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Abstract
Hemipterans (such as aphids, whiteflies, and leafhoppers) are some of the most devastating insect pests due to the numer-
ous plant pathogens they transmit as vectors, which are primarily viral. Over the past decade, tremendous progress has
been made in broadening our understanding of plant–virus–vector interactions, yet on the molecular level, viruses and
vectors have typically been studied in isolation of each other until recently. From that work, it is clear that both hemip-
teran vectors and viruses use effectors to manipulate host physiology and successfully colonize a plant and that co-
evolutionary dynamics have resulted in effective host immune responses, as well as diverse mechanisms of counterattack
by both challengers. In this review, we focus on advances in effector-mediated plant–virus–vector interactions and the un-
derlying mechanisms. We propose that molecular synergisms in vector–virus interactions occur in cases where both the vi-
rus and vector benefit from the interaction (mutualism). To support this view, we show that mutualisms are common in
virus–vector interactions and that virus and vector effectors target conserved mechanisms of plant immunity, including
plant transcription factors, and plant protein degradation pathways. Finally, we outline ways to identify true effector syner-
gisms in the future and propose future research directions concerning the roles effectors play in plant–virus–vector
interactions.

Introduction
Plants harvest energy from the sun through photosynthesis
in order to produce organic compounds, making them the
primary producers at the bottom of the food web in most
ecosystems. Occupying the bottom of the food web means
that plants face multiple threats, including herbivory and
pathogen attack. Plants defend themselves from these
threats using preformed defenses, by recognizing elicitors as-
sociated with the attacker, and by inducing the appropriate
defense responses (Jones and Dangl, 2006; Zhou and Zhang,
2020). Plants recognize many different elicitors associated
with attack, including pathogen-associated molecular pat-
terns (PAMPs), damage-associated molecular patterns
(DAMPs), and herbivore-associated molecular patterns

(HAMPs). Elicitor recognition happens at the cell-surface us-
ing receptor-like proteins and receptor kinases and results in
pattern-triggered immunity (PTI; Boller and Felix, 2009;
Kawai and Akira, 2010; Acevedo et al., 2015; Tang et al.,
2017; Tanaka and Heil, 2021). Adapted herbivores and
microbes have evolved the ability to secrete effectors, which
assist in infestation and infection through defense suppres-
sion, nutrient acquisition, and detection avoidance. In re-
sponse to this, some plants have evolved intracellular
receptors with nucleotide-binding and leucine-rich repeat
domains (NLRs) that recognize effectors or effector activity,
and leads to the induction of defenses, a process termed
effector-triggered immunity (ETI; Cui et al., 2015). For more
information on the details of plant defense responses to
insects and pathogens, elicitors and effectors, we direct
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readers to these reviews (Kaloshian and Walling, 2005; Jones
and Dangl, 2006; Boller and Felix, 2009; Hogenhout and Bos,
2011; Acevedo et al., 2015; Cui et al., 2015; Schmelz, 2015;
Couto and Zipfel, 2016).

Another major immune mechanism used by plants is
RNA silencing. Plants recognize double-stranded RNA de-
rived from virus genomes and produce small interfering
RNAs (siRNAs). siRNAs are used by plants to silence viral
RNAs and DNAs via posttranscriptional gene silencing and
transcriptional gene silencing (Teresa Ruiz et al., 1998; Li and
Ding, 2006). Most viruses have evolved RNA-silencing sup-
pressor effectors as a counter defense to prevent the recog-
nition of siRNA elicitors and the induction of the RNA-
silencing pathway (Zhao et al., 2016). Some siRNAs gener-
ated from viral genomes are homologous to plant targets,
resulting in silencing of the host’s immunity responses
(Ramesh et al., 2021). Recent research has shown that plants
also use small RNAs (sRNAs) to silence genes from nonviral
pathogens and some fungal and oomycete pathogens gener-
ate sRNAs that result in the silencing of host immunity
genes, but the mechanism of sRNA transport between spe-
cies is still poorly understood (Qiao et al., 2021). For more
details on sRNAs and silencing, we direct readers to several
excellent reviews (Brodersen and Voinnet, 2006; Baulcombe,
2015; Sattar and Thompson, 2016; Ye and Ma, 2016).

While our understanding of effectors, elicitors, and plant
defense responses has expanded considerably in the past
few decades, much less is known about the roles of effectors
and elicitors in multi-partite and multi-trophic interactions.
Plant microbes and insects often co-exist on plants in seem-
ingly commensal interactions, both introducing elicitors and
effectors at the same time as changes in plant immunity are
induced. Recent research has demonstrated that these
changes in plant immunity can have ecological consequen-
ces. For example, rhizosphere-associated microbiomes can
increase plant resistance to insect pests via changes in phy-
tohormone biosynthesis and signaling pathways (Murrell
et al., 2019; Blundell et al., 2020; French et al., 2021).
Whitefly (Bemisia tabaci) feeding on tomato (Solanum lyco-
persicum) reduces powdery mildew (Erysiphe cichoracearum)
abundance (Mayer et al., 2002), and white-backed planthop-
per (Sogatella furcifera) infestation on rice (Oryza sativa)
induces resistance to the rice blast fungus (Magnaporthe
oryzae; Kanno et al., 2005). In some cases, the specific insect
effectors have been identified that induce systemic acquired
resistance and reduce bacterial numbers in the phyllosphere
and rhizosphere (Lee et al., 2018). Therefore, even nonpatho-
genic or nonmutualistic interactions that occur occasionally
in nature between insects and microbes can indirectly harm
or help the other plant challenger through changes in plant
chemistry and immunity. However, for these interactions to
be cooperative, there must be a benefit to the other individ-
ual and it must have evolved because of this, at least par-
tially (West et al., 2007).

In other cases, there is evidence that plant pathogens and
insects have co-evolved together through close associations,

where interactions are unavoidable. For example, many bac-
terial pathogens and most plant viruses depend on insect
vectors for transmission among hosts (Whitfield et al., 2015;
Casteel and Falk, 2016; Perilla-Henao and Casteel, 2016; Shi
et al., 2021), and thus plants must respond to elicitors and
effectors from both organisms simultaneously during trans-
mission and acquisition (Figure 1). Numerous studies have
demonstrated that virus infection of host plants results in
changes in vector behavior and performance in ways that
are expected to benefit the virus through increased trans-
mission (Blanc and Michalakis, 2016; Mauck et al., 2018).
When the benefit is under the genetic control of the virus
(Dawkins, 2016), and subject to natural selection (Poulin
and Maure, 2015; Heil, 2016), it is often considered “parasite
manipulation.” Detailed studies on the viral effectors that
mediate parasite manipulation in plant–virus–vector inter-
actions have recently received significant attention (for sev-
eral recent reviews see Blanc and Michalakis, 2016; Nalam
et al., 2019; Ziegler-Graff, 2020; Naalden et al., 2021; Shi
et al., 2021), and in a few systems, the molecular mecha-
nisms and specific plant targets that mediate these changes
are known (Ziegler-Graff, 2020; Pan et al., 2021).

In some cases, virus-induced changes in host plants also
benefit the insect vector, in addition to the virus, and thus
these virus–vector interactions can be considered mutual-
isms (Casteel and Jander, 2013). These findings have resulted
in a more nuanced “vector manipulation hypothesis,” which
suggests that vector preferences for infected plants have
evolved over time to facilitate the spread of the virus to
new hosts (Ingwell et al., 2012). Indeed, aphid vectors often
have higher reproduction on virus-infected plants compared
to the controls, and aphids that transmit viruses to a new
host plant benefit from virus-mediated suppression of plant
defenses (Westwood et al., 2013; Casteel et al., 2014; Mauck
et al., 2015; Bak et al., 2017; Patton et al., 2020). Insect vec-
tors may also benefit from transmitting plant viruses
through host range expansions. For example, whitefly perfor-
mance is greatly enhanced on begomovirus-infected tobacco
(Nicotiana tabacum), which is typically a poor host for some
whitefly biotypes (Zhang et al. 2012). These findings suggest
that the vector would also benefit by feeding from virus-
infected tissue in a targeted manner, such as by releasing
effectors to encourage the acquisition or release of viruses,
or by specifically selecting virus-infected cells as they feed.
Cauliflower mosaic virus rearranges itself within the cell
when aphids puncture infected cells during feeding, which
promotes attachment to the aphid stylets (Martinière et al.,
2013). This may be due to viral recognition of aphid effec-
tors or aphid-induced plant responses. It is also possible
that the aphid is actively manipulating the plant to alter
plant–virus interactions. While insect vectors can benefit
and play an active role in transmission, the underlying ge-
netic factors that mediate this, such as insect effectors, have
been largely ignored in plant–virus–vector interactions.

