
ORIGINAL ARTICLE

Multifunctional roles of geminivirus encoded replication initiator
protein

Rajrani Ruhel1 • Supriya Chakraborty1

Received: 5 December 2017 / Accepted: 28 May 2018 / Published online: 9 June 2018

� Indian Virological Society 2018

Abstract Geminivirus infection has been a threat to cul-

tivation worldwide by causing huge losses to the crop. The

single-stranded DNA genome of a geminivirus possesses a

limited coding potential and many of the open reading

frames (ORFs) are overlapping. Out of 5–7 ORFs that a

geminivirus genome codes for, the AC1 ORF encodes for

the replication initiator protein (Rep) which is involved in

the replication of virus within the infected plant cell. Rep is

the only viral protein absolutely required for the in planta

viral replication. Across different genera of the Gemi-

niviridae family, the AC1 ORF exhibits a high degree of

sequence conservation thus it has been used as an effective

target for developing broad spectrum resistance against the

invading geminiviruses. This multifunctional protein is

required for initiation, elongation as well as termination of

the viral replication process. Rep is also involved in

stimulation of viral transcription. In addition, it also func-

tions as suppressor of gene silencing and is involved in the

process of transcription by regulating the expression of

certain viral genes. Rep protein also interacts with few viral

proteins such as coat protein, replication enhancer protein

and with several host factors involved in different path-

ways and processes for its replication and efficient infec-

tion. This review will summarise our current understanding

about the role of this early viral protein in viral propagation

as well as in establishment of pathogenesis in a permissive

host.
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Introduction

Geminiviridae forms the largest family of the plant-in-

fecting viruses. It has been classified into seven genera

based on the insect vector used for their transmission, their

host range and their genome organization [2, 77]. The

geminiviruses are known to cause disease on a wide range

of hosts infecting mostly dicotyledonous plants and are

responsible for a large amount of economic damage to

many important crops such as chilli, tomatoes, beans,

squash, cassava, okra, cotton etc. [15–17, 38–40, 69, 70].

One of the contributing reasons for increase in the inci-

dence and epidemics of geminivirus infection includes

recombination among different geminiviruses co-infecting

a host plant. This ultimately leads to development of more

virulent virus.

Their genome contains either one or two DNA mole-

cules. It contains DNA-A molecule which encodes for two

(AV1 and AV2) and four ORFs (AC1, AC2, AC3 and

AC4) from the virion sense and the complementary-sense

strand, respectively. AV1 and AV2 ORFs code for the

capsid protein or coat protein (CP) and the pre-coat protein,

respectively, while AC1, AC2 and AC3 functions as

replication initiator protein (Rep), the transcription acti-

vator protein (TrAP) and the replication enhancer protein

(REn), respectively. The AC4 encoded protein is required

for symptom production. The DNA-B molecule codes for

the BC1 and BV1 ORFs which function as movement

protein (MP) and nuclear shuttle protein (NSP),

respectively.
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Rep is a multifunctional protein as is evident from the

presence of various motifs in the protein (Fig. 1) and its

ability to interact with various host factors [63]. It binds to

DNA in a site specific manner at the iterons present in the

intergenic region (IR). Thereafter it initiates viral replica-

tion by creating a nick at the conserved nonanucleotide

sequence. It also possesses ligase and ATP-dependent

topoisomerase I activity [42, 55]. The Rep protein exhibits

ATPase and helicase activities [20, 21, 24, 28].

Rep and geminivirus replication

Geminivirus replication occurs within the nuclei of the

infected plant cells through dsDNA intermediates via

rolling circle mode of replication (RCR) [43]. However,

characterization of various DNA intermediates produced

during replication indicates that geminivirus multiplication

adopts recombination dependent mode of replication

(RDR) as well [33]. Geminivirus infection leads to modi-

fied expression level of a number of plant genes, many of

which regulate biological processes like cell cycle,

nucleotide metabolism, DNA repair and recombination [5].

Viral infection induces/activates the host DNA synthesis

machinery such by upregulating of genes required during

S/G2 phase while downregulating genes associated with

M/G1 phase. Rep protein interacts and inhibits

retinoblastoma-related protein (RBR), further disrupting

E2F-RBR binding [25, 29, 36]. This leads to activation of

the expression of DNA polymerases and other replication

related host factors which are regulated by E2F transcrip-

tion factor.

Geminivirus Rep is a highly conserved protein. It shared

no similarity with known polymerases but instead, exhib-

ited noteworthy similarity with the replication initiator

proteins (Rep proteins) of eubacterial plasmids. It contains

three conserved motifs namely motifs I, II and III at their

N-termini [37]. These motifs are needed in initiation as

well as termination of DNA synthesis during RCR. The

Rep protein acts as a site- and strand- specific endonuclease

[42]. Motif I (FLTY) and motif II (HLH) are required for

dsDNA binding and metal-binding, respectively while the

hydroxyl group of the Y (tyrosine) residue of motif III

forms a covalent bond with the 50-PO4 of the cleaved DNA

strand [37, 42]. Thus motif III (YxxKD/E) forms the cat-

alytic site for endonuclease activity.

