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Abstract: Begomovirus infection in plant causes a great economic loss in many countries every year.
Increasing rate of the infectivity of this single stranded DNA virus forces to study of its transmission
in detail for the necessary researches regarding the control of this disease. This pathogenic virus is
whitefly vector borne and transferred from one plant to another plant during the suckling of phloem
sap by that vector. Viral transmissibility through this insect vector may depend on the genetic vari-
ations within the cryptic species groups. Two distinct categories of begomoviruses viz., bipartite
and monopartite types consist of different genome organization. Virion particles modify the intra-
cellular environment of the host according to their need of replication and survival. Viral replication
takes place through RCR as well as RDR methods. Interplay among host, vector and pathogen is
crucial for the establishment of infection. Several endosymbiotic organisms living within the insect
vector also have vital role here. Being infected with this virus, host plant responds with defensive
activities like TGS, PTGS, autophagy, hormonal regulation, metabolic alteration etc. However, virus
also counteracts those through the manipulation of several pathways of cellular events. It is neces-
sary to study in different directions and utilize advanced molecular biological techniques to develop
begomovirus resistance within plants.
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1. Introduction

Different types of viral infections in plants are great threat in sustainable agriculture as the
worldwide demand for food is increasing day by day. Rapid transmissibility of virion particles,
change in climatic condition and global trading cause sudden spreading of diseases within a vast
area. Geminiviruses, belongs to the family Geminiviridae, infect a wide range of economically im-
portant plants and attribute a major crop loss all over the world. Geminiviruses are single-stranded
DNA viruses, having twinned icosahedral structure, cause diseases like bright yellow mosaic, yellow
mosaic, yellow mottle, leaf curling etc. Geminivirus interferes host cell machinery with the modifica-
tion of gene expression, cell signaling, metabolic reprogramming etc. Being transmitted through in-
sect vectors, those spread into different hosts like tomato, cotton, maize, potato, beet, wheat, cassava
etc. Based on the genetics, phylogenetic relationships, host interaction and insect vectors, gemini-
viruses are categorized into Becurtovirus, Begmovirus, Capulavirus, Curtovirus, Eragrovirus, Grablovirus,
Masterovirus, Topocuvirus and Turncurtovirus [1,2]. Among these, begomovirus are one of the largest
group, transmitted through whiteflies (Bamisia tabaci) which sit abaxial surface of the leaf and suck
phloem sap. These tiny Hemipteran insect vectors are the members of Aleyrodidae family. Some
considerable genetic and behavioral variations have been found in different haplotypes of whitefly
vectors. On the basis of genetic variation in cytochrome oxidase unit, those groups of population have
been considered as a cryptic species complex where the members are reproductively isolated. Several
cryptic species like Middle East-Asia Minor 1 (MEAM1), Asia-I, Asia I-India, Asia II-1, Asia II-5, Asia
II-7, Asia II-8, Asia II-11, and China-3, Mediterranean (MED), NW1, NW2 are reported already. Co-
adaptation of those variants may influence on transmission efficiency [3,4]. Begomovirus mainly in-
fects dicot plants bearing edible vegetables, distributed within tropical, sub-tropical and mild
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temperate climatic zone. The business oriented production of vegetables improves food security, in-
come opportunities, poverty reduction along with regional development but the annual economic
loss from this viral disease affects livelihood directly [5]. Additionally, some non-edible economically
important plants like tobacco, cotton are also infected with the begomoviruses. Abutilon mosaic dis-
ease, cucumber mosaic disease, sweet potato leaf curl disease, cotton leaf curl disease, bean golden
mosaic disease, tomato curl disease, chilli leaf curl disease etc. are commonly found in our country
[6]. In spite of utilizing the host DNA polymerase having proof-reading activity, begomoviruses ex-
hibit significant level of genetic variation and nucleotide substitution. Frequent recombination and
re-assortment of the viral genome, increase their adaptive fitness to invade wide range of hosts in the
different ecological niche [7]. All those events compel to control the begomovirus as per the require-
ment for preventing financial condition of the countries from this viral infection. For this, it is im-
portant to understand the biology of this viral transmission critically. Most of the literatures have
represented the characterization of begomovirus, their genomic variation and diversification, infec-
tivity in different plants, several gene expression profiles in plants etc. However, very little infor-
mation is available about the whitefly mediated transmission of begomovirus together with the re-
spective host response. In this review, we have focused on the genomic structure and mechanism of
transmission of begomovirus, interaction among plant-vector-pathogen required for viral infection
and specific stress responses inside the plant body with some other aspects.