Understanding the functions of effectors and elicitors in
complex interactions is critical for deciphering how plant
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pathogens and insects colonize host organisms and how
plant immunity is orchestrated. Here, we propose that mo-
lecular synergisms in vector–virus interactions occur in cases
where both the virus and vector benefit, as viruses and vec-
tors both use effector proteins to target host pathways and
successfully colonize a host. In molecular synergisms, viral or
vector effectors might have evolved to benefit both players
in the interaction, to only benefit the other player and not
the producer, or to have new functions only when effectors
from both players are present. We make this case by review-
ing the literature and showing that mutualisms in virus–vec-
tor interactions are common (Table 1), demonstrating that
viral and vector effectors have conserved host targets
(Table 2), including transcription, protein turnover, and cel-
lular localization, and proposing how to identify cases where
effector synergisms have evolved in plant–virus–vector inter-
actions. Finally, we discuss future research directions regard-
ing the roles of effectors and molecular mechanisms of
multi-partite interactions with plants.

Mutualisms are common in
plant–virus–vector interactions
Of the plant viruses described to date, over 70% rely on in-
sect vectors for transmission among hosts (Fereres and
Raccah, 2015). While beetles (order Coleoptera) and thrips
(order Thysanoptera) are important vectors for some viral
species, most plant viruses are transmitted by insects in the
order Hemiptera, such as aphids, leafhoppers, whiteflies, and
mealybugs (Hogenhout et al., 2008). One reason that
Hemipterans are such efficient vectors is because they feed
with needle-like mouth parts known as stylets, which allow
them to feed from individual plant cells and many cell types
(Nalam et al., 2019). During the initial host contact, feeding,
and virus transmission, hemipterans secrete saliva into the
plant. This saliva contains effectors and elicitors. Effectors
can inhibit plant defenses, mask detection of the insect, and
help insects access the chemical composition and nutrient

profile of the plants (Kaloshian and Walling, 2005; Hogenhout
and Bos, 2011; Nalam et al., 2019; Naalden et al., 2021). Some
hemipterans also deposit gelling saliva during feeding, which
forms a sheath around the stylet, protecting it from the apo-
plast and providing it with a track for movement.

By far the most important hemipteran vectors are white-
flies and aphids, because they transmit over 500 virus species
together (Fereres and Raccah, 2015). Whiteflies primarily
transmit begomoviruses (Geminiviridae), criniviruses
(Closteroviridae), torradoviruses (Secoviridae), and ipomovi-
ruses (Potyviridae; Table 1), although a few rare cases of
whiteflies transmitting virus from other families have been
documented (Table 1; Zanardo and Carvalho, 2017;
Saptarshi et al., 2022). Aphids have been shown to transmit
viruses in the family Potyviridae, Bromoviridae, Secoviridae,
Caulimoviridae, Closteroviridae, Nanoviridae, and Reovirodae
(Table 1; Ng and Perry, 2004; Quito-Avila et al., 2012; Gaafar
and Ziebell, 2020).

Although both aphids and whiteflies feed with stylets and
secrete effectors and elicitors, their feeding biology is very dif-
ferent. Whiteflies use their stylet to navigate plant cells intra-
cellularly, rarely piercing a cell before they establish phloem
feeding sites (Kaloshian and Walling, 2005; Naalden et al.,
2021). Aphids, on the other hand, use their stylets to pierce
and taste nearly every cell on the pathway to the phloem
(Kaloshian and Walling, 2005; Nalam et al., 2019). Both
winged whitefly adults and the crawlers that emerge from
the eggs are mobile, although after the whitefly crawlers molt
into the nymphal stages, they are immobile. This means that
whitefly nymphs often feed from a single feeding site for pro-
longed periods of time (up to 21–30 days; Li et al., 2019). In
contrast, all aphid life stages are mobile, and they utilize nu-
merous feeding sites during their lifecycle. For more details on
the mechanism of plant–hemipteran interactions, please con-
sult these excellent reviews: (Kaloshian and Walling, 2005;
Nalam et al., 2019; Naalden et al., 2021).

Mutualisms, or cooperative interactions between species
that benefit both partners, are ubiquitous in nature

Figure 1 Roles of virus and vector effectors in altering plant chemistry, and the potential effects of plant chemistry on virus and vector perfor-
mance. Viral effectors are shown as yellow round structures, and vector effectors are shown as green round structures.
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(Bronstein et al., 2006). For example, plants provide resour-
ces to attract pollinators, and mycorrhizal fungi benefit
plants by providing various resources (Kiers and Van Der
Heijden, 2006; Carol et al., 2014). Mutualisms often involve
modifications of morphology, physiology, or behavior of one
of the players to provide services for the other, such as the
service of transmission among hosts for viruses. In return,
the partner provides habitat or food resources, such as in-
creased nutrient content and reduced defenses in virus-
infected plants. Although many well-known examples of
mutualism involve obligate partners that require each other
for survival, other mutualist interactions are not so tightly
coupled (Roossinck, 2011; Henry et al., 2015).

While not all virus–vector interactions will be mutualistic,
a recent literature review demonstrated that in many cases,
the insect vector benefits from interactions with viruses
(Mauck et al., 2018), suggesting that these interactions may
be adaptive relationships and not just by products of para-
site manipulation. In this keystone publication, the findings
from 122 journal articles that all examine the impacts of
plant virus infection on vector behavior or performance
were synthesized. The authors provide evidence for parasite
manipulation for particular virus transmission types that
span genetically diverse viruses. We re-evaluated this data
set, focusing only on aphid- and whitefly-transmitted virus
families and only on studies that examined the impacts of
these viruses on vector performance (performance = fecun-
dity or population growth; Table 1). We found examples of
positive impacts on vectors for all virus families except
Caulimoviridae (Table 1). For some virus families, such as
Geminiviridae, Closteroviridae, and Luteoviridae, a significantly
greater number of studies reported positive impacts on vec-
tors compared to negative impacts (Table 1), while for vi-
ruses from the family Bromoviridae, significantly more
studies reported negative impacts on vectors compared to
positive impacts (Table 1). This suggests that some virus
families are more promising systems for the development of
viral–vector mutualisms (Table 1). Within viral families

where more variation exists, such as Potyviridae (Table 1),
cooperation may still occur, but may be dependent on the
vector, vector biotype, or host species. This work also high-
lights bias in research on plant–vector interactions and in-
sect performance to a few families, such as Geminiviridae,
Luteoviridae, and Potyviridae, leaving other virus families
open as rich resources for discovery by future researchers.
Furthermore, some families had fewer than five representa-
tive experiments, and thus conclusions on these groups
should be taken with caution; more attention to these fami-
lies in future research will broadly benefit the field.

Effector targets in plant–virus–vector
interactions
Effectors secreted from plant pathogens assist in establishing
infection by facilitating host entry, overcoming perception,
suppressing defenses, and/or modifying the host environ-
ment to increase nutrient access or suitability. To accom-
plish this, many pathogen effectors target conserved cellular
processes (Toru~no et al., 2016). Here, we demonstrate that
this is also true for plant–vector interactions, and we review
viral and vector effectors based on the conserved cellular
processes they target (Table 2). We focus only on effectors
of aphids and whiteflies and the viruses they transmit, since
these two Hemipterans transmit nearly 75% of insect-
vectored plant viruses (Fereres and Moreno, 2009). We elab-
orate on mechanisms used by each effector and in cases
where the mechanisms are unknown, we synthesize what is
known.