For rolling-circle replication, Rep binds in the common

region (CR) in sequence specific manner. The commence

of the viral replication is mediated by the Rep protein via

introducing a nick within the highly conserved nonanu-

cleotide sequence 50TAATATTAC30 present in the plus

strand [42]. The mapping results showed that the cleavage

occurs at the phoshodiester bond between the seventh and

eighth residues of the invariant nonamer

50TAATATT;AC30. The 50-phosphate end of the cleaved

DNA remains covalently attached to the Rep protein while

the 30-hydroxyl end thus generated is utilized to start the

RCR. After the completion of a full cycle of replication of

the circular viral DNA when a new origin sequence is

generated, it is yet again cleaved. The nascent 30 end of

DNA is then ligated to the previously generated 50 end by

the Rep protein, thus resolving the nascent viral single

strand into genome-sized units. In Tomato yellow leaf curl

virus (TYLCV) encoded Rep protein, the 211 amino acids

at the N-terminal of the protein are required for origin

cleavage as well as ligation [31]. In addition to the motif

I-III, helix 1 and helix 2 situated between motif I and motif

II also are required for DNA binding and endonuclease

activity for the initiation of the replication [54]. The DNA

binding domain spans from 1 to 130 amino acid region and

overlaps with the oligomerization domain (120–180 amino

acid residues) [54]. This suggests that DNA binding

activity of the Rep protein during replication initiation

requires oligomerized Rep protein. The endonuclease and

ligase activities are conferred by 1–120 amino acids region

of the Rep protein [31, 54]. Another motif named as

Geminivirus Rep Sequence (GRS) showed a high extent of

conservation among all the geminivirus encoded Rep pro-

teins [52]. GRS comprises of an uncharacterized sequence

constituting of two clusters of amino acids between motif II

and motif III. GRS mutants showed impaired DNA

cleavage activity, suggesting its requirement for the initi-

ation of replication.

So far only the NMR structure for the N-terminal of the

TYLCV Rep protein had been solved [12]. The structural

information regarding the C-terminal of this protein is not

available. Secondary structure prediction of the Rep protein

Fig. 1 Diagrammatic representation of the replication initiator protein (Rep) of geminivirus (modified from [63]
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showed the presence of conserved Walker motifs (Walker

A and Walker B) at the C terminal which are required for

the ATPase activity and is also required for the associated

helicase activity [20, 21, 24, 28]. The C-terminal of the Rep

protein contains B0 motif which has been reported in many

animal viruses to be involved in ssDNA binding during

DNA translocation and thus is required for the Rep medi-

ated unwinding process in replication [28].

Rep as transcription regulator

Rep binds to site inbetween the transcription start site and

the TATA box suggesting probable implication of the

binding on transcription [72] as is shown in Fig. 2. In the

life cycle of many DNA viruses like SV40, an early gene

product is known to autoregulate its own transcription. The

Rep protein is also known to autoregulate its own tran-

scription inside the host cell. During the process of tran-

scription, Rep protein mediates repression of its own

promoter by binding to the conserved iteron sequences in

the CR region of the viral genome [26]. The initiation of

replication and the autoregulation of transcription due to

Rep-iteron binding are exclusive and independent events as

the Rep mutants impaired in replication still exhibits the

transcription repression activity. This autoregulation helps

in the expression of AC2 and AC3 genes since the tran-

scription start site for both these downstream genes lies in

the coding region of the AC1 ORF [68]. The expression of

the AC2 ORF brings about the suppression of plant defence

responses and the expression of late viral genes in the later

phase of geminiviral infection. Apart from this in Tomato

yellow leaf curl Sardinia virus (TYLCSV) Rep protein

contains a highly conserved RGG sequence at amino acids

located at 124–126 positons which when mutated alters the

subcellular localization and inhibits its transcriptional

autoregulation [66].

Rep as stimulator of viral transcription through

recruitment of post translational modification

machinery

Geminivirus Rep is an early protein and has been shown to

regulate its own transcription [26] which results in acti-

vation of transcription of the late viral genes [68]. In

addition to this, it has been recently found that ChiLCV

Rep protein also adopts a different way to stimulate the

viral transcription through post translational modifications.

Previously, the viral genome has been shown to exist as

minichromosome and have been shown to interact with

histone protein [35].

Recently post translational modification of histones, i.e.

ubiquitination of H2B and methylation of H3 at K4 posi-

tion were detected on the ChiLCV chromatin. Deposition

of H2B-ub and H3–K4me3 on ChiLCV chromatin was

found to correlate/coincide with the RNA polymerase II

occupancy indicating that viral promoters get modified and

possess mark of transcriptional activation. Above men-

tioned post translational modifications are caused by his-

tone ubiquitination1 (NbHUB1) and ubiquitin conjugating

enzyme2 (NbUBC2). Monoubiquitination of H2B marks

the transcriptionally active region of the chromatin [44]. It

acts as precursor to trimethylation at lysine-4 of H3 which

is epigenetic mark for transcription activation. Interestingly

it was found that ChiLCV Rep interacts with NbHUB1 and

NbUBC2, recruits the post translational modification

machinery onto the viral chromatin and leading to

trimethylation of H3 at K4 position and ubiquitination of

H2B [41]. These post translational modifications are

Fig. 2 The Plus-strand origin of Replication and AC1 promoter in

TGMV. Proteins predicted to interact with the origin are shown; Rep,

REn, TATA binding protein (TBP) and G box transcription factor

(GT). Rep and REn interaction is indicated. The direction of

replication and transcription is shown. * marks the location of the

site of cleavage at conserved nonanucleotide sequence for the

replication initiation Adapted from [30]
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known to occur at viral promoters and subsequently acti-

vating or stimulating viral transcription.

Rep as suppressor of gene silencing

Both Rep and RepA of Mastrevirus Wheat dwarf virus

(WDV) are known to inhibit the post transcriptional gene

silencing (PTGS) of ssGFP as well as inverted repeat

dsGFP constructs and thus act as suppressor of RNA

silencing [45]. However, their demonstrated silencing

suppressor activity was weaker relative to that of the

Tobacco etch virus (TEV) encoded HC-pro protein.