2. Genome organization and transmission of begomovirus

Begomoviruses are categorized into two groups, viz., bipartite begomovirus (e.g. Tomato Leaf
Curl New Delhi Virus) and monopartite begomovirus (e.g. Tomato Mottel Leaf Curl Virus). Bipartite
begomovirus contains two circular single-stranded DNA molecules (%2800 nucleotides), known as
DNA-A and DNA-B whereas monopartite begmovirus contains a single DNA molecule which is sim-
ilar to DNA-A of bipartite begomovirus [8]. DNA-A encodes replication associated protein (REP),
transcription activator protein (TrAP), replication enhancer protein (REn), coat protein (CP), pre-coat
protein, and viral suppressors of RNA silencing (VSRs) protein. On the other hand, DNA-B encodes
viral movement protein (MP) and nuclear shuttle protein (NSP). Several genes are present in the two
types of DNAs for executing the specific workflow. For example, in case of Tomato Leaf Curl New
Delhi virus eight different genes viz., AV1, AV2, AV3, AC1, AC2, AC3, AC4 and AC5 are found
within DNA-A contributing the abovementioned functions whereas DNA-B contains BV1 and BCl1
genes to perform the respective tasks. Both the genomic components share a common region (CR)
which controls gene expression and replication initiation. Sometimes, extra single-stranded DNA
molecules are found in monopartite begmovinuses, known as alpha-satellites and beta-satellites. Sat-
ellite DNA molecules often act as VSRs and mediate host DNA suppression. For replication, coating
and movement, monopartite begomovirus needs a helper virus in many cases. Genes present in al-
pha-satellite, are responsible for the synthesis of replication initiator protein and which are in beta-
satellite are the pathogenicity determinant [9,10]. Spreading of begomovirus through white flies oc-
curs in a circulative persistent manner. Whitefly inserts its stylets in the vascular tissues of the plant
to ingest the phloem sap and inoculate the virion particles into the host. Virions are then translocated
through their digestive system, haemolymph and salivary gland, and subsequently, transmitted into
the phloem sap of another plants ingested by the insect later. Coat protein located on the virion sur-
face, is essential for the viral invasion into the female reproductive system of the insect vector, and
then transovarially transmitted to the progeny, with variable infectivity potential [4,11]. Virion par-
ticles modulate the host cell cycle and transcriptional events to make the surrounding microenviron-
ment favorable for its replication. Circular genomic DNA of begomovirus, principally, replicates
through the rolling circle replication (RCR) mechanism. When transmitted through the whitefly, the
viral genome enters into the host cell nucleus and three stage based replication process takes place.
Initially, conjugated with the host cellular factors, the single-stranded viral DNA is converted into
supercoiled double-stranded DNA intermediate with the help of host DNA polymerase. This leads
to the transcription of several viral factors. After this, double-stranded DNA acts as a template for
the synthesis of single-stranded viral DNA through rolling circle replication mode utilizing the both
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viral and host factors. Synthesized single-stranded DNA then re-enters into the replication pool and
assists viral assembly and spreading. Viral DNA molecules are packed into host nucleosome and
formation of minichromosomes take place within the host nucleus. Those minichromosomes are used
as a template for viral transcription [12,13]. Beside this, begomovirus also replicates through recom-
bination driven replication (RDR) mechanism where recombination is closely associated with the
replication. This mechanism is able to recover the viral DNA fragments resulting from incomplete
synthesis or nucleolytic attack [14,15]. Viral replication and transcription are encoded by the early
activated genes followed by late activated genes encoding the encapsidation and movement. With
the alteration of host gene expression and the regulation of cell signaling, viruses increase the disease
severity after establishing the successful infection [16]. Infection mechanism of begomovirus in plant

cell is diagrammatically represented in Figure 1.
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Figure 1. Diagrammatic representation of begomovirus infection mechanism.

