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Summary

New Phytologist (2021) 230: 1305-1320
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Attacks on plants by both viruses and their vectors is common in nature. Yet the dynamics of the
plant-virus—vector tripartite system, in particular the effects of viral infection on plant-insect
interactions, have only begunto emerge in the last decade. Viruses can modulate the interactions
between insect vectors and plants via the jasmonate, salicylic acid and ethylene phytohormone
pathways, resulting in changes in fitness and viral transmission capacity of their insect vectors.
Virus infection of plants may also modulate other phytohormones, such as auxin, gibberellins,
cytokinins, brassinosteroids and abscisic acid, with yet undefined consequences on plant-insect
interactions. Moreover, virus infection in plants may incur changes to other plant traits, such as
nutrition and secondary metabolites, that potentially contribute to virus-associated, phytohor-
mone-mediated manipulation of plant-insect interactions. In this article, we review the research
progress, discuss issues related to the complexity and variability of the viral modulation of plant
interactions with insect vectors, and suggest future directions of research in this field.

Key words: ethylene, insect vector,
jasmonates, molecular mechanism, plant
hormone, plant virus, salicylic acid, virus—
plant-insect tripartite interactions.

I. Introduction
plants, seriously threatening the sustainability of crop production

Plants, in both natural populations and cultivated fields, are
constantly facing threats from multiple kinds of organisms,
including pathogens and herbivores. Of the pathogens, plant
viruses are obligate intracellular parasites that infect living plants
and exclusively live and multiply within their host cells. Currently,
they account for almost half of emerging infectious diseases of
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and, by extension, human survival (Anderson et al, 2004;
Scholthof et al., 2011). Recent decades have seen an increase in
plant viral diseases, for example the diseases caused by bego-
moviruses. This highlights the urgent need to advance our
understanding of virus biology and, ultimately, the management
of viral diseases (Navas-Castillo et 2/, 2011).
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With over half of the one million known insect species feeding on
plants (Gangwere, 2008; Bernays, 2009), there are innumerable
opportunities for novel insect, virus and plant interactions.
Simultaneous occurrence of viral infection and insect infestation
is common in plants (Stout ez al., 2006; Wu & Baldwin, 2010;
Mandadi & Scholthof, 2013). Thus, intensive interactions among
viruses, their vectors and plants are inevitable. These relationships
have important implications not only for individual organisms, but
also for the population dynamics of each of the species involved in a
given ecosystem (Stout ez al., 2006; Tack & Dicke, 2013; Carr
et al., 2018; Donnelly & Gilligan, 2020). Thus, detailed elucida-
tion of the nature of these interactions will translate into improved
knowledge of ecology, evolution and plant defense, thereby
providing useful information for the development of novel control
strategies to combat plant pathogens and insect pests.

A growing body of evidence shows that virus infection often
exerts a significant influence on plant-insect interactions. As
suggested by Mauck ez al. (2012, 2018), the mode of transmission
exerts substantial impact in shaping the pattern of effects of virus
infection on plant—insect interactions. Viruses often manipulate
plant—insect interactions to maximize their own spread. Specifi-
cally, for persistently transmitted viruses, acquisition and trans-
mission of a virus require long-term feeding by vectors on infected
plants. These viruses tend to improve host suitability for vector
feeding and consequently enhance vector populations. By contrast,
nonpersistently transmitted viruses, which can be efficiently
acquired and transmitted by insect vectors via brief probes, tend
to reduce plant quality and promote dispersal of their vectors.
Studies using mathematical modeling indicate that for nonpersis-
tently transmitted viruses, virus-induced inhibition or promotion
of incessant insect vector feeding may facilitate virus spread at small
and large spatial scales, respectively (Donnelly ez 4/, 2019). While
virus infections are now known to mediate multiple aspects of
plant—insect interactions, detailed studies of the tripartite interac-
tions between plants, viruses and insect vectors, especially the
underlying behavioral, physiological and molecular mechanisms,
have received wide attention from scientists only in the last decade.
Case studies indicate that virus-mediated changes of plant hormone
pathways play a critical role in the tripartite interactions (Mauck
et al., 2010; Thaler ez al., 2010; Ziebell et al., 2011; Zhang et al.,
2012; Casteel ezal., 2014, 2015; Kersch-Becker & Thaler, 2014; Li
etal., 2014; Shi et al., 2016; Su ez al., 2016; Wu et al., 2017; P. Li
etal,2019).

