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Abstract: Insect-transmitted plant viruses are a major threat to global agricultural crop production.
Receptors play a prominent role in the interplay between host-pathogen and vector interaction. The
virus–vector relationship involves both viral and vector receptors. Receptors-like kinases (RLKs) and
receptor-like proteins play a crucial role in plant immunity, which acts as a basal defense. Pathogens
can evade or block host recognition by their effector proteins to inhibit pathogen recognition receptor
(PRR)-mediated signaling. Intriguingly, RLKs are also known to interact with viral proteins and
impact plant susceptibility against viruses, while the endocytic receptors in vectors assist in the
binding of the virus to the vectors. Unlike other receptors of fungi and bacteria which have three
different domains located from extracellular or intracellular to perceive a multitude of molecular
patterns, the characterization of viral receptors is quite complex and limited since the virus is directly
injected into plant cells by insect vectors. Little is known about these receptors. Unraveling the
receptors involved in virus entry and transmission within the vector will provide vital information
in virus–vector interactions. This review focuses on efforts undertaken in the identification and
characterization of receptors of plant viruses within the host and vector. This will lead to a better
understanding of the cellular mechanism of virus transmission and spread, and further suggests
new alternative tools for researchers to develop an integrated approach for the management of viral
diseases and associated vectors.
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1. Introduction

In general, receptors are proteins on the cellular surface that transmit a signal upon
binding with the respective extracellular molecule, signaling molecule, and ligands. The
ligands can be hormones, growth factors, nutrients, etc. However, in viruses, the receptors
are not signaling molecules, but they are essential for the infectious cycle of viruses within
their host and transmission by their vectors. In the case of animal viruses, viruses gain entry
through the host receptors. In other words, receptors on the cell surface of the host are the
principal determinant of the infection process, as they act like a lock to access the cell. The
viral infection happens through the binding of viral capsid proteins to cellular receptors of
the host cell resulting in penetration of the viral genome [1]. Unlike animal viruses, plant
receptors are not the principal determinant of the infection because the virus entry into the
plant cells happens through mechanical damage with or without the insect vectors. So, the
receptors have a different purpose. The receptors we discuss in the context of plant viruses
have different features and understanding than animal viruses. This review discusses two
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groups of receptors in two major sections. One is the receptors that are associated with the
insect vectors that have a huge role in determining the specificity of vectors while the other
section discusses receptors present on the cellular surface of plants that sense and trigger
an immune response. To the best of our knowledge, there is no comprehensive review that
covers the receptors in the infectious cycle of plant viruses. This review aims to summarize
progress on the identification and characterization of viral receptors that are critical for
transmission and in plants that sense and mount defense against viruses.

2. Viral Receptors within the Vector

Most of the plant viruses that cause extensive losses to agriculture are transmitted
by sap-sucking insect vectors that include aphids, leafhoppers, planthoppers, thrips, and
whiteflies. These insect vectors transmit more than 70% of the plant viruses [2]. The
uptake and transmission of viruses by their vector requires a tight association between
viral proteins and vector-associated proteins, usually referred to as receptors (Table 1).
The identification of these receptors is a key factor in understanding the mechanism of
virus transmission and opens avenues to study virus–vector relationships and restrict
virus spread. To date, several vector proteins interacting with viral proteins have been
identified. However, of these identified proteins only a few virus-interacting proteins have
been functionally characterized (Figure 1). Here, we summarize and discuss the vector
determinants involved in virus uptake, retention, and transmission of plant viruses.
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Figure 1. Schematic representation of some of the common techniques used for the identification and
functional characterization of proteins associated with plant–virus–vector pathosystem.

2.1. Aphid-Associated Viral Receptors

Aphids are phloem-feeding insects, well known as major pests in agriculture. In
addition to weakening the plants by feeding, aphids also transmit several plant viruses [3].
Various strategies have been employed to identify receptors of viruses within aphid vectors.
Virus overlay and immunoblot assays of English grain aphid as a vector (Sitobion avenae)
and corn-leaf aphid as a non-vector (Rhopalosiphum maidis) showed that two accessory
salivary gland (ASG)-associated proteins (SaM35 and SaM50) act as receptors for barley
yellow dwarf virus (BYDV)-MAV isolate [4] (Figure 2). In addition, 50 kDa protein (P50)
particles extracted from wheat aphid (Schizaphis graminum) and grain aphid (Sitobion avenae)
exhibited specific binding to purified virus particles of BYDV-GAV isolate. A significant
reduction in transmission efficiencies of BYDV-GAV by both the aphid vectors was observed
upon antiserum feeding.
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Figure 2. A schematic diagram of an aphid showing the putative proteins corresponding to viral
interactive partners. Barley yellow dwarf virus (BYDV), cauliflower mosaic virus (CaMV), zucchini
yellow mosaic virus (ZYMV), and tobacco etch virus (TEV) are shown in combination with their
putative partners. Host proteins are represented as non-glycosylated proteins (NGPs), Cuticular
proteins (CuPs), ribosomal protein S2 (RPS2), and complement component 1Q subcomponent-binding
protein (C1QBP). The presence of the viral receptors in aphids is shown with star shapes and
different colors.

Immunogold labeling showed that the P50 protein is located at the plasma membrane
surrounding the ASG in the head tissues of S. graminum. All these studies suggested
that P50, SaM35, and SaM50 are associated with virus transmission [5]. Seddas and
co-workers employed SDS-PAGE and 2D electrophoresis (2DE) and showed that three
green-peach aphid (Myzus persicae) proteins, Rack-1, GAPDH3, and actin, may be involved
in transcytosis of beet western yellows virus (BWYV) particles in the aphid vector [6].
P2 protein encoded by DNA viruses such as cauliflower mosaic virus (CaMV) acts as a
receptor for a non-glycosylated protein deeply embedded in the chitin matrix of aphids.
These receptors were found in the tip of the aphid’s maxillary stylets [7]. Cuticular proteins
(CuPs) are major components of insect cuticles and have been identified as receptors of
viruses in several insects including aphids. In aphids, CuPs of M. persicae interact with the
helper-component protease (HCPro) of the Zucchini yellow mosaic virus [8]. To identify
the aphid receptors, tobacco etch virus (TEV) (genus, potyvirus)-encoded HCPro was
used as bait to select interacting proteins among the proteins extracted from aphid head
tissues. Among the various proteins identified, ribosomal protein S2 (RPS2) was selected
for further analysis. Cloning and heterologous expression of the corresponding M. persicae
gene confirmed specific interactions between TEV-HCPro and RPS2. Further investigations
suggested that RPS2 is involved in virus transmission [9] in insect vectors. Genomics and
proteomics were applied to identify the wheat aphid (S. graminum) proteins mediating
virus transmission. Of the identified proteins, co-immunoprecipitation (Co-IP) and mass
spectrometry (MS) analysis showed that cyclophilin A and B proteins interact with the
RPV strain of cereal yellow dwarf virus (CYDV-RPV) and may mediate virus transport
from the hindgut lumen into the hemocoel [10]. Using the Far-Western blot technique,
Linz and co-workers identified that membrane alanyl aminopeptidase N (APN) acts as a
receptor for pea enation mosaic virus (PEMV)-encoded coat protein (CP) in the gut of the
pea aphid (Acyrthosiphon pisum) [11]. A study conducted by Liang and Gao (2017) showed
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that the cuticular protein MPCP4 of the green peach aphid (M. persicae) binds with the CP
of cucumber mosaic virus (CMV) [12].