3. Interaction among plant, whitefly and begomovirus

The tripartite interactions among host, vector and pathogen employ significant impacts on the
population dynamics of the whitefly and the disease development within host. It seems to be that the
relationship between whitefly and begomovirus is mutualistic [17]. After infection, begomovirus al-
ters the nutrition status of plant with the suppression of plant defense against the whitefly in such
way that is suitable for that insect vector [18]. From the comparative analysis of honeydew excreted
by viruliferous and non-viruliferous whitefly, it was speculated that begomovirus helps to improve
the nutritional assimilation (such as essential amino acids and sugars) of the vector and likewise en-
hances its performance level [19]. In addition, endosymbiotic bacteria are often involved in this in-
teraction. They are ubiquitously found in Hemipteran insects. The endosymbionts grown within
Bamisia tabaci, (e.g. Candidatus Portiera aleyrodidarum under Oceanospirillales) and vertically transmit-
ted through reproduction are known as primary endosymbionts. Primary endosymbionts supply es-
sential amino acids and carotenoids to their whitefly host. Secondary endosymbionts are also im-
portant for the activities of the vector. They are associated later and often transmitted horizontally.
Seven secondary endosymbionts have been found within Bamisia tabaci. These are Candidatus Fritschea
bemisiae (Chlamydiales), Candidatus Cardinium hertigii (Bacteroidales), Candidatus Hemipteriphilus asi-
aticus (Rickettsiales), Candidatus Hamiltonella defense (Enterobacteriales), Arsenophonus spp. (Entero-
bacteriales) and Wolbachia spp. (Rickettsiales) [17]. Some endosymbionts may regulate defense sys-
tem of the host plant. This regulation seems to influence the vector-pathogen interaction as well as
pathogen transmission. As the required amino acids are provided to the vector by the symbionts, the
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alteration in the composition of symbiotic association may affect the survival of whitefly and plant
mediated whitefly-begomovirus interaction. Apart from these, co-occurrence of other pathogens, her-
bivores and natural enemies together with whiteflies in begomovirus infected plants may interfere
with whitefly-begomovirus interaction. Environmental heterogeneity and several abiotic factors like
temperature, humidity, soil chemistry etc. also have influence on this tripartite interaction [17,20].
Several aspects need to be investigated for the better understanding of this interaction. These are the
followings: role of insect proteins and endosymbionts for the viral transmission efficiency, manipu-
lation of physiological aspects of plant, metabolic regulation and the role of pathogenicity factors and
other proteins which modulate the physiology of plant and whitefly behaviour.

4. Host plant responses against the begomovirus infection

Host plants acquire different strategies to combat pathogenicity after viral invasion. Some of the
most important defensive mechanisms like (a) transcriptional gene silencing (TGS), (b) post-tran-
scriptional gene silencing (PTGS), (c) autophagy, (d) protein kinase-mediated immunity, (e) Ubiqui-
tin—proteasomal degradation and SUMOylation, (f) regulation of phytohormones, (g) alternations in
primary and secondary metabolism of plant [21] are discussed here.