Phytohormones are organic chemicals that are produced
endogenously and function as signals to coordinate plant growth,
development, physiology and defense (Pieterse ez al., 2012;].Y. Li
et al., 2017). While different phytohormones have distinct
biological functions, they may also function synergistically,
additively or antagonistically (Mur er al., 2006; Pieterse er al.,
2012; J. Y. Li et al, 2017). Phytohormones are central cellular
signal molecules with key functions in the regulation of plant
immunity against biotic stimuli, including viruses, microbial
pathogens and insect herbivores (Pieterse ez a/., 2012). While many
phytohormone pathways including abscisic acid (ABA) have been
implicated in regulating plant immunity against biotic stimuli,
most studies have focused on the jasmonate (JA), salicylic acid (SA)
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and ethylene (ET) pathways (Wu & Baldwin, 2010; Pieterse ez /.,
2012; Alazem & Lin, 2015; Broekgaarden et al., 2015; Verma et al.,
2016; Zhang ez al., 2017).

In this article, we first review studies of the effects of virus infection
on plant—insect interactions as modulated by the three intensively
investigated phytohormones: JA, SA and ET. We then examine the
effects of virus infection on phytohormones other than JA, SA and
ET. Next, we address the role of factors that may affect virus-induced
modification of these phytohormone pathways and plant—insect
interactions. We then elaborate on issues of particular relevance to
investigation of the changes to phytohormone pathways induced by
plant viruses and their effects on plant—insect interactions. Finally,
we speculate on future directions of research to disentangle the
complex tripartite interactions and factors involved.

Il. Phytohormone-mediated effects of virus infection
on plant-insect interactions

Jasmonate, SA and ET condition plant-defense responses against
abiotic and biotic stresses (Pieterse et 4/, 2012; Verma et al., 2016).
In general, the JA-signaling pathway confers a broad-spectrum
resistance to necrotrophic pathogens and insect herbivores. The SA-
signaling pathway playsa major role in disease resistance signaling by
countering the invasions of biotrophic microbial pathogens,
including viruses. The JA and SA pathways are often antagonistic
to each other, as activation of JA signaling frequently leads to
suppression of SA signaling and vice versa (Pieterse er al., 2012;
Zhang et al., 2017). Unlike JA and SA, both of which are usually
directly involved in mediating plant responses, ET often functions
indirectly by regulating other planthormone pathways (Leon-Reyes
er al., 2009; Pieterse ¢t al, 2012; Broekgaarden er al, 2015).
However, in some cases, components of the ET-signaling pathway
may directly regulate plant defense against bioticattackers (McGrath
et al, 2005; Liu et al, 2011; Lu et al, 2011). For example,
manipulation of ET-response transcription factors in Arabidopsis
results in altered resistance to several fungi; similarly, manipulation
of the expression of an ET synthase gene results in altered plant
resistance to Chilo suppressalis(McGrath ezal.,2005; Lu ezal.,2011).
The flux of these major defense-related signaling pathways and the
molecular mechanisms underlying their interactions have been
comprehensively reviewed by Pieterse ez al. (2012), Broekgaarden
et al. (2015) and Zhang ez al. (2017). Here we concentrate on the
effects of virus infection on plant—insect interactions via modulation
of the JA-, SA- and ET-signaling pathways (Table 1).

