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Abstract
Insects in the orders Hemiptera and Thysanoptera 
transmit viruses and other pathogens associated 
with the most serious diseases of plants. Plant 
viruses transmitted by these insects target similar 
tissues, genes, and proteins within the insect to 
facilitate plant-to-plant transmission with some 
degree of specificity at the molecular level. ‘Omics 
experiments are becoming increasingly important 
and practical for vector biologists to use towards 
better understanding the molecular mechanisms 
and biochemistry underlying transmission of 
these insect-borne diseases. These discoveries are 
being used to develop novel means to obstruct 
virus transmission into and between plants. In this 
chapter, we summarize ‘omics technologies com-
monly applied in vector biology and the important 
discoveries that have been made using these meth-
ods, including virus and insect proteins involved in 
transmission, as well as the tri-trophic interactions 
involved in host and vector manipulation. Finally, 
we critically examine the limitations and new hori-
zons in this area of research, including the role of 
endosymbionts and insect viruses in virus–vector 

interactions, and the development of novel control 
strategies.

Advances in whole genome 

sequencing of insect vectors of 

plant viruses fuels discovery

Major advances in next generation sequencing tech-
nologies and their increased affordability has led to 
an explosion in the availability of whole-genome 
sequence data for each biological player in the 
virus–vector–host relationship: virus, vector and 
plant (Fig. 6.1A). To date, draft reference genome 
sequences have been completed and/or published 
for nearly all the major types of agricultural vectors 
including whiteflies (Chen et al., 2016), planthop-
pers (Zhu et al., 2017), aphids (Consortium, 
2010; Wenger et al., 2017), and psyllids (Saha et 
al., 2017). Whole genome studies have shed light 
on the gene families in these insects that are criti-
cal for plant adaptation, insecticide resistance, and 
virus transmission (Consortium, 2010; Chen et al., 
2016; Kaur et al., 2016; Wenger et al., 2017; Zhu et 
al., 2017). Functional annotation of genes coded by 
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vector genomes is still highly reliant on homology-
based methods to other arthropods (Oppenheim et 
al., 2015), especially the model species Drosophila 
melanogaster (Saha et al., 2017), which means many 
genes in non-model vectors lack a validated func-
tional assignment. Structural annotations also need 
to be improved for these data to be more useful to 
vector biologists.

Genome sequence information is used as the 
foundation for the analysis of other types of ‘omics 
data: transcriptomics, proteomics, and metabo-
lomics (Fig. 6.1B–D). Transcriptomics (Fig. 6.1C), 
the most widely used ‘omics technique in biology, 
involves the detection and quantification of gene 
expression at the RNA level that occurs during 
certain developmental stages and/or in response 
to changes in physiological conditions. There are 
several RNA species that can be measured includ-
ing mRNA, small RNAs, long non-coding RNAs, 
and viral RNA, with each requiring slight variations 
in sample preparation and downstream bioinfor-
matics analysis (Kukurba and Montgomery, 2015). 

These types of studies provide evidence for the 
putative involvement of those genes and/or their 
gene products with the insect’s developmental 
stage (Wang et al., 2010) or other conditions being 
studied. These can include changes in gene expres-
sion that occur during virus acquisition compared 
with non-viruliferous insects (Brault et al., 2010), 
comparisons of the saliva of different aphid vector 
species (Thorpe et al., 2016), the response of 
insects being reared on different host plants (Chris-
todoulides et al., 2017; Mathers et al., 2017), or the 
molecular mechanisms associated with insecticide 
resistance (Yang et al., 2013). Expressed sequence 
tags (EST) and microarrays were extensively used 
in the past for gene expression studies in vector 
species (Ramsey et al., 2007; Brault et al., 2010; 
Götz et al., 2012). Now, next-generation sequenc-
ing techniques are emmployed. Proteome studies 
(Fig. 6.1B) often measure proteins using mass spec-
trometry (MS). These studies investigate gene 
expression at the translational level and identify 
post-translational modifications, which lead to 

Figure 6.1 ’Omics approaches to studying vector biology, including (A) genomics; (B) proteomics; 

(C) transcriptomics; and (D) metabolomics. 2D-DIGE, 2-dimensional difference gel electrophoresis; ChIP-seq, 
chromatin  immunoprecipitation  sequencing;  iTRAQ,  isobaric  tags  for  relative  and  absolute  quantification; 
MALDI, matrix-assisted  laser desorption/ionization; qRT-PCR, quantitative  reverse  transcriptase polymerase 
chain  reaction;  RNA-seq,  RNA  sequencing;  SILAC,  stable  isotope  labelling  by  amino  acids  in  cell  culture; 
sRNA-seq, small RNA sequencing.
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differences in the levels of proteins being produced 
under a physiological condition or their localization 
within cells. Discovery-based proteomics tech-
niques allow the researcher to identify the proteins 
present in a sample by matching peptide sequences 
to databases of known protein sequences (derived 
from the genome or transcriptome data) (Cilia et al., 
2011b) and to quantify their levels relative to other 
samples (Pinheiro et al., 2014). Some techniques in 
proteomics allow one to measure the levels of a spe-
cific target protein (targeted experiments) (Cilia et 
al., 2012a) or identify and quantify protein–protein 
interactions (co-immunoprecipitation-MS and 
crosslinking-MS technology) (Chavez et al., 2012; 
DeBlasio et al., 2015a). Metabolomics (Fig. 6.1D) 
is the study of the metabolome of an organism, 
that is, all the metabolites produced by an organ-
ism, tissue, or cell under a physiological condition. 
Metabolic outputs are downstream to gene tran-
scription and protein expression. Methods may be 
targeted to measure individual metabolites with 
known standards, or non-targeted, enabling the dis-
covery of new metabolites and metabolic signatures 
(Maag et al., 2015). Combining ‘omics techniques 
can provide a more complete picture of what is 
occurring on the molecular level. For instance, 
proteomics coupled to transcriptomics can give a 
more nuanced picture of how proteins are regulated 
on the post-transcriptional and post-translational 
level, independent of gene expression (Kruse et al., 
2017). Metabolomics can also be combined with 
transcriptomics and/or proteomics to understand 
how the regulation of enzymes gives rise to the dif-
ferential expression of metabolites (Kersten et al., 
2013).

Plant virus transmission by insects involves 
a series of carefully orchestrated, temporally-
regulated protein interactions among virus, vector, 
and the plant host, all of which can be captured 
and measured quantitatively using these various 
‘omics approaches. The first step in virus transmis-
sion is acquisition, or the retention of the virus in 
the vector. Acquisition may be as simple as virus 
transiently binding to insect mouthparts, or as 
complicated as virus transcytosis across the insect 
gut. Protein interaction studies have been used to 
identify viral, vector and host components involved 
(detailed in sections below). Next, there may be a 
latent period during which the virus must circulate 
through the vector, which, for the propagative 

viruses, includes virus replication. RNA sequencing 
and proteomics have been used to measure the vari-
ous effects viruses and virus-infected plants have on 
their insect vectors. Finally, the virus must be inoc-
ulated into a new host, completing the transmission 
process. Protein interaction studies (such as in Fig. 
6.1B), ultrastructural studies, classical molecular 
biological and entomological approaches (for 
example, electrical penetration graph) have been 
used to study the latter step. Modes of transmission 
are often defined by the length of these various 
steps of the process, as well as the vector tissues 
where the virus is retained following acquisition.

The terminology in the vector biology literature 
can be as confusing and full of jargon as the ‘omics 
literature, so we attempt to clarify a few key points 
here when discussing insect vectors. In this chap-
ter, we will follow the designations provided by 
Gray and Banerjee (1999): that the modes of 
transmission should be classified as ‘circulative’ or 
‘non-circulative’, depending on whether the virus 
passed through insect vector cell membranes and 
was retained internally within the vector, which 
would constitute circulative transmission. Not all 
vector species transmit all viruses and not all indi-
viduals within a species are capable of transmitting 
a particular virus species. This natural variation in 
vectoring ability is found in many vector species 
and is genetically encoded (reviewed in Gray et 
al., 2014). In these vector species, vector and non-
vector are common terms to describe individual 
insects (or vector species), which are either capa-
ble or not capable, respectively, of efficient virus 
transmission. Finally, insects which have acquired 
circulative viruses are referred to as viruliferous. 
Insects which have acquired circulative, propagative 
viruses (which replicate in the insect vector as well 
as the plant host) may also be referred to as infected.

New knowledge in vector biology ‘omics includes 
the identification of direct protein interactions facil-
itating virus transmission as well as indirect effects, 
such as host and vector manipulation (detailed in 
sections below). Whereas the viral components 
to transmission have largely been characterized by 
more traditional molecular biology techniques and 
microscopy, rapid advances in ‘omics technologies 
have fuelled discovery on the vector side of vector–
pathogen interactions (Heck, 2018) and have led to 
the development of novel strategies that block spe-
cific molecular events involved in the steps of virus 
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transmission (Heck and Brault, 2018). Advances 
in RNA interference (RNAi) in non-model insects 
have also opened the door to functional validation 
of candidate genes and proteins involved in virus 
transmission by hemipteran insect vectors (Pitino 
et al., 2011; Mulot et al., 2018).

Virus–vector protein interactions 

involved in non-circulative 

transmission

Viruses transmitted in a non-circulative mode are 
characterized by rapid acquisition and retention 
in the vector mouthparts and foregut. There is no 
latency period between acquisition and inocula-
tion, and limited virus persistence in the vector. 
To date, aphids are the only known vectors of 
viruses transmitted in this mode. Non-circulative 
virus transmission is intimately linked to aphid 
probing behaviour (Drucker and Then, 2015). In 
seeking a new plant host, aphids penetrate the cell 
epidermis with their stylets in a series of shallow 
probes that puncture cell membranes, allowing the 
aphid to ‘taste’ cellular components and to come 
into direct contact with virions. Virions bind the 
aphid mouthparts or foregut and can be acquired 
in a matter of seconds to minutes. The virions can 
later be dislodged from aphid mouthparts during 
the same probing process on a susceptible plant 
host. Therefore, aphids need not colonize a plant 
host to transmit virus in this mode. In fact, many 
non-circulative viruses are transmitted by non-
colonizing aphids, and vector and virus host range 
do not entirely overlap (Berlandier et al., 1997). 
While non-circulative viruses can be transmitted 
by many different aphid species, there is still some 
degree of specificity in virion binding to aphid 
mouthparts, which will be discussed in the subsec-
tions below.

Viruses using the capsid strategy
Transmission of non-circulative viruses can be 
broadly separated into two categories, depending 
on the viral proteins required: the capsid strategy 
or the helper component strategy. Early work on 
non-circulative viruses by Pirone and Megahed 
(1966) involved feeding gradient-purified virions 
to insects via a membrane sachet and testing 
if transmission occurs. For some viruses, this 
membrane feeding was successful, indicating that 

virion proteins alone were sufficient for transmis-
sion. Virions were thought to directly bind aphid 
mouthparts, in what has been termed the capsid 
strategy. Cucumber mosaic virus (CMV) is one of 
the best characterized among the non-circulative 
viruses to use the capsid strategy. CMV has a 
tripartite genome, and when reassortment of viral 
RNA segments occurs in mixed infections, the 
transmission phenotype always corresponds to 
the virus contributing RNA 3, which encodes the 
capsid coat protein (CP) (Mossop and Francki, 
1977). Mutational analysis of natural and engi-
neered variants of the CMV CP has identified 
many residues that are required for transmission 
by the aphid vectors, Aphis gossypii and Myzus 
persicae (Perry et al., 1994, 1998; Liu et al., 2002). 
Some of these mutations abolish aphid transmis-
sion by affecting virion stability, indicating that 
properly assembled virus particles are required for 
transmission (Ng et al., 2000, 2005). The highly-
conserved βH-βI loop of the capsid surface, which 
is comprised almost entirely of acidic residues, has 
also been found to be involved in transmission, as 
mutations that lead to substitutions of neutral or 
basic residues in this region abolish transmission 
(Liu et al., 2002). Additionally, these virus mutants 
could regain transmission ability if compensatory 
residue substitutions occurred elsewhere in the 
capsid, which may have preserved virion stability 
or charge distribution (Liu et al., 2002).