Methylation of DNA (specifically at cytosine base) leads

to repression of gene transcription (TGS) while methyla-

tion of histones can result in either activation or repression

of gene transcription. There are several findings indicating

the role of host mediated viral genome methylation during

the geminiviral infection process. The geminiviral genome

is highly methylated in vivo [58]. In addition to that, out of

the various replicative intermediates namely open circular,

covalently closed circular and heterogeneous linear DNA,

it is the viral heterogeneous linear dsDNA which is found

to be preferentially methylated [56]. Conserved hairpin and

the AC1 binding region of the viral DNA are found to be

the frequent sites for cytosine methylation within which

resides the early and late gene promoter and the origin of

replication, thus suggesting the implication of methylation

in the process of viral transcription and replication. In vitro

DNA methylation found to have negative impact on the

replication of the viral genome in tobacco protoplasts

[9, 27].

Several studies indicated that plant utilizes both the

cytosine as well as histone methylation machineries against

the invading geminiviruses which the viral encoded RNA

silencing suppressor proteins (RSS) counter by inhibiting

the host silencing machinery [11, 59]. Supporting this

notion it was found that Arabidopsis plants deficient in

cytosine methyltransferases (CMT) and histone methyl-

transferases (MET) as well plants mutants for methylation

cycle components results in more pronounced symptoms

on geminivirus infection and the viral DNA isolated from

them had significantly reduced methylation level [58].

Recently, it was also demonstrated that geminivirus

infection results in Rep mediated reduction in transcript of

methyl cycle enzymes, MET1 and CMT3 in N. benthami-

ana which are responsible for maintenance of symmetric

methylation [64].

Interaction Rep with host factors

Rep interacts with several host factors that are implicated

in replication and plant defence machinery and have been

summarized in Table 1. The Geminivirus Rep protein is

known to interact with cell cycle related proteins (RBR,

PCNA, RF-C, RPA-32), recombination and repair related

proteins (RAD51, RAD54). The progression of cell cycle is

controlled by the retinoblastoma (Rb) family of protein.

The expression of homologues of Rb (Retinoblastoma

related protein-RBR) of maize caused reduction in gemi-

niviral DNA replication in wheat cells. Wheat dwarf virus

(WDV) encoded RepA protein physically interacts with the

RBR protein by virtue of its LXCXE motif [79]. This

interaction is important as disrupting this association

abolished the WDV replication in the cultured wheat cells.

Maize RBR1 and RBR2 protein interact with both Rep as

well as D-type cyclin [1]. Interestingly, Tomato golden

mosaic virus (TGMV) Rep lacks LXCXE motif and

interacts with RBR protein with a distinct and novel helix4

motif [3]. The Helix 4 motif of the Rep protein consists of

charged amino acids residues flanking a hydrophobic core.

Geminivirus infection induces the expression of prolifer-

ating cell nuclear antigen (PCNA) in the mature infected

cells [51]. Tomato PCNA has been shown to bind to

TYLCSV Rep protein as well as with REn protein [13]. In

the case of Indian mung bean yellow mosaic virus

(IMYMV), 134–183 amino acid stretch in the Rep protein

has been demonstrated to be required for interaction with

PCNA [6]. This interaction has been shown to downregu-

late the endonuclease and ATPase functions of the Rep

protein. WDV Rep protein binds to the Wheat large subunit

of replication factor C complex (TmRFC-1) in the DNA/

Rep/TmRFC-1 complexes which resembles the pre-initia-

tion complex, thus aids in the further assembly of elon-

gation complex for the viral replication [50].

In addition, the Rep protein binds to Replication Protein

A-32 (RPA-32), one of the components of heterotrimeric

ssDNA binding proteins, which is involved in repair and

recombination. RPA-32 subunit interacts with the C-ter-

minal of the Mung bean yellow mosaic India virus

(MYMIV) Rep protein, downregulates the endonuclease

activity while upregulating its ATPase activity [71]. Thus,

it is suggested that the interaction with RPA-32 might limit

the replication initiation and drives to elongation phase of

RCR. Proteins such as RAD51 and RAD54 are two repair

and recombination proteins which interact with the Rep

protein [34, 73]. These proteins might play a critical role in

case of replicational stress by stabilizing the replication

fork. The N-terminal of the AtRAD54 protein binds to the

oligomerization domain of the MYMIV-Rep protein and

enhances its nicking, ATPase as well as helicase activities

in vitro [34]. Similarly, AtRAD51 has been shown to

interact with MYMIV-Rep protein. In contrast to these

reports, studies on rad54 and rad51mutant A.thaliana plants

showed no effect on the complementary strand replication

(CSR), RCR or RDR of Euphorbia yellow mosaic virus

(EuYMV) [61, 62]. Instead of AtRAD51, RAD51D
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(RAD51 paralog) has been demonstrated to promote viral

replication. Thus it raises the possibility of functional

redundancy and the role of other homologous recombina-

tion (HR) proteins in viral replication.

Geminiviral genomic DNA has been shown to assemble

as minichromosomes [57]. The Rep protein of TGMV

interacts with the Histone-3 which pointed towards role of

this interaction in replication and transcription process

[35]. It has been hypothesized that the Rep recruitment on

the viral genome and its interaction with the histone 3

protein may help in removal of nucleosomal block in

minichromosomes and thus helps in its efficient transcrip-

tion and replication. Rep protein also interacts with a

kinesin motor protein (GRIMP) that is involved in mitosis

process [35]. Apart from that it also interacts with a kinase,

Geminivirus Rep interacting kinase (GRIK). These inter-

actions might inhibit the cell from entry into the mitotic

phase.