1. Jasmonates

Jasmonate is commonly considered in studies of the effects of
virus infection on plant—insect interactions, mainly as a result of
its direct involvement in plant defense against insect herbivores
and production of a volatile blend (Mauck ez al., 2010; Zhang
et al, 2012; Li et al., 2014; Su et al, 2016; Wu et al., 2017; Wu
& Ye, 2020). Many components of the JA-signaling pathway are
manipulated by viruses, thereby impacting plant—insect interac-
tions (Fig.1). Infection by begomoviruses suppresses JA
lower levels of

biosynthesis/catabolism  (resulting  in
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Table 1 Phytohormone-mediated effects of virus infection on plant-insect interactions.
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Insect Phytohormone
performance/ biosynthesis/catabolism and Viral
Pathosystem (virus—plant-insect) preference signaling effector Mechanism References
Tomato yellow leaf curl China virus— Increased insect  Downregulated JA pC1 Interaction Jiuetal. (2007), Zhangetal.
Nicotiana tabacum—-Bemisia tabaci performance biosynthesis/catabolism and between BC1 (2012), Luan et al. (2013),
signaling and MYC2 Lietal. (2014)
Tomato yellow leaf curl virus-Solanum  Increased insect ~ Downregulated JA signaling ? Disruption of Suetal. (2016)
lycopersicum-B. tabaci performance JA
downstream
defenses
Cucumber mosaic virus-Arabidopsis Increased insect ~ Downregulated JA signaling 2b Interaction Wu et al. (2017)
thaliana-Myzus persicae preference between 2b
and JAZ
Tomato yellow leaf curl virus- Increased insect ~ Downregulated JA signaling C2 Interaction Lietal. 2019)
N. tabacum-B. tabaci performance between C2
and ubiquitin
Tomato spotted wilt orthotospovirus—  Increased insect ~ Downregulated JA signaling NSs Interaction Wu et al. (2019)
Capsicum annuum—Frankliniella performance between NSs
occidentalis and preference and MYC2
Cotton leaf curl Multan virus and Increased insect  Downregulated JA signaling pC1 Interaction Zhao et al. (2019)
tomato yellow leaf curl China virus— performance between BC1
Arabidopsis thaliana—B. tabaci and WRKY20
Potato leafroll virus-Solanum Increased insect ~ Downregulated JA PO,P1 ? Patton et al. (2019)
tuberosum and Nicotiana performance biosynthesis/catabolism and
benthamiana—M. persicae and preference P7
Tobacco mosaic virus—Solanum Increased insect ~ Upregulated SA ? ? Thaler et al. (2010)
lycopersicum-Spodoptera exigua performance biosynthesis/catabolism
Tomato spotted wilt virus— Increased Upregulated SA ? ? Nachappa et al. (2013)
S. lycopersicum—Tetranychus urticae performance biosynthesis/catabolism and
and preference signaling
Potato virus Y-Solanum lycopersicum— Increased insect ~ Upregulated SA ? ? Kersch-Becker & Thaler
Macrosiphum euphorbiae and performance biosynthesis/catabolism (2014)
Leptinotarsa decemlineata
Tomato spotted wilt virus—Arabidopsis  Increased insect ~ Upregulated SA signaling ? ? Tomitaka et al. (2015)
thaliana—Frankliniella occidentali preference
Pea enation mosaic virus—Pisum Increased insect ~ Upregulated SA ? ? Chisholm et al. (2018)
sativum-Sitona lineatus preference biosynthesis/catabolism
Tomato mosaic virus-S. lycopersicum—  Decreased insect ~ Upregulated SA ? ? Ueda et al. (2019)
B. tabaci preference biosynthesis/catabolism and
signaling
Tomato spotted wilt virus—A. thaliana— Increased insect ~ Upregulated SA ? ? Abe et al. (2008, 2012)
Frankliniella occidentalis performance biosynthesis/catabolism and
and preference signaling and downregulated JA
signaling
Turnip mosaic virus—Arabidopsis Increased insect ~ Upregulated ET Nla-Pro ? Casteel et al. (2014, 2015)
thaliana—M. persicae performance biosynthesis/catabolism
Potato virus Y-Solanum tuberosum-— Increased insect ~ Upregulated ET ? ? Bak et al. (2019)
M. persicae preference biosynthesis/catabolism
Potato leafroll virus-Solanum Increased insect  Downregulated ET PO,P1 ? Patton et al. (2019)
tuberosum and Nicotiana performance biosynthesis/catabolism and
benthamiana—M. persicae and preference P7

