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ABSTRACT

During plant-pathogen interaction, plant exhibits a strong defense system utilizing diverse groups of proteins
to suppress the infection and subsequent establishment of the pathogen. However, in response, pathogens
trigger an anti-silencing mechanism to overcome the host defense machinery. Among plant viruses, gemi-
niviruses are the second largest virus family with a worldwide distribution and continue to be production
constraints to food, feed, and fiber crops. These viruses are spread by a diverse group of insects, predom-
inantly by whiteflies, and are characterized by a single-stranded DNA (ssDNA) genome coding for four to
eight proteins that facilitate viral infection. The most effective means to managing these viruses is through
an integrated disease management strategy that includes virus-resistant cultivars, vector management, and
cultural practices. Dynamic changes in this virus family enable the species to manipulate their genome
organization to respond to external changes in the environment. Therefore, the evolutionary nature of gem-
iniviruses leads to new and novel approaches for developing virus-resistant cultivars and it is essential to
study molecular ecology and evolution of geminiviruses. This review summarizes the multifunctionality of
each geminivirus-encoded protein. These protein-based interactions trigger the abrupt changes in the host
methyl cycle and signaling pathways that turn over protein normal production and impair the plant an-
tiviral defense system. Studying these geminivirus interactions localized at cytoplasm-nucleus could reveal
a more clear picture of host-pathogen relation. Data collected from this antagonistic relationship among
geminivirus, vector, and its host, will provide extensive knowledge on their virulence mode and diversity
with climate change.
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INTRODUCTION

Geminivirus is the second largest family in plant viruses that constitute either single genomic component
(DNA A; monopartite) or two i.e., DNA A and B (bipartite) molecules. The size ranges from ~2.7-3.0 kb
which is processed into dsDNA after using replication machinery inside the host nucleus. The geminiviruses
encode only 5-7 proteins to interact with a host for its replication, transcription and movement across different
plant species (Hanley-Bowdoin et al. , 2013) through their insect vector (Gutierrez, 1999; Mansoor et al. ,
2003). Based on genome organization, host types and insect vector, International Committee on Taxonomy
of Viruses (ICTV) has classified Geminiviridae family into nine genera earlier. Then five more genera were
added and total fourteen genera namely, Becurtovirus, Begomovirus, Capulavirus, Citodlavirus, Curtovirus,
Eragrovirus, Grablovirus, Maldovirus, Mastrevirus, Mulcrilevirus, Opunvirus, Topilevirus, Topocuvirus and
Turncurtovirus are reported (Adams et al. , 2013; Roumagnacet al. , 2015; Varsani et al. , 2017; Zerbini
et al. , 2017). Among all, Capulavirus and Grablovirus are characterized based on their infection through
an insect vector aphid and alfalfa treehopper (Bahder et al. , 2016). However, members belonging to
the Mastrevirus and Begomovirus are widely studied at genome level producing different symptoms such as
leaf streaking and mild curling, retarded growth in monocots where dicots shows severe curling and crumpling
on leaf surface, yellowish spots with swelling in leaf vein (Rogers et al. , 1986; Sunter et al. , 1987; Boulton,
2002; Inoue-Nagata et al. , 2016).

Begomoviruses have been reported from both old world (OW) and new world (NW) that harbors more than
445 virus species transmitted through an insect vector Bemisia tabaci (Nawaz-ul-Rehman & Fauquet, 2009;
Zerbiniet al. | 2017) Studying wide range of geminivirus affected crops associated with B. tabaci infection
had become a serious pest to cause begomovirus infection in beans, cassava, cotton, cucurbits, eggplant,
lettuce, pepper, okra, tomato, squash as well as broad range of weeds (Figure 1) from genera Ageratum,
Asystasia, Clerodendrum, Emilia and Malvastrum (Leke et al. , 2015; Zerbini et al. , 2017). All these known



geminiviruses were reported by the end of nineteenth century and early era of twentieth century like cassava
mosaic disease was reported in 1894 in Africa, maize streak virus in 1901 in South Africa, tobacco leaf curl
disease in 1912 in Indonesia and cotton leaf curl disease in 1931 in Egyptian Sudan and Angola (Legg &
Fauquet, 2004; Saeed & Samad, 2017). This 50-90% crop loss was reported based on high diversity, genetic
recombination and limited knowledge on its interacting mode of action in alternative hosts. In recent years,
this disease has become a severe threat to global food security in different part of Africa, Latin America and
southwest America, Australia, Asia and Southern Europe (Garcia-Andrés et al. , 2007; Martin et al. , 2010;
King et al. , 2011).

Broadly begomoviruses can be divided into monopartite (DNA-A) and bipartite viruses (DNA-A & DNA-
B) that encodes 5-8 ORFs possessing overlapping viral transcript under a strong promoter located within
the intergenic region (Briddon et al. , 2001). The main role of DNA-A is involved in virus replication that
encodes four genes on C-sense strand including replication associated protein (C1-Rep), a transcription
activator protein (C2-TrAP), a replication enhancer protein (C3-REn), a C4 protein and C5 gene (Guerrero
et al. , 2020, Wang & Lozano-Duran, 2023) (Brown & Bird, 1992). Additionally, coat protein and pre-coat
(CP and V2) are present on V-sense strand. Later, another small hypothetical protein V3 was found in the
golgi apparatus that acts as a RNA silencing suppressor ((Wang et al. , 2019). The other component DNA-B
functions for symptoms production and virus movement (Rogers et al. , 1986; Sunter et al. , 1987) and encodes
movement protein (MP) from BV1 ORF and nuclear shuttle protein (NSP) from BC1 ORF on V-sense strand.
The hairpin stem-loop structure consists of conserve nine nucleotides sequence (TAATATTAC) which is
involved in the initiation of rolling circle amplification (RCA) (Hanley-Bowdoin et al. , 1999). The OW genus
is usually associated with satellite molecules referred to as alphasatellite, betasatellite and deltasatellite, and
are dependent on helper virus for their replication, virus packaging (encapsidation), intracellular movement
and transmission (Fauquet et al. , 2005; Lozano et al. , 2016). These satellites molecules encodes only one
gene on V-sense and complementary strand respectively with the size of "1.4 kb, with adenine rich region
and conserve nine nucleotides forming a hairpin stem-loop structure (Briddon et al. , 2004).

The bipartite virus constitutes both DNA particles in the size of 2.6-2.8 kb that are different from each
other except the region of almost 200 nucleotides (common region; CR) present within the IR (Briddon &
Markham, 2001). The OW viruses are different in genome organization from NW viruses due to the absence
of V2 gene in NW viruses (Melgarejo et al. , 2013) and are classified into various strains, possessing almost
288 species (www.ictvonline.oryg ).

Exploring the role of genes present in DNA-A, Rep is a highly conserved protein localizes mainly in the
nucleus for viral replication and infection in multiple hosts (Elmer et al. , 1988), that performs a function as
origin recognition protein (Fontes et al. , 1994) to catalyze virus replication initiation and termination step
(Laufset al. , 1995). Three dimensional structure of Rep shows it possess conserved catalytic domain which
is highly conserved among prokaryotes and eukaryotes (Campos-Olivas et al. , 2002a). Likewise, most of
begomo-, curto-, and topoco-viruses encodes TrAP with the same size, transcribing from promoter present
within Rep gene (Donget al. , 2003; Shivaprasad et al. , 2005) which is required for systemic infection in
case of Tomato leaf curl virus (ToOLCV) (Dry et al. , 1993). Whereas, bipartite begomovirus such as Tomato
golden mosaic virus (TGMV)-TrAP transactivates CP and MP genes in viral genome (Sunter & Bisaro,
1991).