RNAi-mediated silencing of MPCP4 suppressed the ability of M. persicae to acquire
CMV. All these lines of evidence indicate that MPCP4 is a putative receptor of CMV and
helps in virus acquisition. RNAi-mediated silencing of stylin-01 and stylin-02 showed
that stylin-01 might act as a receptor of CaMV in the stylet of pea aphids (A. pisum)
and M. persicae [13]. A novel aphid protein, membrane-bound Ephrin receptor (Eph),
was found to be involved in the transmission of the Turnip yellows virus (TuYV) by M.
persicae. A significant reduction in TuYV accumulation and transmission by M. persicae
was observed after in planta feeding of dsRNA (dsRNAEph)-targeting Eph-mRNA [14].
Interestingly, CuPs MPCP2 was found to interact with potato virus Y (PVY). However,
silencing of MPCP2 through oral dsRNA feeding resulted in a 47% reduction in the virus
transmission efficiency of M. persicae, indicating its potential role in virus transmission [15].
Affinity purification coupled with high-resolution mass spectrometry of M. persicae resulted
in the identification of 11 putative proteins, suggesting higher interaction probability
with structural proteins of potato leafroll virus (PLRV). Yeast-two hybrid (YTH) showed
the physical interaction of three of these vector proteins with PLRV-encoded structural
proteins, in addition to a few other luteoviruses. Immunoprecipitation (IP) of complement
component 1Q subcomponent-binding protein (C1QBP) showed the partial co-localization
of MpC1QBP with PLRV in cytoplasmic puncta along the periphery of aphid gut epithelial
cells. Artificial delivery of chemical inhibitors of C1QBP to aphids resulted in increased
PLRV acquisition and transmission by aphids, supporting the role of C1QBP in PLRV
acquisition and transmission by green peach aphids [16]. A combined mRNA and protein
analysis of M. persicae infected with CMV enabled the identification of several viral putative
regulators, including ribosomal proteins cytochrome P450 enzymes [17]. To date, several
viral receptor proteins in aphids have been identified and their specific role has not yet
been fully understood [18] (Figure 2). Further, research will pave the way toward a safe
alternative to insecticides used for managing aphids and lowering the damage caused by
transmitted viruses.

2.2. Planthopper and Leafhopper-Associated Virus Receptors

Identification of receptors of plant viruses in leafhoppers and planthoppers is crucial
for understanding the transmission mechanism. Researchers are continuously working
in this area and identifying novel proteins taking advantage of several molecular and
biological tools. Guoying and co-workers showed that a 32 kDa membrane-associated
protein of rice brown planthopper (Nilaparvata lugens) acts as a potential receptor of rice
ragged stunt oryzavirus (RRSV) (genus, Oryzavirus) [19]. Further, small brown planthopper
(SBPH, Laodelphax striatellus Fallén) proteins separated by 2D-gel electrophoresis were
screened for rice stripe virus (RSV)-binding molecules using a virus overlay assay of protein
blots. Wherein, mass spectrometry was employed and five proteins that bound to purified
RSV particles in vitro were identified. The virus-binding capabilities of these proteins
were elucidated further using in-vitro assays. Of the five putative proteins, a receptor
for activated protein C kinase (RACK) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH3) were found to be involved in epithelial transcytosis of virus particles and three
ribosomal proteins (RPL5, RPL7a, and RPL8) presumptively involved in infection and
propagation of RSV in vector cells [20] (Figure 3). Huo and co-workers (2014) revealed that
the vitellogenin receptor of SBPH is required for transovarial transmission of RSV [21].
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Another study by Wang and co-workers showed that the capsid protein of RSV binds
to the G-protein Pathway Suppressor 2 (GPS2) of SBPH and activates the c-Jun N-terminal
kinase (JNK) signaling pathway that promotes RSV replication in the vector [22]. In addi-
tion, a cuticular protein, CPR1 from SBPH, interacts with the nucleocapsid protein (pc3) of
RSV both in vivo and in vitro and co-localizes with RSV in the hemocytes of SBPH. The
protein aids viral survival in the hemolymph [23]. The Pns10 encoded by rice dwarf virus
(RDV) was found to specifically interact with cytoplasmic actin of rice green leafhopper
(Nephotettix cincticeps) but not with zigzag leafhopper (Recilia dorsalis), emphasizing the role
of actin in virus transmission and virus–vector specificity [24]. A non-structural protein
(Pns10) of rice ragged stunt virus (RRSV) interacting with host oligomycin-sensitivity con-
ferral protein (OSCP) of BPH was recently identified. The interaction between BPH OSCP
and RRSV Pns10 was verified using GST pull-down assay. This was the first evidence of
direct interaction of RRSV protein with mitochondria. Suppressing the OSCP gene signifi-
cantly reduced the viral load in RRSV-infected BPHs, revealing the role of mitochondrial
protein in virus proliferation [25]. Thirteen different proteins of SBPH interacting with
the nucleocapsid (N) protein of RSV were identified using the GAL4-based YTH system.
Among these, the interaction of RPL18 protein was further validated and downregulation of
RPL18 dramatically reduced viral protein expression, indicating the requirement of RPL18
in RSV translation and replication [26]. A sugar transporter 6 of L. striatellus was found to
be involved in the entry of RSV to midgut epithelial cells and is also involved in virus trans-
mission [27]. Proteomic analysis of viruliferous SBPH revealed that α-tubulin 2 interacts
with nonstructural protein 3 (NS3) of RSV and is involved in the passage of RSV through
midgut and salivary glands and leads to successful horizontal transmission [28]. A plasma
membrane protein, flotillin 2, was identified to facilitate the infection of RSV in its vector,
SBPH [29]. Interaction studies further revealed that in corn planthoppers (Peregrinus maidis),
107 proteins interact with glycoproteins of the maize mosaic virus (MMV). Further, the
interaction of Cyclophilin A and apolipophorin III with MMV glycoproteins was validated
in an insect cell line study [30]. In addition, voltage-dependent anion channel 2 (VDAC2)
of SBPH showed interaction with RSV-encoded RNA-dependent RNA polymerase (RdRP).
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These interactions facilitated the accumulation of RSV in SBPH [31]. In silico analysis of
interactions between glycoprotein of MMV and Syntaxin-18 (PmStx18) of corn planthopper
(P. maidis) revealed PmStx18 as a putative receptor of MMV [32] (Figure 2). These receptor
proteins will provide new clues for studies of the complicated relationship between viruses
and vectors by planthoppers.