Progress has been slow in identifying insect 
proteins involved in the transmission of non-
circulative viruses, largely due to the difficulty 
in identifying and extracting cuticle proteins as 
well as the small size of insect mouthparts. Only 
recently have vector proteins involved in transmis-
sion of non-circulative viruses been discovered. 
Liang and Gao (2017) performed yeast two-hybrid 
assays to detect the binding of M. persicae cuticle 
proteins with the capsid of CMV. The cuticle pro-
tein M. persicae cuticle protein 4 (MPCP4) was 
found to directly interact with the CMV CP (Fig. 
6.2G). Knockdown of MPCP4 by double stranded 
RNA (dsRNA) feeding led to less acquisition of 
CMV CP in the aphids, as detected by quantitative 
polymerase chain reaction (qPCR), indicating that 
MPCP4 may be an aphid receptor of CMV (Liang 
and Gao, 2017). This same M. persicae protein 
was recently found to be involved in the transmis-
sion of Cauliflower mosaic virus (CaMV), a helper 
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Figure 6.2 Overview of interactions between virus, vector and host involved in the transmission of plant viruses, 
as determined using ‘omics technologies. (A) Interactions affecting vector behaviour, including the production 
of  volatile  attractants.  (B)  Interactions  between  virus  and  vector  proteins  with  unknown  or  undetermined 
localization. (C) Interactions between virus and vector proteins and processes occurring in the insect gut. 

Diagram at right shows a model for virion movement across the gut. apl, apical plasmalemma; bl, basal lamina; 
bpl, basal plasmalemma; cp, coated pit; h, hemolymph; lu, lumen; ly, lysosome; tv, tubular vesicle; v, vesicle. 

(D) Interactions between virus and vector proteins occurring in the germ tissue. (E) Interactions between virus 

and vector proteins and processes occurring in the salivary glands. (F) Interactions between virus and vector 

proteins occurring in the hemolymph. (G) Interactions between viruses and vector proteins occurring in the 

stylet.  (H)  Interactions between virus and plant  host  factors affecting  vector  transmission. Diagram at  right 
shows a cross-section of a hemipteran feeding on a leaf; le, lower epidermis; m, mesophyll; ph, phloem; pp, 
palisade  parenchyma;  sp,  spongy  parenchyma;  ue,  upper  epidermis;  x,  xylem. Key  for  colour  and  symbol 
codes; left column: symbol for virion structure; centre column: transmission mode indicated by virion symbol 
colour; right column: edge types denoting different types of virus–host or virus–vector interactions.
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component strategy virus (see below) (Webster et 
al., 2018).

Viruses using the helper component 
strategy
Not all viruses can be transmitted as purified viri-
ons alone. Work by Kassanis and Govier (1971) 
identified a non-transmissible form of Potato virus 
Y (PVY) that could be conditionally transmitted 
if aphids were first given an acquisition period on 
wild-type PVY, but not if acquired in the reverse 
order. Therefore, they concluded that aphids cap-
tured a ‘helper component’ from the wild-type 
strain. This viral protein was later identified and 
named HC-Pro (for helper component-protease). 
Govier and Kassanis (1974) could reconstitute 
aphid transmission by purifying HC-Pro from 
plants and mixing it with purified virions in mem-
brane feeding assays. Non-circulative viruses that 
require one or more non-structural viral proteins 
for transmission are said to use the helper strategy.

Since the discovery of helper components in 
the potyvirus PVY, there have been advances in 
understanding the mechanism of transmission for 
the Potyviridae. Potyviruses have filamentous rod-
shaped capsids composed of a single CP (Zamora 
et al., 2017). During transmission, the CP is bound 
by HC-Pro, which is a multifunctional viral protein 
with protease activity (Ivanov et al., 2016). HC-Pro 
forms a ‘molecular bridge’ between the capsid and 
the aphid stylet (Ammar et al., 1994). A surface-
exposed domain in the N-terminus of the CP and 
the amino acid sequence motif DAG have been 
found to be highly conserved across potyviruses 
and necessary for aphid transmission (Allison et al., 
1985; Harrison and Robinson, 1988; Shukla et al., 
1988; Atreya et al., 1991, 1995). The DAG motif is 
thought to bind the PTK amino acid motif near the 
C-terminus of HC-Pro (Peng et al., 1998). KITC, 
near the N-terminus of HC-Pro, is another highly-
conserved amino acid motif that has been tied to 
aphid transmission and is thought to bind the aphid 
mouthparts (Peng et al., 1998).

CaMV, an icosahedral virus in the Caulimoviri-
dae family, also binds insect mouthparts using the 
helper strategy. However, it requires not one, but 
two viral proteins in addition to the capsid: P2 and 
P3 (Woolston et al., 1983). Using far western blot 
analysis, the P3 protein was found to directly bind 
virion (Leh et al., 2001; Plisson et al., 2005) and P2 

(Leh et al., 1999), while the P2 protein is thought 
to coordinate the interaction between virions. This 
viral protein forms aggregates termed ‘transmission 
bodies’ (Espinoza et al., 1991; Drucker et al., 2002; 
Khelifa et al., 2007) that are responsive to wound-
ing, such as during aphid probing (Bak et al., 2013; 
Martinière et al., 2013). When an infected leaf is 
wounded, the transmission bodies dissociate and 
P2 disperses onto microtubules throughout the cell 
(Martinière et al., 2013). Virions of CaMV are also 
shown to change localization in response to aphid 
probing and colocalize with P2 along the micro-
tubules, purportedly to increase the probability of 
transmission (Bak et al., 2013).

To date, few vector proteins have been identified 
to be involved in the transmission of non-circulative 
viruses using the helper strategy. Dombrovsky et 
al. (2007) extracted proteins from M. persicae and 
tested binding of these proteins to the HC-Pro of 
the potyvirus Zucchini yellow mosaic virus using 
protein membrane overlay. The authors identified 
nine proteins binding HC-Pro, four of which were 
identified to be cuticle proteins via analysis by MS 
(Fig. 6.2G). Their binding to HC-Pro, but not to the 
virus capsid, supports the role of these proteins in 
transmission, as potyviruses use the helper strategy, 
and the virus capsid alone is not sufficient to directly 
bind the aphid stylet. Additionally, these proteins 
failed to bind a mutant form of HC-Pro where the 
lysine residue in the KLSC domain was changed 
to glutamic acid, a residue substitution that also 
abolishes aphid transmission (Dombrovsky et al., 
2007). For CaMV, the M. persicae protein stylin-01 
(formerly known as MPCP4) was identified as the 
receptor for the virus in the aphid stylet by com-
petitive binding between a stylin-01 antibody and 
the CaMV P2 protein (Webster et al., 2018) (Fig. 
6.2G). Additionally, knockdown of the stylin-01 
gene by feeding aphids on short interfering RNAs 
(siRNAs) specific to stylin-01 led to diminished 
transmission of CaMV by M. persicae. Consider-
ing this same protein was previously implicated in 
the transmission of CMV (Liang and Gao, 2017), 
it seems the same aphid cuticle protein can serve 
as a receptor for two non-circulative viruses using 
different transmission strategies. Further identifi-
cation of receptors for non-circulative viruses in 
aphid mouthparts as well as characterization of 
protein interaction topologies using breakthrough 
proteomics technologies involving cross-linking 
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coupled to MS, such as Protein Interaction Reporter 
(Chavez et al., 2012; DeBlasio et al., 2015a), may 
lead to the development of interdiction strategies to 
block non-circulative virus transmission.

Virus-vector protein interactions 

involved in circulative, 

non-propagative transmission

Circulative, non-propagative transmission is char-
acterized by a longer virus acquisition time of hours 
to days, a latent period during which the virus circu-
lates within the insect, and no replication of the virus 
within the insect vector tissues. Insects often remain 
viruliferous for their entire lifespan after acquisi-
tion. Viruses from three families are transmitted 
in this mode: the Luteoviridae, Geminiviridae, and 
Nanoviridae. Viruses in the Luteoviridae (referred to 
in this chapter as luteovirids) and nanoviruses are 
transmitted by aphids. Historically, viruses in the 
Geminiviridae have been known to be transmitted 
by whitefly, leafhopper or treehopper vectors, but 
recently a report described the cowpea aphid, Aphis 
craccivora, as a vector for Alfalfa leaf curl virus (Rou-
magnac et al., 2015). Circulative viruses are often 
only acquired when vector insects initiate phloem 
feeding (Fig. 6.2H). Phloem limitation of circula-
tive, non-propagative viruses is a hallmark feature 
shared among viruses in these families, which is 
thought to help promote transmission by their sap-
sucking hemipteran vectors (Peter et al., 2009; Gray 
et al., 2014). Circulative transmission depends 
upon many species-specific protein interactions. 
Most circulative virus species are only transmitted 
by one or a few vector species with varying degrees 
of transmission efficiency (Rochow, 1969, 1970; 
Gray et al., 2002; Gray, 2007;).

Much of what is known about this mode of 
transmission comes from the luteovirid pathosys-
tems. Several ultrastructural studies using electron 
microscopy have detailed the transmission process 
of luteovirids on the cellular level (Gildow, 1987; 
Gildow, 1993; Garret et al., 1993, 1996; Peiffer et 
al., 1997) (Fig. 6.2C). After feeding on a source 
of virus, virions enter the gut lumen of the insect 
and are acquired through the gut epithelial cells. 
Different luteovirids are acquired through differ-
ent parts of the gut; either the posterior midgut 
or hindgut (Garret et al., 1993; Gildow, 1993). In 
contrast, viruses in the Geminiviridae are acquired 

across the filter chamber or midgut (Ghanim and 
Medina, 2007; Czosnek et al., 2017), whereas 
nanoviruses have been observed to passage 
through the foregut and anterior midgut (Ghanim 
and Medina, 2007; Bressan and Watanabe, 2011). 
Virions travel through the endomembrane system 
of gut epithelial cells in the form of coated pits or 
tubular vesicles (Gildow, 1993; Garret et al., 1993, 
1996). Once the virions are trafficked through the 
cell, they are released at the basal plasmalemma via 
exocytosis and pass through the basal lamina into 
the hemocoel, where they diffuse through the open 
circulatory system of the vector (Garret et al., 1993, 
1996) until they reach the salivary glands. The 
route used by these viruses in the hemolymph from 
the gut to the salivary tissues is a largely unexplored 
and understudied research area. At the primary or 
accessory salivary glands, virions are again endo-
cytosed and trafficked through vesicles until they 
reach the posterior cell membranes where they are 
released into the salivary canal. Luteovirids enter 
the accessory salivary gland (Peiffer et al., 1997), 
whereas viruses in the Geminiviridae and nanovi-
ruses pass into the primary salivary glands (Ghanim 
and Medina, 2007; Bressan and Watanabe, 2011). 
Finally, virions are injected into the next host with 
salivary secretions for feeding (Peiffer et al., 1997), 
completing the process of transmission.