accumulation of JA) and/or signaling, leading to enhanced
performance of their whitefly vectors (Zhang ez al., 2012; Luan
et al., 2013b; Su et al, 2016; P. Li et al., 2019). Infection of
tobacco by tomato yellow leaf curl China virus (TYLCCNYV)
promotes the performance of its whitefly vector (Jiu er 4l,
2007). This enhanced whitefly performance is a result of the
suppresses  JA

viral  satellite BC1

© 2021 The Authors

protein,

which
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biosynthesis/catabolism, JA signaling and terpenoid biosynthe-
sis/catabolism (Zhang ¢t al, 2012; Luan er al, 2013b).
Mechanistically, interactions between BC1 and several plant
proteins are known, including three transcription factors
(MYC2, WRKY20 and PHYTOCHROME-INTERACTING
FACTOR) and the S-phase kinase-associated protein 1 (Li et al.,
2014; Zou et al., 2020; Zhao et al., 2019, 2021). Similarly, the
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infection by tomato yellow leaf curl virus (TYLCV) in tomato
interferes with JA signaling, leading to suppression of plant
defenses and, in turn, enhanced performance of its whitefly
vector (Su et al., 2016). A more recent study with TYLCV and
tobacco shows that the viral C2 protein inhibits JA signaling
using a distinct mechanism. C2 binds to the N-terminal
ubiquitin domain of the tobacco 40S ribosomal protein RPS27A
in vivo and in vitro. The C2-RPS27A interaction compromises
the degradation of JAZ1, a negative regulator of JA signaling,
resulting in inhibition of JA signaling and enhanced perfor-
mance of the whitefly vector (P. Li ez al, 2019).

Manipulation of the JA-signaling pathway by viruses may
affect the attractiveness of plants. For example, squash plants
infected by cucumber mosaic virus (CMV) become more
attractive to its aphid vectors, Myzus persicac and Aphis gossypii
(Mauck ez al, 2010). The 2b protein of CMV, which is
associated with the increased preference of aphid vectors, disrupts
the JA-signaling pathway in plants (Lewsey et al., 2010; Ziebell
et al., 2011). Profiling of volatiles revealed that 2b protein induces
quantitative and qualitative changes in the insect-perceivable
blends of volatiles emitted by plants (Groen et al., 2016). The
viral 2b protein interacts directly with JAZ proteins to prevent
JA-induced JAZ degradation, thereby attenuating JA signaling
and increasing the allure of CMV-infected plants to aphids
(Groen et al., 2016; Wu et al., 2017).

Several studies have used genetic approaches to elucidate the
effects of endogenous JA on viral modulation of plant—insect
interactions. Using wild-type Castlemart, JA-deficient spr2
mutant and JA-overexpression 35S-prosystemin  transgenic
tomato plants, Sun ez al (2017) observed that whiteflies
feeding on TYLCV-infected plants exhibit enhanced survival
and reproduction on 35S-prosystemin plants as compared with
uninfected plants. Similarly, Liu ez a/. (2017) demonstrated that
TYLCV-infected whiteflies feed more extensively on wild-type
and JA-deficient plants relative to uninfected whiteflies, but
feeding differences are not evidenced on the 35S-prosystemin
plants.

2. Salicylic acid

The SA pathway is often affected by virus infection, resulting in
altered plant—insect interactions. Shi et /. (2016) found that with
the increase of CMV titer, SA biosynthesis/catabolism and
signaling are induced and aphid performance is correspondingly
depressed. Thaler ez 4/ (2010) found that infection of tomato by
tobacco mosaic virus induces SA biosynthesis/catabolism (result-
ing higher levels of accumulation of JA) but suppresses JA
biosynthesis/catabolism, resulting in increases of the growth of
Spodoptera exigua caterpillars in a SA-dependent manner. Kersch-
Becker & Thaler (2014) reported that potato virus Y (PVY)
infection of tomato plants induces SA biosynthesis/catabolism,
which is correlated with enhanced performance of an aphid vector
and two nonvector insects of PVY. Finally, a mechanism for
virus-induced SA increases was provided by Zhao ez 4/ (2019).
They showed that the expression of BC1 encoded by cotton leaf
(CLCuMuV) activates SA

curl Multan virus
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biosynthesis/catabolism and signaling by targeting WRKY20;
this interaction renders Arabidopsis plants more resistant to the
aphid M. persicae.