2.3. Thrips-Associated Virus Receptors

Thrips-transmitted viruses cause severe losses to various crop plants worldwide [33,34].
Young thrips larvae acquire the virus while feeding on infected hosts and are transmitted
by adults throughout their lifespan. Adults cannot acquire the virus while young larvae
are unable to transmit the virus [35,36]. Viruses infect the gut epithelium of thrips and
reach the salivary glands from where the virus is transmitted to other hosts. During this
viral movement, several uncharacterized vector proteins (receptors) are involved [37]. Few
studies have been undertaken to identify the thrips proteins involved in virus acquisition
and transmission. The very initial study for the identification of receptors of viruses in
thrips was carried out in 1998 by Bandla and co-workers where a midgut protein (50-kDa)
was identified as a potential receptor of tomato spotted wilt virus (TSWV) glycoproteins
in western flower thrips (Frankliniella occidentalis) [38]. Similarly, another 94-kDa protein
of F. occidentalis and cotton thrips (Thrips tabaci) was found to interact with the envelope
glycoprotein (G2) of TSWV [39]. In silico analysis was performed to identify receptors
of groundnut bud necrosis virus (GBNV) glycoprotein (GN) in melon thrips (T. palmi),
suggesting that C-type lectin is the primary cellular receptor to interact with GBNV-GN [40]
(Figure 4).
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interactive partners. Tomato spotted wilt virus (TSWV) with midgut proteins, endocuticle struc-
tural glycoprotein (Fo-GN), cyclophilin (Fo-Cyp1), apolipoprotein-D (ApoD), orai-2-like (Orai), and
obstructor-E-like isoform X2 (Obst). Major segments like the head, thorax, and abdomen are labeled.
The presence of the viral receptors in thrips is shown with different colors and shapes.

Receptors of TSWV glycoprotein GN were identified using gel overlay assay. The
study identified six TSWV-interacting proteins (TIPS) from F. occidentalis. Further validation
showed that two TIPS, an endocuticle structural glycoprotein, and cyclophilin, interacted
with virus-encoded enveloped glycoprotein (GN). These proteins were found to be in-
volved in virus entry or facilitate other virus infection processes in thrips [41]. Zheng
and co-workers screened the F. occidentalis-TSWV YTH library and identified 74 thrips



Receptors 2024, 3 261

proteins, including ubiquitin-related proteins interacting with TSWV [42]. Later interaction
of ubiquitin-related protein UBR7 with TSWV GN in F. occidentalis was validated using
surface plasma resonance and GST pull-down assays [43]. The interaction of endocuticle
structural glycoprotein (Fo-GN) and cyclophilin (Fo-Cyp1) in TSWV and F. occidentalis was
also confirmed by employing immunoblotting and proteomic analysis [44]. To further
understand the TSWV transmission mechanism by western flower thrips species, a split-
ubiquitin membrane-based assay was employed to identify the potential vector proteins
involved in virus transmission. Out of 67 identified proteins, 3 proteins, apolipoprotein-D
(ApoD), orai-2-like (Orai), and obstructor-E-like isoform X2 (Obst), were selected for further
validation. Protein Obst was found to be overexpressed in viruliferous thrips whereas
silencing Obst resulted in decreased virus acquisition in larvae and transmission by adults,
indicating the possible role of Obst in TSWV acquisition and transmission in F. occiden-
talis [45]. At present, most of our understanding of thrips viral receptors is based on F.
occidentalis and TSWV. Further research is needed with other viruses and thrips vectors for
a better understanding of virus transmission by thrips.

2.4. Whiteflies-Associated Virus Receptors

Plant viruses transmitted by whiteflies (Bemisia tabaci) are causative agents of many se-
rious diseases of crop plants [46]. The coat protein (CP) is a structural protein involved in the
movement of the virus in the host [47]. Various B. tabaci proteins undergo protein–protein
interactions, act as viral receptors, and are involved in virus acquisition and transmission. B.
tabaci heat shock proteins (BtHSP16 and BtHSP70) interact with the tomato yellow leaf curl
Sardinia virus (TYLCSV)- CP and are involved in protection against other begomoviruses
while translocating in the whitefly (Figure 5) [48,49].
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Figure 5. A schematic diagram of a whitefly showing the putative proteins corresponding to viral
interactive partners. Tomato yellow leaf curl virus (TYLCV), tomato leaf curl New Delhi virus
(ToLCVNDV), cotton leaf curl Rajasthan virus (CLCuV-Ra), cotton leaf curl Multan virus (CLCuMuV),
and tomato yellow leaf curl Sardinia virus (TYLCSV). Insect proteins are heat-shock proteins (BtHSP16
and BtHSP70), B. tabaci peptidoglycan recognition protein (BtPGRP), Cyclophilin (Cyp) B, midgut
protein (MGP), vesicle-associated membrane protein-associated protein B (VAPB), proliferating
cell nuclear antigen (PCNA), cubilin (BtCUBN), aminoless (BtAMN), B. tabaci vesicle-associated
membrane protein 2 (BtVAMP2), vacuolar protein (Vps), sorting-associated protein twenty-associated
1 (Vta1), and phosphatidylethanolamine-binding protein (PEBP). Major segments like the head,
thorax, and abdomen are labeled.
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Wang and co-workers identified that peptidoglycan recognition protein encoded by
the B. tabaci PGRP gene (BtPGRP) acts as a binding site for tomato yellow leaf curl virus
(TYLCV) [50]. In vitro interactions were detected between BtPGRP and TYLCV by im-
munocapture PCR. Immunocapture PCR and co-localization were also used to identify the
role of Cyclophilin (Cyp) B protein in the transmission of TYLCV [51]. In the begomovirus-
whitefly system, cyp-encoded proteins might be required to refold virion particles and
facilitate the virus movement across the membrane barriers in the vector. cDNA expression
library screening against the CP of tomato leaf curl New Delhi virus (ToLCVNDV) and
cotton leaf curl Rajasthan virus (CLCuV-Ra) was used using infected gut tissues [52]. Upon
screening, midgut protein (MGP) was identified as a putative receptor for begomovirus
in whiteflies. Also, an interaction study was carried out to decipher the potential role of
vitellogenin (Vg; an egg yolk precursor protein) in virus transmission. Vg is a multifunc-
tional protein expressed in a tissue-specific manner in insects. Recent studies suggest that
the Vg receptor is essential for the transovarial transmission of TYLCV by B. tabaci [53]. In
monopartite begomoviruses chili leaf curl virus (ChiLCV), silencing of B. tabaci hsp70 and
fasciclin 2 (fas2) facilitate the virus infection. In addition, differential analysis of B. tabaci in
response to ChiLCV further revealed an association of innate immunity-related genes such
as Toll-like receptor 3 (TLR3), a transducer of erbB2.1 (TOB1), and GMP reductase. Silencing
of TLR3 and TOB1 significantly reduces ChiLCV transmission, suggesting their negative
regulatory role in virus pathogenesis [54].