NAC-domain containing protein family are involved in

plant developmental pathways. GRAB1 and GRAB2 pro-

teins belonging to the NAC-domain containing protein

family have a negatively charged residues rich C-terminal

and a conserved N-terminal. The N-terminal of GRAB1

and GRAB2 interacts with WDV Rep to inhibit the

replication [78]. The N-terminal of Rep physically interacts

with sumoylation conjugating enzyme (SCE-1) [14]. The

K68 and K96 amino acid residues in the N-terminal of Rep

protein are found to interact with SCE-1 and when mutated

abolished the interaction and reduced the viral accumula-

tion in infected plants [65]. Recently, the transcriptomic

analysis of the TYLCSV infected tomato plants was

demonstrated to cause an elevated expression of the genes

required for suppression of programmed cell death (PCD)

[49]. In the same study it was shown that the reprogram-

ming is mediated by the central domain of the TYLCSV

Rep.

Rep as target to generate broad spectrum viral

resistance

The best strategy for the development of viral resistance is

to inhibit the viral replication. Rep protein being essential

as well as conserved protein serves a suitable target for

achieving broad spectrum viral resistance. Many groups

have targeted Rep protein and employed various approa-

ches for Rep mediated plant virus resistance.

Transgenic tobacco plants expressing antisense

sequence of TGMV AC1 upon virus infection show

Table 1 Host factors known to interact with geminivirus Rep along with implication of their interactions

S.

No.

Host protein Implication Reference

1 Plant retinoblastoma related protein (RBR) Required for viral replication [22, 36, 79]

2 Proliferating cell nuclear antigen (PCNA) Downregulate the endonuclease and ATPase activity of Rep [6, 13]

3 Replication factor C (TMRFC1) Required for viral replication via formation of pre-initiation complex [50]

4 Replication protein A32 (RPA 32) Downregulate the endonuclease and upregulate the ATPase activity of

Rep

[71]

5 Minichromosome maintenance protein 2

(MCM2)

Required for viral replication [74]

6 RAD 51 Function as HR proteins and promote viral replication [73]

7 RAD 54 Function as HR proteins and promote viral replication [34]

8 AtNAC083 Member of NAC transcription family and required for viral replication [75]

9 SUMO conjugating enzyme (SCE1) Required for viral replication [65]

10 Histone (H3) Help in transcription and replication via removal of nucleosomal block in

viral minichromosomes

[35]

11 Geminivrus Rep interacting kinase (GRIK) Prevent the entry of cell into mitotic phase [35]

12 Geminivirus Rep interacting motor protein

(GRIMP/kinesin)

Prevent the entry of cell into mitotic phase [35]

13 Geminivirus REP-A binding protein (GRAB1

and GRAB2)

Inhibit viral replication in WDV [78]

14 NbHUB1 Stimulates viral transcription by monoubiquitition of H2B and

trimethylation of H3K4

[41]

15 NbUBC2 Stimulates viral transcription by monoubiquitition of H2B and

trimethylation of H3K4

[41]
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reduced symptom development and thus increased viral

resistance [23]. Similarly, expression of antisense RNA for

the region spanning AC1, AC2 and AC3 has been reported

to inhibit replication in tobacco, N. benthamania and

tomato [4, 7, 8, 80].

Integration of ACMV AC1 transgene in cassava has

been reported to impart resistance to viral infection through

post transcriptional gene silencing (PTGS) [18]. Resistance

is achieved by 30 end of AC1 sequence which overlaps with

AC2, as in case of ACMV-infected plants there is high

accumulation of siRNAs homologous to the C-terminal of

Rep sequence [18, 19]. The transient expression of the

siRNAs homologous to ACMV AC1 sequence in tobacco

BY2 protoplasts results in reduced viral replication due to

decrease in AC1 mRNA [76]. In addition to this, the

symptom recovery in infected cassava plants was found to

show association/relation with high amount of accumulated

virus-derived siRNA [19].

Conserved nature of the N-terminus of geminivirus Rep

protein has also been exploited to confer resistance to viral

infection through transgenic expression of Rep binding

peptide aptamers. Peptide aptamer consist of short stretch

of amino acid residues that bind to target molecules

[46, 60]. The peptide aptamers (A22 and A64) bind to

conserved region of Rep protein and provide a broad

spectrum virus resistance as they can bind to many gemi-

nivirus Rep proteins [60]. Also, transgenic plants

expressing truncated N-terminus Rep exhibit a significant

degree of viral resistance [32, 47, 53]. Transgenic tomato

plants expressing T-Rep possess resistance to homologous

virus and to a heterologous virus by repression of the Rep

promoter and formation of impaired Rep complexes

respectively [10]. To generate stable virus resistance in

Arabidopsis, dsDNA binding site of Rep protein required

to bind to the origin of replication of Beet severe curly top

virus (BSCTV) was prevented/blocked by the artificial zinc

finger protein (AZP) [67]. The Arabidopsis transgenic

plants expressing the AZP achieved resistance to BSCTV

infection. [48] generated synthetic Rep130 transgene

(Rep130syn) having silent point mutations introduced in

such a way that the continuous homology between the

Rep130syn sequence and the corresponding wild-type viral

transgene sequence (Rep130wt) was mostly less than or

equal to 5 nts. This resulted bypassing of VIGS pathway of

host. Thus the resistance provided by the transgene

expression was due to stable accumulation of Rep 130syn

protein and was completely protein mediated PDR. [18]

employed the PDR approach to generate a mutant Rep

protein which conferred resistance in cassava against

broad-spectrum resistance against geminiviruses. The

transgenic plant expressed significant levels of resistance to

both homologous and heterologous species of cassava-in-

fecting geminiviruses.