Bipartite begomoviruses including Sri Lankan cassava mosaic virus(SLCMV) and African cassava mosaic
virus (ACMV) encodes C4 protein that binds with non-coding RNAs like miRNAs and siRNAs which results
in a suppression of PTGS (Chellappan et al. , 2004). Subcellular localization study on C4 of East African
cassava mosaic Cameroon virus (EACMCYV) indicates that myristoylation motif in C4 functions mainly in
virus pathogenicity and suppression of PTGS (Fondong et al. , 2007). It has the capability to bind with single
stranded miRNA or siRNA to cause morphological changes in A. thaliana by inhibiting post transcriptional
regulation of gene expression (Chellappan et al. , 2004; Vanitharani et al. , 2004). However, mutagenesis
study on tomato yellow leaf curl virusencoded C4 protein has shown its role in stem and petioles elongation
for disease symptoms (Rigden et al. , 1994; Amin et al. , 2011). Another viral suppressor V2 present on



virion sense, functions with CP for virus movement (Rojas et al. , 2001). The expression analysis on CP
and V2 using confocal microscopy shows CP present at the nucleus and V2 at cell periphery binds with each
other for cell to cell movement (Poornima Priyadarshini et al. , 2011). This CP-V2 complex produced large
size aggregates in the cytoplasm and nucleus using microtubules and actin filaments to infection in tomato
yellow leaf curl virus (TYLCV) (Moshe et al. , 2015). Thus, V2 from tomato yellow leaf curl China virus
(TYLCCNYV) shows a loop formation through binding with siRNA molecules in its own sequence, indicating
V2 itself interaction in cytoplasm. This self interaction of V2 act as a suppressor of RNA silencing (Zhang
et al. , 2012). On the other hand, CP is involved in long distance virus transmission from whitefly (Briddon
et al. , 1990; Harrison et al. , 2002) that accumulates viral DNA in different compartments of the infected
cells (Fedorkin et al. , 2001). Geminiviruses have been reported to bind with several transcription factors
such as NAC, WRKYs, MYC2, Myb, bZIP and TIFY4B (PEAPOD2) to monitor virus infection during host
pathogen interaction. PEAPOD2 (PPD2), a transcription factor fromA. thaliana binds specifically with CP
promoter of TGMV and Cabbage leaf curl virus (CaLCuV). This interaction established a connection between
CP and TrAP (PPD2-CP-C2) in the nucleus to enhance promoter activity for efficient virus replication and
transcription (Lacatus & Sunter, 2009). It can also recognize its virus vector based on its specificity. For
instance, ACMYV encoded CP functions with whitefly for virus transmission. Wherein case of beet curly top
virus (BCTV), it has changed the virus transmission vector as leafhopper and resulting in ACMV-BCTV:CP
chimera infection in the host plant (Briddonet al. , 1990).

BOX-1| Geminivirus proteins and its structure organization

*,  In nucleus, Rep acts as rolling circle initiator protein to execute virus replication and transcription in the presence of
REP, REN and TrAP by interfering transcriptional gene silencing (TGS) and post-franscriptional gene silencing (PTGS)
/' (Hanley-Bowdoin et al, 2000). It act as a DNA helicase during replication process (Pant et al., 2001) to reprogram

I mature host cells to support viral replication in plants (Kong et al., 2000

Structure information shows it constitute three domains (Fondong, 2013) mainly nuclear localization signal (NLS)

TrAP) present upstream on N-ferminal, zine finger (ZF) domain with Cysteine and histidine residues in middle of the

\ sequence and a final acidic activation domain on C-terminal (Dong et al., 2003; van Wezel et al., 2003). It is present
i on virion sense strand which is basically required for systemic infection (Dry et al., 1993).

~, It plays a major role to accumulate viral DNA in both mono- and bipartite begomoviruses (Hanley-Bowdoin et al.,
REn) 1999) by interacting with Rep for its optimal activity (Settlage et al,, 1996). Some of the viruses such as Maize Sweak

Virus do not encodes Rep and depend on REn for rolling circle replication (RCR) and ssDNA synthesis in the virus
7 (Ruschhaupt et al., 2013)
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Va [ protein by inhibiting PTGS pathway (Zhang et al , 2012} 2012).

Genome analysis shows betasatellite are circular ssDNA molecules of approximately 1350 nucleotides that
contain conserved structures including, the adenine rich region (AR), satellite conserved region (SCR) and
BC1 gene (Tan et al. , 1995; Saunders et al. , 2000). The BC1 acts as true satellite molecules and a known
pathogenicity determinant that induce disease symptoms and is involved in counteracting host transcriptional
gene silencing (TGS) and post-transcriptional gene silencing (PTGS) pathway (Li & Ding, 2006; Hayward et
al. , 2009). Moreover, BC1 also augments accumulation of high levels of the helper begomoviruses (Saeced et
al. , 2007) and regulates microRNA levels involved in the host developmental processes (Amin et al. , 2011).
Unlike betasatellites, role of alphasatellites in begomoviruses is still in ambiguity. Due to their relevance with
different viruses such as CLCuMV (Pakistan and India), TYLCV (China), AYVV (Africa and South East
Asia), it has been assumed that alphasatellites are highly conserved and plays its role in RNA interference
(RNAI) to weakens host defense mechanism and suppresses PTGS pathway (Nawaz-ul-Rehman et al. , 2010).
Previous data has the evident that alphasatellite and betasatellite are found in association with monopartite
begomoviruse (Lozano et al. , 2016) whereas deltasatellites are maintained by monopartite and bipartite
begomoviruses and are considered as true satellite molecules (Fiallo-Olivé et al. , 2016).

Among all these crops, cassava cultivation is highly affected across Southeast Asia and Africa. The estimated



loss from ACMV-recombinants begomoviruses is about 15-28 million tons that damage up to 24% of total
cassava production. This annual economic loss falls between $1.7 and $2.7 billion USD and showing an
increase per year (Patil & Fauquet, 2009; Tiendrebeogo et al. , 2012; Chikoti et al. , 2019). Another fiber
producing cotton is also heavily affected by cotton leaf curl disease (CLCuD) leading to low yield and poor
seed quality, resulting into a serious effects on economic growth of cotton (Gossypium hirsutum L .)(Amrao
et al. ; 2010). On the other hand, epidemic spread of bean golden mosaic virus (BGMV) characterized by
golden yellowing leaves, crumpling and blistering of the plant remains a major challenge especially in soybean,
mungbean and blackgrams (Coco et al. , 2013; Singh et al. , 2019). Due to genetic recombination and local
evolution, more than 60 species of B.tabaci of tomato infecting begomoviruses have been reported worldwide
(Inoue-Nagata et al. , 2016). Considering vegetative crop, tomato leaf curl virus has caused more than 90%
fruit yield in tropical and subtropical regions including more than 20 countries of the world (Kil et al. , 2016;
Vaghi Medina et al. , 2018; Fiallo-Olivé et al. , 2019). However, it was observed that begomovirus infection in
potato was caused by a tomato yellow vein streak virus (ToYVSV) through whitefly infected on tomato plants.
This begomovirus infected in tubers of vegetative crop has become a major constraint in potato production
(Souza-Dias et al. , 2008; Butler et al. , 2016). Due to its emerging threat to multiple hosts, geminiviruses
have become a global problem in agricultural trade (Saeed & Samad, 2017). Currently, genome editing has
emerged as an effective tool for desirable mutagenesis to weaken the interaction against this virus family
(Zaidi et al. , 2016). However, phylogenetic profiles, in-silico gene expression approaches and transcriptome
analysis is far better option to understand geminivirus disease complex and its targeted partners in various
hosts (Miozziet al. , 2014; Naqvi et al. , 2019). Based on previous Protein-protein interaction (PPI) data and
bioinformatics study, this geminivirus network (Figure 2) with its associated hosts proteins reveals number
of possible interactions. Although geminivirus self-interaction studies could not reveal what are the host
factor involved in spreading of this virus (Ramesh et al. , 2017) and there is a need to investigate geminivirus
interaction with its host proteins to understand this disease complex and different players involved in it
which will lead the way to devise effective strategies for control of this disease (Li et al. , 2017a; Wang et al.
, 2018).