Other begomoviruses such as ToLCNDV or CLCuV-encoded CP specifically interact
with the collagen protein of the insects. Therefore, it will be interesting to understand how
virus-encoded CPs take over collagen to escape the host immune response during virus
transmission [55]. Moreover, ToLCNDV or CLCuV-CP was further used as bait against
the total RNA of B. tabaci. The assay resulted in the identification of a thioredoxin-like
protein (TLP) as a receptor of begomoviruses [56]. Split-ubiquitin-based YTH assay fol-
lowed by GST pull-down and immunofluorescence were used to study the interactions
between TYLCV and B. tabaci. Middle East Asia Minor 1 (MEAM1) whitefly species
using a transcriptome database (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA407873;
Accessed: 1 March 2024) suggests the abundance of vesicle-associated membrane protein-
associated protein B (VAPB) in midgut tissues. A recent study showed that VAPB is in-
volved in TYLCV-mediated virus transmission [57]. An in-depth study of TYLCV-encoded
replication-associated protein (Rep) was found to be interacting with whitefly, proliferating
cell nuclear antigen (PCNA), which recruits DNA Polδ and aids in virus replication within
the vector [58]. In MEAM1, GST pull-down and LC-MS/MS were used to screen the bind-
ing partners of TYLCV-CP. The study identified two whitefly proteins, cubilin (BtCUBN)
and aminoless (BtAMN), forming a receptor complex termed BtCubam (Figure 4). In this
receptor complex, BtCUBN contributes a viral-binding region and BtAMN contributes to
membrane anchorage, which facilitates the entry of begomoviruses into the vector midgut
via clathrin-dependent endocytosis [59]. Furthermore, 50 whitefly proteins interacting with
an intergenic region (IR) of tomato yellow leaf curl China virus (TYLCCNV) were identified.
Dual luciferase analysis revealed that one of the identified proteins, hairy and enhancer of
split homolog-1 (HES1), is specifically bound to the ‘CACGTG’ motif in the TYLCCNV-IR
region. A decrease in viral transcription, accumulation, and transmission was observed
after HES1 silencing. The findings of this study showed that interactions with whitefly
proteins and the IR of TYLCCNV are involved in viral transcription in whiteflies. Proteomic
interactions analyzed among TYLCV and B. tabaci showed the interaction of 15 putative
whitefly proteins specifically with CP of TYLCV. Out of these 15 proteins, 1 protein tumor-
ous imaginal disc (Tid) had stable interaction in in vitro assay, emphasizing that the DnaJ-C
domain of Tid301-499aa was found to be the specific virus-binding site. Silencing of the tar-
get gene followed by the use of anti-Tid antibodies resulted in a higher quantity of TYLCV
in the whitefly body, indicating its potential role in antiviral infection [60]. In addition, B.
tabaci vesicle-associated membrane protein 2 (BtVAMP2) transcript levels were increased
during TYLCV infection. Later, they found that TYLCV-CP was having physical inter-

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA407873
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actions with BtVAMP2 [61]. Blocking of BtVAMP2 protein by feeding specific BtVAMP2
antibodies resulted in a significant reduction in virus titer in B. tabaci. Similar findings were
observed in whiteflies infected with Sri Lankan cassava mosaic virus (SLCMV). Feeding
BtVAMP2-linked antibodies showed reduced acquisition of SLCMV. These interactions
demonstrated the presumptive role of BtVAMP2 in begomovirus acquisition by whiteflies.
An interaction study was further used to identify 54 putative whitefly proteins involved
in cotton leaf curl Multan virus (CLCuMuV) CP-mediated transmission. RNAi analysis
showed that vacuolar protein (Vps), sorting-associated protein twenty-associated 1 (Vta1)
is a positive regulator of CLCuMuV acquisition and transmission [62]. Similarly, screening
of pepper whitefly-borne vein yellows virus (PeWBVYV) CP against the cDNA library of
whitefly (MEAM1) resulted in the identification of C1QBP as an insect protein interacting
with poleroviruses, suggesting C1QBP might be involved in virus transmission [63]. A recent
study also found that tomato leaf curl Bangalore virus (ToLCBV) CP showed interactions
with 102 distinct whitefly proteins (B. tabaci Asia 1). These proteins included HSP70, GroEL,
enolase, nucleoproteins, lachesins, vitellogenin, succinate dehydrogenase, apolipophorins,
salivary secreted proteins, 40s ribosomal proteins, tropomyosin, sorbitol dehydrogenase,
GTP cyclohydrolase, dipeptidyl peptidase, annexin, E3 ubiquitin, and others [64]. Some
of these proteins might be helpful for the virus and some favor the whiteflies. Another
interesting study suggests a viable interaction between insect phosphatidylethanolamine-
binding protein (PEBP) and TYLCV-CP wherein it downregulates the MAPK signaling
cascade. This further activates apoptosis in whiteflies and increases viral titer [65].

Immunoprecipitation assay and DUAL membrane cDNA library screening technology
were applied to understand interacting partners in RNA viruses. Cucurbit chlorotic yellows
virus (CCYV)-encoded minor coat protein (CPm) interacts with several proteins of B. tabaci
like tubulin beta chain (TUB), keratin type I cytoskeletal 9-like (KRT), and cytochrome-c-
oxidase subunit 5A (COX). These proteins were found to be associated with virus retention
within the vector and transmission of CCYV [66]. Transcription factors (TFs) involved in
both old- and new-world begomovirus transmission were identified recently. A whitefly
C2H2 zinc finger (ZF) protein, 100% identical to the vascular endothelial ZF-like (vezf)
protein, was found to be interacting with the CP of the begomoviruses. Silencing of the
vezf gene of B. tabaci led to the increased retention of mono or bipartite begomoviruses,
TYLCV, cucurbit leaf crumple virus (CuLCrV), and sida golden mosaic virus (SiGMV),
suggesting an inhibitory role of vezf during begomoviruses transmission [67]. Another
transcription factor, zinc finger 330 (ZNF330), was involved in B. tabaci and a bipartite
begomovirus ramie mosaic virus (RaMoV) pathogenesis [68]. Silencing ZNF300 resulted
in a significant reduction in longevity and fecundity of RaMoV-infected female adults.
The results demonstrated that ZNF300 is a negative regulator of RaMoV replication in B.
tabaci Mediterranean (MED) species. Though several proteins interacting with viruses have
been unraveled, other key viral receptors remain unknown. Further, research is needed to
identify these receptors for a better understanding of virus transmission by whiteflies and
for the implementation of novel strategies for managing them.

Table 1. Vector receptor proteins are involved in viral replication, acquisition, and transmission.

Vector Vector Protein Protein
Localization

Site of
Interaction Putative Role Virus Protein References

Aphids SaM35 and SaM50 - - Virus
transmission - [4]

P50

Plasma membrane
surrounding the

accessory sali-
vary gland

- Virus
transmission - [5]
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Table 1. Cont.

Vector Vector Protein Protein
Localization

Site of
Interaction Putative Role Virus Protein References

Receptor for
activated protein
kinase 1 (Rack-1),
glyceraldehyde-3-

phosphate
dehydrogenase

(GAPDH3),
and actin

- - Epithelial
transcytosis - [6]

Cuticular proteins
(CuPs) - -

Virus
acquisition and

transmission

Helper-
component

protease
(HCPro)
and CP

[8,12,15]

Non-glycosylated
protein Chitin matrix Maxillary stylet - Virus particles [7]

Ribosomal protein
S2 (RPS2) Cell membrane - Virus

transmission HCPro [9]

Cyclophilin A
and B - - Virus transport - [10]

Aminopeptidase N
(APN) - - Receptor CP [11]

Ephrin receptor
(Eph) protein - - Virus

transmission
Minor coat

protein (CPm) [14]

Stylin-01 Maxillary stylets - Transmission
Helper

component
protein P2

[13]

Complement
component 1 Q
subcomponent-
binding protein

(C1QBP)

Gut epithelial cells
Cytoplasmic

puncta and gut
epithelial cells

Virus
acquisition and

transmission

Structural
proteins [16]

Ribosomal proteins
cytochrome P450

enzymes, and
cuticle proteins

- - - - [17]

Cuticle proteins
and tubulins - - - - [18]

Leafhoppers Actin - - Virus–vector
specificity

Nonstructural
protein Pns10 [24]

Planthoppers 32-kDa membrane
protein - - - - [19]

RACK, GAPDH3,
and ribosomal
proteins (RPL5,

RPL7a and RPL8)

- -

Epithelial
transcytosis,

infection, and
propagation of

the virus

Nucleocapsid
protein [20]

Vitellogenin Ovary Germarium Transovarial
transmission

Nucleocapsid
protein (pc3) [21]
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Table 1. Cont.