Target 1: Transcription factors
Virus effectors that target plant transcription factors

Viral effectors can target plant defense signaling pathways at
the transcriptional level by interacting with transcription fac-
tors that regulate plant defense responses (Figure 2). For ex-
ample, some whitefly-transmitted Begomoviruses (Family
Geminiviridae) associate with betasatellites; these unrelated
ssDNA molecules encode a single protein and depend on

Table 1 Differences in the number of studies reporting positive, neutral, or negative impacts of plant virus infection on vector performancea

Family of Virus Virus Vector Percent of studies
reporting

Positive:
Neutral:Negative

Positive:
Neutral

Positive:
Negative

Number of
studies (n)

Positive
impacts

Neutral
impacts

Negative
impacts

v2

value
p-value v2

value
p-value v2

value
p-value

Geminiviridae Whitefly, Leafhopper 52.11 28.17 19.72 16.94 50.0001 7.14 0.0074 14.605 50.0001 71
Luteoviridae Aphids 69.81 18.87 11.32 60.73 50.0001 29.26 50.0001 42.168 50.0001 53
Potyviridae Whitefly, Aphids, Mites 40.48 28.57 30.95 2.38 0.30 2.17 0.10 1.2715 0.2595 42
Bromoviridae Aphids 13.04 21.74 65.22 46.89 50.0001 1.98 0.1595 34.16 50.0001 23
Closteroviridae Whitefly, Aphids, Mealybugs 60.00 30.00 10.00 38.00 50.0001 10.0 0.0016 35.71 50.0001 10
Reoviridae Aphids, Leafhopper 42.86 28.57 28.57 4.08 0.13 5.05 0.0246 5.05 0.0246 7
Secoviridae Whitefly, Aphids, Leafhopper, Beetles 33.33 33.33 33.33 0.00 1.00 0.00 1.0000 0.00 1.0000 3
Caulimoviridae Aphids 0.00 0.00 100.00 – – – – 100.00 50.0001 2
Nanoviridae Aphids 100.0 0.0 0.0 – – – – – – 1b

aBased on dataset as reviewed by Mauck et al. 2018, Shaded boxes indicate trends for significant differences.
bNumber of studies too low for a chi-square test.
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Table 2 Summary of putative effectors in virus-vector interactions, cellular targets,and ecological consequences

Effector Virus or
Vector Origin

Plant Targets
and Mechanism

Plant Species Subcellular
Location

Impact on
Virus/Vector

References

Target 1: Transcription factors

Viral effectors

bC1 Betasatellite of
TYLCCNV

Disrupts MYC2 dimerization
and glucosinolate
defenses downstream
of JA

N. tabacum Nucleus Increases B. tabaci
performance

Li et al. (2014a)

bC1 Betasatellite of
TYLCCNV

Interacts with and enhances
repressive activity of AS1
attenuating PDF1.2 and
PR4 expression

A. thaliana Nucleus Increases B. tabaci
performance

Yang et al. (2008)

bC1 Betasatellite of
TYLCCNV

Disrupts PIF and MYC2
dimerization and reduces
terpene synthase and
volatile production

A. thaliana Nucleus Increases B. tabaci
attraction

(Zhao et al.,
2021)

bC1 Betasatellite of
CLCuMuV and
betasatellite of
TYLCCNV

Disrupts homeo-dimeriza-
tion of WRKY20 and
WRKY20-ORA59 dimer-
ization to alter glucosino-
late profiles in vascular
tissue and leaves

N. benthamiana,
A. thaliana,
Gossypium
barbadense

Nucleus Increases B. tabaci
performance,
decreases perfor-
mance of M. persi-
cae and H.
armigera

Zhao et al. (2019)

Vector effectors

Bsp9 B. tabaci Suppresses DAMP-triggered
immunity induced by
Pep1; Interacts with
WRKY33, and MPK6

A. thaliana, N. ben-
thamiana, S.
lycopersicum

Cytoplasm Increased B. tabaci
and TYLCV
performance

Wang et.al.
(2019)

Bt56 B. tabaci Interacts with KNOX
transcription factor
and increases SA and SA-
related transcripts

N. tabacum, N.
benthamiana

Nucleus Increased B. tabaci
performance

Li et al. (2014a)

Target 2: Protein degradation pathways

Virus effectors

C2 TYLCV Interacts with the ubiquitin
precursor, RPS27A, to pre-
vent JAZ1 degradation
and MYC2 and terpene
synthase induction

N. tabacum Nucleus Increases B. tabaci
performance

Li et al. (2019)

2b, 2a, 1a CMV 2b interacts with JAZ pro-
teins to prevent degrada-
tion and induction of
downstream signaling and
volatiles, 2b also sup-
presses AGO1, which is
stabilized by 1a. 2a
increases CYP81F2 expres-
sion and the production
of glucosinolates

A. thaliana Nucleus, cytoplasm,
processing
bodies

Increases M. persicae
attraction before
contact and
increases dispersal
after contact

Westwood et al.
(2013); Wu
et al. (2017)

Vector effectors

Mp1 M. persicae Interacts with and reduces
protein levels of the plant
trafficking pathway pro-
tein VPS52

N. benthamiana, A.
thaliana

Prevacuolar
compartments

Increases M. persicae
performance

Pitino and
Hogenhout
(2012);
Rodriguez et al.
(2017)

Target 3: Re-localization of proteins

Virus effectors

NIa-Pro TuMV, PVY Localizes outside of nucleus
to inhibit plant defenses,
increases ethylene pro-
duction and inhibts cal-
lose accumulation

A. thaliana,
N. benthamiana

Nucleus, vacuole Increases fecundity
of M. persicae

Casteel et al.
(2014); Bak
et al. (2017)

(continued)
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Table 2 Continued

Effector Virus or
Vector Origin

Plant Targets
and Mechanism

Plant Species Subcellular
Location

Impact on
Virus/Vector

References

Target 4: Signal transduction

Vector effectors

Me10 M. eurphorbiae,
A. gossypii

Interacts withTFT7 protein,
mechanisms unknown

S. lycopersicum,
N. benthamiana

Cytoplasm, nucleus Increased M. eur-
phorbiae fecundity

Atamian et al.
(2013);
Chaudhary
et al. (2014)

ApHRCs A. pisum Serratia symbiotica induc-
tion of ApHRC possibly
suppresses Ca2 + , ROS,
and JA/SA- related tran-
script induction

M. truncatula Unknown Increased A. pisum
feeding duration

Wang et al.
(2020)

BtFer1 B. tabaci BtFer1 exhibits Fe2 + binding
ability and ferroxidase ac-
tivity, suppresses H2O2

and, callose production,
proteinase inhibitor acti-
vation, and JA signaling

S. lycopersicum Phloem Increased perfor-
mance of B. tabaci

Su et al. (2019)

Target 5: Detoxification of secondary metabolites

Vector effectors

Me47 M. eurphorbiae Me47 encodes a glutathione
S-transferase (GST), that
was shown based on enzy-
matic activity to detoxify
isothiocyanates

N. benthamiana, S.
lycopersicum

Unknown Increases M. euphor-
biae fecundity on
tomato, inhibits
M. persicae perfor-
mance on N.
benthamiana

Atamian et al.
(2013);
Chaudhary
et al. (2014)

AcDXR A. craccivora AcDXR is a diacetyl/L-xylu-
lose reductase that
detoxifies the plant sec-
ondary metabolite
methylglyoxal

V. radiata,

P. sativum

Phloem Increases A. cracci-
vora fecundity

MacWilliams
et al. (2020)

Laccase1 B. tabaci Laccase 1 is a polyphenol ox-
idase that might help
whiteflies overcome
chemical defenses

S. lycopersicum Unknown Increased perfor-
mance of B. tabaci

Yang et al. (2017)

Target 6: The unknowns

Virus effectors

P0, P1, P7 PLRV Unknown S. tuberosum Cytoplasm (P1),
nucleus (P0)

Increases perfor-
mance and prefer-
ence of M.
persicae

Prüfer et al.
(1999); Patton
et al. (2020)