The trigonal relationship: Geminivirus-Insect-Plant

Geminiviruses are transmitted through different phloem feeding insects, including Bemicia tabaci (whitefly)
and aphids, and various species of treehoppers and a leathopper (Lozano-Duran et al. , 2011a; Roumagnac et
al. , 2015; Bernardo et al. , 2016; Susiet al. , 2017). Begomoviruses initiates viral infection through whitefly
that has the capability to transmits more than 300 viruses (Gilbertson et al. , 2015), which can cause severe
damage in more than 600 plant species (Polston et al. , 2014).

Several new species of B. tabaci has also been reported which elucidates better understanding of all biotypes
to differentiate its races and their evolutionary pattern (Mugerwa et al. , 2018). Upon feeding, virion particles
of geminivirus is ingested into the esophagus, entering to the hemolymph which transport virion particles
further to the salivary glands of the B. tabaci (McGRATH & Harrison, 1995; Douglas, 1998; Pan et al. |
2017). Virus particles protects itself from degradation through binding with GroEL protein in haemolymph
node (Miao et al. , 2016) and is later spit up with salivary secretion to the phloem cells where it ejaculates
ssDNA through virions in the plant cell (Torres-delosSantos et al. , 2022) (Gray et al. , 2014; Luo et al. ,
2019).

BOX-2| Bemisia tabaci complex and its species

Previous data shows 36 B. tabaci species have been identified using sequence comparison of mitochondrial
cytochrome ¢ oxidase subunit I (mtCOI) (Alemandri et al. , 2015). These species are classified across the
globe based on their resistance to parasites, insecticide and tolerance to the temperature and later as OW
and NW (Frohlich et al. , 1999; Kontsedalov et al. , 2008; Himler et al. , 2011). These species includes B or
B2 (Middle East-Asia Minor 1-MEAM 1, Asia II 2), Q, J and L biotypes (Sub-Saharan Africa 1-7/SSA1-7,
Mediterranean-MED, Indian Ocean-I0) while A, C, D, F, N, R, Jatropha and Sida biotypes belongs to the
NW and New World 2 group (Berry et al. , 2004; Gueguen et al. , 2010; De Barro et al. , 2011; Esterhuizen
et al. , 2013). The biotypes from OW are usually reported from Indian subcontinent and equatorial Africa



(Frohlichet al. , 1999) and NW species are identified from Sub-Saharan Africa SSA1-6 (Legg et al. , 2014;
Ghosh et al. , 2015), America (Marubayashi et al. , 2013; Barbosa et al. , 2014) and Asia (Asia I-IV, China
1-3, Japan) (Firdaus et al. , 2013; Jiuet al. , 2017). These biotypes have been found prominently in virus
transmission in cotton, tomato, cassava, cucumber, eggplant, potato and beans (Legg & Fauquet, 2004;
De Barro et al. , 2011). This interaction harbors several endosymbiotic bacteria (Gil et al., 2004) including
primary endosymbionts (Portiera aleyrodidarum ) and secondary endosymbionts (Arsenophonus, Cardinium,
Fritschea, Hamiltonella, Rickettsia and Wolbachia ) (Chiel et al. , 2007; Bing et al. , 2013). The primary
endosymbionts provided essential nutrients and amino acids for insect life cycle (Baumann, 2005; Bing et al.
, 2013) where secondary amino acids plays its part in amino acids composition during metabolism (Gottlieb
et al. , 2010).

Virus movement from Insect-to-plant through Coat protein (CP)

The mutual relationship of B. tabaci with different hosts indicates virus CP and B. tabaci genes possess
a strong binding for virus transmission. GroEL (63 kDa) is one of the well-studied protein from insect
midgut and hemolymph nodes (Morin et al. , 2000). The CP of TYLCV has been found in interaction with
GroEL produced by secondary endosymbiont Hamiltonella defense (Morin et al. , 1999; Gottlieb et al. |
2010). Later, in vitro andin vivo study was performed on GroEL from Portiera and Arsenophonus with CP
of cotton leaf curl Rajastan virus(CLCuRV). This data suggested that GroEL from Arsenophonus binds
with CP of CLCuRV for virus transmission in cotton (Rana et al. , 2012). This interaction of GroEL with
NLS region of CP protects the virus from degradation in numerous virus vectors (Yaakov et al. , 2011).
Upon different temperature variants, it was found that B. tabaci produced heat shock protein (HSP) for its
survival and reproduction (Cuiet al. , 2008). Experimental validation from in-vivo andin-vitro study shows
heat shock protein 70 (hsp70) from B. tabaci interacts with CP encoded by Squash leaf curl virus(SLCV)
and TYLCV (Gétz et al. , 2012). The hsp70 from tomato has also been found in interaction with CP of
TYLCV in the cytoplasm and nucleus, required for intracellular movement of the virus. Another report
from yeast two hybrid and pull down analysis shows small heat shock proteins such as shspl6 interacts with
CP of TYLCSV that plays its role in virus transmission (Go6tz et al. , 2012). Further, it was studied that
silencing of cyclophilin B (CypB) gene, peptidoglycan recognition protein impairs the insect normal growth,
its structure development and transmission ability of begomoviruses (Kanakala & Ghanim, 2016; Wang et
al. , 2016). This cyclophilin protein has been found in interaction with TYLCV, colocalized mainly in the
midgut, eggs and salivary glands. Moreover, this CypB protein binds with hsp70 in B. tabaci midgut that
mediates the viral transmission of TYLCV (Kanakala et al. , 2019). Recent study on hsp40, hsp70 and hsp90
from MED species demonstrate that hsp90 increases survival rate of B. tabaci nymph and adults under high
temperature stress (Jianget al. , 2017) and CP binds with hsp70 and hsp90 proteins to initiate interaction
with plant chaperon protein network for a stable transmission of the virus from cell to cell and across the
membrane (Gorovits & Czosnek, 2017)(Farooq et al. , 2022) .

For cellular movement of monopartite begomoviruses, CP possess nuclear localization signal (NLS) and
leucine-rich nuclear export signal (NES) to transport viral DNA between cytoplasm, the nucleus (typically
nucleolus) and cell periphery for cell-to-cell export (Unseld et al. , 2001; Sharma & Tkegami, 2009). For this
systemic spread, virus particle uncoated itself in the cytoplasm as a ssDNA where it moves into the nucleus
through DNA-bound CP. This shuttling of CP-DNA complex from cytoplasm into the nucleus and vice versa
was observed in Bhendi yellow vein virus (BYVV). The BYVV encoded betasatellite protein BC1 protein
and CP binds with karyopherin al (Kapal) for cytoplasm-nucleo cytoplasmic trafficking. For cell-to-cell
movement, V2 and C4 binds with CP-DNA complex to shuttle it to the plasmodesmata at the plasma
membrane through endoplasmic reticulum. In case of bipartite begomoviruses such as squash leaf curl virus
(SLCuV) and mungbean yellow mosaic India virus (MYMIV), CP possess NLS at N-terminal that enforces
viral ssDNA particle to move across nucleus and cytoplasm through interaction with Importin o (Impa) (Qin
et al. , 1998; Guerra-Peraza et al. , 2005).

Currently, several candidate whitefly proteins have been identified which interact with CLCuMuV-AV1,
including a vacuolar protein sorting-associated protein (Vps) twenty associated 1 (Vtal). Apparently,



CLCuMuV-AV1 showed a strong interaction with Vtal of Asia II 1 whiteflies. Furthermore, acquisition
and transmission of CLCuMuV was enhanced by RNAi-mediated knock-down of Vtal gene in Asia II 1
whiteflies (Chi et al. , 2021, Farooq et al., 2022). Another study showed that BTB/POZ (BR-C, ttk and
bab)/(Poxvirus and zinc finger) domain is also involve in protein-protein interaction (Farooq et al., 2022).