Vector Vector Protein Protein
Localization

Site of
Interaction Putative Role Virus Protein References

Cuticular protein
(CPR1)

Hemolymph,
salivary gland, gut,

and ovary
Hemocytes Virus

transmission pc3 [23]

G protein Pathway
Suppressor

2 (GPS2)
Salivary gland cells - Viral replication CP [22]

Host oligomycin-
sensitivity conferral

protein (OSCP)
Mitochondria

Cytoplasm of
the salivary
gland cells

Viral
proliferation

Nonstructural
protein Pns10 [25]

RPL18 - - Virus
accumulation

Nucleocapsid
(N) protein [26]

Sugar transporter 6 Midgut Cell membrane
Viral entry

into midgut
epithelial cells

Nucleocapsid
protein [27]

α-tubulin 2 -

Midgut,
hemocytes, and

principal
salivary glands

Horizontal
transmission

Nonstructural
protein 3 (NS3) [28]

Flotillin 2
Plasma membrane

of midgut
epithelial cells

Gut microvilli
Virus entry in

midgut
epithelial cells

Nucleocapsid
protein [29]

Cyclophilin A and
Apolipophorin III Insect cells Glycoproteins [30]

Voltage-dependent
anion channel 2

(VDAC2)
- - Virus

accumulation

RNA-
dependent

RNA
polymerase

[31]

Syntaxin-18 - - - Glycoprotein [32]

Thrips Midgut protein
(50 kDa; 94 kDa) Midgut Midgut Translocation of

virus in midgut Glycoproteins [38,39]

Endocuticle
structural

glycoprotein and
cyclophilin

Midgut and
salivary glands

Midgut and
salivary glands Virus entry Glycoprotein

(GN) [41]

C-type lectin - - - GN [40]

Glycoprotein
(Fo-GN) and
cyclophilin
(Fo-Cyp1)

Midgut Midgut Virus entry GN [44]

Apolipoprotein-D
(ApoD), orai-2-like

(Orai), and
obstructor-E-like
isoform X2 (Obst)

- -
Virus

acquisition and
transmission

GN [45]

UBR7 - - - GN [43]

Whitefly
(B. tabaci) Heat shock proteins Midgut Midgut Inhibits virus

inside whitefly CP [48,49]
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Table 1. Cont.

Vector Vector Protein Protein
Localization

Site of
Interaction Putative Role Virus Protein References

Peptidoglycan
recognition protein Midgut Midgut

Whitefly
immunity
against the

virus

CP [50]

Midgut protein Midgut Midgut Translocation of
virus in midgut CP [52]

Cyclophilin B Midgut, salivary
gland, ovary

Midgut,
salivary gland,

and ovary

Helps suppress
whitefly
immune
response

CP [51]

Vitellogenin Ovary
Hemolymph

and
ovary

Viral entry into
the ovary CP [53]

Vesicle-associated
membrane

protein-associated
protein B

Midgut Midgut
Inhibits virus
translocation
across midgut

CP [57]

Collagen Midgut Midgut

Helps in viral
adhesion and
entry to the

midgut
epithelial cells

CP [55]

Thioredoxin like
protein - - - CP [56]

Hairy and enhancer
of split homolog-1

(HES1)
- - Viral

transcription
Intergenic

region [69]

Cubilin and
aminoless Midgut Midgut

Virus
acquisition and

transmission
CP [59]

Proliferating cell
nuclear antigen

(PCNA)
- Midgut and

salivary gland

Helps with
virus

replication

Replication-
associated

protein (Rep)
[58]

Tumorous imaginal
discs (Tid) - - Immune

response CP [60]

Vesicle-associated
membrane
protein 2

- - Virus
acquisition CP [61]

Vacuolar protein
sorting-associated

protein (Vps)
twenty-associated

1 (Vta1)

- Midgut Translocation of
virus in midgut CP [62]

C1QBP - - Virus
transmission CP [63]
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Table 1. Cont.

Vector Vector Protein Protein
Localization

Site of
Interaction Putative Role Virus Protein References

HSP70, GroEL,
enolase, nucleo-

proteins, lachesins,
vitellogenin, suc-

cinate dehyd-
rogenase,

apolipophorins,
salivary secreted

proteins, 40 s
ribosomal proteins,

tropomyosin,
sorbitol dehyd-
rogenase, GTP
cyclohydrolase,

dipeptidyl
peptidase, annexin,

E3 ubiquitin,
and others

- - - CP [64]

Phosphatidy-
lethanolamine-
binding protein

(PEBP)

Midgut and
salivary gland
cell membrane

Cytoplasm
Regulation of

autophagy and
apoptosis

CP [65]

C2H2 zinc finger - - Inhibits virus
retention CP [67]

Tubulin beta chain
(TUB), keratin type
I cytoskeletal 9-like

(KRT), and
cytochrome c

oxidase subunit
5A (COX)

- -
Virus retention

and
transmission

CPm [66]

Zinc finger 330
(ZNF330) - - Antiviral

response CP [68]

CP = coat protein, and CPm = coat protein minor.

3. Viral Receptors in Plants

Plants are a well-evolved system that uses a variety of sophisticated immune mecha-
nisms to combat many pathogens including fungi, bacteria, and viruses. The immune re-
sponses are switched on by the interaction of microbial signatures, either from pathogens or
beneficial microbes, called Pathogen or Microbes-Associated Molecular Patterns (P/MAMP),
or sometimes from molecules released by plants due to biotic or abiotic stresses referred
to as damage-associated molecular patterns (DAMP) [70], with a cognate receptor called
Pattern Recognition Receptors (PRR), located on the plant cell surface [71].

It becomes evident that plants have evolved two layers of defense viz., basal, or pri-
mary and secondary defense. The primary defense is better known as PAMP-triggered
immunity (PTI), which involves the interaction of PAMP/DAMP molecules with its corre-
sponding extracellular PRR, thereby conferring the first layer of defense against a broad
range of pathogens. To bypass the PTI, virulent pathogens have evolved to produce ef-
fector molecules. Again, to counteract this virulent pathogen, plants activate a secondary
defense, designated as effector-triggered immunity (ETI), which involves the interaction of
specific pathogen effector/avirulent (Avr) protein with its cognate intracellular resistance
(R) protein [72] leading to a highly specific restriction against the invading pathogen(s).
Upon perception of signaling molecules, the plant activates downstream signaling and
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defense responses, including structural and biochemical changes, which enable the plant
to combat invading pathogens [73,74]. On the other hand, pathogens have also evolved
to overcome the non-viral PTI and cause successful infection. Consequently, plants have
also evolved by producing R protein to protect themselves from infecting viruses, which is
often referred to as the boom-and-bust cycle or zig-zag model [75].

Unlike fungal and bacterial pathogens that adventure through active penetration of
host cells, plant viruses solely rely on vector transmission or opportunistic mechanical
wounds for entry into the plant cells, provoking all essential viral proteins (coat protein
(CP); replication protein (RP); movement protein (MP)) encoded by the viral genome to
be translated in the plant cytoplasm itself. These translated proteins serve as Avr factors
for defense activation [76]. Due to the direct nature of viral entry in plant systems, it has
been arduous for the scientific community to characterize and understand the molecu-
lar mechanism of interaction of viral-PAMP (VAMP) with its cognate PRR. This review
conferred the mechanisms of either direct or indirect interaction of viral protein with R
protein and non-viral receptors involved in virus resistance and categorized the receptor
proteins (R protein and non-viral coreceptor) based on interacting protein domains with its
cognate-interacting partners (Figure 6).