Protein interactions regulating 
acquisition and transmission of 
luteovirids
Only the structural proteins of the luteovirid capsid 
have been shown to be involved in directly facilitat-
ing the circulative movement of virions through 
their aphid vectors. Luteovirid icosahedral virions 
are comprised of two proteins, a CP that makes 
up the majority of the 180 subunits of the capsid, 
and the readthrough protein (RTP), which com-
prises a minor but unknown number of monomer 
units. The RTP is generated by sporadic ribosomal 
readthrough of an amber stop codon at the end of 
the CP open reading frame, leading to the generation 
of a protein extension known as the readthrough 
domain (RTD) that protrudes from the surface of 
the virion. Domains in both the luteovirid CP and 
N-terminal region of the RTD have been implicated 
in insect transmission (Chay et al., 1996; Brault et 
al., 2000, 2003, 2005; Reinbold et al., 2001; Lee 
et al., 2005; Kaplan et al., 2007; Peter et al., 2008; 
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Boissinot et al., 2014). The roles for the luteovirid 
capsid proteins in insect transmission and plant 
infection have been extensively reviewed elsewhere 
(Gray et al., 2014; Oppenheim et al., 2015; Whit-
field et al., 2015; Heck and Brault, 2018). Protein 
interaction work using Protein Interaction Reporter 
(PIR) technology, a chemical crosslinking MS 
approach to measure protein interaction topolo-
gies, has shown that capsid proteins from different 
luteovirid species share common structural features 
in their virions (Chavez et al., 2012; DeBlasio et al., 
2015a; Alexander et al., 2017).

Virus overlay assays coupled to MS analysis 
have led to the identification of aphid proteins that 
can directly bind the virions of luteovirids (van den 
Heuvel et al., 1994). These include five proteins 
from M. persicae homogenate found to bind viri-
ons of Potato leafroll virus (PLRV). One of these 
proteins, symbionin (a homologue of GroEL), 
is produced by the aphid obligate endosymbiont 
Buchnera aphidicola. However, recent work carried 
out by Bouvaine and colleagues show that sym-
bionin is unlikely to come into contact with, nor 
would the predicted binding site be structurally 
accessible to, luteovirids in aphids (Bouvaine et al., 
2011), underscoring the importance of validating 
the role of protein interactions in virus transmis-
sion identified using in vitro approaches. For Barley 
yellow dwarf virus-MAV (BYDV-MAV), two aphid 
proteins found to bind virion, SaM35 and SaM50, 
were detected in the head of the aphid vector Sito-
bion avenae (Li et al., 2001) (Fig. 6.2E). Yet, proteins 
isolated from the heads of the aphid Rhopalosiphum 
maidis, a non-vector species of this virus, were 
found not to bind MAV (Li et al., 2001). SaM50 
from S. avenae and Schizaphis graminum was also 
found to directly interact with BYDV-GDV, which 
is only transmitted by these two aphid species 
(Wang, 2003). Immunogold labelling of ultrathin 
sections of aphid heads showed that SaM50 local-
ized to the plasma membrane of the accessory 
salivary gland of S. graminum but not in the non-
vector species Rhopalosiphum padi. In addition, 
aphid feeding on artificial diets containing anti-
bodies towards this protein reduced transmission 
of BYDV-GAV by both S. avenae and S. graminum. 
Using the same far western blot technique, Seddas 
et al. (2004) identified several proteins binding 
to Beet western yellows virus, including symbionin, 
Rack-1, GAPDH, and actin (Fig. 6.2B), although 

their function in aphid transmission has yet to be 
determined. Microarray analysis of gene expression 
in the gut of pea aphids after acquisition of Pea 
enation mosaic virus 1 (PEMV1) identified several 
differentially expressed transcripts with limited 
fold change of up- or down-regulation, including 
genes involved in endocytosis, intracellular traffick-
ing and signal transduction, all important processes 
in virus acquisition (Brault et al., 2010). Only 20% 
of the genome was represented in this transcrip-
tomic analysis due to the limited availability of 
aphid genome sequences at that time and the low 
enrichment of gut-specific transcripts in the micro-
array (Brault et al., 2010). Further transcriptomic 
analysis is needed to determine if this low level of 
differential expression is due to the limitations of 
the study or if aphid gut physiology is not greatly 
perturbed by luteovirid acquisition.

A powerful way to identify proteins involved in 
transmission is proteomic phenotyping by compar-
ing the proteomes of vector and non-vector aphids 
within a species. Papura et al. (2002) first per-
formed this method using 2-D gel electrophoresis 
on an F1 population from a selfed S. avenae clone 
differing in BYDV-PAV transmission efficiency. 
They identified two differentially expressed protein 
spots with dissimilar isoelectric points but identical 
molecular weights between vector and non-vector 
aphids, indicating that these differential spots were 
isoforms of the same protein most likely derived 
from one biallelic locus (Papura et al., 2002). 
Advances in 2-D proteomics methods in the early 
2000s, namely in the development of Difference In 
Gel Electrophoresis (DIGE), which relies on the 
use of an internal standard included in every gel for 
relative quantification of all samples in the study, 
enabled highly precise, quantitative comparison of 
proteomes from across a large number of samples. 
Comparative proteomic profiling by 2-D DIGE 
of an F2 population of S. graminum differing in 
transmission ability of the luteovirid Cereal yellow 
dwarf virus-RPV (CYDV-RPV) also identified dif-
ferentially expressed protein isoforms from biallelic 
loci that correlated with transmission phenotype 
and could even pinpoint which proteins were 
involved in passage across the gut as compared to 
the accessory salivary gland (Yang et al., 2008; Cilia 
et al., 2011a). One such protein, cyclophilin B, was 
present in two isoforms, S28 and S29, differing in 
a single amino acid change (Tamborindeguy et 
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al., 2013). Only the S29 isoform was found to be 
present in genotypes and field-collected aphids that 
were efficient transmitters of CYDV-RPV (Tam-
borindeguy et al., 2013). Additionally, both S28 
and S29 were found to bind CYDV-RPV in vitro 
and in co-immunoprecipitations from aphid tissue 
(Fig. 6.2B), but could not bind PLRV in vitro, for 
which S. graminum is a non-vector (Tamborinde-
guy et al., 2013). Co-immunoprecipitations from 
aphid tissue coupled to MS also detected another 
cyclophilin protein binding CYDV-RPV, cyclophi-
lin A, indicating a larger role for cyclophilins in the 
transmission of this virus.

Recent work in luteovirid systems has discov-
ered the first putative receptors for circulative virus 
transmission within the gut of aphids. In a hallmark 
paper by Linz et al. (2015), aminopeptidase-N 
(APN) from pea aphid, Acyrthosiphon pisum, was 
identified to bind PEMV1 using a 2-D far western 
blot method coupled to MS (Fig. 6.2C). This inter-
action was confirmed via co-immunoprecipitation, 
immunofluorescence binding assays, and surface 
plasmon resonance (Linz et al., 2015). The role 
of APN as a receptor was confirmed in vitro by 
showing the internalization of green fluorescent 
protein (GFP)-labelled PEMV1 CP by Sf9 insect 
cells expressing APN from pea aphid (Linz et al., 
2015). Additionally, Linz et al. (2015) showed 
that PEMV1 competes with a peptide that also 
binds APN, GBP3.1, which was previously shown 
to inhibit the uptake of this virus by aphids (Liu 
et al., 2010). Recently, a second luteovirid recep-
tor, the ephrin receptor from M. persicae, was 
found to unambiguously interact, via yeast two-
hybrid screening, with the RTP of Turnip yellows 
virus (TuYV) (Mulot et al., 2018) (Fig. 6.2C). 
Knockdown of ephrin in aphids by dsRNA feed-
ing reduced transmission of TuYV by 43–77%, 
providing in vivo evidence of its role in transmis-
sion (Mulot et al., 2018). Additionally, the authors 
found evidence of this receptor binding to the 
Cucurbit aphid borne yellows virus (CABYV) CP 
and RTP via yeast two-hybrid screening. The 
knockdown of the ephrin receptor in M. persicae 
reduced acquisition of CABYV as well as Beet mild 
yellowing virus, two other closely related luteovirids 
primarily transmitted by M. persicae, suggesting its 
broader role as a general receptor for luteovirids in 
this widespread vector (Mulot et al., 2018).

Protein interactions regulating 
acquisition and transmission of 
begomoviruses
Begomoviruses, in the Geminiviridae family, are 
circulatively transmitted by whitefly vectors and 
may have mono- or bipartite genomes. While 
historically referred to as non-propagative, there 
is some possible evidence for virus replication in 
vector tissues (Pakkianathan et al., 2015). The CP 
is thought to be the sole viral determinant of plant-
to-plant transmission in begomoviruses, supported 
by changes in transmission specificity when CP 
sequences are swapped between geminiviruses. For 
instance, replacing the CP of African cassava mosaic 
virus (ACMV) with the CP of the leafhopper-
transmissible Beet curly top virus resulted in a 
leafhopper-transmissible ACMV (Briddon et al., 
1990). Furthermore, exchanging the CP of the non-
transmissible Abutilon mosaic virus (AbMV) with 
that of the transmissible Sida golden mosaic virus 
rendered AbMV transmissible (Höfer et al., 1997). 
The CP of geminiviruses have been shown to bind 
the midgut of their respective insect vectors, the site 
of virus acquisition (Wang, Y. et al., 2014). Feeding 
on antibodies raised against the CP alone or those 
specific for assembled virion inhibited transmis-
sion of Wheat dwarf virus by its leafhopper vector 
(Wang, Y. et al., 2014). Detailed mutational analysis 
of begomovirus CPs has identified many residues 
that are important for transmission, especially the 
amino acids between residues 129 and 152 (Azzam 
et al., 1994; Noris et al., 1998; Liu et al., 1999; 
Höhnle et al., 2001; Soto et al., 2005; Caciagli et 
al., 2009). As for other plant viruses, proper virion 
assembly and stability is important for transmis-
sion: the CP of Tomato yellow leaf curl Sardinia virus 
with an asparagine to aspartate mutation at position 
130 was unable to assemble and was not acquired 
by its whitefly vector, Bemisia tabaci (Caciagli et al., 
2009).

Two vector proteins have been implicated in 
regulating transmission of begomoviruses by B. 
tabaci. Microarray, qPCR, and western blot analysis 
showed an up-regulation of heat shock protein 70 
(Hsp70) in response to Tomato yellow leaf curl virus 
(TYLCV) and Squash leaf curl virus (Götz et al., 
2012). Immunocapture PCR, virus overlay assays, 
and co-immunoprecipitation showed that Hsp70 
interacts with TYLCV (Fig. 6.2C). Immunostaining 
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showed co-localization of Hsp70 with TYLCV and 
Watermelon chlorotic stunt virus in whitefly midgut 
epithelial cells (Götz et al., 2012). Finally, the role 
of Hsp70 in virus transmission was confirmed 
functionally by feeding whiteflies on antibody 
raised against Hsp70 prior to virus acquisition. 
This antibody feeding assay resulted in increased 
transmission of TYLCV, indicating that Hsp70 may 
be a negative regulator of transmission and serves 
to protect whiteflies against begomoviruses (Götz 
et al., 2012). Cyclophilin B was identified as a posi-
tive regulator of TYLCV transmission by B. tabaci 
(Kanakala and Ghanim, 2016) (Fig. 6.2C). Similar 
feeding studies using a cyclophilin B antibody 
resulted in a decrease in TYLCV transmission. 
Delivery of cyclosporin A, a cyclophilin B inhibitor 
from the fungus Tolypocladium inflatum, to white-
flies via artificial diet decreased co-localization 
of cyclophilin B and TYLCV in whitefly midguts 
(Kanakala and Ghanim, 2016).