Concluding remarks

Rep is multifunctional in nature and possesses modular

functions, but the coordination between these different

modules is yet to be dissected. One of the reasons for the

existence of such diverse and interplay between the viral

protein Rep and host factors is due to the fact that virus

encodes very few proteins. Thus this early protein has

evolved in a way acquiring different domains so as to carry

out diverse functions to drive the host cellular machinery

from the efficient and productive viral replication inside the

host cell.

Acknowledgements We thank JNU for providing UGC-RNW Grant

(UGC-RNW/SLS/SC) to SC.

References

1. Ach RA, Durfee T, Miller AB, Taranto P, Hanley-Bowdoin L,

Zambryski PC, Gruissem W. RRB1 and RRB2 encode maize

retinoblastoma-related proteins that interact with a plant D-type

cyclin and geminivirus replication protein. Mol Cell Biol.

1997;17(9):5077–86.

2. Adams MJ, King AM, Carstens EB. Ratification vote on taxo-

nomic proposals to the International Committee on Taxonomy of

Viruses (2013). Arch Virol. 2013;158(9):2023–30.

3. Arguello-Astorga G, Lopez-Ochoa L, Kong LJ, Orozco BM,

Settlage SB, Hanley-Bowdoin L. A novel motif in geminivirus

replication proteins interacts with the plant retinoblastoma-re-

lated protein. J Virol. 2004;78(9):4817–26.

4. Asad S, Haris WA, Bashir A, Zafar Y, Malik KA, Malik NN,

Lichtenstein CP. Transgenic tobacco expressing geminiviral

RNAs are resistant to the serious viral pathogen causing cotton

leaf curl disease. Arch Virol. 2003;148(12):2341–52.

5. Ascencio-Ibanez JT, Sozzani R, Lee TJ, Chu TM, Wolfinger RD,

Cella R, Hanley-Bowdoin L. Global analysis of Arabidopsis gene

expression uncovers a complex array of changes impacting

pathogen response and cell cycle during geminivirus infection.

Plant Physiol. 2008;148(1):436–54.

6. Bagewadi B, Chen S, Lal SK, Choudhury NR, Mukherjee SK.

PCNA interacts with Indian mung bean yellow mosaic virus rep

and downregulates Rep activity. J Virol. 2004;78(21):11890–903.

7. Bejarano ER, Lichtenstein CP. Expression of TGMV antisense

RNA in transgenic tobacco inhibits replication of BCTV but not

ACMV geminiviruses. Plant Mol Biol. 1994;24(1):241–8.

8. Bendahmane M, Gronenborn B. Engineering resistance against

tomato yellow leaf curl virus (TYLCV) using antisense RNA.

Plant Mol Biol. 1997;33(2):351–7.

9. Brough CL, Gardiner WE, Inamdar NM, Zhang XY, Ehrlich M,

Bisaro DM. DNA methylation inhibits propagation of tomato

golden mosaic virus DNA in transfected protoplasts. Plant Mol

Biol. 1992;18(4):703–12.

10. Brunetti A, Tavazza R, Noris E, Lucioli A, Accotto GP, Tavazza

M. Transgenically expressed T-Rep of tomato yellow leaf curl

Sardinia virus acts as a trans-dominant-negative mutant, inhibit-

ing viral transcription and replication. J Virol.

2001;75(22):10573–81.

11. Burgyan J, Havelda Z. Viral suppressors of RNA silencing.

Trends Plant Sci. 2011;16(5):265–72.

12. Campos-Olivas R, Louis JM, Clerot D, Gronenborn B, Gronen-

born AM. The structure of a replication initiator unites diverse

Multifunctional roles of geminivirus encoded replication initiator protein 71

123



aspects of nucleic acid metabolism. Proc Natl Acad Sci USA.

2002;99(16):10310–5.

13. Castillo AG, Collinet D, Deret S, Kashoggi A, Bejarano ER. Dual

interaction of plant PCNA with geminivirus replication accessory

protein (Ren) and viral replication protein (Rep). Virology.

2003;312(2):381–94.

14. Castillo AG, Kong LJ, Hanley-Bowdoin L, Bejarano ER. Inter-

action between a geminivirus replication protein and the plant

sumoylation system. J Virol. 2004;78(6):2758–69.

15. Chakraborty S. Tomato leaf curl viruses from India. In: Mahy

BWJ, Van Regenmortel MHV, editors. Encyclopedia of virology

(5 volumes). Oxford: Elsevier; 2008. p. 124–33.

16. Chakraborty S, Pandey PK, Banerjee MK, Kalloo G, Fauquet

CM. Tomato leaf curl Gujarat virus, a new begomovirus species

causing a severe leaf curl disease of tomato in Varanasi, India.

Phytopathology. 2003;93:1485–95.

17. Chattopadhyay B, Singh AK, Yadav T, Fauquet CM, Sarin NB,

Chakraborty S. Infectivity of the cloned components of a bego-

movirus: dNA beta causing chilli leaf curl disease in India. Arch

Virol. 2008;153(3):533–9.

18. Chellappan P, Masona MV, Vanitharani R, Taylor NJ, Fauquet

CM. Broad spectrum resistance to ssDNA viruses associated with

transgene-induced gene silencing in cassava. Plant Mol Biol.