Receptors 2024, 3, FOR PEER REVIEW 12 
 

 

(R) protein [72] leading to a highly specific restriction against the invading pathogen(s). 
Upon perception of signaling molecules, the plant activates downstream signaling and 
defense responses, including structural and biochemical changes, which enable the plant 
to combat invading pathogens [73,74]. On the other hand, pathogens have also evolved to 
overcome the non-viral PTI and cause successful infection. Consequently, plants have also 
evolved by producing R protein to protect themselves from infecting viruses, which is 
often referred to as the boom-and-bust cycle or zig-zag model [75]. 

Unlike fungal and bacterial pathogens that adventure through active penetration of 
host cells, plant viruses solely rely on vector transmission or opportunistic mechanical 
wounds for entry into the plant cells, provoking all essential viral proteins (coat protein 
(CP); replication protein (RP); movement protein (MP)) encoded by the viral genome to 
be translated in the plant cytoplasm itself. These translated proteins serve as Avr factors 
for defense activation [76]. Due to the direct nature of viral entry in plant systems, it has 
been arduous for the scientific community to characterize and understand the molecular 
mechanism of interaction of viral-PAMP (VAMP) with its cognate PRR. This review con-
ferred the mechanisms of either direct or indirect interaction of viral protein with R pro-
tein and non-viral receptors involved in virus resistance and categorized the receptor pro-
teins (R protein and non-viral coreceptor) based on interacting protein domains with its 
cognate-interacting partners (Figure 6). 

 
Figure 6. A simplified diagram of virus and non-virus-associated receptors in plants. N-gene, Rx 
gene, Sw-5b gene, RCY1 gene, Tm-1, RTM1/RTM2 gene show the response against viruses. Tobacco 
mosaic virus (TMV), potato virus X (PVX), tomato spotted wilt virus (TSWV), cucumber mosaic 
virus (CMV), tomato mosaic virus (ToMV), and tobacco etch virus (TEV) are interacting with host 
proteins. Other non-NBS-LRR receptors are also shown in this image. 

3.1. Virus Receptor/Viral R Genes in Anti-Viral Immunity: NBS/LRR Genes 
In bygone decades, several viral receptors have been characterized, which induce a 

multitude of defense responses against plant viruses based on their structure, protein na-
ture, and ligand interaction. Of those, most belong to the NBS-LRR family, and few recline 
to the RLK family, which recognizes specific Avr proteins of viruses. NBS-LRR viral re-
ceptors are further classified into coiled-coil (CC)-NBS-LRR and Toll/Interleukin receptor 
(TIR)-NBS-LRR based on their N terminal region (Table 2). The majority of the viral R 
genes encode a CC-NBS-LRR protein, while few encode TIR-NBS-LRR proteins [77]. The 
first identified viral R gene to convene resistance against tobacco mosaic virus (TMV) was 
the Tobacco N gene (Table 2). Subsequently, several R genes imparting antiviral resistance 
in plants have been identified, such as Sw-5b for TSWV in tomatoes [78], Rx1 and Rx2 for 

Figure 6. A simplified diagram of virus and non-virus-associated receptors in plants. N-gene, Rx
gene, Sw-5b gene, RCY1 gene, Tm-1, RTM1/RTM2 gene show the response against viruses. Tobacco
mosaic virus (TMV), potato virus X (PVX), tomato spotted wilt virus (TSWV), cucumber mosaic virus
(CMV), tomato mosaic virus (ToMV), and tobacco etch virus (TEV) are interacting with host proteins.
Other non-NBS-LRR receptors are also shown in this image.

3.1. Virus Receptor/Viral R Genes in Anti-Viral Immunity: NBS/LRR Genes

In bygone decades, several viral receptors have been characterized, which induce
a multitude of defense responses against plant viruses based on their structure, protein
nature, and ligand interaction. Of those, most belong to the NBS-LRR family, and few
recline to the RLK family, which recognizes specific Avr proteins of viruses. NBS-LRR viral
receptors are further classified into coiled-coil (CC)-NBS-LRR and Toll/Interleukin receptor
(TIR)-NBS-LRR based on their N terminal region (Table 2). The majority of the viral R
genes encode a CC-NBS-LRR protein, while few encode TIR-NBS-LRR proteins [77]. The
first identified viral R gene to convene resistance against tobacco mosaic virus (TMV) was
the Tobacco N gene (Table 2). Subsequently, several R genes imparting antiviral resistance
in plants have been identified, such as Sw-5b for TSWV in tomatoes [78], Rx1 and Rx2
for Potato virus X (PVX) identified in potatoes [78], RTM1 and RTM2 for TEV, RCY1 for
CMV in Arabidopsis [79], and the I locus for bean common mosaic virus (Table 2). Further, the
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mechanism of how plant viruses overcome the complete resistance offered by the R gene
(zig-zag model) has also been discussed in subsequent sections.

3.1.1. N Gene

The Tobacco N gene [80] encodes TIR-NBS-LRR class proteins in the cytoplasm and
nucleus. The N protein induces necrosis of plant cells upon indirect interaction with the
50 kDa helicase domain (p50 effector) of TMV replicase [81]. The effector p50 recruits
chloroplast localized N-receptor-interacting protein 1 (NRIP1) to interact with N protein
in the cytoplasm and nucleus to mediate complete and durable resistance for TMV. The
host protein NRIP1 interacts with both the N protein TIR domain and the p50 effector.
Consequently, the defense and necrosis of cells have been activated upon this indirect
interaction of the TIR domain and p50 effectors (Table 2). Further, a study revealed that
p50 effectors interact with the TIR domain, directly followed by the NB and LRR domain,
which leads to a conformational change and oligomerization of the N protein [82]. Upon
perception of p50 in the nucleus, N protein interacts with transcription factors to activate
PR protein expression, for instance, the interaction of N protein and Squamosa Promoter-
Binding Protein (SBP)-domain transcription factor SPL6, which activates the promoter for
expression of PR protein [83].

3.1.2. Rx Gene

Rx gene of potato is another well-studied CC-NBS-LRR type of R protein that mediates
extreme resistance against PVX and other potexviruses. In addition, by a single amino acid
substitution in the LRR domain, it can recognize Carlavirus (Table 2). The CC domain un-
dergoes intramolecular interaction with the NBS-LRR region of Rx and with the Rx cofactor
RanGAP2 (Ran GTPase-activating protein 2), while the C terminus of LRR domain specifi-
cally recognizes the CP of PVX [84]. Perception of CP by Rx protein leads to suppression of
virus accumulation in an early stage of infection rather than activating HR response at the
site of infection [83,85]. The association of the chaperone complex and its signaling proteins
with Rx protein modulates the immune responses and nucleocytoplasmic distribution of
Rx protein [86]. In addition to the chaperone complex, Rx is activated upon recognition
of the Ran GTPase-mediated interaction with the CP. Further, the physical interaction of
RanGAP2 protein as a cytoplasmic retention factor with Rx mediates nucleocytoplasmic
partitioning of Rx protein through relocation from the cytoplasm to the nucleus, which is
crucial to elucidate complete resistance and effective immune signaling against PVX [87].