In plants, ssDNA virus utilize DNA polymerase machinery to produce dsDNA molecule, that transcribe itself
with the host RNA polymerase II to start virus replication in the nucleus (Fedorkin et al. , 2001). Apart
from CP, B. tabaci possess a hairy and enhancer of split homolog-1 (HES1) protein that has the capability
to bind with intergenic region (IR) that promotes DNA transcription and accumulation of tomato yellow
leaf curl China virus (TYLCCNV) during transmission phase (Corrales-Gutierrez et al. , 2020).

Plant nucleus and Rep-REn complex

The Rep has been found in interaction with several host proteins to facilitate viral replisome complex for
DNA replication and repair system, proper cell division and signal transduction (Campos-Olivaset al. |
2002). Another viral protein REn modulates Rep binding with the host protein in the nucleus, to regulate
DNA repair and recombination leading to the controlled cell cycle machinery (Chodon et al. , 2022) (Hanley-
Bowdoin et al. , 2004). Initially, Rep binds with a highly conserved plant protein proliferating cell nuclear
antigen (PCNA), that overexpresses transcription level of geminivirus in infected cells (Nagar et al. , 1995).
A large subunit, replication factor C complex modulates PCNA binding with Rep to hold ssDNA for rolling
circle-replication (Luque et al. , 2002; Bagewadi et al. , 2004). Generally in plants, PCNA sumoylation is
accumulated with SUMO E2 conjugation enzyme (SCE1) that regulates PCNA activity by controlling post
translational modifications. Rep interferes with PCNA sumoylation in infected cells and disturbs the SUMO
activity. Sumoylation is like ubiquitination process, depending on SUMO-activation enzyme (E1), which
is mediated by SUMO-conjugating enzyme (E2-SCE1) and transferred finally to the SUMO ligase enzyme
(E3) for ligation. PCNA interaction with Rep protein interferes with all these sumoylated proteins in the
nucleus that results in a multiplication of viral DNA (Gareau & Lima, 2010; Cappadocia & Lima, 2018).
REn homo-oligomerizes in the nucleus to enhance the binding of Rep with PCNA in RCR process (Castillo
et al. , 2003; Settlage et al. , 2005).

For DNA repair and DNA recombination, MYMIV encodes Rep that utilizes its DNA-dependent ATPase
activity after binding with host RAD54 protein. It binds with RAD54 for Rep nicking activity by mediating
helicase activity in recombination-dependent replication process (Kaliappanet al. , 2012). This MYMIV-
Rep has also been reported to bind with minichormosome maintenance 2 (MCM2), a DNA replication
factor in plants which is involved in eukaryotes genome pre-replication process. Rep tightly engaged this
MCM2 protein to utilize this conserved eukaryotic protein machinery for virus replication (Kaliappan et al. ,
2012).Thus, interaction of Rep with PCNA and RAD54 makes viral replication activity successful in infected
cells (Castillo et al. , 2003; Richter et al. , 2015). Using plant methylation machinery, Rep displace the ring
type histone H3 from viral DNA which promotes virus replication (Kong & Hanley-Bowdoin, 2002). Chilli
leaf curl virus (ChiLCV) encoded Rep binds with histone H2B monoubiquitination machinery that results
in a successful transcription of the viral gene. Rep-H2B interaction promotes the expression of H2K4me3 on
viral chromatin with the help of UBC2 and HUB1 (Kushwahaet al. , 2017).

During cell division, retinoblastoma related protein (RBR) is essentially required to maintain stem cells and
cell differentiation in plants. RBR protein reprograms cell cycle using E2F transcription factor, which
eventually suppress the function of replication associated genes in the host. Mastrevirus , Curtovirus
and Begomovirus Rep binds with this RBR-E2F complex and disrupts late G1 phase and S phase in cell cycle
(Kong et al. , 2000; Desvoyeset al. , 2006). The Rep-REn complex also binds with retinoblastoma-related
protein (pRBR) in TYLCV and tomato golden mosaic virus (TGMV) for positive cell division of geminivirus
in infected cells (Hanley-Bowdoin et al. , 2004; Settlage et al. , 2005). Geminivirus Rep-interacting kinase
(GRIK), a Ser/Thr kinase, mainly connects plants cell cycle to Ubc9, an important component in sumoy-
lation process (Ilyina & Koonin, 1992; Shen et al. , 2009). This GRIK proteins functions with geminivirus
Rep-interacting motor protein (GRIMP), a kinase protein that has a role in spindle formation in cell cycle
(Kong & Hanley-Bowdoin, 2002). Thus, TGMYV encoded Rep interaction with GRIK and GRIMP prevents



its entry into mitotic phase and delays sucrose non-fermenting kinase 1 (SnRK1) phosphorylation in cell
signaling mechanism (Shen & Hanley-Bowdoin, 2006; Glab et al. , 2017). This provides a source of energy
to geminivirus during plant metabolism. Mainly, SnRK1 protein has been found in various physiological
processes including regulation of energy metabolism and stress signaling during biotic and abiotic stresses
by phosphorylating both pathogen and host proteins (Hulsmans et al. , 2016; Wurzinger et al. , 2018).
Recently, it was found that SnRK1 phosphorylates Rep protein of tomato mottle virus andtomato yellow leaf
curl virus (TYLCV) through serine-97 residue. It results into a reduced DNA binding and interferes with
DNA replication and plays a key role against geminivirus infection (Shenet al. , 2018).

In past, REn has also shown its independent interaction with several host proteins for virus replication. REn
encoded by tomato yellow leaf curl Sardinia virus (TYLCSV) binds with lactoylglutathione lyase (GLO1)
enzyme and Coatomer delta subunit (deltaCOP) in glyoxalase pathway to enhance virus replication (Huls-
mans et al. , 2016; Sankaranarayanan et al. , 2017). In case of ToOLCV, REn has been found in interaction
with Solanum lycopersicum encoded NAC1 (SINAC1) domain in the nucleus. NAC domain is a transcription
factor which is involved in plant development such as shoot meristem (Sablowski & Meyerowitz, 1998; Zhang
et al. , 2018) and regulates auxin level in lateral rooting system (Xie et al. , 2000; Chen et al. , 2016).
Moreover, SINA3, a member of Seven In Absentia family and a ubiquitin E3 ligase enzyme promotes NAC1
degradation through polyubiquitination process (Miao et al. , 2016). REn protein overexpresses SINA3,
which upregulates viral DNA accumulation in the nucleus of the infected leaf cells and results into enhanced
virus replication in several plants (Selth et al. , 2005; Huang et al. , 2013; Miao et al. , 2016).

Cross talk between plant signaling mechanism and TrAP

Overexpression of TrAP delays plant development cycle and disturbs hormone signaling causing cell death
in host cells (Rajeswaran et al. , 2007). Related to the host-pathogen interaction study, TrAP has a central
role in jasmonic acid, salicylic acid, auxin and cytokinin responsive pathways (Park et al. , 2004; Chen et al.
, 2010; Yang et al. , 2011). During jasmonic acid (JA) mediated signaling, TrAP deregulates a cascade of
protein network to suppress defense and secondary metabolism under biotic and abiotic stresses (Buchmannet
al. , 2009; Rosas-Diaz et al. , 2016). COP9-signalosome (CSN) complex regulates ubiquitine/26 proteosome
pathway for light inducive responses and hormonal balance in a cellular machinery (Weiet al. , 2008). TrAP
binds with one of the catalytic subunits CSN5 that removes the ubg-like protein RUB from Cullin subunit and
cause abnormalities in E3 ligase. This E3 ligase belongs to the SCF (SKP1, CUL1/CDC53, F-box proteins)
family in ubiquitination process that inhibits jasmonate signaling (Lozano-Duran et al. , 2011b; Nezames &
Deng, 2012). A ubiquitin E3 ligase encoded by an imprinted gene Variant in Methylation (VIM) regulates the
expression of DNA methyltransferases CMT3 and MET1 in plants. TrAP-REn complex encoded by BSCTV
downregulates the expression of VIM5 gene that suppresses the proper establishment of transcription and post
translational stage after degrading MET and CMT3. Thus, inducing the early activation of viral suppressor
protein TrAP and REn maintains the function of Rep during infection (Chen et al. , 2020).