HC-Pro TuMV Unknown N. benthamiana Cytoplasm Decreases M. persi-
cae performance

Maia et al. (1996);
Casteel et al.
(2014)

NIa-Pro TuMV Increases free amino acid
levels in plants

A. thaliana,
N. benthamiana

Nucleus, vacuole Unknown Casteel et al.
(2014)

6K1 TuMV Unknown N. benthamiana Chloroplast Decreases M. persi-
cae performance

Casteel et al.
(2014);
Hongguang
et al. (2021)

VPg TuMV Unknown N. benthamiana Cytoplasm and
nucleus

Decreases M. persi-
cae performance

Schaad et al.
(1996); Casteel
et al. (2014)

Vector effectors

Mp10 M. persicae Induces the hypersensitive
response in an SGT1-de-
pendent manner and sup-
presses flg2- induced PTI

N. benthamiana Mesophyll cells
next to feeding
tracks

Over-expression in
plants reduces M.
persicae fecundity

Bos et al. (2010)

(continued)
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the begomovirus for replication, encapsidation, movement,
and insect transmission (Gnanasekaran et al., 2019). The
betasatellite bC1 determines pathogenicity for Tomato yel-
low leaf curl China virus (TYLCCNV) and plays a role in en-
hancing whitefly (B. tabaci) feeding and reproduction by
binding to several transcription factors that regulate plant
defense responses (Zhang et al., 2012; Li et al., 2014b). bC1
binds to the basic helix–loop–helix transcription factor
MYC2, a master regulator of jasmonic acid (JA)-dependent
defense responses in Arabidopsis thaliana (Table 2). By bind-
ing to MYC2, bC1 prevents MYC2 dimerization and the
transcription of genes mediating the production of glucosi-
nolates, which are important anti-insect defense compounds
(Li et al., 2014b). bC1 also binds to and enhances the activ-
ity of ASYMMETRIC LEAVES 1 (AS1), a negative regulator of
plant immunity in A. thaliana (Table 2). AS1 suppresses the
expression of the JA- and ethylene (ET)-dependent defense-
related gene PLANT DEFENSIN 1.2 (PDF 1.2); Nurmberg
et al., 2007; Yang et al., 2008), which was implicated as a

component of plant defense against whiteflies (Zarate et al.,
2007). Thus, bC1 enhances whitefly performance on infected
host plants by inhibiting and enhancing the activities of dif-
ferent plant transcription factors.

Whitefly attraction is also increased and terpene synthesis
reduced in plants infected with TYLCCNV and bC1 com-
pared to infected plants without the betasatellites (Li et al.,
2014b). bC1 mediates increased whitefly attraction and
changes in volatile production through interactions with
MYC2, as well as the transcription factors PHYTOCHROME-
INTERACTING FACTORS (PIFs; Table 2). PIFs positively con-
trol light-regulated plant defenses through interactions with
MYC2. They also directly bind to the promoters of terpene
synthase genes, promoting their transcription. The
begomovirus-encoded bC1 inhibits the transcriptional activ-
ity of PIFs and MYC2 by disrupting their dimerization via di-
rect interactions (Zhao et al., 2021). Taken together, bC1
binds to multiple transcription factors that are critical for
increases in whitefly performance and attraction.

Table 2 Continued

Effector Virus or
Vector Origin

Plant Targets
and Mechanism

Plant Species Subcellular
Location

Impact on
Virus/Vector

References

Mp56, Mp57,
Mp58

M. persicae Unknown A.thaliana,
N. benthamiana

Unknown Over-expression in
plants reduces M.
persicae fecundity

Elzinga et al.
(2014)

Mp2 M. persicae Unknown A. thaliana,
N. benthamiana

Unknown Over-expression in
plants reduces M.
persicae fecundity

Pitino and
Hogenhout
(2012)

Mp42 M. persicae Unknown N. benthamiana Unknown Over-expression in
plants reduces M.
persicae fecundity

Bos et al. (2010)

MpC002,
ApC002

M. persicae,
A. pisum

Unknown Vicia faba,
A. thaliana,
N. benthamiana

Sieve elements Over-expression in
plants increases
aphid perfor-
mance/fecundity

Mutti et al.
(2008); Bos
et al. (2010)

Armet A. pisum Transient expression induces
SA accumulation in plants

N. benthamiana Probably in sieve
elements

Knockdown in A.
pisum shortens
their lifespan

Wang et al.
(2015a)

MIF1 A. pisum Suppresses callose forma-
tion, the hypersensitive
response, and defense-re-
lated transcript induction

N. benthamiana Unknown Over-expression in
plants increased A.
pisum fecundity

Naessens et al.
(2015)

Ap25 A. pisum Unknown P. sativum Unknown Over-expression
increases A. pisum
fecundity

Guy et al. (2016)

S2G4, 6A10,
2G5

B. tabaci The three effectors induced
SA-responsive genes PR1a,
PR2

N. benthamiana Unknown Unknown on aphids,
but suppresses
pathogens X.
axonopodispv. vesi-
catoria and R.
solanacearum

Lee et al. (2018)

ACEs A. pisum Unknown V. faba Unknown Knockdown of ACE1
and ACE2
decreases A. pisum
fecundity

Wang et al.
(2015b)

Me23 M. eurphorbiae Unknown N. benthamiana Unknown Over-expression in
plants increases M.
eurphorbiae
fecundity

Atamian et al.
(2013)
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bC1, the betasatellite that associates with TYCCNV, also
associates with Cotton leaf curl Multan virus (CLCuMuV)
and binds to the vascular-specific transcription factor
WRKY20 and prevents its homo-dimerization and WRKY20-
ORA59 dimerization (Table 2; Zhao et al., 2019). WRKY20
positively regulates indole-glucosinolate production and neg-
atively regulates aliphatic glucosinolate production, both of
which affect generalist caterpillars (Kim et al., 2008). By dis-
rupting WRKY20 binding, indole-glucosinolate production
was inhibited in the vascular tissue where whiteflies fed,
while aliphatic glucosinolate levels increased in the rest of
the leaf. As a result, the nonvector herbivore cotton boll-
worm caterpillar (Helicoverpa armigera) had reduced perfor-
mance, while the performance of the vector whiteflies was
enhanced on infected plants with the betasatellite compared
to those without it (Zhao et al., 2019).

Vector effectors that target plant transcription factors

The whitefly is a prolific vector and pest, transmitting over
300 plant viruses and feeding on numerous plant species
(Gilbertson et al., 2015). The whitefly salivary protein Bt56
enhances whitefly performance and feeding by interacting
with the KNOX transcription factor NTH202 in host plants
(Xu et al., 2019; Table 2). KNOX transcription factors regu-
late various phytohormone responses, including salicylic acid
(SA)- and JA-dependent transcriptional responses (Hake
et al., 2004; Bolduc et al., 2012; Tsuda et al., 2014). Xu et al.
suggested that Bt56 might facilitate NTH202 turnover,
resulting in changes in SA levels. Silencing NTH202 had no
impact on constitutive levels of SA; however, whitefly-
induced SA production and whitefly performance were en-
hanced on silenced plants compared to the controls (Xu
et al., 2019). As SA regulates plant defense responses against
viruses (Carr et al., 2019; Murphy et al., 2020), examining the
impact of silencing NTH202 on whitefly-transmitted viral ac-
cumulation would be of interest in the future.

One study where the impact of insect effectors on virus
accumulation was investigated, was with the whitefly ef-
fector Bsp9. Preinfestation of tomato plants with white-
flies increased the accumulation of Tomato yellow leaf
curl virus (TYLCV, Family Geminividae) compared to the
controls (Wang et al., 2019). Bsp9 is induced at the tran-
scriptional level in viruliferous whiteflies, and Bsp9 expres-
sion in host plants increased TYLCV titer threefold
compared to the controls, which strongly suggests that
whitefly-induced susceptibility to TYLCV is at least par-
tially mediated by the secretion of Bsp9 into host plants
(Wang et al., 2019). Bsp9 interacts with the transcription
factor WRKY33, which is critical for the induction of vari-
ous terpene synthase genes (Wang et al., 2019). Although
the exact impacts of Bsp9 on WRKY33 activity were not
demonstrated, TYLCV titer was higher in wrky33
Arabidopsis mutants compared to the controls. Bsp9 also
interacted with MPK6, a MAP kinase that activates down-
stream defense responses against pathogens (Meng and
Zhang, 2013). MAP kinases are induced by TYLCV (Jun-Bo

et al., 2011) and therefore, perhaps the interaction of
Bsp9 with MPK6 affects virus infection in plants.