Virus–vector protein interactions 
regulating nanovirus acquisition and 
transmission
Viruses in the family Nanoviridae are multipartite, 
with genomes consisting of six to eight single-
stranded DNA segments, each individually 
encapsidated into icosahedral particles comprised 
of a single coat protein. Progress in genetically 
dissecting these viruses has been slowed by the dif-
ficulty in generating infectious clones of the many 
genome segments. Unlike the other viruses trans-
mitted in the circulative, non-propagative mode, 
early studies showing the inability of purified nano-
virus particles to be transmitted by aphids indicated 
that a helper component could be required (Franz 
et al., 1999). This component was recently identi-
fied in Faba bean necrotic stunt virus (FBNSV) to 
be the nuclear shuttle protein (NSP) encoded by 
DNA-N (Grigoras et al., 2018). The authors found 
that FBNSV was no longer aphid-transmissible 
when the infectious clone containing the DNA-N 
viral segment, which encodes the NSP, was 
excluded from plant inoculation (Grigoras et al., 
2018). How the NSP protein facilitates transmis-
sion is unknown. However, the function of this viral 
protein is conserved, as the NSP of FBNSV could 
complement that of the closely related Faba bean 
necrotic yellows virus and the distantly related Pea 

necrotic yellow dwarf virus (Grigoras et al., 2018). 
Moreover, the mechanism may be distinct from 
the role of helper components in non-circulative 
viruses, as NSP was found to not directly bind the 
CP in yeast two-hybrid and bimolecular fluores-
cence complementation assays (Krenz et al., 2017). 
To date, aphid proteins involved in nanovirus trans-
mission have not been reported. However, a recent 
study has shown that different genome segments 
of nanoviruses exhibit unequal relative frequen-
cies in their aphid vectors compared with in plants 
(Gallet et al., 2018). Further understanding of virus 
and vector proteins that regulate the transmission 
of nanoviruses is an exciting frontier, considering 
the unique challenges presented by their extreme 
multipartite virus lifestyle.

Virus–vector interactions 

regulating circulative, 

propagative transmission

Plant viruses transmitted in the circulative, propa-
gative mode are characterized by acquisition times 
of hours to days, a latent period of days to weeks 
during which the virus replicates and disseminates 
within the vector, and long-term persistence in the 
vectors, which remain viruliferous for their entire 
lives. The route taken by circulative, propagative 
viruses through their vector often mirrors that taken 
by circulative, non-propagative viruses: virions pass 
through the gut epithelial cells into the hemolymph, 
then enter the salivary glands, with the key distinc-
tion that propagative viruses replicate in nearly 
every tissue encountered, notably the gut and 
salivary glands. Propagative viruses also replicate 
in other vector tissues not directly involved in the 
circulative pathway for non-propagative viruses, 
such as muscle cells adjacent to the gut, from which 
virions can pass into the hemolymph. These viruses 
can also directly enter the salivary glands in vectors 
and developmental stages where these tissues are in 
contact, such as in thrips nymphs (Kritzman et al., 
2002; Moritz et al., 2004). Viruses transmitted in a 
propagative mode often infect the ovarioles and can 
be vertically transmitted between generations of the 
vector (Huo et al., 2014). Some viruses transmit-
ted in this mode can produce tubules that facilitate 
escape from the midgut (Liu et al., 2011; Chen et al., 
2012; Mar et al., 2014; Wang, H. et al., 2014).
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Virus–vector protein interactions 
regulating rhabdovirus acquisition 
and transmission
Plant-infecting viruses in the Rhabdoviridae family 
(genera Nucleorhabdovirus and Cytorhabdovirus) 
are transmitted in a circulative, propagative mode 
by planthopper, leafhopper, and aphid species. Con-
sidering this mode of transmission, rhabdoviruses 
replicate in both their plant hosts and insect vectors 
(reviewed in Jackson et al., 2005). Almost all viral 
proteins in this family are thought to act similarly 
in the two hosts, except for the movement proteins, 
which are used exclusively in the plant to transverse 
plasmodesmata (Huang et al., 2005). Rhabdovi-
rus capsids are enveloped in a membrane derived 
from the insect or plant host with viral-encoded 
tripartite glycoprotein (G) spikes protruding from 
these membranes. For rhabdoviruses that infect 
vertebrates, such as Vesicular stomatitis virus, the 
G protein is involved in facilitating the adhesion 
and entry into cells (Schlegel and Wade, 1983). A 
seminal paper by Gaedigk et al. (1986) showed that 
antibodies raised against the G protein of Potato 
yellow dwarf virus (PYDV) neutralized the infectiv-
ity of PYDV by preventing entry of the virus into 
vector cells. Therefore, the G protein of plant-
infecting rhabdoviruses likely functions similarly to 
the G protein in vertebrate-infecting viruses of the 
same family.

A few transcriptomic studies have begun to inves-
tigate vector pathways involved in the transmission 
of plant rhabdoviruses. Comparing gene expression 
between Maize mosaic virus (MMV)-infected Pere-
grinus maidis and uninfected planthoppers revealed 
down-regulation of four genes involved in innate 
immune responses: the autophagocytosis associ-
ated protein ATG3, phosphoinositide 3-kinase 
(PI3K), c-JUN NH2-terminal kinase ( Jnk), and 
tripeptidyl-peptidase II (TPPii) (Whitfield et al., 
2011). In a comparative transcriptomic study of 
Graminella nigrifrons, the vector of Maize fine streak 
virus (MFSV), insects were separated according to 
whether they were vectors (based on the results of 
a virus transmission assay to plants), and infected 
or uninfected. Vectors could be distinguished by 
the down-regulation of three peptidoglycan rec-
ognition proteins (PGRPs), which are involved 
in innate immune responses to bacteria and fungi 
(Chen et al., 2012). A later study also implicated 

innate immunity genes in MFSV transmission by 
G. nigrifrons (Cassone et al., 2014). After just four 
hours, the authors observed an up-regulation of 
many immune response genes, including genes 
involved in the Toll pathway, peroxidases, a super-
oxide dismutase, and PGRPs, in addition to genes 
related to cytoskeleton organization, hemopoiesis, 
glycosylation, and phagocytosis. However, this 
immune response was transient, as, by the seven-
day time point, transcript levels had returned to the 
same levels as in the healthy controls (Cassone et 
al., 2014). Emerging transcriptome data for vector 
species reveal homologues to proteins known to 
interact with vertebrate-infecting rhabdoviruses. 
For instance, the P. maidis genome contains a homo-
logue of the nicotinic acetylcholine receptor, which 
is thought to bind and facilitate entry of Rabies virus 
(Whitfield et al., 2011). No rhabdovirus receptor 
has been identified in insects.

Virus-vector protein interactions 
regulating tospovirus acquisition and 
transmission
Tospoviruses (in the newly-designated family 
Tospoviridae) are enveloped, negative-sense 
RNA viruses with a tripartite genome that are 
transmitted by thrips in a circulative, propagative 
mode. The tospovirus genome is protected by 
the nucleoprotein (N), which is surrounded by 
a host-derived membrane embedded with two 
tospovirus-encoded glycoproteins, GN and GC, that 
are involved in transmission. In reassortments, virus 
transmission determinants always map to RNA M, 
which encodes the glycoproteins (Sin et al., 2005). 
Additionally, mutations in the GN/GC open reading 
frame abolish thrips transmission without alter-
ing virus assembly (Zheng et al., 2011). GN plays 
a role in virus attachment to the thrips midgut as 
evidenced by immunolocalization and virus overlay 
assays (Ullman et al., 1995; Bandla et al., 1998; Kik-
kert et al., 1998). GC is hypothesized to be a viral 
fusion protein based on structure (Garry and Garry, 
2004) and the fact that it undergoes pH-induced 
conformational changes typical of type II fusion 
proteins (Whitfield et al., 2005). Functional analy-
sis confirmed that GC mediates fusion of host and 
virus membranes (Plassmeyer et al., 2005, 2007).

There have been several transcriptomic and one 
proteomic analysis characterizing the effects that 
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tospoviruses have on their thrips vectors. Badillo-
Vargas et al. (2012) used transcriptome data to 
help identify proteins resolved using 2-D gel elec-
trophoresis in uninfected and Tomato spotted wilt 
virus (TSWV)-infected Frankliniella occidentalis. 
The transcriptome was particularly useful for pro-
tein identification in this study as thrips genes have 
remarkably low similarity to genes found in other 
sequenced insect genomes. The authors identified 
37 differentially expressed proteins between virus 
treatments, 62% of which were down-regulated. 
Many of these proteins were identified to be com-
ponents of innate immune responses. Another F. 
occidentalis transcriptome analysis looking at the 
thrips response to TSWV revealed up-regulation of 
genes involved in defense, signal transduction, and 
endocytosis (Zhang et al., 2013). Two later ‘omics 
studies identified genes differentially expressed 
among the various developmental stages of F. 
occidentalis and Frankliniella fusca in response to 
TSWV. Attaining resolution at the level of develop-
mental stage is crucial for tospoviruses, as they are 
only acquired during the larval stages (Ullman et al., 
1992; Nagata et al., 1999). The authors found that 
in F. occidentalis, there was a global down-regulation 
of TSWV-responsive transcripts in the first instar 
larvae, including those involved in proteolysis and 
detoxification, which were up-regulated in the 
prepupal stage (Schneweis et al., 2017). Cuticle 
proteins were one of the largest groups of TSWV-
responsive transcripts, largely down-regulated and 
unique to larval and prepupal stages (Schneweis et 
al., 2017). In F. fusca, transcripts of proteins involved 
in immune response, intracellular transport, and 
virus replication were found to be up-regulated 
(Shrestha et al., 2017). Collectively, these studies 
have identified vector proteins potentially involved 
in tospovirus transmission and may serve to launch 
further investigation.

In an exciting preprint by Badillo-Vargas et al. 
(2018), the first ever tospovirus-binding thrips 
proteins were identified. Using 2-D gel overlay 
assays coupled to MS, the authors identified six 
thrips proteins from the first instar larvae that bind 
TSWV: the endocuticle structural glycoprotein 
endoCP-V, the cuticular protein CP-V, cyclophilin, 
enolase, mitochondrial ATP synthase α (mAT-
Pase), and the endocuticle structural glycoprotein 
endoCP-GN (Fig. 6.2B). They confirmed binding 

of all six proteins to the TWSV N protein using 
yeast two-hybrid assays, and binding of endoCP-
GN to the TWSV glycoprotein GN. These binding 
interactions were also validated via biomolecular 
fluorescence complementation. Furthermore, via 
immunolocalization, the authors confirmed the 
expression of these proteins in both the midgut and 
salivary glands of larval thrips, key tissues involved 
in tospovirus transmission. Co-localization of virus 
with cyclophilin and endoCP-GN in the midgut, the 
site of tospovirus acquisition, was also observed. 
Considering the consistent and direct interaction 
between endoCP-GN and TSWV GN, the authors 
hypothesize that endoCP-GN may serve some 
receptor-like role in the acquisition of tospoviruses, 
and future work should focus on pinpointing and 
verifying its function in vivo.