During DNA methylation, TrAP binds and overexpresses adenosine kinase (ADK) in infected cells (Wang
et al. , 2003). ADK plays an important role in adenosine salvage pathway and maintains intracellular AMP
level (Moffatt et al. , 2002; Kwade et al. , 2005). Binding of TrAP with ADK also inhibits the role of
S-adenosyle methionine decarboxylase 1 (SAMDC1) in plant methyl cycle (Zhanget al. , 2011). SAMDC
(S-Adenosyl-methionine decarboxylase) is a known proenzyme which is involved in various plant metabolic
and developmental processes (Shibata et al. , 2003). TrAP binds directly with PEST sequence of SAMDC1
that degrades its production to suppress methylation cycle (Zhang et al. , 2011). It results into increasing
level of cytokinin which enhance the susceptibility to geminivirus infection (Wang et al. , 2005; Baliji et al.
, 2010). Overall, interaction of ADK, GRIK-SNF1 with Rep and TrAP provides a suitable environment for
geminivirus replication and its transcription (Ascencio-Ibdnez et al. , 2008; Hanley-Bowdoin et al. , 2013).

TrAP overexpresses histone protein kryptonite (KYP), causing epigenetic modification in histone methylation
and turn off the host defense machinery (Castillo-Gonzalez et al. , 2015; Sun et al. , 2015). Kryptonite protein
is required for DNA methylation that maintains TGS in plants. To overcome this methylation machinery,
TrAP disturbs plant metabolism through interaction with calmodulin and calmodulin-like proteins. This



protein family regulates intracellular Ca+2 concentration and maintains protein network involved in calcium
dependent channels or pumps (Zeng et al. , 2015). TGMV encoded TrAP increases the level of rgsCaM in
infected plants of A. thaliana and N. bethamiana to destabilize plants TGS and PTGS pathway (Chung et al.
, 2014). Altogether, TrAP hijacks proper function of argonuate family and dicer-like proteins that effects the
production of siRNA in RNAi pathway (Yang et al. , 2013). However, all these host proteins that interacts
and overexpressed by TrAP mainly functions in hormone signaling (Ascencio-Ibdnez et al. , 2008; Dogra et
al. , 2009), reprogrammed cell death (Trinks et al. , 2005), silencing (Raja et al. , 2008; Li et al. , 2017a)
and defense related mechanism (Hanley-Bowdoin et al. , 2013; Rameshet al. , 2017). Geminivirus proteins
illustrated in Figure 3 shows their role in nucleus and cytoplasm.

Inter/intra cellular movement of virus and C4/C5 role

Among all proteins, C4 is one of the proteins which is studied at a limited level to date. This smallest protein
of about 10 kb present in a compelementary strand along with C1/rep was involved in symptom induction
during the infection (Zhang et al. , 2018). It is encoded by Begomoviruses , Curtoviruses , Maldovirus
,Opunvirus , Topocovirus , and Turncurtovirus . Whereas, Becurtovirus , Mastrevirus and Mulcrilevirus C4
is homologous and possess similar features to the C3 of Capulavirus , Grablovirus and Topilevirus(Corrales-
Gutierrez et al. , 2020). Previous studies showed that C4 belonging to the monopartite geminiviruses
possess a role in disease symptoms (Stanley & Latham, 1992; Gopal et al. , 2007) while C4 gene encoded
by bipartite viruses does not play role in symptom production during geminivirus infection (Hoogstraten
et al. , 1996; Bull et al. , 2007). However, the positive selection and intrinsic disordered nature of C4
provides multifunctional characteristics to this protein to cause symptoms in mono- and bipartitite viruses
(Mills-Lujan et al. , 2015).

The C4 protein was localized throughout different cell compartments including plasma membrane (PM),
plasmodesmata (PD) and chloroplast for cell-to-cell virus movement. PM/PD localization is dependent on
myristoylation motif at N-terminus which is essential for full TYLCV infectivity. The phosphorylation and
myristoylation of C4 enables it to bind ss and dsDNA to export it into the cell periphery during intra cellular
movement. This intracellular feature of C4 was localized through East African cassava mosaic Malawai virus
(EACMMYV) and BCTYV infection (Fondong et al. , 2007; Teng et al. , 2010). For intercellular movement,
C4 binds with V2 protein incorporated with CP to transport viral DNA of TYLCV (Rojas et al. , 2001).
This C4-mediated virus movement is promoted through interaction with exportin o XPOI, a nuclear cargo
protein that functions as a nuclear exporter for virus movement across the cell for TYLCCNV (Mei et al. |
2018b).

Interference at transcriptional level effects host defense mechanism and its development during pathogen
attack. Restricting RNA silencing mechanism via RNA mediated DNA methylation enhances viral infection
throughout cell to cell in the plants (Corrales-Gutierrez et al. , 2020). It was postulated that C4 interferes
RISC complex to suppress gene silencing by regulating dsRNA molecules (short and long RNA) and siRNA
in the host (Amin et al. , 2011). Recently, C4 oftomato leaf curl New Dehli virus (TOLCNDV) showed
interaction and colocalization with AGO4 in the nucleus, suppressing RNA silencing network to regulate
cytosine methylation of the viral genome (Vinuthaet al. , 2018). S-acylation is a kind of lipid modification
which regulates normal leaf and root development by regulating the expression of RHO proteins (Vinutha
et al. , 2018) as well as calcineurin B-like protein members during signal transduction (Vinutha et al. |
2018). It was noted that S-acetylated form of C4 from Beet severe curly top virus (BSCTV) bind with
CLAVATA 1 (CLV1) to suppress WUSCHEL (WUS) expression that leads to the abnormal meristem and
shoot development in A. thaliana and N. benthamiana (Li et al. , 2018). The same C4 binds with Pepl
Receptor 2 (PEPR2) to trigger its release from plasma membrane and cause its virulence function. Moreover,
CLCuMYV encoded C4 interacts with S-adenosyl methionine synthetase (SAMS) enzyme. This C4-SAMS
binding inhibit its enzymatic activity, providing methyl group to DNA or RNA in methylation cycle which
leads to the improper functioning of plants silencing pathway (Ismayil et al. , 2018).

The C4 interacts with several host proteins present in brassinosteroid (BR) regulated signal transduction
mechanism. Shaggy related protein kinase family (SKs) and receptor like kinases (leucine rich repeat



receptor-like kinase-RLK/LRR) controls leaf development and growth under different physiological con-
dition in BR-signaling (Chevalier & Walker, 2005). Several RLKs are involved to spread viral infection
across different cell compartments via interaction with C4, localized in plasma membrane and chloroplast
(Rosas-Diaz et al. , 2018). It binds with two RLKs such as Flagellin sensing 2 (FLS2) and brassinosteroid
insensitive 1 (BRI1) in CLTV1 based signaling mechanism to impair RLKSs clade in plasma membrane trans-
duced signaling for abnormal plant development (Garnelo Gémez et al. , 2019). Thus, receptor like kinases
and shaggy related kinases regulates signal transduction from cell exterior to the cell interior and responds
to the environmental changes (Piroux et al. , 2007). The enhancement of viral infection is further studied
with shaggy related kinases. Phosphorylation of C4 belonging to curtoviruses through shaggy related kinase
Brassinosteroid insensitive 2 (BIN2) and Glycogen synthase kinase 3 (GSK3) showed leaf abnormalities in A.
thaliana (Lozano-Duran et al. , 2011b; Youn & Kim, 2015). This C4 phosphorylation was further determined
in BCTV that induced hyperplasia and altered leaf development through interaction with SK21 and SK23
(Mills-Lujan et al. , 2015). This C4 suppressing activity with SKs results into a negative role on transcription
factors like BES1/BZR1 that downregulates a cascade of genes network involved in pollen development and
male fertility (Biet al. , 2017). This C4-SKs interaction also impairs phosphorylation dependent degradation
process of the cyclin-CDK complex through its substrate Cyclin D1.1. Thus, high accumulation of CycD1.1
induces abnormal cell division caused by tomato leaf curl Yunnan virus (TLCYnV)-C4 and showed severe
developmental abnormalities in N. benthamiana leaves. This TLCYnV-encoded C4 binds with SKn that
increases the virualnce effect of TYLCCNYV to cause diverse symptoms in the plants (Mei et al. , 2018).