Target 2: Protein degradation pathways
Virus effectors that target protein degradation pathways

Accumulating evidence indicates that plant viruses target
proteolytic degradation pathways to enhance their own per-
formance, as well as the attraction and performance of their
insect vectors (Figure 2; Jia et al., 2016). As mentioned
above, TYLCV benefits from whitefly feeding (Wang et al.,
2019), and whiteflies also benefit on TYLCV-infected plants
due to changes in plant protein turnover (Moriones and
Navas-Castillo, 2000; Li et al., 2019). Upon JA perception, the
E3 ubiquitin ligase SCFCOi1 recruits JAZs for ubiquitination
and degradation by the 26S proteasome pathway, resulting
in the upregulation of JA signaling and defense responses
(Katsir et al., 2008; Nelson and Millar, 2015). The TYLCV
protein C2 interacts with and inhibits the ubiquitin-
precursor protein RPS27A, preventing the ubiquitination
and degradation of JAZ1 (Table 2). This results in the sup-
pression of MYC2 and JA-responsive terpene synthase genes
in plants expressing C2 protein from TYLCV, leading to in-
creased whitefly performance (Li et al., 2019).

Cucumber mosaic virus (CMV, Family Bromoviridae) is
transmitted by aphids in a nonpersistent manner. Squash
plants (Cucurbita pepo) infected with the Fny strain of CMV
emit odors that are attractive to the aphid vector Myzus
persicae (Mauck et al., 2010). Increased attraction of M. per-
sicae to CMV-infected plants was attributed to the CMV
protein 2b, which interacts directly with several JAZ pro-
teins, including JAZ1. When 2b binds to JAZ1, degradation
by the E3 ubiquitin ligase SCFCOi1 is repressed, preventing
the induction of JA-dependent defense responses (Table 2;
Wu et al., 2017). Earlier, 2b was shown to also interact with
and stabilize two other viral proteins, 1a and 2a, to promote
vector dispersal from infected host plants (Table 2;
Westwood et al., 2013). In CMV-infected A. thaliana plants,
2b represses the ARGONAUTE1(AGO1) protein to suppress
silencing, but also positively regulate the expression of the
CYP81F2 gene, which is required for the biosynthesis of the
aphid deterrent glucosinolate 4-methoxy-indol-3-yl-methyl-
glusionolate (4MI3M; Zhang et al., 2006; Kim et al., 2008;
Westwood et al., 2013). The CMV 1a protein stabilizes the
repression of AGO1 mediated by 2b, and 2a stimulates
CYP81F2 expression, leading to further induction of
CYP81F2 and the production of 4MI3M in plants
(Westwood et al., 2013). Thus, the viral protein 2b lures vec-
tors to the plant by inducing the emission of plant volatiles
and then makes the host unpalatable to the vector to trig-
ger dispersal.

Vector effectors that target protein degradation pathways

No aphid or whitefly effectors have been identified that in-
teract with specific components of the plant protein degra-
dation pathways. However, the salivary protein Mp1 from
M. persicae was shown to associate with the plant vesicle
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transport protein Vacuolar Protein Sorting Protein 52
(VPS52) from Arabidopsis in prevacuolar compartments
(Table 2). Myzus persicae feeding and Mp1 expression re-
duced AtVSP52 protein levels in host plants and increased
aphid fecundity (Rodriguez et al., 2017). Overexpression of
VPS52 suppressed aphid performance in Arabidopsis, sug-
gesting that VPS52 plays a defensive role in plant–aphid
interactions. It is possible that Mp1 targets VPS52 for degra-
dation in order to increase aphid performance. Another sig-
nificant finding from this study is that VPS52 is preferentially
expressed in the inflorescence in Arabidopsis where aphids
prefer to feed (Rodriguez et al., 2017).

Target 3: Re-localization of proteins
Virus effectors that target the re-localization of proteins

Intracellular translocation of proteins between organelles is a
key regulator of plant defense toward pathogens (dit Frey
and Robatzek, 2009). A single viral effector, NIa-Pro, medi-
ates increased performance of M. persicae on Turnip mosaic
virus (TuMV)-infected and Potato virus Y (PVY, Family
Potyviridae)-infected host plants through changes in plant
defense (Casteel et al., 2014, 2015; Bak et al., 2017). While
the plant interactants of NIa-Pro are not known, the authors
determined that NIa-Pro relocalizes from the nucleus and
cytoplasm to the vacuole of the cell when aphids are pre-
sent and that localization outside of the nucleus is required
for NIa-Pro’s ability to inhibit plant defenses and increase
aphid fecundity (Figure 2 and Table 2; Bak et al., 2017). It is
tempting to speculate that by localizing to the vacuole, NIa-
Pro may be targeting plant proteins for degradation. NIa-Pro
is the main protease for potyviruses, which cleaves itself
from the polyprotein translated from the RNA genomes.
NIa-Pro also cleaves the polyprotein at several other places
containing conserved amino acid motifs to produce other

functional potyvirus proteins (Adams et al., 2005). It is not
known whether NIa-Pro also cleaves plant proteins with the
same amino acid motifs to regulate localization in the cell
or to inhibit plant defenses against aphids.

Vector effectors that target the re-localization of proteins

Insects induce systemic defense responses in plants (Ryan
and Pearce, 2003), and since insect vectors of viruses feed
on phloem tissue in plants (Kaloshian and Walling, 2005;
Nalam et al., 2019), it is possible that vector effectors are
mobile and are involved in the re-localization of plant pro-
teins. However, there is no known evidence of such re-
localization of plant proteins by vector effectors.

Target 4: Signal transduction
Virus effectors that target plant signal transduction

Although signal transduction is a major artery of down-
stream defense responses in plants that is targeted by sev-
eral pathogens and insects (McDowell and Dangl, 2000;
Kachroo et al., 2006; Zebelo and Maffei, 2012), a direct link
that implicates virus effectors in targeting upstream plant
proteins in signal transduction in order to alter plant–vector
interactions specifically has not been demonstrated.

Vector effectors that target plant signal transduction

The salivary effector Me10 from potato aphid (Macrosiphum
euphorbiae) was identified using RNA-seq analysis of aphid
salivary glands and was shown to promote aphid fecundity
(Chaudhary et al., 2019). Me10 and its homolog Ag10k from
cotton aphid (Aphis gossypii) are secreted into the plant
where they interact with the plant 14-3-3 protein TFT7
(Figure 2; Table 2; Chaudhary et al., 2019). The 14-3-3 pro-
teins play important regulatory roles in signal transduction
by binding to phosphorylated proteins to modulate their

Figure 2 Summary of plant targets of virus and vector effectors and their downstream effects on plant signaling pathways. Viral effectors are
shown as yellow round structures, and vector effectors are shown as green round structures.
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function (Denison et al., 2011). TFT7 associates with plant
mitogen activated protein kinase kinase kinase (MAPKKK)
protein kinase and its downstream kinase MAPKK, possibly
stabilizing the proteins and activating programmed cell
death and plant immunity (Oh et al., 2010). While silencing
TFT7 in tomato did not affect M. euphoribae interactions,
the longevity and fecundity of A. gossypii were enhanced. As
A. gossypii is a nonadapted pest of tomato, this finding sug-
gests that M. euphorbiae might produce effectors that com-
promise defenses downstream of TFT7, though additional
studies are still needed. The 14-3-3 protein GF6 increases
protein turnover in Arabidopsis; in gf6 mutants, the Plum
pox virus titer was significantly reduced compared to wild-
type Col-0 plants (Carrasco et al., 2014). Therefore, Me10–
TFT7 interactions may also have implications in the perfor-
mance of viruses transmitted by aphids. It would therefore
be interesting in future studies to examine the impact of si-
lencing TFT7 on aphid-transmitted viruses.