Virus–vector protein interactions 
regulating tenuivirus acquisition and 
transmission
Viruses in the genus Tenuivirus are transmitted by 
planthopper or leafhopper vectors in a circulative, 
propagative mode. The tenuivirus nucleocapsid 
protein pc3 has been found to be at the interface of 
interactions with the vector (described below). The 
non-structural viral protein NS4 forms inclusion 
bodies in insect tissues and directly interacts with 
pc3 and virus ribonucleoprotein complexes (Wu et 
al., 2014a). RNAi targeting of NS4 shows that it is 
important for movement in the vector, but has no 
effect on replication (Wu et al., 2014a).

Most of the research on tenuiviruses has focused 
on the type species, Rice stripe virus (RSV) trans-
mitted by Laodelphax striatellus, the small brown 
planthopper. Several vector proteins have been 
found to interact with RSV. Using a dot immu-
nobinding assay, L. striatellus proteins RACK1, 
GAPDH3, RPL5, RPL7, and RPL8 were found 
to interact with virus (Li et al., 2011) (Fig. 6.2B). 
A Gal4 yeast two-hybrid screen was also used on 
the RSV system to look for interacting proteins 
localized to the nucleus, where they found binding 
between the RSV nucleocapsid protein pc3 and 
RPL18 (Li et al., 2018) (Fig. 6.2B). Knockdown of 
RPL18 inhibited RSV translation and replication in 
the vector, indicating this vector protein is crucial 
for virus replication (Li et al., 2018).

Recently, a split-ubiquitin yeast two-hybrid 
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screen between the RSV pc3 nucleocapsid protein 
and a library of small brown planthopper proteins 
identified atlasin, jagunal, NAC domain protein, a 
novel cuticular protein (CPR1), and vitellogenin 
(Vg) as interacting with pc3 (Liu et al., 2015) 
(Fig. 6.2B). CPR1 was also found to co-localize 
with and bind virus in vivo. Knockdown of CPR1 
using RNAi led to decreased RSV accumulation 
in the hemolymph and salivary gland as well as 
overall transmission (Liu et al., 2015). The authors 
proposed that CPR1 binds to RSV and stabilizes 
it in the hemolymph (Liu et al., 2015) (Fig. 6.2F). 
Vg was also identified as being down-regulated 
in RSV-viruliferous planthoppers in a separate 
transcriptomics study (Zhang et al., 2010). On 
the protein level, Vg was found to co-localize with 
RSV in vivo (Huo et al., 2014). RSV binding to Vg 
is thought to play a crucial role in vertical trans-
mission by allowing RSV to enter nurse cells via 
endocytosis and ovarioles through the nutritive 
cords (Huo et al., 2014) (Fig. 6.2D). Vg proteins 
may play a broader role in transmission of propa-
gative plant pathogens through the manipulation 
of vector fecundity, as it has been found to be up-
regulated in the hemolymph of Diaphorina citri 
(the Asian citrus psyllid) infected with ‘Candidatus 
Liberibacter asiaticus’, (CLas) the Gram-negative, 
circulative, propagative bacterium associated with 
citrus greening disease (Kruse et al., 2018). D. citri 
infection with CLas has a positive benefit on vector 
fitness for lab-reared colonies (Pelz-Stelinski and 
Killiny, 2016).

Small RNA sequencing of L. striatellus has 
shown that the vector produces viral-derived small 
interfering RNAs against RSV (Xu et al., 2012a). 
Knockdown of the Ago2 gene in planthoppers 
resulted in higher accumulation of RSV in the 
vector, indicating that RNAi-mediated antiviral 
immunity is active in the planthopper (Xu et al., 
2012a,b). RSV encodes a viral silencing suppres-
sor protein, NS3, which is the most abundant viral 
transcript produced in the vector (Zhang et al., 
2010). Yeast two-hybrid experiments showed the 
RPN3 subunit of the 26S proteasome in the vector 
interacts with NS3 (Fig. 6.2B), and knockdown of 
NS3 results in increased RSV infection (Xu et al., 
2015). The authors hypothesize that NS3 hijacks 
the 26S proteasome by interacting with RPN3 to 
counter host defenses (Xu et al., 2015).

Virus–vector protein interactions 
regulating reovirus acquisition and 
transmission
Three genera in the family Reoviridae infect plants 
(Fijivirus, Phytoreovirus, and Oryzavirus), and all 
are transmitted by planthoppers or leafhoppers in a 
circulative, propagative mode. Plant reoviruses are 
non-enveloped and icosahedral with an inner and 
outer capsid (Artimo et al., 2012). The outer minor 
capsid protein of Rice dwarf virus (RDV), P2, con-
tains features similar to the viral fusion proteins of 
other enveloped viruses, as indicated by syncytium 
formation when expressed in insect cells (Zhou et 
al., 2007). Therefore, P2 is proposed to bind recep-
tors in the midgut of the vector and facilitate virus 
entry by inducing fusion of the insect epithelial 
cell and viral membranes (Omura et al., 1998). 
Interestingly, several plant reoviruses have been 
found to form tubule-like structures for movement 
in the vector. Tubules formed by RDV have been 
observed moving along microvilli in the midgut of 
its vector (Chen et al., 2012) and crossing the basal 
lamina to the midgut visceral muscles, in the case of 
Southern rice black-streaked dwarf virus (SRBSDV) 
(Wang, H. et al., 2014). The role of these tubules 
in virus movement was confirmed by knockdown 
of the tubule-forming protein P7–1 from SRBSDV, 
which inhibited tubule formation and virus spread 
in the vector (Liu et al., 2011; Mar et al., 2014).

SRBSDV is one of the most well-studied 
plant-infecting reoviruses. It is transmitted by 
the white backed planthopper, Sogatella furcif-
era. Transcriptomic analysis of gene expression 
between viruliferous and non-viruliferous insects 
showed that genes involved in primary metabolism, 
the ubiquitin-proteosome system, cytoskeletal 
organization, and immune pathways were respon-
sive to SRBSDV (Xu et al., 2012b). Another 
transcriptome study comparing insects varying 
in viral load identified the differential expression 
of transcripts involved in the induction of vector 
defense responses, with the RNA interference 
pathway being the most up-regulated (Wang et al., 
2016). S. furcifera proteins binding to the SRBSDV 
P7–1 tubule-forming protein were initially identi-
fied via yeast two-hybrid screening and 18 of the 
interactions were confirmed via chemiluminescent 
co-immunoprecipitation (Mar et al., 2014). Organ-
specific expression data gathered via quantitative 
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reverse transcriptase PCR (qRT-PCR) for six of 
these vector proteins (neuroglian, myosin light 
chain 2, polyubiquitin, E3 ubiquitin ligase, ribo-
phorin ii, and profilin; Fig. 6.2B) were used to 
resolve the spatial organization of these virus–pro-
tein interaction networks (Mar et al., 2014). Follow 
up studies should focus on determining the func-
tion of these proteins interacting with SRBSDV.

During transmission of circulative propagative 
viruses, infection in the vector advances from the 
midgut to midgut visceral muscles. Recent work by 
Lan et al. (2016a) shows that the RNA interference 
pathway is sufficient to prevent escape of SRBSDV 
from the midgut of the non-vector L. striatellus in 
cultured cells (Fig. 6.2C). However, knockdown of 
a key enzyme in this pathway, Dicer-2, allows virus 
accumulation in the midgut to reach the threshold 
necessary for dissemination to the visceral muscles 
(Lan et al., 2016a). Interestingly, knockdown of 
Dicer-2 in whole insects even allowed the non-
vector L. striatellus to transmit SRBSDV (Lan et al., 
2016a). A similar study on another reovirus system, 
Rice gall dwarf virus (RGDV) and its vector Recilia 
dorsalis, showed that the insect also uses the RNAi 
pathway to modulate virus infection (Lan et al., 
2016b). Silencing of Dicer-2 in this vector insect 
caused the virus to reach such high titres that the 
infection was lethal rather than persistent, which 
would preclude virus transmission (Lan et al., 
2016b). Therefore, a balance of virus infection in 
the vector must be maintained to allow for trans-
mission.

Escape from the salivary glands is another 
crucial step in the transmission of circulative, prop-
agative viruses. In Nilaparvata lugens, the vector 
of Rice ragged stunt virus (RRSV), virus infection 
appeared to induce apoptosis in the salivary gland 
of the vector (Fig. 6.2E), as visualized using a dUTP 
nick-end labelling assay (Huang et al., 2015). Cas-
pases are known to mediate apoptosis in animals, 
including insects. The authors searched the newly 
assembled N. lugens genome to identify caspases. 
Silencing of all copies of Nlcaspase-1 prevented 
apoptosis in the salivary gland and diminished 
transmission of RRSV (Huang et al., 2015). There-
fore, inducing apoptosis in the vector salivary 
glands may be an important means for the virus to 
complete the transmission process (Huang et al., 
2015). Apoptosis may also be involved in transmis-
sion of CLas from D. citri, as enhanced levels of 

apoptosis are observed in adults insects reared on 
CLas-infected citrus trees (Ghanim et al., 2016; 
Mann et al., 2018).

Host manipulation by plant 

viruses: an indirect strategy for 

promoting vector transmission

Beyond the direct vector-pathogen protein interac-
tions described above, successful virus transmission 
also relies on indirect effects on the vector and 
these effects have also been studied using ‘omics 
methods. Over 50 years ago, Holmes and Bethel 
(1972) introduced the paradigm known as the 
‘host manipulation hypothesis’ to explain the ‘sui-
cidal’ behaviour displayed by parasitized animals 
that increased their risk of predation. From these 
observations, they proposed that pathogens evolve 
ways to control aspects of their host’s behaviour 
to enhance their rate of transmission (reviewed 
in Heil, 2016). A most dramatic example of host 
manipulation is perhaps the Ophiocordyceps unilat-
eralis fungus that infects Camponotus leonardi ants 
living in tropical rainforest trees. The infected ants, 
referred to as ‘zombie’ ants, adhere to very specific 
regions of vegetation using their mouth parts, 
which is critical for parasite fitness and dispersal 
(Andersen et al., 2009).

It is well documented that insect-borne plant 
viruses and pathogens induce a myriad of adaptive 
visual and biochemical changes in host plants as 
infection progresses from the initial site of inocu-
lation to full invasion of distal plant tissues (Pallas 
and Garcia, 2011). It was originally believed that 
disease symptoms such as chlorosis (yellowing 
of leaves) and inhibition of growth were simply 
deleterious side effects due to host resources being 
commandeered to support virus replication (Pallas 
and Garcia, 2011). However, numerous studies 
correlating plant pathology with insect vector per-
formance and behaviour have since shown that most 
plant pathogens modify host physiology in adaptive 
ways that facilitate the type of host–vector relation-
ship that favours their specific mode of transmission 
(Bosque-Pérez and Eigenbrode, 2011; Mann et al., 
2012; Mauck et al., 2012; Gray et al., 2014). Work 
with the citrus greening system has shown that 
effects of host manipulation extend beyond the 
ecology of plant virus–vector interactions: plant 
infection with the citrus greening bacterium induce 
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symptoms in plants which attract parasitoids of the 
insect vector (Martini et al., 2014).