Recent data also showed that C4 belonging to the Ageratum leaf curl Sichuan virus (ALCSsV) inhibits
gibberellin (GA) signaling hormone which is involved in plant growth and defence system. This ALCSsV-
encoded C4 interaction with GA associated genes in N. benthamiana interferes plant signaling pathway
and develop virus symptoms during the infection (Li et al. , 2018). Considering tomato yellow leaf curl
disease (TYLCD), which effects tomato crop worldwide at large scale (Anfoka et al. , 2016; Aguilar et
al. , 2017). Recently, this virus showed devastating improvement in drought tolerance for tomato and
N. benthamiana (Gorovits et al. , 2019). Since various reports have provided the evidences about viral
infection to enhance plant tolerance against abiotic stresses. In order to answer this question, C4 expression
was studied in transgenic A. thaliana plants that promotes drought tolerance through hormone abscisic
acid (ABA) signaling (Corrales-Gutierrez et al. , 2020). To determine the role of geminiviruses during
abiotic stress, C4 has shown its role for xylem patterning in the root of plants. Proper xylem patterning is
done through RLKs BAM1 and BAM2 (Barley and meristem 1,2), that regulates controlled production of
miRNAs during intracellular trafficking (Fanet al. , 2019). Previously, these BAM1 and BAM?2 receptor like
kinases were identified as an interactor of C4 protein at PM and PD that interferes with cell-to-cell spread of
RNAI resulting in a deformation of xylem tissues required for proper leaf growth (Rosas-Diaz et al. , 2018).
Moreoever, C4 was found as a pathogenic determinant based on the interaction with multiple members of
BAM including BAM1-3, brassinosteroid receptors BRL3, and brassinosteroid insensitive 1 BRI1 in several
viruses (Li et al. , 2018; Garnelo Gémez et al. , 2019). Summarizing the role of C4 as manipulates host
defence mechanism, induces the symptoms and act as silencing suppressor. This type of study highlights the
multifunction of C4 protein during geminivirus infection Figure 4.

In addition to the C4, there is another ORF present on complementary sense strand referred to as C5 which
encodes for almost 105 amino acids in downstream of REn protein. The C5 ORF is present in selected mono-
and bipartite begomoviruses (Ilyas et al. , 2010). Though role of C5 in geminivirus is less studied and its
function still needs to be investigated. Mutagenesis study on C5 encoded by OW bipartite begomoviruses
including MYMIV (Raghavan et al. , 2004), Watermelon chlorotic stunt virus (WmCSV) and tomato chlo-
rotic mottle virus (ToCMoV) indicates that it does not constitute any role in geminivirus infection and its
enhancement (Kheyr-Pouret al. , 2000; Fontenelle et al. , 2007). A previous report on C5 null mutant shows
tomato leaf deformation virus (ToLDeV) from NW accumulate high level of virus DNA in infectious plants
and enhance symptoms in the presence of ToLDeV-C5 (Melgarejo et al. , 2013). Another study on MYMIV-
C5 shows C5 typically suppresses single stranded RNA fragment of either miRNA or siRNA in RNA-induced
silencing pathway to modulates antiviral defense strategy in its host, suggesting C5 role as a pathogenicity
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determinant in viral infection (Li et al. , 2015). Subcellular localization studies shows that C5 accumulates
heavily in the nucleus and cytoplasm of the N. benthamiana that moves along the microfilaments to locali-
ze in plasmodesmeta (PD) for the intercellular movement of the virus. This virus movement is fascilitated
through C5 interaction with another geminivirus protein V2 to make C5-V2 complex in the cytoplasm and
PD (Wang et al. , 2019).

Plant defense mechanism and V2 protein

V2 act as a silencing suppressor against host cellular defense mechanism and has a significant role in host
methylation cycle by inhibiting silencing signals. It impairs the binding complex of suppressor of gene si-
lencing 3 (SGS3) with RDR6 and DCLs to repress host antidefense mechanism (Glick et al. , 2008). SGS3
is required for sense-RNA induced PTGS (S-PTGS) during RNA-triggered systemic silencing in plants.
Inhibition of S-PTGS pathway promotes geminivirus infection. However, overexpression of calmodulin pro-
teins (CaM) degrades SGS3 accumulation in the cytoplasm and downregulates phosphatidylinositol 3-kinase
(PI3K) complex in autophagy pathway, resulted into an inhibition of geminivirus infection (Li et al. , 2017).
In nature, RNA-directed DNA methylation (RADM) mediated TGS pathway responds to the antiviral defen-
se mechanism in plants. Recently, V2 of CLCuMV has shown interaction with AGO4 in N.benthamiana to
suppress RADM mediated TGS pathway. Silencing of RADM component enhanced the viral methyl cycle to
encounter geminivirus infection (Wang et al. , 2019). Simultaneously, V2 encoded by TYLCV interacts with
histone deacetylase 6 (HDAG6) in conserved cytosine DNA methylation process that impairs the corporation
of HDAG6 with methyltransferase 1 (MET1). This V2-HDAG6 binding enhances viral genome methylation after
inhibiting TGS of infected plant cells (Wang et al. , 2018).

Papain-like cysteine proteases (PLCPs) family that enhances plants immunity system based on hypersensitive
response (HR). V2 inhibits the enzymatic activity of PLCP members that delays the normal cell death
response. One of the member CYP1, a known pathogen inhibitor in plants against viruses, bacteria and fungi
(Avrova et al. , 1999; Van Der Hoorn, 2008), is found in interaction with V2 of TYLCV that modulates RNAi
machinery to spread virus in tomato. However, enzymatic activity on CYP1-V2 shows V2 effects directly
this cysteine protease protein but this interaction did not impart its role in post translational modifications.
Recent study on V2 encoded by tomato leaf curl Gujrat virus (ToLCGV) enhanced methylation activity
of the virus promoter which produced severe symptoms due to the binding with RNA-dependent RNA
polymerase 1 (RDR1) (Bar-Ziv et al. , 2015).

Pathogenicity through Alpha- and Betasatellites

Alphasatelites belonging to the family geminivirus are characterized as Geminialphasatellitinae to differen-
tiate it from Nanoalphasatellitinae, a subfamily of alphasatellites in Nanoviruses (Briddon et al. , 2018).
Past data lack knowledge about biological role of alphasatellites, and are either involved to enhance virus
accumulation or reduce viral symptoms during the infection (Mar et al. , 2017). A clear reduction in virus
infection was observed in CLCuRaV-betasatellite infected N. benthamiana leaves, showing Rep gene pre-
sent in alphasatellite functions with betasatellites for symptom enhancement (Nawaz-ul-Rehman & Fauquet,
2009). Due to their relevance with different viruses such as CLCuMV (Pakistan and India), TYLCV (China),
AYVV (Africa and South East Asia), it has been assumed that alphasatellites are highly conserved and plays
its role in RNAi to weakens host defense mechanism and suppresses PTGS pathway (Nawaz-ul-Rehman et
al. , 2010). However, a recent report has shown its positive role in host defense mechanism. Alphasatellite
associated with TYLCCNYV positively upregulates host genes to provide resistance against this virus in the
presence of betasatellites. Silencing of TYLCCNA responsive differentially expressed genes (DEGs) accumu-
lates high DNA amount and cause severe symptoms during the infection. Whereas, over expression of these
DEGs reduced the virus infection (Luo et al. , 2019). The N -acetylation of TYLCCNB-BC1 is crucial for its
self-interaction in the nucleus and viral pathogenesis. Removal of N -acetylation of TYLCCNB-3C1 could
attenuate virus-induced symptoms and lead to ubiquitination and degradation of TYLCCNB-BC1 (Wang et
al. , 2023).