Hemipterans carry obligate and facultative symbionts,
which convey advantageous traits for aphids in exchange for
nutrients. The facultative symbiont Serratia symbiotica
increases the heat tolerance of aphids and induces the pea
aphids (Acyrthosiphon pisum) to secrete the histidine-rich
calcium (Ca2 + )-binding protein ApHRC in saliva during
feeding (Figure 2 and Table 2). Ca2 + ions are important sec-
ondary messengers in signal transduction pathways in
plants, which also play roles in plant defense responses in
both plant–insect and plant–microbe interactions
(Blumwald et al., 1998; Zebelo and Maffei, 2015). Aphids car-
rying S. symbiotica suppressed plant Ca2 + levels, as well as
the levels of JA- and SA-related transcripts and reactive oxy-
gen species (ROS), which are also important signaling mole-
cule, compared to aphids without the symbiont (Wang
et al., 2020). When ApHRC was overexpressed in Medicago
truncatula, transcription of the JA biosynthesis gene LOX2
(LIPOXYGENASE2) was suppressed, ROS production was at-
tenuated, and there was sustained phloem feeding of the
aphids compared to the controls (Wang et al., 2020).
Calmodulin is another Ca2 + -binding protein that suppresses
the production of siRNAs in plants by RNA-DEPENDENT
RNA POLYMERASE, leading to reduced host RNA silencing
and improved viral performance (Li et al., 2014a). It is not
known whether Ca2 + binding by ApHRC also influences
calmodulin’s function in RNA silencing or other viral defense
responses related to Ca2 + signaling.

Hydrogen peroxide is a ROS and signaling molecule that
mediates a wide variety of processes in plants, including
early defense responses against insects and pathogens
(Marcec et al., 2019). The whitefly effector BtFer1 is a ferre-
tin protein that was shown to have Fe2 + binding ability and
ferroxidase activity and to suppress hydrogen peroxide for-
mation in tomato plants during whitefly feeding (Su et al.,
2019). BtFer1 overexpression in plants suppressed JA-related
transcript production and defense responses and increased
the performance of whiteflies on plants compared to the
controls (Table 2). The authors silenced BtFer1 in whiteflies

using dsRNA feeding assays to demonstrate that BtFer is
critical for whitely-induced inhibition of ROS production
and defense responses during feeding (Su et al., 2019). The
importance of ROS in plant defense responses against viral
infection is already known and is two-fold. First, ROS can
elicit localized cell death in virus-infected plants; second,
they can act as diffusible mobile signals that may confer sys-
temic resistance to the virus (Hernández et al., 2016).
Although the work by Su et al. did not examine how BtFer1
affects viral performance (viral population growth or titer),
suppression of ROS production in host plants by whitefly
salivary effectors may play a significant role in the perfor-
mance of the viruses transmitted by this insect.

Target 5: Detoxification of secondary metabolites
Virus effectors that target the detoxification of plant

molecules

Plant proteins and metabolites that directly affect insects
have been studied extensively. However, it is not known if
virus effectors are directly involved in detoxifying plant mol-
ecules to increase vector performance. From the perspective
of molecular synergisms, vector effectors that target plant
detoxification of secondary metabolites to increase their
own performance may indirectly also benefit the transmis-
sion of the virus that they carry. Therefore, in the following
section, we review the vector effectors that detoxify plant
metabolites and make the case for their significance in the
molecular synergisms that occur among plant–virus–vector
interactions.

Vector effectors that target the detoxification of plant

molecules

Proteomic screening of cowpea aphid (Aphis craccivora) sali-
vary proteins led to the identification of the aphid effector
AcDCXR, which is a diacetyl/L-xylulose reductase
(MacWilliams et al., 2020). Diacetyl/L-xyluose reductases are
multifunctional enzymes that reversibly oxidize xylitol to
xylulose and detoxify carbonyls. The levels of methylglyoxal,
a toxic carbonyl, are elevated in pea (Pisum sativum) and
cowpea (Vigna unguiculata) plants during cowpea aphid
feeding (MacWilliams et al., 2020). AcDCXR is able to break
down methylglyoxal in vitro, suggesting that this aphid ef-
fector plays a role in detoxification for the aphid. Consistent
with this hypothesis, transiently overexpressing AcDCXR in
pea plants increased aphid fecundity relative to aphids feed-
ing on control plants (Figure 2 and Table 2; MacWilliams
et al., 2020). However, the increase in aphid fecundity could
also be due to enhanced nutrient quality, as in vitro assays
demonstrated that AcDCXR also oxidizes xylitol to xylulose.
Methylglyoxal production is also induced in mungbean
plants (Vigna radiata) by Mungbean yellow mosaic virus
(Melvin et al., 2017). Detoxification of this secondary metab-
olite may have more far-reaching implications for the perfor-
mance of the viruses that cowpea aphids transmit; however,
additional studies are needed to confirm this notion.
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Another example of a vector effector potentially involved
in detoxifying plant chemical defenses is the whitefly salivary
protein laccase (LAC1; Table 2). LAC1 is secreted by white-
flies during feeding and is a polyphenol oxidase. Polyphenols
are thought to be important for digestion and detoxification
of plant secondary metabolites for insects. LAC1 expression
was higher in whiteflies fed on host plants compared to an
artificial diet. Suppression of LAC1 transcripts in the saliva of
whiteflies by RNAi resulted in reduced whitefly performance
on plants, but not when feeding on an artificial diet (Yang
et al., 2017). Although the plant proteins that are targeted
by LAC1 are not known, these findings suggest that LAC1
helps whiteflies overcome chemical defenses in plants.

The potato aphid (M. euphorbiae) effector Me47 increases
aphid performance, potentially by detoxifying plant defenses,
but the mechanisms are largely unclear (Figure 2 and
Table 2). Me47 was characterized as a glutathione-S-
transferase (GST), an enzyme group associated with detoxifi-
cation of various defense compounds in insect guts. In vitro
experiments demonstrated that Me47 can function as a
GST to detoxify isothiocyanates, a type of defensive com-
pound that is present in Arabidopsis but not tomato
(Kettles and Kaloshian, 2016). However, overexpression of
Me47 in Nicotiana benthamiana and tomato increased the
fecundity of M. euphorbiae compared to the controls,
whereas in Arabidopsis, Me47 expression suppressed M. per-
sicae performance. Virus infection induces oxidative stress
and ROS production during the early stages of plant defense
responses, and plant GSTs also accumulate during this time
as antioxidants, preventing ROS accumulation and cell dam-
age (Gullner et al., 2018). Attenuation of oxidative stress by
plant GSTs increases plant susceptibility to viruses.
Therefore, Me47 secretion into the host by aphids may ben-
efit plant viruses transmitted by aphids if the vector effector
has antioxidant capacities like other GSTs.

Virus target 6: The unknowns
Virus effectors with unknown plant targets

While the plant targets of the viral effector proteins de-
scribed above are known, there are still many questions re-
garding the mechanisms that surround several viral effectors
in plant–vector interactions. Several studies have shown
that plants infected by Potato leafroll virus (PLRV, family
Potyviridae) are preferred by aphids over healthy plants for
settling, that insect vectors have higher fecundity on
infected plants, and that PLRV inhibits aphid-induced ET, JA,
and SA production compared to the controls (Castle and
Berger, 1993; Eigenbrode et al., 2002; Srinivasan and Alvarez,
2007; Wu et al., 2014; Patton et al., 2020). Three PLRV pro-
teins, P0, P1, and P7, were shown to all increase aphid per-
formance in N. benthamiana, while aphid preference was
increased for plants expressing P0 and decreased for plants
expressing P7 and P1, as compared to controls (Table 2;
Patton et al., 2020). Although the exact cellular targets of
these viral effectors remain unknown, aphid-induced JA and
SA production was inhibited in plants expressing P0, P1, or

P7 compared to plants expressing the empty vector con-
trols. This could explain the improved performance of
aphids, as they are susceptible to SA- and JA-dependent de-
fense responses (Moran and Thompson, 2001; Ellis et al.,
2002). P0 is also a known silencing suppressor of other pole-
roviruses (Baumberger et al., 2007; Cascardo et al., 2015),
and this activity might also contribute to changes in plant–
aphid interactions. P1 is a self-cleaving protease containing
the VPg sequence (similar to NIa-Pro). The other viral effec-
tor, P7, reduced ET production in plants and made the
plants less preferred as a host by aphids (Patton et al.,
2020). These findings, along with a study identifying three vi-
ral proteins of CMV (2b, 2a, and 1a; Westwood et al., 2013),
highlight the notion that multiple effectors are required to
mediate plant–vector interactions.