4.1. Transcriptional gene silencing (TGS)

With the help of host cell machinery, the viral single stranded DNA replicates and binds with
histones of the host, to form minichromosomes. Plants suppress this minichromosome formation
by RNA directed DNA methylation apparatus and ultimately silence the viral gene expression
through transcriptional gene silencing (TGS) in response to the viral invasion into the cell. Small non-
coding RNAs like siRNA and miRNA play significant role in this type of silencing. RNA directed
DNA methylation is mediated by the RNA polymerase IV & V of the host cell. Those RNA polymer-
ases generate siRNA (24 nt) to elevate the target DNA methylation de novo. RNA polymerase IV cat-
alyzes the formation of single stranded non-coding transcripts from viral chromatin. From this, dou-
ble stranded RNA is formed by RNA dependent RNA polymerase with CLASSY 1 manner. Double
stranded RNAs are then diced by DICER-LIKE 3 (DCL-3) ribonucleases and generate 24-nt siRNAs
duplexes. Those are stabilized by HUAENHANCER1 (HEN1) and loaded to the RNA-induced si-
lencing complex (RISC) containing ARGONAUTE 4 (AGO4)/AGO-6, later. Transcription of RNA pol-
ymerase V occurs with the help of DDR complex where DEFECTIVE IN RNA DIRECTED DNA
METHYLATION 1 (DRD1), DEFECTIVE IN MERISTEM SILENCING 3 (DMS3), REQUIRED FOR
DNA METHYLATION 1 (RDM1) and DEFECTIVE IN MERISTEM SILENCING 4 (DMS4) are present
[22]. Transcripts formed by RNA polymerase V, base pair with siRNA present in AGO4-RISC com-
plex. This is stabilized through the association of AGO4 with carboxy-terminal tail of Nuclear RNA
polymerase E (NRPE1) and KOW DOMAIN-CONTAINING TRANSCRIPTION FACTOR 1 (KTF1).
AGO4 then binds to RDM1 and involves cytosine methyl transferase like DOMAINS REARRANGED
METHYL TRANSFERASE 2 (DRDM2) for de novo methylation of viral DNA. Histone methyltrans-
ferase KRYPTONITE (KYP) and DNA methyltransferase CHROMOMETHYLTRANSFERASE 3 have
important role in maintaining the process of Transcriptional Gene Silencing [23]. However, be-
gomovirus encodes TGS suppressors to overcome the Transcriptional Gene Silencing. For example,
in bipartite begomovirus, transactivator protein (TrAP) encoded by V2 of TYLCV, acts as TGS sup-
pressor and promotes virulence [24]. To carry out TGS, miRNA works through the following steps
such as primary transcription of miRNA from MIRNA genes, with the help of RNA polymerase II,
followed by its processing with Dicer-like proteins. After this, methylation of miRNA and its associ-
ation with RISC, occur. Then the miRNA binds to the target mRNA and degrades it [25]. To inhibit
this, V2 protein of often directly binds to miRNA and interfere with mRNA homeostasis and creates
developmental abnormalities within host plant [26].
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4.2. Post-transcriptional gene silencing (PTGS)

The post-transcriptional gene silencing mainly occurs through the targeting of viral RNA tran-
script by siRNA-meditated silencing pathway. PTGS starts to target the double stranded RNA frag-
ments derived either from bidirectional transcription or from secondary hairpin structures of viral
RNA. Those double stranded RNAs are recognized by Dicer-like protein (DCL) and double stranded
RNA binding protein (DRB) and processed to form siRNAs (21-24 nt). Methylation of 3’ end of the
siRNA by HUA ENHANCER 1 (HEN1) protein, protects it from 3’-5" exonucleolytic degradation and
uridylation. Simultaneously, the siRNA duplexes are recruited onto AGO4 to favour the targeting
and the formation of RISC. This results the mRNA degradation with cytoplasmic endonucleases or
translational inhibition. Further progress of PTGS occurs at the systemic site by primary siRNAs to
develop systemic resistance [21,27]. Several suppressors are developed by viruses for lessening this
immunity responses of host through interfering at different level such as PTGS inactivation, interfer-
ing siRNA biogenesis plus host defense inhibition [28]. For example, BV1 encodes Nuclear Shuttle
Protein (NSP) which induces ASYMMETRIC LEAVES 2 (AS2) expression through which enhances
decapping activity of DECAPPING 2 (DCP2), mRNA turnover and disturbing siRNA accumulation
and RNA silencing process of host. Upregulation of a calmodulin-like protein (CaM) by fC1, inhibits
the degradation of suppressor proteins and reduce RDR6 activity and eventually affects the anti-viral
activity of host [29].