The interference of betasatellite encoded BC1 in DNA methylation, ubiquitination and nutrients metabolism
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shows its function in the nucleus as well as cytoplasm for virus movement and transmission (Jiaet al.
2016). Ubiquitination is a three-step enzymatic reaction to activate, conjugate and then ligation of ubiquitin
protein with its substrate during PTGS pathway. E2 and E3 ligase proteins are very crucial in its function
for determination of specific substrate for its targeted protein (Catic & Ploegh, 2005; Marino et al. , 2012).
Co-localization and yeast two hybrid study shows cotton leaf curl Multan betasatellite (CLCuMB) interfere
with one of the E2 conjugated protein in S. lycopersicum (SIUBC3) during 26S/proteasome pathway to
accumulate high DNA level of CLCuMV (Eini et al. , 2009). Also, CLCuMB interacts with E3 ligase
protein, known as S-phase kinase associated protein (SKP1) during ubiquitination. SKP1 is one the most
abundant protein produced during ligation step in ubiquitin pathway. This protein acts as a bridge between
two E3 ubiquitin ligase proteins Cullin 1 (CUL1) and F-box to form a SCF complex which is involved in
plants hormone signaling (Kepinski & Leyser, 2005; Xu et al. , 2009; Hua & Vierstra, 2011). The binding
of BC1 with either SKP1 or CUL1 impairs the SCF complex that results into a retarded leaf growth and
abnormal development with severe disease symptoms (Jia et al. , 2016). At the same time, BC1 also interacts
with E3 ligase protein in the cytoplasm. TYLCCNYV encoded 3C1 binds with and overexpresses Ring Finger
Protein (RFP1) in tobacco plants, suggesting NtRFP1 is involved in degradation of BC1 through ubiquitin-
26S proteasome system (UPS) and attenuate disease symptoms during geminivirus infection (Shen et al. |
2016).

It was observed that C2-SAMDCI1 interaction facilitates the binding of 3C1 with another methyl cycle enzyme
SAHH (S-adenosyl homocysteine hydrolase). TYLCCNB interferes with DNA methylation by inhibiting
SAHH activity and enhances successful virus replication and transcription in the nucleus (Yang et al.
2011). This complex C2-SAMDC1-3C1-SAHH further mediates the binding of Rep with SnRK1 and GRIK
protein to suppress DNA methylation in the host (Shen & Hanley-Bowdoin, 2006; Ascencio-Ibanez et al. ,
2008). A comprehensive report of SnRK1 binding at domain level has been studied with BC1 of cotton leaf
curl Multan virus (CLCuMV) (Kamal et al., 2019b). SnRK1 binds with and phosphorylates TYLCCNB
protein in tomato and attenuates geminivirus infection (Shen et al. , 2011).

Signaling pathways have evolved in plants that sense the invading pathogen and initiate appropriate defense
responses. Asymmetric leaves 1 (AS1) and Asymmetric leaves 2 (AS2) interacts with each other that forms
a complex AS1-AS2 and regulates normal leaf development in A. thaliana. BC1, associated with TYLCCNV
interacts directly with AS1 gene and partially with AS2 gene. This 3C1/AS1-AS2 interaction prevent normal
leaf development and usurp cellular resources by interfering with jasmonic acid (JA) responsive genes to
induce infection by insect vector B. tabaci (Yang et al. , 2011). Homo-oligomerization of transcription
factor MYC2 is involved in terpene biosynthesis. BC1 interferes directly with MYC2 expression which down-
regulates terpene synthase (TPS) gene and disrupts transcription level of JA responsive genes (Li et al. ,
2014).

Calmodulin (CaM) and calmodulin like protein (CML) is a highly conserved protein family that provides
calcium as a source of energy and triggers immune system by monitoring intracellular Ca+2 concentration.
Geminiviruses encodes VSRs (viral suppressor of RNA silencing) in response to the ESRs (endogenous
suppressor of RNA silencing) present in the host to suppress PTGS against geminiviruses (Li et al.
2014). The VSR BC1 encoded by TYLCCNV overexpresses NbrgsCaM to target RNA-dependent RNA
polymerase (RDR6) which is involved in RNA silencing pathway. The BC1-NbrsgCaM binding provides
energy supplement to geminivirus which weakens antiviral system in the host by repressing RDR6 expression.
CLCuMV associated BC1 binds with CML11 in G. hirsutum ultimately provides calcium as a nutrient source
for virus pathogenicity and symptom enhancement (Kamal et al. , 2019).

Virus trafficking using DNA B- MP and NSP in Bipartite begomoviruses

Bipartite begomoviruses encodes two proteins NSP and MP, non-structural proteins that facilitates virus
movement between the cytoplasm and the nucleus as well as cell to cell movement (Krenz et al. , 2012).
Both proteins are present on DNA-B component. NSP encodes almost 281 amino acid with size of 31 kDa
while MP encodes 268 amino acid with expected size of 30.5 kDa (Noueiry et al. , 1994; Frischmuthet al. |
2007). It has been studied that NSP function is similar to CP and MP functions mainly just like V2 protein.
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However, NSP and MP plays its role in case of bipartite viruses (Poornima Priyadarshiniet al. , 2011).

NSP which promotes intracellular movement of the virus between nuclei and the cytoplasm, induces AS2 gene
expression. AS2 gene is involved in mRNA decapping activity for degradation and endogenous suppression
of virus silencing. NSP deregulates AS2 function by its forceful export from nuclei to cytosol where it binds
with DCP2, a protein subunit that controls 5’ cap structure for mRNA stability during translation. This
NSP-AS2-DCP2 complex reduces siRNA production that weaken the antiviral defense system in plants (Ye
et al. , 2015). On the other hand, MP can bind with heat shock protein 70 (HSP70) (Krenz et al. , 2010)
and SYTA (Lewis & Lazarowitz, 2010; Uchiyama et al. , 2014), regulates virus transport with chaperone
like proteins.

Furthermore, CabLCV NSP directly interacts within the nucleus with jasmonate insensitive 1 (JIN1 or
MY C2) to inhibit its transcriptional activity. JINI/MYC?2 is a conserved interaction partner shared by C1
of tomato yellow leaf curl China virus and CabLCV NSP proteins. JIN1/MYC?2 is a transactivation factor
that upregulates genes involved in terpene syntheses, such as terpene synthase 10 (TPS10) and terpene
synthase 4 (TPS04). Accordingly, CabLCV infections result in reduced terpene synthesis, which, in turn,
enhances the performance of Bemisia tabaci, the vector of CabLCV. Terpenes possess insecticidal, repellent,
and attractive properties for natural enemies, thus serving as an effective defense strategy against B. tabaci.
Further investigations are necessary to fully understand the role of NSP in vector—plant interactions and the
complex synergistic relationship between the vector and the virus (Breves et al. , 2023).

NSP and MP belonging to the Bean dwarf mosaic virus (BDMV) interacts with histone H3 through nuclear
pore complex and plasmodesmata cells to export virus to cell periphery and then transmission across the
cells (Yang et al. , 2011). Both proteins have also been found in interaction with NSP-interacting GTPase
(NIG) protein, a cytosolic GTP-binding protein that assess GTPase activity in the cell. NSP and MP binds
with NIG protein for intracellular movement of the virusz (Carvalho et al. , 2008). NSP monitors nuclear
export of viral DNA through binding with acetyltransferase in A. thaliana (AtNSI), acting as a small GTPase
for CaLCuV trafficking (Carvalho & Lazarowitz, 2004; Carvalho et al. , 2008). It has capability to develop
symptoms in infected cells through binding with a PERK-like protein (proline rich extension-like receptor
protein kinase) called NSP-associated protein (NsAK) (Florentino et al. , 2006). Another protein NSP-
interacting kinase (NIK) is a known receptor-like kinase which plays its role in plants defense mechanism.
NSP binds with this NIK protein which inhibits its kinase activity and promotes virus movement in the cell
(Fonteset al. , 2004). In conclusion, this small DNA virus family adopts multitasking role for successful
infection in host plants.