2004;56(4):601–11.

19. Chellappan P, Vanitharani R, Pita J, Fauquet CM. Short inter-

fering RNA accumulation correlates with host recovery in DNA

virus-infected hosts, and gene silencing targets specific viral

sequences. J Virol. 2004;78(14):7465–77.

20. Choudhury NR, Malik PS, Singh DK, Islam MN, Kaliappan K,

Mukherjee SK. The oligomeric Rep protein of Mungbean yellow

mosaic India virus (MYMIV) is a likely replicative helicase. Nucl

Acids Res. 2006;34(21):6362–77.

21. Clerot D, Bernardi F. DNA helicase activity is associated with the

replication initiator protein rep of tomato yellow leaf curl gemi-

nivirus. J Virol. 2006;80(22):11322–30.

22. Collin S, Fernandez-Lobato M, Gooding PS, Mullineaux PM,

Fenoll C. The two nonstructural proteins from wheat dwarf virus

involved in viral gene expression and replication are retinoblas-

toma-binding proteins. Virology. 1996;219(1):324–9.

23. Day AG, Bejarano ER, Buck KW, Burrell M, Lichtenstein CP.

Expression of an antisense viral gene in transgenic tobacco

confers resistance to the DNA virus tomato golden mosaic virus.

Proc Natl Acad Sci USA. 1991;88(15):6721–5.

24. Desbiez C, David C, Mettouchi A, Laufs J, Gronenborn B. Rep

protein of tomato yellow leaf curl geminivirus has an ATPase

activity required for viral DNA replication. Proc Natl Acad Sci

USA. 1995;92(12):5640–4.

25. Desvoyes B, Ramirez-Parra E, Xie Q, Chua NH, Gutierrez C.

Cell type-specific role of the retinoblastoma/E2F pathway during

Arabidopsis leaf development. Plant Physiol. 2006;140(1):67–80.

26. Eagle PA, Orozco BM, Hanley-Bowdoin L. A DNA sequence

required for geminivirus replication also mediates transcriptional

regulation. Plant Cell. 1994;6(8):1157–70.

27. Ermak G, Paszkowski U, Wohlmuth M, Mittelsten Scheid O,

Paszkowski J. Cytosine methylation inhibits replication of Afri-

can cassava mosaic virus by two distinct mechanisms. Nucl Acids

Res. 1993;21(15):3445–50.

28. George B, Ruhel R, Mazumder M, Sharma VK, Jain SK,

Gourinath S, Chakraborty S. Mutational analysis of the helicase

domain of a replication initiator protein reveals critical roles of

Lys 272 of the B’ motif and Lys 289 of the beta-hairpin loop in

geminivirus replication. J Gen Virol. 2014;95(7):1591–602.

29. Gutzat R, Borghi L, Gruissem W. Emerging roles of RETINO-

BLASTOMA-RELATED proteins in evolution and plant devel-

opment. Trends Plant Sci. 2012;17(3):139–48.

30. Hanley-Bowdoin L, Settlage SB, Orozco BM, Nagar S, Robert-

son D. Geminiviruses: models for plant DNA replication, tran-

scription, and cell cycle regulation. Crit Rev Biochem Mol Biol.

2000;35(2):105–40.

31. Heyraud-Nitschke F, Schumacher S, Laufs J, Schaefer S, Schell J,

Gronenborn B. Determination of the origin cleavage and joining

domain of geminivirus Rep proteins. Nucl Acids Res.

1995;23(6):910–6.

32. Hong Y, Stanley J. Virus resistance in Nicotiana benthamiana

conferred by African cassava mosaic virus replication-associated

protein (AC1) transgene. Mol Plant-Microbe Interact.

1996;9(4):219–25.

33. Jeske H, Lutgemeier M, Preiss W. DNA forms indicate rolling

circle and recombination-dependent replication of Abutilon

mosaic virus. EMBO J. 2001;20(21):6158–67.

34. Kaliappan K, Choudhury NR, Suyal G, Mukherjee SK. A novel

role for RAD54: this host protein modulates geminiviral DNA

replication. FASEB J. 2012;26(3):1142–60.

35. Kong LJ, Hanley-Bowdoin L. A geminivirus replication protein

interacts with a protein kinase and a motor protein that display

different expression patterns during plant development and

infection. Plant Cell. 2002;14(8):1817–32.

36. Kong LJ, Orozco BM, Roe JL, Nagar S, Ou S, Feiler HS, Durfee

T, Miller AB, Gruissem W, Robertson D, Hanley-Bowdoin L. A

geminivirus replication protein interacts with the retinoblastoma

protein through a novel domain to determine symptoms and tissue

specificity of infection in plants. EMBO J. 2000;19(13):3485–95.

37. Koonin EV, Ilyina TV. Geminivirus replication proteins are

related to prokaryotic plasmid rolling circle DNA replication

initiator proteins. J Gen Virol. 1992;73(Pt 10):2763–6.

38. Kumar RV, Singh AK, Singh AK, Yadav T, Basu S, Kushwaha

N, Chattopadhyay B, Chakraborty S. Complexity of begomovirus

and betasatellite populations associated with chilli leaf curl dis-

ease in India. J Gen Virol. 2015;96:3157–72.

39. Kumar RV, Prasanna HC, Singh AK, Ragunathan D, Garg GK,

Chakraborty S. Molecular genetic analysis and evolution of

begomoviruses and betasatellites causing yellow mosaic disease

of bhendi. Virus Genes. 2016. https://doi.org/10.1007/s11262-

016-1414-y.