4.3. Autophagy

Autophagy is a natural, conserved process for degrading undesirable, dysfunctional bodies pre-
sent in the cytoplasm. It has significant potentiality to develop innate and adaptive immunity in plant
against viral infection. fC1 protein of CLCuMuB, interacts with the autophagy related protein
NbATGS8 and become degraded as per the reports of in vitro and in vivo studies. Mutation causing the
disruption of  BC1- NbATGS interaction promotes susceptibility to the viral infection. Recently,
begomoviruses are reported to have the ability to manipulate autophagy mediated host defense with
inducing autophagy of host factors related to different defensive pathway [21,30].

4.4. Protein kinase-mediated immunity

Protein kinases are important components for several physiological processes including defen-
sive response. Commonly, SnRK1, MAP kinases and receptor like kinases (RLKs) direct the host re-
sponses during virus infection. SUCROSE NON-FERMENTINGI-related protein kinase 1 (SnRK1)
functions in stress response [21]. During TYLCCNB infection in Nicotiana benthamiana, SnRK1 phos-
phorylates BC1 protein at serine 33 and threonine 78 residues through which negatively impact on
viral titre in plant [31]. To recover this, viral TrAP protein often interacts with SnRK1 and inhibits its
antiviral activity [32]. Mitogen-activated protein kinase (MAPKSs) are known to be involved in signal
transduction and defense against different biotic and abiotic stresses. The role of MAPK in antiviral
defense response are reported also beside the evidences showing antibacterial and antifungal im-
munity development in plant. It was found that MAPK1 upregulated the salicylic acid (SA) mediated
expression of pathogenesis-related (PR) genes in Vigna mungo [33]. In MAPKS3 silenced tomato plant,
poor expression of genes involved SA/JA mediated defensive pathway were found [34]. To survive
in this adverse condition, 3C1 protein of TYLCCNYV interacts with MAPK inhibitors for limiting its
antiviral activity [35]. Receptor-like kinases (RLKs) are transmembrane proteins transducing extra-
cellular signals through their specific ligand binding domains, a membrane-spanning region, and
cytoplasmic serine-threonine kinase domain, and also regulate the innate immunity against several
pathogens [36]. One RLK (namely NIK), targets viral NSP and mediates immune response against
begomovirus [37]. However, this type of resistance is limited by the viral NSP as it interacts with
NIKs and suppresses its activity [38].
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4.5. Ubiquitin—proteasomal degradation and SUMOylation

In ubiquitin—proteasomal degradation system, ubiquitin protein is conjugated to the lysine moi-
ety of a target protein and ultimately directs the target protein to 26S proteosomal degradation. Three
specialized enzymes are required to carry out the sequential events of this post-transcriptional mod-
ification. These are E1 (ubiquitin activating enzyme), E2 (ubiquitin conjugating enzyme), E3 (ubiqui-
tin ligase) [39]. Degradation of viral protein through ubiquitin-proteosomal pathway after be-
gomovirus infection in host cell is reported by authors. A tobacco protein with RING-finger domain,
named NtRFP1, functions as E3 ligase, intervenes 3C1 ubiquitination and diminishes the [3-satellite
mediated disease symptom generation. Virus often utilize the ubiquitin-proteosomal degradation to
destroy cellular proteins acting as restriction factors for viral replication and survival [40]. SUMOy-
lation is a similar type of post-transcriptional modification involving small ubiquitin like modifier
(SUMO) in the ligation to lysine moiety of target protein and thereby modulation of that protein
activity. In case of Synedrella yellow vein clearing virus (SyYVCV) infection, C-terminal SUMO in-
teracting motif of 3C1, binds to cellular components and protein degradation occurs. To counter this,
virus alters the SUMOylation patterns of specific host factors for creating favourable environment for
viral replication [41].