ADVANCES IN GENOME EDITING FOR GEMINIVIRUSES

To combat this huge family of plant viruses, genome editing approach CRISPR,/Cas9 was under consideration
to target huge species under begomoviruses and its associated satellites. In recent years, this molecular
technique CRISPR/Cas9 was introduced for modification in the cotton genome. This approach has showed
some promising results in regulation of the genes related to the higher quality traits that can give a positive
response against plant pathogens (Sattar et al., 2019, Khan et al., 2021). As we know that cotton leaf
curl virus is one of the widely spread infection at global level. Hense, transgenic cotton varieties based on
CRISPR/Cas9 will provide a better yield and pathogen free cotton in near future. Recently, cap snatching
technique was introduced with the help of Rice stripe virus (RSV) to mapp the 5’ of viral mRNAs belonging
to CLCuMuV, Corchorus yellow vein virus (CoYVV), and Ramie mosaic virus (RamV). Using this approach,
RSV was able to snatch the capped RNA from host mRNAs and co-infected begomoviruses (Arif et al., 2020).
Due to the diversity in guide RNA (gRNA) sequence, there is still a need of potential targeting to the multiple
viruses rather than a single virus (Agrahari et al., 2020, Mishra et al., 2017). Using combination of different
molecular tools including GWAS, CRISPR/Cas9 and transcriptome data could explore better plant immune
system to dileante virus-host interaction.

CONCLUSION AND PERSPECTIVES

This review provides new insights into geminivirus-host interactions at the molecular level and lays foundation
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for further studies on structure-function relationships. This insect transmissible virus has caused considerable
yield loss at an alarming rate in several newer hosts including crops and weeds worldwide. As geminiviruses
encodes fewer proteins which cannot afford independent completion of their infection cycle. Therefore, their
small genome size proteins perform multifunctional roles to hijack host cellular machinery to suppress their
defense mechanism to create a favorable environment for virus propagation and its transmission. Only
two to three geminviral proteins redirects host replication process via DNA polymerase complex and further
transcribe in the nucleus for viral genome amplification. Modifying host protein binding site such as targeting
SnRK1 will affect the binding of Rep, TrAP and BC1. It will show negative impact on virus binding further
with RLKs resulting into an impaired signal transduction during infection cycle and delayed symptom
development. Additionally, RNAi-mediated pathways are major key players to regulate gene expression
under TGS and PTGS mechanism to provide resistance against virulence factors. These plant pathogens
are targeted through the production of small interfering RNAs (siRNAs) generated from viral genome and
plant-derived micro RNAs (miRNAs). However, TrAP, C4, V2 and BC1 proteins acts as RNAi suppressors
to interfere host miRNA regulatory pathway that eventually block protein network related to the defense
system in the plants. To target AGO protein in the host will revert the VSR function of these viral proteins
and restoring the normal production of siRNA through proper activity of RDR6-SGS3-DCL4 complex in
the host. Moreover, modification of histone (H3) protein function using crisper-cas technology will subvert
NSP-MP-H3 interaction complex which will restrict virus export through plasmodesmata cells into their
neighboring cells

In conclusion, it is crucial to identify strong interactors in the host that are involved in direct response to the
viral genome versus those playing secondary role during pathogenicity. Thus, data based on R (resistant)
genes in host plants exhibits a deep insight the strategy involved in antiviral immunity system. These
emerging plant pathogens are spreading to non-endemic new locations through mixed infection to overcome
resistant varieties or using recombinant phenomenon for susceptible genes. Therefore, a real challenge still lies
to develop a stable crop genotype that confers a remarkable resistance against geminivirus infection. Hence,
“omics” approaches could provide a better source to understand this trade off in the plant developmental
processes during geminivirus host interaction.
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FIGURE LEGENDS:

Figure 1 |Begomoviruses possess 5-7 proteins to cause infection in several host. Begomoviruses
possess few proteins that interplay a role of interaction on intraspecies level and sometimes causes self-
interaction to make a loop structure to prevent degradation from antiviral system in the host. These viruses
interact with the host using replication associated proteins, membrane-based proteins and its satellite mole-
cules for virus propagation in different hosts.

Figure 2| Geminivirus-host interaction network . This bioinformatics approach combining existing
data highlights the mutualistic interaction to differentiate healthy and infected plants. Geminiviruses are
transmitted through B. tabaci(whitefly), and during this transmission phase, CP of geminivirus binds with
GroEL and HSP family of B. tabaci and transmitted during whitefly feeding cycle through healthy plant
phloem cells. When geminivirus enters plant cell, it immediately starts using plant machinery for its multipur-
pose functions. This network depicts geminivirus proteins interaction with its targeted proteins (members in
blue circle) in various hosts that needs to be verifying to understand geminivirus cell cycle and its movement.

Figure 3| A detail of geminiviruses encoded proteins-interaction with proteins of the host plant.
Describing virus cycle, dark color in the figure indicates specific virus protein function after binding with
well-known host proteins at each step and grey color shows protein is partially involved or has completed
its role during cell cycle. During geminivirus infection, each virus protein performs its function after binding
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with host proteins that are usually involve in normal leaf cell development, energy metabolism, plant signa-
ling pathway, gene silencing and defense mechanism including biotic and abiotic stress. For virus replication
and transcription in the nucleus, virus protein Rep/C1, TrAP/C2, REN/C3, C4, C5. pC1, NSP/MP (bi-
partite) executes proper replication and transcription using proof reading enzymes in the host. During this
process, these viral proteins usually interact with plant proteins that are involved in cell cycle for normal
leaf development. After using host transcription machinery, virus is being transmitted to cytosol into the
cytoplasm where it binds with most of the defense related genes to help virus for cell to cell movement. Here,
MP starts its function with BC1 protein for virus transmission within the cell and across the cell. TrAP
and betasatellite shares host proteins in the nucleus as well as in the cytoplasm to cause pathogenicity and
infection in the plant cell. At this phase, both proteins interact with defense related host proteins like su-
crose non-fermenting related kinase protein (SnRK1), calmodulin like proteins and dicer like protein family
to suppress host defense mechanism. MP plays its role using number of heat shock proteins like hsp70, hsc70
and H3. It is shown that C4 supports viral proteins C2, C1 and MP protein to accumulate virus DNA at
high level in the cytoplasm. The V2 protein replaces MP role in monopartite viruses and function with C4
for virus movement. Virus completes its cell cycle and packaging and is being transmitted to another plant
cell to cause infection.

Figure 4 | Role of C4 during signal transduction and hormone signaling. Plasma membrane
localized RLKs and SKs induces endogenous and exogenous signals for leaf shoot meristem growth, its de-
velopment and defense mechanism. The C4 plays a main role in CLAVATA signaling during cell division
to control the expression of WUS, a known gene required for homeostatic maintenance of stem cell and
flower meristems. Additionally, C4 binds with BR-signaling kinases and RLKs to phosphorylate and control
negatively downstream signaling components for embryo development. Through LRR-RLK, C4 disrupts
a network of MAPK cascade which regulates stomata development and inflorescence growth. MAPK cas-
cade constitute three activated kinase domains (MAPK kinase kinase MAPKKK/MEKK; MAPK kinase
MAPKK/MKK; MAPK MPK). Phosphorylation of C4 through PAMP derived MAPK network controls
plant immunity system by modulating ROS production, ethylene induction and hypersensitive cell death
response. Inhibiting the activity of S-adenosyl homocysteine hydrolase-SAHH enzyme in the methyl cycle
suppresses the DNA methylation dependent TGS pathway. The C4 protein also dephosphorylates several
transcription factors (WRKY, MYB) in the nucleus that are essential for pollen development and floral
abscission. It also hijacks TGS and PTGS pathway along-with phosphorylation and ubiquitination to con-
tribute to the viral transcript production. Thereby, C4 interacts with various host genes to overcome plant
growth and anti-geminiviral immunity.
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