40. Kumari P, Singh AK, Sharma VK, Chattopadhyay B, Chakra-

borty S. A novel recombinant tomato-infecting begomovirus

capable of trans-complementing heterologous DNA-B compo-

nents. Arch Virol. 2011;156:769–83.

41. Kushwaha NK, Bhardwaj M, Chakraborty S. The replication

initiator protein of a geminivirus interacts with host monoubiq-

uitination machinery and stimulates transcription of the viral

genome. PLoS Pathog. 2017;13(8):e1006587.

42. Laufs J, Traut W, Heyraud F, Matzeit V, Rogers SG, Schell J,

Gronenborn B. In vitro cleavage and joining at the viral origin of

replication by the replication initiator protein of tomato yellow

leaf curl virus. Proc Natl Acad Sci USA. 1995;92(9):3879–83.

43. Lazarowitz SG, Shepherd RJ. Geminiviruses: genome structure

and gene function. Crit Rev Plant Sci. 1992;11(4):327–49.

44. Lee JS, Shukla A, Schneider J, Swanson SK, Washburn MP,

Florens L, Bhaumik SR, Shilatifard A. Histone crosstalk between

H2B monoubiquitination and H3 methylation mediated by

COMPASS. Cell. 2007;131(6):1084–96.

45. Liu Y, Jin W, Wang L, Wang X. Replication-associated proteins

encoded by Wheat dwarf virus act as RNA silencing suppressors.

Virus Res. 2014;190:34–9.

46. Lopez-Ochoa L, Ramirez-Prado J, Hanley-Bowdoin L. Peptide

aptamers that bind to a geminivirus replication protein interfere

with viral replication in plant cells. J Virol.

2006;80(12):5841–53.

47. Lucioli A, Noris E, Brunetti A, Tavazza R, Ruzza V, Castillo AG,

Bejarano ER, Accotto GP, Tavazza M. Tomato yellow leaf curl

72 R. Ruhel, S. Chakraborty

123

https://doi.org/10.1007/s11262-016-1414-y
https://doi.org/10.1007/s11262-016-1414-y


Sardinia virus rep-derived resistance to homologous and

heterologous geminiviruses occurs by different mechanisms and

is overcome if virus-mediated transgene silencing is activated.

J Virol. 2003;77(12):6785–98.

48. Lucioli A, Sallustio DE, Barboni D, Berardi A, Papacchioli V,

Tavazza R, Tavazza M. A cautonary note on pathogen derived

sequences. Nat Biotechnol. 2008;26(6):617–9.

49. Lucioli A, Perla C, Berardi A, Gatti F, Spano L, Tavazza M.

Transcriptomics of tomato plants infected with TYLCSV or

expressing the central TYLCSV Rep protein domain uncover

changes impacting pathogen response and senescence. Plant

Physiol Biochem. 2016;103:61–70.

50. Luque A, Sanz-Burgos AP, Ramirez-Parra E, Castellano MM,

Gutierrez C. Interaction of geminivirus Rep protein with repli-

cation factor C and its potential role during geminivirus DNA

replication. Virology. 2002;302(1):83–94.

51. Nagar S, Hanley-Bowdoin L, Robertson D. Host DNA replication

is induced by geminivirus infection of differentiated plant cells.

Plant Cell. 2002;14(12):2995–3007.

52. Nash TE, Dallas MB, Reyes MI, Buhrman GK, Ascencio-Ibanez

JT, Hanley-Bowdoin L. Functional analysis of a novel motif

conserved across geminivirus Rep proteins. J Virol.

2011;85(3):1182–92.

53. Noris E, Accotto GP, Tavazza R, Brunetti A, Crespi S, Tavazza

M. Resistance to tomato yellow leaf curl geminivirus in Nicotiana

benthamiana plants transformed with a truncated viral C1 gene.

Virology. 1996;224(1):130–8. https://doi.org/10.1006/viro.1996.

0514.

54. Orozco BM, Hanley-Bowdoin L. Conserved sequence and

structural motifs contribute to the DNA binding and cleavage

activities of a geminivirus replication protein. J Biol Chem.

1998;273(38):24448–56.

55. Pant V, Gupta D, Choudhury NR, Malathi V, Varma A,

Mukherjee S. Molecular characterization of the Rep protein of the

blackgram isolate of Indian mungbean yellow mosaic virus.

J Gen Virol. 2001;82(10):2559–67.

56. Paprotka T, Deuschle K, Metzler V, Jeske H. Conformation-se-

lective methylation of geminivirus DNA. J Virol.

2011;85(22):12001–12.

57. Pilartz M, Jeske H. Abutilon mosaic geminivirus double-stranded

DNA is packed into minichromosomes. Virology.

1992;189(2):800–2.

58. Raja P, Sanville BC, Buchmann RC, Bisaro DM. Viral genome

methylation as an epigenetic defense against geminiviruses.

J Virol. 2008;82(18):8997–9007.

59. Raja P, Wolf JN, Bisaro DM. RNA silencing directed against

geminiviruses: post-transcriptional and epigenetic components.

Biochim Biophys Acta. 2010;1799(3–4):337–51.

60. Reyes MI, Nash TE, Dallas MM, Ascencio-Ibanez JT, Hanley-

Bowdoin L. Peptide aptamers that bind to geminivirus replication

proteins confer a resistance phenotype to tomato yellow leaf curl

virus and tomato mottle virus infection in tomato. J Virol.

2013;87(17):9691–706.

61. Richter KS, Ende L, Jeske H. Rad54 is not essential for any

geminiviral replication mode in planta. Plant Mol Biol.