4.6. Regulation of phytohormones

Phytohormones like salicylic acid (SA), jasmonic acid (JA), and ethylene generate significant host
defense responses against plant pathogens. Anti-viral activity of auxin, cytokinin, gibberellic acid,
brassinosteroids and abscisic acid are yet to be explored [21,42]. In TYLCSV infected tomato plant,
upregulation of JA responsive gene like COI1 was reported. Sometimes 3C1 interacts with MYC2 to
suppress JA-mediated responses [43,44]. CaLCuV infected Arabidopsis thaliana has displayed activa-
tion of SA pathway [45,46]. However, the reduction of SA biosynthesis has been reported in during
TYLCSV infection in S. lycopersicum. Auxin signalling involves camalexins and glucosinolates that
selectively inhibits several pathogenic growth but AC4 protein of TOLCNDV reduces the endogenous
auxin level and disrupts signalling cascade by interacting with CYP450 monooxygenase [47,48]. More
than one hormone may work in concert in response to viral invasion but viruses try to counter those
with the manipulation of respective pathways.

4.7. Alternations in primary and secondary metabolism of plant

Viral infection causes alteration in metabolism inside the plant body. Beet mild curly top virus
(BMCTV) induces a high level of glucose, fructose, galactose, and myoinositol in chilli and utilize
those for capsid formation [49]. Alteration in metabolite content favours the abundance, fecundity,
and transmission ability of the vector whitefly [50]. Several volatile organic substances, produced
from secondary metabolism of plant, have potential role in attracting insects which spread patho-
genic organisms. However, several secondary metabolites are produced in host plant to prevent itself
from herbivores. Zingiberone, curcumene and P-cymene are reported to have toxicity against white-
fly. Utilization of those secondary metabolites in proper way can be a time efficient herbivory con-
trolling approach along with pathogenic attack [51-53].

Some other responses of host during viral infection has been found in literatures. As for example,
In TYLCV infected plants, expression of several resistance genes like Tyl, Ty6 etc. is induced and
resulted lowering of viral titre in host cell. However, the resistance contributed by Ty genes can be
held down when beta-satellite is present within virion genome [54,55]. Major types of host responses
during begomovirus infection have been shown in (Figure 2).
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Figure 2. Schematic representation of vector borne begomovirus infection and responses in host cell.

5. Future prospect and conclusion

Plants are capable of developing defense strategies against begomoviral infection. TGS causes
viral genome methylation, consequently, leads to the repression of viral pathogenicity whereas PTGS
mediates the degradation of the viral mRNAs to inhibit the viral infection. Host defence regulatory
mechanisms like autophagy, ubiquitination, hormonal signalling, and protein kinase activities also
play a significant role in the protection of host from begomovirus infection [21]. Those can be ana-
lysed thoroughly and utilized for controlling that type of viral infection in plant. miRNAs and siR-
NAs can be used as effective tools for achieving broad spectrum resistance in plants against be-
gomoviruses. However, different types of viral suppressors are evolved also according to the wide
range of host defense strategies. Spreading of begomoviral diseases is highly accelerated due to this.
Various approaches like conventional cross-breeding, non-coding RNA based molecular methods
etc. have been adopted to control this viral infections but emergence of more than one virus infections
at a time, is the reason for limiting the success. Recently, extensive efforts are giving by the research-
ers for standardizing the CRISPR-cas9 system for generating adaptive immunity and resistance
against begomoviruses. Selection of targets within viral genome is crucial factor in achieving the de-
sired success regarding this. Identification of the specific host factors involved in the resistance de-
velopment during plant-virus interaction, is also important. Multi-directional genetic engineering
using multiple targets, can aid in the development of disease resistant plants, hopefully. Role of plant
defense in vector-virus interaction should be studied also. Resolving the questions behind this, may
promote the development of novel strategies for virus control and manage the crop-disease problems
easily.
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