA1 
and AtPCNA2 proteins have 263 and 264 amino acids, 
respectively. All PCNA orthologs from begomoviruses-
susceptible plant hosts studied here, as well as other bego-
moviruses-susceptible plants whose genomes are available 
in the GenBank, shared 91–99% sequence identity with one 
another and thus constitute a monophyletic group (Fig. 3). 
All sequences that were used to construct the phylogeny are 
listed in fasta format in Supplementary File S2. The nucleo-
tide sequences of all PCNA clones that were used in this 
study are available in the NCBI database under the accession 
numbers MK424839-MK424845.

CLCuMuV and PeLCV Rep proteins interact 
with different plant PCNAs

As CLCuMuV and PeLCV do not infect S. cerevisiae, we 
determined whether the Rep proteins interact with PCNA 
from G. hirsutum, an agriculturally relevant host of CLCu-
MuV, as well as N. benthamiana and A. thaliana, which 

https://www.yeastgenome.org/
https://www.en.wikipedia.org/wiki/Imidazoleglycerol-phosphate_dehydratase
https://www.en.wikipedia.org/wiki/Imidazoleglycerol-phosphate_dehydratase
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are commonly used for begomoviruses studies in laboratory 
settings. cDNA sequences from G. hirsutum (GhPCNA1 and 
GhPCNA2), N. benthamiana (NbPCNA1 and NbPCNA2) 
and A. thaliana (AtPCNA1 and AtPCNA2) were amplified 
and cloned. DNA sequencing showed 100% identity with 
reference genomes of the respective species. We performed 
yeast two-hybrid assays with each bait plasmid, CLCu-
MuV-Rep and PeLCV-Rep, co-transformed separately with 
GhPCNA1, GhPCNA2, NbPCNA1, NbPCNA2, AtPCNA1, 
AtPCNA2. This demonstrated that both viral Rep proteins 
interact with each of the six plant PCNA proteins in the yeast 
two-hybrid system (Fig. 4).

Discussion

As the small genomes of begomoviruses do not allow them 
to encode their own DNA polymerases and other accessary 
factors for DNA replication, they are largely dependent on 

the host cellular machinery for their replication. Begomo-
viruses infect terminally differentiated plant cells (Nagar 
et al. 1995) that have exited the cell division cycle and are 
left with little or none of the machinery required for DNA 
replication. Therefore, the viruses reprogram the plant cell 
cycle through interaction of the viral Rep protein with plant 
PCNA, thereby releasing the E2F transcription factor to 
revert plant cells from resting G0 phase to dividing S phase. 
As a result, begomoviruses are able to replicate in mature 
plant cells (Egelkrout et al. 2001, 2002). It has been reported 
that Rep proteins of tomato yellow leaf curl Sardinia virus 
(TYLCSV) and Indian mung bean yellow mosaic virus 
(IMYMV) interact with tomato and pea nuclear PCNA, 
respectively (Bagewadi et al. 2004; Castillo et al. 2003). Rep 
also interacts with 32 kDa subunit of plant replication pro-
tein A, which binds to ssDNA, and the larger subunit of rep-
lication factor C, which loads PCNA onto DNA (Luque et al. 
2002; Singh et al. 2007). Geminivirus dsDNA forms 11–12 
nucleosome-based minichromosomes; thereby, benefiting 

Fig. 2  CLCuMuV and PeLCV Rep interact with yeast YBR088C 
(PCNA) in a yeast two-hybrid system. a Sector diagram illustrat-
ing the combinations used against CLCuMuV-Rep in the yeast 
two-hybrid system. b AH109 yeast cells transformed with the com-
binations described in panel A were recovered on synthetic drop-
out (SD)  Leu−/Trp− media. c Growth of transformed yeast cells on 
high stringency SD medium  (Leu−/Trp−/His−), where interaction of 
CLCuMuV-AC1, with YBR088/POL30 (E6) and CLCuMuV REn 
self-interaction as positive control (F1) can be observed in panel 
B. F2 is the negative control, where empty plasmids pGADT7 and 
pGBKT7) were co-transformed. Interaction of CLCuMuV-Rep 