In general, beneficial effects on fitness and 
behaviour are observed when vectors are reared on 
plants infected with circulative pathogens whose 
dissemination is highly dependent on the pro-
longed feeding of one or a few vector species (Ajayi 
and Dewar, 1983; Castle and Berger, 1993; Castle 
et al., 1998; Jiménez-Martíneza et al., 2004; Maris et 
al., 2004; Kotzampigikis et al., 2010; Pelz-Stelinski 
and Killiny, 2016). For example, compared to 
virus-free hosts, the growth rate, longevity, and 
fecundity of the aphid M. persicae were enhanced 
when aphids were caged on potato plants infected 
with Potato leafroll virus (PLRV) (Fig. 6.2A), a cir-
culative luteovirid that is primarily transmitted by 
this aphid species (Castle and Berger, 1993). For 
luteovirids, extension of feeding times increases the 
likelihood of vectors acquiring virus (Kotzampi-
gikis et al., 2010) while enhanced reproduction and 
increased alatae production creates a large reservoir 
of viruliferous insects that can carry and transmit 
virions to other plants (Gildow, 1980, 1983). In 
contrast, intermediate to no effects were observed 
when the same aphid species was reared on potato 
plants infected with the non-circulative virus, PVY, 
(Revers and Garcia, 2015), which requires only 
a brief interaction with aphids for transmission, 
or Potato virus X (PVX, Potexvirus), a vector-
independent virus (Castle and Berger, 1993).

Vector manipulation by plant viruses promotes 
feeding behaviours aligned with the transmission 
mode that maximizes virus acquisition and trans-
mission. When given a choice, non-viruliferous 
M. persicae prefer to immigrate and to settle on 
PLRV-infected leaves compared to those infected 
with PVX or PVY, or virus-free leaves (Castle et 
al., 1998; Eigenbrode et al., 2002). Over time, 
aphid emigration from PLRV-infected leaves is also 
reduced compared to the three other infection con-
ditions (Eigenbrode et al., 2002) and aphid-feeding 
behaviour becomes increased on older, sympto-
matic leaves (Alvarez et al., 2007). However, as 
luteovirids are acquired, host preference switches 
and viruliferous aphids become more attracted to 
healthy plants (Medina-Ortega et al., 2009) (Fig. 
6.2A). For non-circulative viruses like CMV where 
acquisition occurs in seconds and retention is short-
lived ( Jacquemond, 2012), aphids are initially 
attracted to diseased plants, but dispersal occurs 

rapidly (Fig. 6.2A), indicating that these infected 
plants are quickly being perceived as poor-quality 
hosts (Mauck et al., 2010a,b). Collectively, these 
studies along with other works testing additional 
plant-virus-vector systems (Ajayi and Dewar, 1983; 
Blua and Perring, 1992; Jiménez-Martíneza et al., 
2004; Maris et al., 2004; Donaldson and Gratton, 
2007; McMenemy et al., 2012; Chen et al., 2013; 
Maluta et al., 2014; Wu et al., 2014b; Claudel et al., 
2018) support Holmes and Bethel’s hypothesis. 
However, exceptions in the literature can be found 
where effects on vectors are host specific (Castle 
et al., 1998; Claudel et al., 2018; DeBlasio et al., 
2018), neutral (Hodge and Powell, 2008), nuanced 
due to mixed infections (Salvaudon et al., 2013; 
Lightle and Lee, 2014) or apparently contradic-
tory to the host manipulation hypothesis (Blua et 
al., 1994; Fiebig et al., 2004; Boquel et al., 2010; 
Casteel et al., 2014). The application of ‘omics tech-
nologies to identify the mechanisms and genetic 
features mediating these virus-induced effects on 
host–vector interactions has been instrumental in 
formulating a deeper understanding of plant virus 
epidemiology. Potential mechanisms proposed by 
these studies and details of the supporting data are 
discussed below.

The role of volatile cues in vector 
attraction
Vector attraction to infected plants has mainly 
been attributed to two factors: visual symptoms of 
disease such as leaf chlorosis, which play a general 
role in attracting insect vectors (Macias and Mink, 
1969; Ajayi and Dewar, 1983; Holopainen et al., 
2009; Webster, 2012) and virus-induced changes 
to host volatile emissions that specifically influence 
insect responses (Eigenbrode et al., 2002; Jiménez-
Martíneza et al., 2004; Ngumbi et al., 2007; 
Medina-Ortega et al., 2009; Werner et al., 2009; 
Mauck et al., 2010a; Rajabaskar et al., 2013, 2014; 
Claudel et al., 2018). Eigenbrode et al. (2002) were 
the first to show that non-viruliferous M. persicae 
were attracted to and preferentially arrested on 
filter paper models treated with headspace volatiles 
collected from PLRV-infected potatoes compared 
to those collected from healthy, PVY-, or PVX-
infected plants, a result similar to what was observed 
when aphids were allowed to come in contact with 
infected leaves. In the context of a real infection, 
virus-induced changes to volatile cues are dynamic, 
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as aphids were more attracted to plants that were 
inoculated at a younger age compared to leaves that 
were more mature (Alvarez et al., 2007; Werner et al., 
2009; Rajabaskar et al., 2013). Metabolic profiling 
of headspace volatiles using quantitative gas chro-
matography coupled to MS (GC–MS) showed that 
six host compounds (limonene, pinene, cadinene, 
caryophyllene, α-humulene, and 7,11-dimethyl-
3-methyl dodecatriene) of the 21 detected were 
elevated by PLRV-infection compared to the other 
virus infection treatments (Eigenbrode et al., 
2002) (Fig. 6.2A). Using a bead-free, quantitative 
affinity purification (AP)–MS workflow, which 
enables the identification of host protein interac-
tion networks complexing with viruses, DeBlasio 
and colleagues have since shown that PLRV forms 
complexes in planta with the N. benthamiana 
protein α-humulene/(–)-(E)-b-caryophyllene 
synthase (DeBlasio et al., 2017) (Fig. 6.2A). This 
enzyme is required for the biosynthesis of volatile 
sesquiterpenes including α-humulene (Tholl et 
al., 2005), suggesting that PLRV influences the 
production of host volatile emissions at the protein 
level. Interestingly, only synthetic blends mimick-
ing the exact concentration and composition of 
the naturally occurring PLRV-infected blend could 
elicit significant attraction/arrest of aphids com-
pared to single applications of each compound and 
volatile blends from uninfected plants (Ngumbi 
et al., 2007) indicating a more complex molecular 
mechanism may be at play. However, results from 
analysing other luteovirid-host-aphid systems 
favour the hypothesis that it may be the concentra-
tion of host volatiles emitted rather than metabolite 
composition that influences vector behaviour and 
that these changes are host-dependent ( Jiménez-
Martíneza et al., 2004; Claudel et al., 2018). Further 
experimentation looking at the effects that altering 
host and luteovirid protein expression/activity 
have on vector attraction as well as identifying the 
biochemical changes occurring within the insect in 
response to host volatile cues is needed to refine 
these predictions.

Selection has also favoured non-circulative 
viruses to have complex, multi-trophic mecha-
nisms to ensure their plant-to-plant spread. For the 
non-circulative virus, CMV, Mauck et al. (2010a) 
demonstrated that, like circulative viruses, aphid 
vectors were initially attracted to the emissions 
of squash plants infected with the FNY strain 

compared to healthy hosts. However, aphid fitness 
was reduced, and insects quickly migrated away 
from these infected plants (Fig. 6.2A). Further-
more, volatile metabolites from infected plants 
were elevated in concentration but similar in 
composition to those produced by healthy plants. 
Thus, authors proposed that this strategy promotes 
CMV transmission by deceptively luring vectors 
to infected hosts with chemical cues that make 
the plant appear more appetizing from afar, while 
changes to plant quality (discussed below) facili-
tate immediate dispersal once virus is acquired by 
probing. A recent study has shown that volatiles 
emitted by CMV-infected tomato and Arabidopsis 
thaliana, such as pinene and p-cymene (Fig. 6.2A) 
allow for an additional evolutionary advantage by 
attracting host pollinators (Groen et al., 2016). In 
choice experiments, bumble bees preferred CMV-
infected plants to uninfected plants. Although 
CMV infection decreased seed yield in these hosts, 
enhanced fertilization due to increased interac-
tions with bumble bees produced yields equivalent 
to uninfected plants. In addition, the bees could 
distinguish between volatiles emitted by plants 
infected with a CMV mutant unable to express 
the 2b RNA silencing suppressor and A. thaliana 
silencing mutants, implicating a role for host small 
RNA pathways in the production of virus-induced 
volatile emissions. Mathematical modelling showed 
that pollinator preference for virus-infected plants 
in the field could impart a selective advantage for 
the virus by allowing genes for disease susceptibil-
ity to persist in the population over host pathogen 
resistance (Groen et al., 2016)

Virus-induced changes to the 
nutritional quality of hosts
Although volatile cues have been shown to play a 
major part in vector attraction and preference for 
infected hosts, data generated from metabolomic 
and proteomic profiling experiments have revealed 
that the nutritional quality of plant sap, the main 
food source for most insect vectors, is also signifi-
cantly altered in ways that potentially make plants 
superior hosts when infected with circulative viruses 
(Bosque-Pérez and Eigenbrode, 2011) and poor 
ones when infected with non-circulative viruses 
(Mauck et al., 2010a, 2014). Experiments with diet 
sachets have demonstrated that feeding behaviour 
and aphid fitness are positively influenced when the 
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levels of soluble sugars are higher in diet relative 
to amount of amino acids (Mittler, 1967; Puterka 
et al., 2017). In wheat infected with the circulative 
BYDV, levels of soluble sugars, starch ( Jensen, 
1972) and the amino acids alanine and glutamine 
(Ajayi, 1986) were found to be elevated in symp-
tomatic leaf tissue where chloroplast function was 
compromised (Fig. 6.2H). Indeed, positive effects 
on aphid survival and fitness can be observed 
when chloroplast function is severely disrupted 
through the down-regulation of phytoene desaturase 
(PDS), an essential enzyme in the biosynthesis of 
plastid-associated pigments (DeBlasio et al., 2018). 
However, this effect was negated when aphids 
were reared for an extended time on PDS-silenced 
plants co-infected with PLRV, demonstrating that 
plants infected with circulative viruses eventually 
become poor-quality hosts, which would favour 
insect dispersal after virus is acquired. Characteri-
zation of host-virus protein interaction networks 
using quantitative AP-MS revealed that within host 
plants, PLRV proteins form complexes with host 
proteins that function in amino acid biosynthesis, 
carbohydrate metabolism, and photosynthesis 
(DeBlasio et al., 2015b) (Fig. 6.2H). Interestingly, 
interactions between PLRV and a subset of these 
proteins are lost or weakened in the absence of 
the RTP, a PLRV structural protein known to 
facilitate symptom development (DeBlasio et al., 
2015c). Collectively these data suggest that, like the 
regulation of host volatile emissions, PLRV capsid 
proteins may function to change the composition 
of plant sap by binding to plant proteins involved 
in nutrient metabolism and altering or redirecting 
their activity.