Further comparison of both N and Rx-mediated resistance concluded that, in both
cases, the R proteins are activated in the cytoplasm; however, their complete function-
ality depends on their nucleocytoplasmic distribution inside the host. This R-signaling
cascade complex in plant–virus interaction involves rapid activation of mitogen-activated
protein kinases (MAPKs) and the contribution of molecular chaperone complexes towards
controlling the stabilization and destabilization of R proteins [88].

3.1.3. Sw-5b and Tsw Genes

The most effective dominant resistant genes, namely Sw-5b and Tsw, offer durable and
robust resistance against TSWV infection in tomatoes and peppers, respectively [89]. The
genes of Sw-5b and Tsw were identified from Solanum peruvianum and Capsicum chinense,
respectively (Table 2). The protein products of both genes belong to CC-NBS-LRR-type
protein. The cognate Avr determinants for Sw-5b and Tsw gene proteins are Non-structural
movement (NSm) and non-structural suppressor (NSs) proteins, respectively. The locations
of avr proteins are also different; NSm protein is encoded by an M RNA fragment, while
NSs protein is encoded by an S RNA fragment of TSWV. Specifically, Sw-5b encodes N
terminal CC domain, central NB-ARC (Apaf-1 R protein, and CED-4) domain, and C-
terminal LRR domain. Further, recently, a 21-conserved amino acid motif of Nsm protein
has been proved to interact with Sw-5b protein and to induce hypersensitive responses
(HR) at the site of virus entry and eventually lead to the abscission of leaves in resistant
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tomato [90]. The Sw-5b protein poses an additional Solanaceae-specific domain (SD) at the N
terminal which helps to prevent the auto-inhibition and activation of resistant protein [91].
In the interaction of Sw-5b and NSm proteins, to enhance the specificity and sensitivity
of NSm detection, Sw-5b undergoes two-step recognition of NSm by both SD and LRR
domains [92]. Upon perception of avr (NSm), Sw-5b in association with the NRC protein
family (NB-LRR proteins required for HR-associated cell death) induces HR in the host
cells [93]. Like Sw-5b in tomatoes, Tsw has also been shown to confer resistance by HR to a
vast variety of TSWV isolates.

Although ETI is robust and durable in plants having the R gene, synergistic interaction
among the viruses and the emergence of several resistant-breaking strains upon repeated
cultivation of resistant cultivars over the years results in the continuous arms race between
the virus and the host. Mutation in the avr gene plays a key role in this process. For
example, the TMV-Ob strain overcomes the resistance conferred by the N gene in tobacco
due to a nucleotide change of a 126 kDa gene of TMV [94]. Similarly, multiple resistance-
breaking strains were associated with TSWV in tomatoes and peppers. TSWV strains
overcoming resistance against Sw-5b in tomato was reported from various regions at
different time points [95,96]. The resistance-breaking phenotype was associated with
amino acid substitutions in NSm, namely C118Y, T120N, and D122G [97–99]. Similarly, in
pepper, TSWV-resistant breaking strains were reported from different regions [100,101].
Not much understanding has been established about the precise mechanism by which
viruses overcome resistance; however, it can be safely assumed that due to mutation in
the avr protein, the virus escapes from its interaction with the R protein, which has led the
viruses to overcome the resistance offered by the R gene, which is the great evidence for
the zig-zag model between plant and virus.

3.1.4. RCY1 and HRT Locus

Two dominant locus, RCY1 and HRT, belong to the same family that encodes CC-NBS-
LRR-type proteins and confer resistance against the yellow strain of CMV-Y and turnip
crinkle virus (TCV), respectively, in different ecotypes of Arabidopsis (C24 for RCY1 and
Dijon-17 for HRT). Upon perception of the coat protein, both genes activate HR through
salicylic acid (SA), jasmonic acid (JA), and ethylene-mediated signaling responses (Table 2).
An interaction of HRT protein and regulatory complex EDS/PAD4/SAG101 is required for
SA-mediated resistance against TCV [102].

3.2. Non-NBS-LRR Antiviral Receptors

A few non-NBS-LRR family proteins showing resistance to plant viruses have also
been characterized in recent years. Most of these kinds of R proteins sense the virus entry
and suppress the replication and movement of the virus. The R proteins, Restricted TEV
movement 1 (RTM1) and RTM 2, of A. thaliana are well-characterized lectins (jacalin) repeat
proteins at the C-terminal which confer resistance against tobacco etch virus (TEV) and
plum pox virus (PPV), respectively, by suppressing long-distance movement [103]. RTM is
a multi-domain protein with an N-terminal domain which is similar to a small heat shock
protein (HSP) [104]. It senses the CP and thereby it suppresses the long-distance movement
of the virus rather than inducing HR and systemic acquired resistance (SAR) [105].

Tm-1 is another well-characterized, non-NB-LRR protein conferring resistance against
tomato mosaic virus (ToMV). The Tm-1 gene encodes a protein that consists of two do-
mains: an uncharacterized N-terminal UPF0261 domain and a C-terminal TIM-barrel signal
transduction (TBST) domain which binds to and inhibits the functioning of the replica-
tion proteins of ToMV, especially resulting in impaired viral genome replication without
inducing HR defense (Table 2). In addition, the Ty-1/Ty-3 gene, a novel resistant gene,
confers resistance against TYLCV, which encodes RdRp and has an atypical DFDGD motif
in the catalytic domain [106]. The binding mechanism of the Ty-1/Ty-3 protein has not
yet been characterized. Further, it has been shown that lower virus titer and relatively
higher levels of siRNA production were detected in resistant tomato lines carrying the
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Ty-1/Ty-3 gene, but not in susceptible lines when inoculated with TYLCV [107]. In addition,
evidence for the resistance mechanism is the hypermethylation of the TYLCV-V1 promoter
region in the genomic DNA of virus with the Ty-1 gene. This resistance induced by Ty-1
can also be effective against other viruses that have similar genomes, especially bipartite
begomoviruses such as tomato severe rugose virus [107].

Most of the characterized NB-LRR type of R proteins suppress the virus multiplication
upon induction of HR at the site of infection and its adjacent cells. Further, this interaction
activates downstream of various immune responses including the production of reactive
oxygen species (ROS), Ca2+ influx, activation of MAPK, accumulation of SA and JA, and
huge transcriptional reprogramming, which includes induction of pathogenesis-related
proteins (PR). Among these, SA, ROS, and Ca2+ are very effective against viruses [108].
The initiation of local defense response through stimulation of the R protein is succeeded
by directing defense signals to distal tissues of infection, which is referred to as systemic
acquired resistance (SAR), which is mediated by the accumulation of SA and, thereby, is
seen in the case of both N gene and Rx gene-specific resistance [109].