and PeLCV-Rep with yeast PCNA was confirmed by growing yeast 
cells on low stringency SD  Leu−/Trp− media (e), medium stringency 
SD  Leu−/Trp− + X-α-gal media (f) and high stringency SD  Leu−/
Trp−His− + X-α-gal media supplemented with 2  mM 3-amino-1,2, 
4-triazole (3-AT) (g) after transformation with the construct combi-
nation described in d. Growth of yeast in the form of blue colored 
colonies in the presence of X-α-gal in f, g indicates protein − protein 
interactions, whereas yeast growth in the form orange colonies in the 
presence of X-α-gal (f) and no growth on high stringency medium (g) 
represent negative controls with no interaction
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from Rep interaction with the host minichromosome main-
tenance protein 2 (Suyal et al. 2013). However, the exact 
mechanism of these interactions is unknown.

Begomoviruses encode two replication-associated pro-
teins, Rep and REn, which are not DNA polymerases, but 
interact with plant host proteins to drive viral replication 
(Bagewadi et al. 2004; Settlage et al. 2001). Although both 
PeLCV and CLCuMuV are abundant begomoviruses in 
Pakistan, their dependence on the interaction of Rep with 
host proteins was largely unexplored. Protein sequence and 
phylogenetic analysis of Rep proteins from CLCuMuV and 
PeLCV showed great diversity, with 13–28% differences in 
the amino acid sequences. This level of variation allowed 
the differentiation of two branches in the phylogenetic tree 
according to the full-length virus stains and country from 
which they were isolated (Fig. 1).

We used the yeast two-hybrid system to demonstrate that 
one of the thirty yeast candidate proteins, PCNA, interacts 
with the replication-associated protein of CLCuMuV and 
PeLCV. The high level of functional conservation among 
PCNA proteins from different species likely explains the 
yeast PCNA interaction with CLCuMuV and PeLCV Rep 
protein in the yeast two-hybrid system. Consistent with the 
observed Rep interactions, our sequence analysis of PCNA 
from yeast and plants shows that this protein is highly con-
served. Previous studies with human PCNA showed that 
it can complement the function of Schizosaccharomyces Ta
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Fig. 3  Molecular phylogeny of proliferating cell nuclear antigen 
(PCNAs). A neighbor-joining phylogenetic tree of PCNA pro-
teins was constructed in Mega6 (Tamura et  al. 2013) based on a 
CLUSTAL-W alignment of selected PCNA sequences from yeast, 
begomovirus-susceptible plants used in this study, and related plant 
species. The PCNA proteins from different plant species have high 
protein sequence identity (91–99%) and constitute a monophyletic 
clade. In contrast, due to a lower level of protein sequence iden-
tity (38–40%) with plant PCNAs, PCNA from yeast is in a separate 
branch radiating from plant clade. PCNA sequences that were cloned 
in prey plasmids for yeast two-hybrid analysis are marked with italic 
letters. The PCNA protein from an Archaea, Thermococcus fumicol-
ans was used as an outgroup to validate the tree. Numbers at each 
node represent the percentage of 1000 bootstrap replication values
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pombe PCNA (Waseem et al. 1992). Another report, which 
showed that African cassava mosaic virus (ACMV) Rep 
induced re-replication in S. pombe (Kittelmann et al. 2009) 
by interacting with PCNA, is also consistent with a high 
level of functional conservation.

In the follow-up experiments, we used plant homologs 
to generalize the yeast PCNA interaction with virus Rep 
proteins. For one of the plant proteins, we choose cotton 
because it is the third most important crop in the world 
and CLCuMuV is one of the most pathogenic and preva-
lent begomoviruses in Asia (Zubair et al. 2017; Datta et al. 
2017). The other two plants, A. thaliana and N. tabacum, 

were chosen because they are important models for bego-
movirus research in the laboratory. Further studies will be 
needed to determine the specific protein domains that are 
responsible for interactions between virus Rep and plant 
PCNA proteins.