Aphids feed on the phloem sap of plants, which is rich in
sugar but contains low concentrations of amino acids. To
augment this lack of amino acids, aphids have endosym-
bionts to supplement their nitrogen needs (Akman Gündüz
and Douglas, 2012). The TuMV effector NIa-Pro mentioned
above also increases the pool of free amino acids in N. ben-
thamiana and A. thaliana (Casteel et al., 2014). While the
exact mechanism by which NIa-Pro increases the free amino
acid levels in host cells is not known, the increased amino
acid pool may be beneficial for the performance of aphid
vectors. There is also evidence that viral proteins may sup-
press aphid performance in plants, possibly to increase the
movement of vectors off of plants. Three viral proteins from
TuMV (HC-Pro, 6K1, and Vpg) all reduced the performance
of green peach aphids (M. persicae) when transiently
expressed in N. benthamiana (Table 2; Casteel et al., 2014).
HC-Pro is a viral protease and silencing suppressor with mul-
tiple functions in infected host cells (Maia et al., 1996; Peng
et al., 1998; Kasschau and Carrington, 2001; Kasschau et al.,
2003). VPg proteins mediate the translation of viral genomes
and are transported to the nucleus with NIa-Pro, where
they may interfere with host defense responses (Schaad
et al., 1996; Beauchemin et al., 2007; Rajamäki and Valkonen,
2009). However, VPg’s individual role in suppressing aphid
fecundity in plants is still unknown. Little is known about
the function of the viral protein 6K1 except that it plays a
role in viral replication (Hongguang and Aiming, 2021). The
relatively small size of 6K1 and its instability in virus-infected
tissue have posed some challenges to understanding its role
in virus–vector–host interactions. More work on the role of
6K1 in altering plant chemistry needs to be done in order
to understand how it may suppress aphid performance on
plants.

Vector effectors with unknown plant targets

The salivary effector Armet from pea aphid (A. pisum) was
shown to be required for sustained feeding on host plants
(Table 2; Cui et al., 2019). Expression of Armet had no im-
pact on aphid performance in host plants, although patho-
gen defenses downstream of the SA pathway were activated
in plants expressing Armet or infiltrated with the protein,
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and resistance to the bacterial pathogen Pseudomonas syrin-
gae was enhanced in Armet-infiltrated plants (Wang et al.,
2015a; Cui et al., 2019). While it is not known how Armet
alters pathogen defense in plants, the transcript abundance
of SAMT, a methyltransferase that converts SA to methyl sa-
licylate, was reduced, while that of SABP2, a methyl esterase
that converts methyl salicylate to SA, was increased in these
plants (Corina Vlot et al., 2009; Cui et al., 2019). Whiteflies
have also been shown to induce plant resistance to the leaf
pathogen Xanthomonas axonopodis pv. vesicatoria, as well as
the soil-borne pathogens Agrobacterium tumefaciens and
Ralstonia solanacearum, in pepper (Capsicum annuum)
plants (Yang et al., 2011). SA- and JA-related genes were in-
duced in aboveground and belowground tissue by whitefly
feeding, indicating that systemic signals traveled from the
whitefly feeding site to the roots (Lee et al., 2018).
Subsequently, it was determined that three whitefly effec-
tors, 2G4, 2G5, and 6A10, reduced pathogen symptoms in
N. benthamiana leaves, while S2G4 and 6A10 also sup-
pressed R. solanacearum accumulation in the roots com-
pared to the controls (Table 2).

As mentioned in the “Introduction”, NLR proteins sense
pathogen effectors or effector activity in the host cell and
trigger ETI, including one of the most extreme plant defense
responses, the hypersensitive response, a form of pro-
grammed cell death (Cui et al., 2015). When expressed in
host plants, the salivary effector Mp10 from M. persicae
inhibited performance and induced chlorosis and local cell
death, suggesting that it is recognized by an NLR (Table 2).
The activation of NLRs and induction of downstream
defenses require molecular chaperones such as HSP90 and
co-chaperones such as SGT1 (suppressor of the G2 allele of
skp1; Azevedo et al., 2006; Kadota et al., 2010). Mp10-
induced chlorosis in N. benthamiana plants requires SGT1,
further supporting the notion that Mp10 is recognized by
NLRs (Bos et al., 2010). In this study, the authors also found
that Mp10 expression suppressed flg22-induced ROS pro-
duction. Although the exact mechanisms of the induction
of ETI and the suppression of PTI by Mp10 are unknown,
the authors speculated that additional aphid salivary pro-
teins might mask Mp10 recognition, preventing the induc-
tion of cell death.

Vector effectors with unknown plant targets have also
been identified that increase vector performance. The sali-
vary proteomes of A. pisum and M. persicae were shown to
contain several macrophage migration inhibition (MIF) pro-
teins, including MIF1, which is secreted during feeding
(Naessens et al., 2015). When MIF1 was expressed in N. ben-
thamiana, aphid fecundity increased, while the induction of
programmed cell death, callose accumulation, and
pathogenesis-related transcript accumulation were sup-
pressed. Another M. persicae salivary effector, Mp55, sup-
pressed callose accumulation, as well as the accumulation of
hydrogen peroxide and the glucosinolate 4MI3M in host
plants compared to the controls (Elzinga et al., 2014).
Similar to MIF1, aphid fecundity increased when Mp55 was

expressed in host plants compared to the controls.
However, the plant targets of Mp55 that mediate changes in
plant defense and aphid fecundity are unknown. The zinc
metalloproteases ACEs are angiotensin-converting enzymes
that regulate blood pressure and electrolyte homeostasis in
mammals (Corvol et al., 1995). ACE proteins were shown to
be present in the saliva of A. pisum (Macours and Hens,
2004), and two ACE genes are highly expressed in A. pisum
salivary glands (Wang et al., 2015b). Knocking down both
aphid ACE genes with RNAi resulted in lower aphid fecun-
dity on plants, suggesting they play a role in host plant colo-
nization. Since ACE enzymes remove dipeptides from short
oligopeptides (Macours and Hens, 2004), they may be in-
volved in cleaving plant proteins that trigger plant defenses
against both aphids and viruses. While some information is
known about the above effectors, several salivary effectors
have been identified with no similarities to other protiens
that increase (Me23, MpC002, ApC002, Mp2, and Ap25)
and decrease (Mp42, Mp56, Mp57, and Mp58) aphid perfor-
mance when expressed in host plants (Mutti et al., 2008;
Bos et al., 2010; Atamian et al., 2013; Elzinga et al., 2014; Guy
et al., 2016; Boulain et al., 2018). It is not known if any of
these aphid effectors have a role in directly altering resis-
tance to plant viruses.

How can we identify effector synergisms in
plant–vector–virus interactions?
Due to their long co-evolutionary histories, insect vectors,
and vector-borne viruses may produce synergistic effectors
that (1) benefit both players through shared targets, (2) ben-
efit only the other player and not the producer, or (3) have
new functions that are only active when both effector play-
ers are present. It would be difficult to separate synergistic
effectors that benefit both players from convergent evolu-
tion; however, this could be done using vector populations
that are isolated geographically and when a virus is only na-
tive to one of the population’s geographic regions. In this
case, the salivary proteomes of both vector populations
could be examined. Protein effectors that differ between the
two populations and benefit both players through shared
host targets would be evidence of effector synergism. Some
aphid species have developed numerous biotypes that spe-
cialize on different host plants, but are considered the same
species (Yates and Michel, 2018). For example, there are at
least 15 different pea aphid biotypes that specialize on spe-
cific hosts (Peccoud et al., 2009, 2010). Recently, it was
shown that pea aphid salivary effector expression differs be-
tween biotypes and is associated with variation in copy
number in the genome (Boulain et al., 2019). The impact of
virus–vector interactions in aphid biotype formation would
be an interesting area to investigate.