2015;87(1–2):193–202.

62. Richter KS, Serra H, White CI, Jeske H. The recombination

mediator RAD51D promotes geminiviral infection. Virology.

2016;493:113–27.

63. Rizvi I, Choudhury NR, Tuteja N. Insights into the functional

characteristics of geminivirus rolling-circle replication initiator

protein and its interaction with host factors affecting viral DNA

replication. Arch Virol. 2015;160(2):375–87.

64. Rodriguez-Negrete E, Lozano-Duran R, Piedra-Aguilera A,

Cruzado L, Bejarano ER, Castillo AG. Geminivirus Rep protein

interferes with the plant DNA methylation machinery and

suppresses transcriptional gene silencing. New Phytol.

2013;199(2):464–75.

65. Sanchez-Duran MA, Dallas MB, Ascencio-Ibanez JT, Reyes MI,

Arroyo-Mateos M, Ruiz-Albert J, Hanley-Bowdoin L, Bejarano

ER. Interaction between geminivirus replication protein and the

SUMO-conjugating enzyme is required for viral infection.

J Virol. 2011;85(19):9789–800.

66. Sardo L, Lucioli A, Tavazza M, Masenga V, Tavazza R, Accotto

GP, Noris E. An RGG sequence in the replication-associated

protein (Rep) of Tomato yellow leaf curl Sardinia virus is

involved in transcriptional repression and severely impacts

resistance in Rep-expressing plants. J Gen Virol. 2011;92(Pt

1):204–9.

67. Sera T. Inhibition of virus DNA replication by artificial zinc

finger proteins. J Virol. 2005;79(4):2614–9.

68. Shung CY, Sunter G. AL1-dependent repression of transcription

enhances expression of Tomato golden mosaic virus AL2 and

AL3. Virology. 2007;364(1):112–22.

69. Singh AK, Mishra KK, Chattopadhyay B, Chakraborty S. Bio-

logical and Molecular characterization of a Begomovirus asso-

ciated with yellow mosaic vein mosaic disease of pumpkin from

Northern India. Virus Genes. 2009;39(3):359–70.

70. Singh AK, Chattopadhyay B, Chakraborty S. Biology and inter-

actions of two distinct monopartite begomoviruses and

betasatellites associated with radish leaf curl disease in India.

Virology J. 2012;9:43.

71. Singh DK, Islam MN, Choudhury NR, Karjee S, Mukherjee SK.

The 32 kDa subunit of replication protein A (RPA) participates in

the DNA replication of Mung bean yellow mosaic India virus

(MYMIV) by interacting with the viral Rep protein. Nucl Acids

Res. 2007;35(3):755–70.

72. Sunter G, Hartitz MD, Bisaro DM. Tomato golden mosaic virus

leftward gene expression: autoregulation of geminivirus replica-

tion protein. Virology. 1993;195(1):275–80.

73. Suyal G, Mukherjee SK, Choudhury NR. The host factor RAD51

is involved in mungbean yellow mosaic India virus (MYMIV)

DNA replication. Arch Virol. 2013;158(9):1931–41.

74. Suyal G, Mukherjee SK, Srivastava PS, Choudhury NR. Ara-

bidopsis thaliana MCM2 plays role(s) in mungbean yellow

mosaic India virus (MYMIV) DNA replication. Arch Virol.

2013;158(5):981–92.

75. Suyal G, Rana VS, Mukherjee SK, Wajid S, Choudhury NR.

Arabidopsis thaliana NAC083 protein interacts with Mungbean

yellow mosaic India virus (MYMIV) Rep protein. Virus Genes.

2014; 48(3):486–93.

76. Vanitharani R, Chellappan P, Fauquet CM. Short interfering

RNA-mediated interference of gene expression and viral DNA

accumulation in cultured plant cells. Proc Natl Acad Sci USA.

2003;100(16):9632–6.

77. Varsani A, Navas-Castillo J, Moriones E, Hernandez-Zepeda C,

Idris A, Brown JK, Murilo Zerbini F, Martin DP. Establishment

of three new genera in the family Geminiviridae: Becurtovirus,

Eragrovirus and Turncurtovirus. Arch Virol.

2014;159(8):2193–203.

78. Xie Q, Sanz-Burgos AP, Guo H, Garcia JA, Gutierrez C. GRAB

proteins, novel members of the NAC domain family, isolated by

their interaction with a geminivirus protein. Plant Mol Biol.

1999;39(4):647–56.

79. Xie Q, Suarez-Lopez P, Gutierrez C. Identification and analysis

of a retinoblastoma binding motif in the replication protein of a

plant DNA virus: requirement for efficient viral DNA replication.

EMBO J. 1995;14(16):4073–82.

80. Yang Y, Sherwood TA, Patte CP, Hiebert E, Polston JE. Use of

Tomato yellow leaf curl virus (TYLCV) Rep gene sequences to
engineer TYLCV resistance in tomato. Phytopathology.

2004;94(5):490–6.

Multifunctional roles of geminivirus encoded replication initiator protein 73

123

https://doi.org/10.1006/viro.1996.0514
https://doi.org/10.1006/viro.1996.0514

	Multifunctional roles of geminivirus encoded replication initiator protein
	Abstract
	Introduction
	Rep and geminivirus replication
	Rep as transcription regulator
	Rep as stimulator of viral transcription through recruitment of post translational modification machinery
	Rep as suppressor of gene silencing
	Interaction Rep with host factors
	Rep as target to generate broad spectrum viral resistance

	Concluding remarks
	Acknowledgements
	References