Studies evaluating the nutritional quality of host 
plants infected with the non-circulative virus CMV-
FNY showed the ratio of carbohydrates to amino 
acids to be reduced in phloem and non-vascular 
cells of infected squash compared to healthy plants 
(Mauck et al., 2014). These infected plants also had 
lower levels of the essential amino acids that are 
required for aphid survival (Mauck et al., 2014). 
Thus, CMV-infection effectively creates an antago-
nistic feeding environment that could potentially 
promote vector dispersal. Electrical penetration 
graph measurements show that aphids do ingest 
less phloem sap on CMV-infected A. thaliana plants 
(Westwood et al., 2013). CMV-induced deterrence 
to aphid feeding in A. thaliana is regulated by the 

interplay between CMV 2b and two other viral 
proteins (1a and 2a) and their effects on host Argo-
naute 1 (Westwood et al., 2013). However, these 
effects are most likely host-dependent as CMV-
FNY infection leads to an increase of soluble sugars 
in melon phloem sap (Shalitin and Wolf, 2000) and 
positive effects on aphid performance in tobacco 
plants, which has also been shown to be regulated 
by the CMV 2b-silencing suppressor (Ziebell et al., 
2011).

Alteration of plant defenses to 
insects
Manipulation of host defense against the insect is yet 
another way plant viruses can indirectly influence 
vector performance and behaviour. In the absence 
of virus, plants respond to herbivore attack through 
the up-regulation of an array of host defensive mol-
ecules that decrease insect fitness and deter feeding 
(War et al., 2012). Global profiling of mRNA and 
protein expression in infected hosts show that plant 
viruses work to either suppress or activate host 
pathways regulating these responses (Whitham et 
al., 2006; Di Carli et al., 2012). In general, the phy-
tohormones jasmonic acid ( JA) and ethylene (ET) 
act as anti-herbivore signalling molecules (Morku-
nas et al., 2011). In CMV-infected squash plants 
where negative impacts on aphid performance have 
been observed, significantly higher levels of JA are 
induced by aphid feeding compared to observations 
on healthy plants (Fig. 6.2H). Ethylene emissions 
were also increased in infected plants (Mauck et al., 
2014) (Fig. 6.2H). Microarray analysis of CMV-
infected A. thaliana showed up-regulation of a gene 
coding for an enzyme involved in the biosynthesis 
of 4-methoxy-indol-3-yl-methylglucosinolate, a 
known aphid deterrent (Westwood et al., 2013) 
(Fig. 6.2H). These effects are consistent with 
favouring the non-circulative mode of transmission 
where insect deterrence would be advantageous. 
In contrast, ET signalling is required for Turnip 
mosaic virus (TuMV, Potyvirus) suppression of 
callose deposition against M. persicae, which leads 
to a positive effect on aphid performance (Casteel 
et al., 2014, 2015). In an elegant demonstration 
of the tritrophic interaction between plant, virus, 
and insect, this process was found to be mediated 
by the aphid-induced localization of the potyvirus 
Nuclear Inclusion a-Protease (NIa-Pro) to the plant 
vacuole showing that potyviruses manipulate their 
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host plant into promoting vector performance only 
when their vector is present and the response is 
needed (Bak et al., 2017).

Circulative viruses manipulate plant host physi-
ology in ways that impact plant defense against the 
vector. For the begomovirus Tomato yellow leaf curl 
China virus (TYLCCNV), which is transmitted 
in a circulative manner by whiteflies, co-infection 
of tobacco with its betasatellite represses host JA-
mediated responses against the insect (Zhang et 
al., 2012). Specifically, the betasatellite encoded 
βC1 protein represses the expression of host JA-
biosynthesis and JA-regulated genes (Fig. 6.2H), 
which leads to a decrease in JA production and an 
increase in vector fitness. Although information is 
lacking on the global effects luteovirid infection 
has on plant defense and how that relates to vector 
performance, AP-MS experiments show that host 
proteins with functions in host defense, including 
callose deposition and JA biosynthesis (i.e. lipoxy-
genases), complex in planta with PLRV proteins 
(DeBlasio et al., 2015b,c, 2017).

Changes induced within the vector
Although an extensive amount of work has been 
done to understand how viruses modify plants, 
scientists are now starting to focus on character-
izing the changes within the insect that occur due 
to ingestion/perception of virus-induced host plant 
signals. There have been some studies comparing 
the transcription profiles of insect vectors fed on 
virus-infected plants compared to healthy hosts 
(Brault et al., 2010; Zhang et al., 2010; Cassone et 
al., 2014). However, there are few reports where 
the effects of infected host on vector biochemistry 
can be clearly separated from the direct effects of 
virus (Brizard et al., 2006; Bencharki et al., 2010; 
Cilia et al., 2012b; Pinheiro et al., 2017). Proteom-
ics has been used to identify interactions between 
host and virus that are required for acquisition and 
transmission (Brizard et al., 2006; Bencharki et al., 
2010; Cilia et al., 2012b). Treatment of the purified 
luteovirid CYDV with sodium sulfite eliminates its 
ability to be transmitted by its aphid vector R. padi, 
even though virion morphology was unaffected 
(Cilia et al., 2012b). Analysis of virus prepara-
tions by nanoscale liquid chromatography tandem 
MS (nLC-MS/MS) revealed host plant proteins 
co-purifying with transmissible virion that were 
lost when CYDV was treated with sodium sulfite, 

suggesting that these host–virus interactions may 
be critical for virus uptake. Targeted MS analysis 
of aphids fed on CYDV-infected plants showed 
that several of these CYDV-associated host pro-
teins accumulated to higher levels in the insect 
compared to those fed on healthy plants (Cilia et 
al., 2012b), consistent with a previous observation 
that addition of high quantities of soluble host pro-
teins to diet increases the transmission of a related 
polerovirus (Bencharki et al., 2010). Yet, in both of 
these reports, the cellular and biochemical effects 
these plant proteins have on the vector were never 
assessed. Recently, Pinheiro et al. (2017) found that 
the circulative transmission of PLRV is reduced 
when M. persicae is reared on turnip plants, a host 
for the aphid but a non-host for the virus. Using 
a combination of proteomic, biochemical, and 
microscopic approaches, they demonstrated that 
signals derived from the non-host plant inhibited 
PLRV transmission by altering the activity and 
localization of the aphid cysteine protease cath-
epsin B within gut cells (Fig. 6.2C). It is possible 
that up-regulation of cathepsin B in the aphid gut 
degrades host proteins needed for successful virus 
acquisition, thus, having an inhibitory effect on 
virus transmission.

Vector manipulation by plant 

viruses: a direct strategy for 

promoting vector transmission

The vector manipulation hypothesis was described 
as recently as 2012 in a landmark paper by Ingwell 
et al. (2012). The authors observed that while non-
viruliferous R. padi aphids were attracted to plants 
infected with the luteovirid BYDV, once the aphids 
acquired virus, their preference switched to healthy, 
uninfected plants, a behaviour change which would 
promote transmission (Ingwell et al., 2012). There-
fore, the authors described the vector manipulation 
hypothesis as ‘the evolution of strategies in plant 
pathogens to enhance their spread to new hosts.’ 
This hypothesis describes direct effects of the virus 
on the vector and is distinguished from the host 
manipulation hypothesis, which deals with indirect 
effects on the vector mediated by an infected plant 
host. To observe direct effects of a plant virus on 
its insect vector, insects must be removed from the 
infected plant to allow gut clearing of non-acquired 
virus and transient signals from the infected plant. 
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This is accomplished either by having insects 
acquire purified virus in a membrane feeding setup 
as in the BYDV study (Ingwell et al., 2012), and/or 
by moving insects to a non-host plant after acquisi-
tion (Pinheiro et al., 2017). This section describes 
novel insights gained into the evolutionary interac-
tions involved in transmission by observing the 
direct effects of virus on vector behaviour/perfor-
mance and leveraging ‘omics techniques.

Insights from viruses transmitted in a 
circulative, non-propagative mode
In a follow-up to the 2012 study with BYDV (Ing-
well et al., 2012), the same research group examined 
the preferences of M. persicae in response to PLRV, 
another luteovirid transmitted in the circulative, 
non-propagative mode (Rajabaskar et al., 2014). 
Consistent with their previous findings, the authors 
found that non-viruliferous aphids preferentially 
settle on PLRV-infected plants, whereas virulifer-
ous M. persicae preferred mock-inoculated potato 
plants (Rajabaskar et al., 2014). Using GC-MS, 
the authors identified many of the volatile organic 
compounds produced by healthy and PLRV-
infected plants. Similar to the work of Eigenbrode 
et al. (2002) with non-viruliferous M. persicae, 
Rajabaskar et al. (2014) repeated the choice assays 
with non-viruliferous and viruliferous aphids using 
only trapped plant headspace volatiles or synthetic 
volatile blends mimicking healthy and infected 
plants. Even in the absence of actual potato plants, 
the authors still observed the same aphid prefer-
ences, showing that these olfactory cues alone were 
enough to determine aphid host selection.

The interactions between begomoviruses and 
their whitefly vectors are often more akin to a 
pathogen–host relationship rather than a non-
propagative virus–vector one. TYLCV reduces the 
life expectancy and fecundity of its vector B. tabaci 
(Rubinstein and Czosnek, 1997). In transcriptome 
analysis of TYLCCNV-viruliferous whiteflies, the 
virus was shown to alter genes related to the cell 
cycle and primary metabolism, which may explain 
the reductions in insect longevity and fecundity 
(Luan et al., 2011). Additionally, whitefly immune 
responses such as autophagy and antimicrobial 
peptide production were activated in response to 
TYLCCNV (Luan et al., 2011). Transcriptome 
profiling of dissected guts of TYLCV-viruliferous 
whiteflies also showed perturbation of the cell 

cycle and induction of defense, including antimi-
crobial peptides (Geng et al., 2018). In electrical 
penetration graph feeding experiments, TYLCV-
viruliferous whiteflies fed more readily than their 
non-viruliferous counterparts and spent more 
time salivating into the phloem, which is key for 
virus transmission (Liu et al., 2013). A similar 
study with TYLCCNV found distinct differences 
in feeding behaviour of viruliferous B. tabaci when 
feeding on a host or non-host of the virus (He 
et al., 2015). The virus inhibited whitefly feeding 
on cotton, a non-host, and on a resistant cultivar 
of tobacco, but improved whitefly feeding on 
TYLCCNV-infected tobacco (He et al., 2015). 
Therefore, this improvement in feeding may be 
an indirect effect mediated by the infected plant 
rather than a direct effect.

Insights from viruses transmitted in a 
circulative, propagative mode
Recent work in the RSV-small brown planthopper 
system, guided by transcriptomics data, delved 
into the two common phenotypes of vector 
manipulation: attraction to infected plant volatiles 
and alteration of vector fecundity. While several 
studies have shown that volatiles produced by virus-
infected plants may help attract insect vector species 
(reviewed above) little work has been done on the 
vector side of this interaction. In a functional study 
from the RSV system, a key olfactory receptor was 
identified in the small brown planthopper (Li et al., 
2019). Using the L. striatellus transcriptome (Zhang 
et al., 2010) and a known sequence of the olfactory 
co-receptor Orco from the closely related Nilapar-
vata lugens, the authors confirmed the existence of 
a homologue of Orco in the small brown planthop-
per. Following orally delivered dsRNA-mediated 
knock-down of the Orco gene in L. striatellus, the 
insects were given the choice between a healthy 
rice plant or open air. After silencing of Orco, the 
response time of the insects was greatly increased, 
and a larger proportion presented no response or 
chose the air treatment. This finding confirms the 
role of Orco in olfactory host-seeking behaviour. 
The authors also found that RSV-viruliferous plan-
thoppers had higher Orco expression, and present 
stronger host-seeking behaviour as indicated by a 
lower proportion of insects with no response in the 
choice assay. These findings indicate that the spread 
of RSV may be increased by the up-regulation of an 
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olfactory receptor in the RSV vector, which would 
aid the planthopper in seeking out host plants.