Synergistic effectors that benefit only the other player and
not the producer, or effectors that have new functions that
are only active when both players are present, could be
identified by re-screening vector or virus effector-omes for
ecological roles, such as increasing virus titer or vector
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performance, as was done in Casteel et al. (2014) for all the
major TuMV effectors. Evidence for synergistic vector effec-
tors has not been obtained; however, there is evidence that
plants have evolved forms of resistance that are only acti-
vated by the other player. The plant NLR Vat1 does not
convey virus resistance in host plants unless specific aphid
vectors are actively feeding on the plant. This suggests that
by studying effector synergisms, we may also identify new
forms of resistance, further warranting this work. Based on
the literature, we already know that certain virus families in-
crease vector performance (Table 1), in addition to altering
vector behavior in ways that should increase transmission,
and thus these interactions should be considered a form of
mutualism. In cases where there is more variation in the im-
pact of viruses on vectors, such as with Potyviridae
(Table 1), the relationship between the insect vector and vi-
rus and their effectors may be dependent on insect or path-
ogen host range. For example, viruses with a limited host
range or specialist insects that feed only on certain families
of plants may result in selection for vector or viral effectors
that suppress plant defenses that are intrinsic to that spe-
cific plant family.

Future directions and concluding remarks
Over the past decade, our understanding of how viruses
modulate plant–vector interactions has significantly pro-
gressed, as the molecular mechanisms that underlie how vi-
ral effectors influence insect biology, insect behavior, and
plant physiology are beginning to be revealed. However, sev-
eral areas of research need more attention in the future.
First, despite recent advances, functional analysis is still re-
quired for many of the identified viral effectors that mediate
plant–vector interactions, and additional viral–vector–host
systems need to be investigated using tools in genetics, mo-
lecular biology, and chemical ecology. Second, although
functions in virus–plant interactions have been attributed
to most plant virus proteins, such proteins are often multi-
functional. Their functionality in more ecologically relevant
contexts, such as plant–vector interactions, should therefore
be re-examined. Third, while research focused on identifying
vector effectors and their host targets has also expanded in
recent years, additional research on mechanisms used by
vector effectors is still needed. Finally, although mutualisms
with their insect vectors may be common for some viral
families (Table 1), to our knowledge, only one vector effec-
tor has been identified that alters plant interactions with
the virus it transmits (Wang et al., 2019), underlining the
need to re-examine the roles of vector effectors in plant–vi-
rus interactions. Below we expand on a few ecological con-
texts we think are particularly important to explore with
the points above in mind.

Developmental changes in vector–virus–plant
interactions
Just as plants and insects develop throughout their lifecycles
via different stages, virus infection develops over time. Thus,

the needs and challenges faced by each organism are likely
to change throughout development. The utilization of
effector-mediated responses and functionality may also
change over time, yet we know little about how this is regu-
lated. Early in the infection process, it would be more bene-
ficial to the virus to attract insect vectors to infected plants
and to increase their reproduction, while later in the infec-
tion process, repelling insects with increased defenses would
be beneficial for viral spread. Consistent with this notion,
aphids have increased performance on CMV-infected or
Zucchini yellow mosaic virus-infected plants during the early
stages of the infection process, whereas both of these unre-
lated viruses have a negative impact on aphid performance
in the late stages of infection (Blua and Perring, 1992).
Virus-induced volatile profiles also change during the course
of infection and in plants of different ages (Werner et al.,
2009). It is reasonable to predict that different viral effectors
mediate different plant responses over time and that plant
targets change over time, but little research has addressed
this. Furthermore, the expression of whitefly effectors
changes over the course of insect development (Yang et al.,
2017; Su et al., 2019). It is not known whether temporally
regulated vector effectors affect whitefly nymphs and adults
differently, or if the regulation of vector effectors is related
to the ecology of vector–virus interactions. Functional analy-
ses of effectors should involve experiments with plants of
different ages, vectors of different ages, and different stages
of viral infection.

RNA effectors in vector–virus–plant interactions
There are abundant examples of the secretion of protein
effectors into host plants via aphid and whitefly saliva.
Aphids and whiteflies also release sRNAs and long noncod-
ing (lnc)RNAs during feeding, which modulate plant suitabil-
ity for the insect (van Kleeff et al., 2016; Chen et al., 2020).
For example, Ya transcripts are introduced into the host
plant while M. persicae feeds, and these lncRNAs migrate to
other areas of the plant. Ya1 RNA is predicted to alter plant
defenses or nutrients, as aphids have higher fecundity on
plants stably producing the RNA compared to the controls
(Chen et al., 2020). sRNAs from whitefly were also found to
be transferred from the insect to tomato plants while feed-
ing, but the impacts of these sRNAs on whitefly biology and
changes in the host plant were not examined (van Kleeff
et al., 2016). Viruses encode RNA-binding proteins in their
genomes to facilitate genome movement from cell to cell
(Kasschau and Carrington, 2001) and sRNA-binding proteins
to compromise RNA silencing (Kasschau et al., 2003). It is
possible that vector-secreted RNAs interact with these viral
proteins, facilitating their movement in the plant or masking
their perception by the plant. As discussed earlier, siRNA-
mediated RNA-induced silencing complexes are important
mechanisms that plant viruses use to silence host anti-viral
RNA. From the standpoint of a virus–vector mutualism, it
would be useful to unravel whether any of these vector
noncoding RNAs are directly involved in suppressing plant
antiviral RNA.
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Vector and nonvector secretions in
vector–virus–plant interactions
Potato aphid saliva contains proteins produced by its pri-
mary endosymbiont Buchnera aphidicola, such as GroEL,
which induces plant defenses against aphids feeding on A.
thaliana and tomato plants (Chaudhary et al., 2014).
Whiteflies and aphids also deposit honeydew on the plant
surface while feeding. Honeydew contains insect and endo-
symbiont proteins (Sabri et al., 2013) that may serve as
effectors or elicitors. In addition to proteins, honeydew from
pea aphids also contain SA, which can suppress plant
defenses toward aphids and increase insect performance
(Schwartzberg and Tumlinson, 2014). Rice planthopper’s
honeydew is enriched in microbes, which may induce direct
and indirect plant defenses (Wari et al., 2019). Furthermore,
oviposition cues from insect egg deposition induce plant
responses (Hilker and Fatouros, 2015). It is not known if elic-
itors or effectors from insect honeydew, eggs, or endosym-
bionts are altered by plant viruses and their effectors, or if
they alter plant–virus interactions. Nonvector insects and
nonpathogenic microbes often occur together with viral
infections and vectors, and can influence plant–virus–vector
interactions (Chisholm et al., 2018; Basu et al., 2021; Lee
et al., 2021). The impact of nonvector elicitors and effectors
may influence the outcome of plant–vector–virus interac-
tions. For example, nonvector caterpillar herbivores deposit
plant proteins such as Endochitinase A and PR4 in their fe-
ces, which induces the SA pathway and increases caterpillar
performance on the host plant (Ray et al., 2016). While not
every interaction can be examined or is biologically relevant,
long-term associations that occur in nature and in nonmo-
del systems deserve additional attention.

Concluding remarks
While significant work has been done on understanding
plant responses to virus and vector effectors, we have
highlighted the importance of studying these interactions in
tandem and in broader ecological contexts, as this will lead
to a better understanding of the mechanisms that mediate
plant interactions more broadly. From the work reviewed
above, we show that mutualisms in virus–vector interactions
are common (Table 1), some targets for plant virus and vec-
tors are conserved, and many mechanisms are unknown
(Table 2), and we define how to determine in future re-
search which of these effector-mediated interactions are co-
operative and have co-evolved together (Table 1).
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