As Rep interaction with PCNA already has been studied 
in detail for some other begomoviruses (Bagewadi et al. 
2004; Castillo et al. 2003; Luque et al. 2002), we can pro-
pose the same role for G. hirsutum PCNA in CLCuMuV 
replication during infection of cotton plants. Rolling circle 
replication is initiated by begomoviruses Rep following its 
site-specific nicking/closing and ATPase activity, but both 

Fig. 4  Interaction of cotton, Arabidopsis, and tobacco PCNA 
orthologs with CLCuMuV and PeLCV Rep in a yeast two-hybrid 
system. a Illustrates the combinations of constructs transformed 
in yeast strain AH109C for cotton PCNAs. b–d AH109 yeast cells 
transformed with a combination of constructs (as described in panel 
a) grown on synthetic dropout (SD)  Leu−/Trp− medium (low strin-
gency), low stringency SD medium supplemented X-α-gal (medium 
stringency) and SD  Leu−/Trp−/His− medium supplemented with 
2 mM 3-amino-1,2, 4-triazole (3-AT) and X-α-gal (high stringency), 
respectively. e describes the combinations of constructs transformed 
in yeast for Arabidopsis PCNAs. f–h Yeast cells transformed with the 

construct combinations (as described in e) grown on low, medium, 
and high stringency SD medium, respectively. i Illustrates the com-
binations of constructs transformed in yeast for tobacco PCNAs. j–l 
show the interaction verification by growing transformed yeast cells 
with the construct’s combinations (as described in i) grown on low, 
medium, and high stringency medium, respectively. The growth of 
yeast in the form of blue colonies on medium and high stringency 
medium indicates protein–protein interactions, whereas orange colo-
nies on medium stringency medium containing X-α-gal (c, g, k) and 
no growth on high stringency medium (d, h, l) represent negative 
controls with no interaction
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abilities get lost upon Rep interaction with PCNA, thereby 
limiting the copy number of virus DNA in the infected 
cell. This loss is overcome by begomoviruses Rep inter-
action with another host factor, RFC (Luque et al. 2002), 
that helps to move PCNA away from Rep to the 3′ end of 
the replication fork. In this way, Rep is released to perform 
its ATPase and nicking-closing activity at the origin of 
replication, which is necessary for rolling circle replica-
tion. RFC later moves PCNA to the 3′OH end of the nicked 
DNA at the replication fork, where it acts as a primer for 
begomoviruses replication and strand synthesis by DNA 
polymerases.

In conclusion, we explored the use of yeast for inves-
tigating begomovirus—host interactions and show that 
yeast PCNA protein has a conserved structure that allows 
interaction with begomovirus Rep protein in a yeast 
two-hybrid system. The virus Rep interaction with yeast 
PCNA offered a good model system for studying the role 
of PCNA in virus replication in more detail. Furthermore, 
this system can be used to study the interaction and func-
tional characterization of other host factors involved in 
the virus infection process. For instance, cyclin-dependent 
kinases (CDKs) are important regulators of cell cycle and 
signal transduction, and a growing body of evidence sug-
gests the interaction of such kinases with multiple gemi-
niviruses proteins (Garnelo Gómez et al. 2019; Mei et al. 
2018; Shen et al. 2012). Yeast, due to the simplicity of its 
genome, offers a good system for elucidating the molecular 
mechanisms of such host–pathogen interactions.

Our study not only confirmed the previous findings 
of Rep interaction with Arabidopsis and tobacco PCNA 
but also presented the role of cotton PCNA in CLCuMuV 
replication, which opens another field of research for the 
scientific community. In further experiments, it will be 
interesting to determine how this Rep-PCNA interaction 
affects the replication of virus and host chromosomes. One 
hypothesis is that Rep interaction with PCNA will prevent 
its interaction with other cellular proteins such as p57, p21 
and cyclin D; thereby, regulating the chromosomal replica-
tion and cell-cycle progression.
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