3.3. Non-Viral Co-Receptor/RLKs in Antiviral Immunity

In nature, in addition to R protein, plants have evolved many PRRs, which are crucial
for plants to protect themselves from many invading pathogens. Some of them form a
complex with co-receptors to activate the defense mechanism. The co-receptors of PRR are
represented by members of the Leucine Rich repeat II subfamily (LRR II-RLK), which is part
of a large group under the superfamily LRR. The genome of A. thaliana has been reported
to encode 200 LRR-RLKs. The subfamily LRR II-RLK comprises 14 genes, clustered into
3 groups. Of those, well-known co-receptor clusters are Somatic Embryogenesis Receptor
Kinases (SERK1-5) and Nuclear-Shuttle Protein-Interacting Kinases (nik1-3), both of which
share conserved LRR motifs [110]. SERK1, also referred to as Brassinosteroid Insensitive
1-Associated Receptor Kinase 1 (BAK1), is an important co-receptor, which is known to
activate a series of rapid phosphorylation and to transduce the signals [111]. Constantly, two
independent studies on BAK1 and BAK1-LIKE 1 (BKK1) revealed that these co-receptors
are required for antiviral immunity, and mutants of bak1-5 bkk1 in Arabidopsis showed
increased susceptibility to three different RNA viruses, namely TMV, oilseed rape mosaic
virus (ORMV), PPV, and turnip crinkle virus (TCV) (Table 2).

Nevertheless, NSP-Interacting Kinsase 1 (NIK1), another membrane-associated co-
receptor, involves the interaction of nuclear shuttle protein (NSP) of begomoviruses and
translocation of ribosomal protein (RPL10) to the nucleus, where it binds L10-Interacting
MYB Domain-Containing Protein (LIMYB) sites, and thereby suppress the host and viral
mRNA translation. Although NIK1 shows structural similarity with BAK1, its antiviral
defense mechanism differs greatly from BAK1 (Table 2).

The dsRNA moleculesare also considered to be a conserved molecular pattern pro-
duced during plant virus infection or replication [112]. Consistently, dsRNAs from virus
(ORMV)-infected, in vitro-generated, and dsRNA analogy polyinosinic-polycytidylic acid
[poly(I: C)] are perceived by the co-receptor. SERK1 is also a member of the LRR II RLK
subfamily (Table 1), and activates SERK1-based PTI immune responses, including MPK
activation, ethylene production, and response gene expression, but is independent of dicer-
like (DCL) proteins in Arabidopsis [113]. However, it remains unclear what is responsible
for PRR along with SERK1 involved in the perception of dsRNA.

Taken together, although several reports emphasize that the non-viral co-receptor is
involved in antiviral defense responses, the actual PRR that interacts with co-receptors,
the underlying mechanism of how the PRR and co-receptors perceive the viral PAMP,
and its downstream signaling cascade for defense responses are still unclear. Therefore,
identification and characterization of membrane-bound viral PRR and its viral-PAMP will
help to develop a management strategy based on PAMP-mediated defense before the
viral infection.
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Table 2. List of viral and non-viral co-receptors in antiviral immunity.

R Gene Receptor Protein Type Host Plant Recognizing Virus Avr Protein References

NB-LRR

N TIR-NB-LRR Nicotiana glutinosa Tobacco mosaic
virus (TMV)

p50 (Helicase
domain) [80,114]

Rx1 and Rx2 CC-NB-LRR C Solanum tuberosum Potato virus
X (PVX) Coat Protein [85,115]

Sw-5b SD-CC-NB-LRR S. peruvianum
Tomato spotted

wilt orthtospovirus
(TSWV)

Non-structural
Movement (Nsm)

protein
[78,116,117]

Tsw CC-NB-LRR Capsicum chinense TSWV
Non-structural

suppressor (Nss)
protein

[118,119]

RCY1 CC-NB-LRR Arabidopsis thaliana
ecotype C24

Cucumber mosaic
virus (CMV)

strain Y
Coat Protein [79]

HRT CC-NB-LRR A. thaliana ecotype
Dijon-17

Turnip crinkle
virus (TCV) Coat Protein [120,121]

Tm-22 CC-NB-LRR S. lycopersicum Tomato mosaic
virus (ToMV) Movement protein [122]

Rsv1 CC-NB-LRR Glycine max Soybean mosaic
virus (SMV) P3 + HC-Pro [123]

Cv (locus) CC-NB-LRR Poncirus trifoliata Citrus tristeza
virus (CTV) Unknown [124]

CYR1 CC-NB-LRR Vigna mungo Mungbean yellow
mosaic virus Coat Protein [125]

L-locus (L1–4) CC-NB-LRR Capsicum sp.

TMV, ToMV,
tobacco mild green

mosaic virus
(TMGMV)

Coat Protein [126–129]

Pv1 & Pv2 TIR-NB-LRR Cucumis melo Papaya ringspot
virus (PRSV) Unknown [130]

Y-1 TIR-NB-LRR S. tuberosum Potato virus Y Unknown [131]

BcTuR3 TIR-NB-LRR Brassica campestris Turnip mosaic
Virus (TuMV) Unknown [132]

Non-NB LRR

RTM1 Jacalin-like
(lectin gene) A. thaliana Tobacco etch

virus (TEV) Coat Protein [104,105]

RTM2 Jacalin-like
(lectin gene) A. thaliana Plum pox

virus (PPV) Coat Protein [104,105]

JAX1 Jacalin-like
(lectin gene) A. thaliana Potex virus (PVX) Unknown [133]

Tm-1 TIM-barrel-like
domain protein S. hirsutum ToMV Replicase Helicase

domain [134,135]

Ty-1/ Ty-3 RDR S. chilense Tomato yellow leaf
curl virus (TYLCV) unknown [106,136]
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Table 2. Cont.

R Gene Receptor Protein Type Host Plant Recognizing Virus Avr Protein References

RLK family (Co-receptors)

BAK1
BKK1

Lucin-rich repeat
(LRR) A. thaliana

TMV, oilseed
rape mosaic

virus (ORMV),
PPV, TCV

Unknown [137,138]

NIK1 Lucin-rich repeat
(LRR) A. thaliana Begomoviruses Unknown [139]

4. Conclusions

The successful infectious cycle of plant viruses is determined by the compatible
host and the vector that transmits them. In other words, the virus–vector–host tripartite
interaction is crucial for successful infection. The receptor molecules cement the bridge
between the virus, host, and the vector in the tripartite interaction. The current review
focused on the receptors for the viruses that exist in the vectors that help in transmission
while the receptors we discussed in the plants play a role in sensing the virus and triggering
defense against them. Understanding both aspects is important for devising efficient virus
management strategies. The receptors in vectors for the viruses could be the potential
targets. Our current review presents the abundance of viral receptors in major vectors,
and, at the same time, stresses the need for characterizing them. Recent advances that are
made in the area of molecular biology and biochemistry could be integrated into the field
which could potentially address the functional characterization of insect receptors that
interact with the viral factor. Since the species of plant viruses are specifically transmitted
by specific vectors, targeting the vectors will benefit in controlling the virus. Therefore,
shedding more light on insect receptors associated with viruses in vectors could be a part
of the anti-viral strategy. It is more important to note that the strategy should have minimal
off-target effects on other insects and the least toxic effects on humans and the environment
which is essential for wide application and acceptance. Coming to the viral receptors
in plants, the plant receptors we discussed here play an important role in plant defense
against viruses. Since they are the source of resistance against viruses, identifying and
understanding the resistance genes and their mechanisms present in plants is essential
for developing resistant varieties of crops. Defense and counter-defense between the host
and the viruses is a continuous and evolving process. With the incidences of resistance-
breaking strains of viruses, it is becoming evident that there is a need to identify more
resistance genes essential to identify resistance. Major studies only identify the resistance
break, but much deeper characterization has not been carried out. Again, the application of
recent advancements in biology could help in shedding light. It is also a known fact that
cultivating a resistant variety along with proper vector management strategies are crucial
parts of an integrated pest management system.
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