There is a lack of consensus in the literature 
regarding how RSV affects the fecundity of 
its vector, but fecundity manipulation may be 
important for virus epidemiology. Li et al. (2015) 
observed a decrease in hatchability of planthopper 
eggs when one or more parent was viruliferous 
with RSV, consistent with a previous study (Nasu, 
1963). The authors assessed the expression of 
115 genes related to embryonic development, 
which they chose by harnessing the power of D. 
melanogaster as a model for insect developmental 
biology and mining homologous genes from L. 
striatellus (Zhang et al., 2010). They attributed the 
decrease in hatchability and correlated egg defects 
to significant down-regulation of two important 
embryonic development genes: Ls-Dorsal, a tran-
scription factor regulating tissue differentiation and 
Ls-CPO, an enzyme responsible for crosslinking 
and hardening of the protective chorion surround-
ing eggs (Fig. 6.2D). In contrast, Wan et al. observed 
no significant difference in hatching between RSV-
viruliferous and non-viruliferous planthoppers but 
instead observed a decreased number of eggs laid 
by viruliferous females (Wan et al., 2015). These 
authors tied this observation to decreased expres-
sion of Vg in viruliferous-females, which is a key yolk 
protein necessary for both egg development and 
the passage of RSV into nurse cells for transovarial 
transmission (Huo et al., 2014). Furthermore, Wan 
et al. observed accelerated nymphal development, 
attributed to down-regulation of JHMAT in the 
juvenile hormone ( JH) pathway, and up-regulation 
of CYP307A1 in the ecdysteroid pathway (Fig. 
6.2B). This expression pattern is consistent with 
immunosuppression by RSV, as JH serves as an 
immune activator and 20-hydroxy-ecdysone (an 
ecdysteroid) acts as an inhibitor in other insect 
systems (Beckstead et al., 2005; Tian et al., 2010). 
Despite these conflicting findings, RSV has a major 
role in altering embryogenesis and development 
of its insect vector. Work by He and colleagues 
suggests that fecundity manipulation may be a 
beneficial strategy for the virus to spread within a 
crop, as the proportion of viruliferous insects in the 
population rather than the absolute population size 
of the small brown plant-hopper vector is positively 
correlated with disease severity in rice fields in 
China (He et al., 2016).

Vector manipulation has also been observed in 
plant-infecting reoviruses. In a compelling parallel 
to the studies performed on the luteovirid system, 
Wang, H. et al. (2014) showed that while non-
viruliferous S. furcifera prefer SRBSDV-infected 
plants, SRBSDV-viruliferous insects prefer unin-
fected plants, which would promote virus dispersal 
by viruliferous individuals seeking new susceptible 
host plants (Wang, H. et al., 2014). These authors 
also looked at the preferences of planthoppers given 
an acquisition access period on SRBSDV-infected 
plants, which did not become viruliferous. Intrigu-
ingly, these exposed, nonviruliferous S. furcifera 
preferred uninfected rice plants over SRBSDV-
infected ones, which is inconsistent with the vector 
manipulation hypothesis. As SRBSDV-infected 
plants have adverse effects on vector fecundity, 
development, and longevity (Tu et al., 2013), the 
authors propose that the planthoppers ‘remember’ 
the unfavourable quality of these infected plants, as 
well as their odour, and are subsequently deterred 
when exposed to the same volatile cues, although 
these same insects preferred the odour of an 
infected plant to no plant (air). In a final twist of 
this experiment, the authors looked at the host pref-
erence of a non-vector of SRBSDV, N. lugens, the 
brown planthopper, and vector of RRSV, another 
reovirus that commonly co-infects plants with 
SRBSDV. N. lugens preferred uninfected rice plants 
to SRBSDV-infected plants, consistent with previ-
ous studies showing a virus-infected plant is often 
unattractive to non-vector species (van Molken 
et al., 2012; Mauck et al., 2014). However, after 
N. lugens acquired RRSV, its preference switched 
from healthy rice plants to SRBSDV-infected ones. 
The authors hypothesize that either RRSV causes 
this change in its vector’s behaviour, or SRBSDV 
is altering the behaviour of a non-vector species. 
Either way, this manipulation favours co-infection 
of the two viruses, which are commonly found in 
mixed infections.

One relatively unexplored area of vector 
manipulation is response to abiotic stress. Xu et al. 
(2016) looked at the thermal tolerance of SRBSDV-
viruliferous planthoppers under extreme heat and 
cold conditions, as well as performing transcrip-
tomics on insects exposed to virus and/or extreme 
temperature. They found that viruliferous insects 
were better able to tolerate extreme heat stress, 
which has important implications for the spread of 
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SRBSDV epidemics in the summer. Additionally, 
viruliferous insects experienced higher mortality 
under cold stress, which may affect the ability of 
planthoppers to overwinter. The transcriptomics 
data revealed general up-regulation of expression 
in viruliferous insects exposed to cold stress and 
down-regulation of transcription in those exposed 
to extreme heat. The authors observed nuanced 
expression of heat shock proteins in insects exposed 
to SRBSDV and heat stress, which may be due to the 
crosstalk between heat stress and antiviral pathways, 
both of which would be activated under this dual 
stress and potentially repressed by viral counter-
defense strategies. In a follow-up metabolomics 
study of S. furcifera exposed to the same virus and 
environmental stressors, there was up-regulation 
of polyols and sugars in viruliferous planthoppers 
under both heat and cold stress, and up-regulation 
of certain amino acids, such as methionine, proline, 
threonine, ornithine, L-homoserine and β-alanine, 
under heat stress (Zhang et al., 2018). These same 
amino acids were down-regulated in response 
to cold stress. Therefore, the virus may alter the 
insect’s abiotic stress response, which could impact 
virus and vector seasonal migration, especially in 
the face of climate change.

Future directions

Rapid advances in ‘omics technologies include 
instruments used for detection with increased sen-
sitivity being built more quickly and cheaply. The 
advent of recent technologies such as single-cell 
transcriptomics (Ziegenhain et al., 2018), laser-
capture microdissection (Zhu et al., 2016) and 
MALDI-imaging (Vrkoslav et al., 2010), which can 
be used to detect RNA, protein, or metabolite spe-
cies (respectively) within a small population of cells 
or an individual cell, has allowed for the generation 
of expression atlas resources for model insect spe-
cies that detail tissue specific expression patterns/
responses that would have been lost in studies using 
whole insects.

As more genomic, proteomic, and metabolomic 
information becomes available for non-model 
vector species, systems-wide studies comparing 
‘omics datasets across different virus-vector systems 
is needed to determine what is generally involved in 
plant pathogen transmission by insects and what is 
specific. In the literature, many of the same vector 

proteins are reported to be involved in the trans-
mission process for diverse virus groups, indicating 
potential conservation or co-evolution of viruses to 
co-opt these conserved proteins during transmis-
sion. These same proteins may also be involved in 
the ability of insect vectors to rapidly adapt and 
colonize new host plants, as expanded gene families 
for specific sets of proteins in aphids, including 
cuticular proteins and cathepsin B, are also involved 
in host adaptation (Mathers et al., 2017). How-
ever, considering genome annotations are largely 
derived from homology to distant species (Saha 
et al., 2017), it is difficult to know to what extent 
‘omics methods are biased towards these conserved 
proteins and are currently unable to identify 
species-specific genes and proteins that may play 
crucial roles in transmission or other aspects of 
vector biology. Future genome annotation efforts 
should seek to overcome these limitations. Improv-
ing RNAi techniques in non-model insects can aid 
functional validation of annotations.

Many of the ‘omics techniques discussed can 
be applied to understanding the biology and trans-
mission of insect-infecting viruses, which have the 
potential for use as RNAi delivery systems (Heck, 
2018). RNA sequencing techniques are being used 
to discover novel insect-infecting viruses (reviewed 
in Nouri et al., 2018; see also Chapter 1), and the 
development of infectious clones can aid reverse 
genetic approaches to understand the function of 
viral proteins. Transcriptomics and proteomics can 
be used to discover insect proteins involved in trans-
mission of these insect viruses, as described in this 
chapter for plant viruses, and functional genomics, 
such as dsRNA feeding, can be used to validate the 
function of insect proteins in some cases.

Insect-infecting viruses may be an undescribed 
partner in the transmission of plant viruses. A com-
pelling paper by Pinheiro et al. (2019) provides a 
fascinating example. Using small RNA sequencing, 
the authors discovered that plants infected with 
the luteovirid PLRV alter the production of small 
RNAs (sRNAs) in the aphid vector, M. persicae, 
producing unusually large-sized RNAs matching 
to Myzus persicae densovirus (MpDNV). Aphids 
viruliferous with PLRV displayed higher titres of 
MpDNV, suggesting these aberrant sRNA sizes 
are a reflection of an altered anti-virus defense 
response in the aphid. Densoviruses are ubiquitous 
among arthropods (Fédière, 2000), and have even 
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been shown to promote wing morph development 
in aphids, which are polyphenic and produce both 
winged and non-winged individuals (Ryabov et 
al., 2009). Pinheiro et al. (2019) hypothesize that 
PLRV suppresses the immune system of its aphid 
vector to allow for the proliferation of MpDNV, an 
insect-infecting virus that promotes the develop-
ment of more winged individuals, which in turn 
would increase plant-to-plant spread of PLRV.

In addition to the impact of insect-infecting 
viruses on transmission, vector endosymbionts are 
other crucial biological players that may affect virus 
transmission indirectly. Many economically impor-
tant insect vectors, such aphids and whiteflies, 
harbour obligate and secondary endosymbionts. 
The role of endosymbionts in the transmission 
of plant viruses has been debated and reviewed 
elsewhere (Pinheiro et al., 2015). Manipulation of 
endosymbionts may prove to be an important fron-
tier in developing novel control strategies against 
insect-transmitted plant viruses, as successfully 
shown in animal-infecting arboviruses (Durvasula 
et al., 2003; Hoffmann et al., 2011).

Finally, these compelling insights into the 
mechanisms of transmission in vector biology in 
recent years need to be channelled into the devel-
opment of control strategies. As more receptors 
for virus acquisition in insects become known, 
strategies can be developed to block or reduce virus 
binding to these crucial proteins, either through 
down-regulation of the receptor in the insect by 
RNAi (Liang and Gao, 2017; Mulot et al., 2018; 
Webster et al., 2018), or through the application 
of chemical or peptide inhibitors (Liu et al., 2010). 
Other control strategies tailored to the biology 
of the system in question, such as decreasing the 
susceptibility of vectors of circulative, propagative 
viruses so that virus titres do not reach levels con-
ducive for transmission in the vector, an approach 
that has been deployed for mosquito-borne arbo-
viruses (Hoffmann et al., 2011), should also be 
explored. Conversely, considering the finding that 
insect sRNA-mediated antiviral immunity can keep 
circulative, propagative virus populations in check 
(Lan et al., 2016a,b), an alternate strategy may be 
to suppress the antiviral defenses of the vector, such 
that virus titres reach a level that kill vectors before 
transmission can occur. As newer and more power-
ful technologies are developed, our understanding 
of the biology of these insect-transmitted plant 

viruses will only increase, as should development 
and deployment of more effective control strate-
gies.
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