The SA-signaling pathway may also influence virus-induced host
attractiveness to insect herbivores. Tomitaka ez 2/ (2015) showed
that tomato spotted wilt virus infection renders plants more
attractive to its insect vector Frankliniella occidentalis; the increased
attractiveness is associated with upregulated SA signaling. Simi-
larly, Chisholm ez al. (2018) showed that pea enation mosaic virus
infection of pea plants makes the plants more attractive to Sizona
lineatus, and this elevated attractiveness is correlated with virus-
induced increases in SA.

3. JA-SA antagonism

The antagonistic relationship of the JA- and SA-signaling pathways
may modulate the interactions between insects and virus-infected
plants. Preston e al. (1999) reported that infection by tobacco
mosaic virus induces a systemic increase in SA and attenuates
wound-induced JA and nicotine responses of Nicotiana attenuata
to promote leaf consumption by Manduca sexta larvae. In tomato
plants, begomovirus infection also causes increases in SA biosyn-
thesis/catabolism and signaling, and downregulation of JA
biosynthesis/catabolism and signaling (Cui ez al., 2016). Similarly,
Abe et al. (2008, 2012) showed that infection by tomato spotted
wilt virus results in elevation of SA biosynthesis/catabolism and
signaling with simultaneous suppression of JA signaling, leading to
increases in thrips preference for and performance on virus-infected
plants. These data, as well as the studies highlighted in the JA and
SA sections, stress the importance of phytohormone dynamics for
the relative success of the three partners in each tripartite
interaction.

4. Ethylene

A small number of studies show that the ET-signaling pathway is
modulated during viral infection and impacts plant—insect inter-
actions. Casteel et al (2014, 2015) showed that infection of
Arabidopsis plants by turnip mosaic virus enhances performance of
its aphid vector M. persicae. The improved vector performance is
attributed to the disruption of ET signaling by the virus-encoded
Nuclear Inclusion a-Protease (Nla-Pro), which reduces callose
deposition and leads to increased plant palatability for the aphid
vector. By contrast, Bak ez al. (2019) reported that the preference of
M. persicae to settle on PVY- and turnip mosaic virus-infected
potato plants over uninfected ones is associated with the induction
of ET biosynthesis/catabolism by the virus. These findings suggest
that the role of ethylene in the manipulation of plant—insect
interactions by viruses may be host plant-specific and this provides
ample opportunities for future investigation.

lll. Effects of virus infection on phytohormones other
than JA, SA and ET

In addition to the primary plant defense hormones JA, SA and ET,
other plant hormones, such as auxin, gibberellins (GAs), cytokinins

© 2021 The Authors
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Fig. 1 Schematic representation of the jasmonate (JA)-mediated manipulation of plant-insect interaction by viruses. In uninfected plants, infestation of plants
by insects leads to activation of JA biosynthesis/catabolism and signaling, which in turn reduce the population of insects. Schematic overview of the flux of JA
biosynthesis/catabolism and signaling is modified from Browse (2009) and Pieterse et al. (2012). Biosynthesis of JA starts with linolenic acid (LA), which is
converted to a-LA by FAD3 and FAD7, and finally to JA-isoleucine (JA-lle). Upon JA-Ile synthesis, JAZ proteins are ubiquitinated and degraded by 26S
proteasomes, thereby relieving JAZ-mediated suppression of MYC2. MYC2 then forms an active dimer to activate the expression of downstream genes such as
terpene synthase (TPS) and epi-arisotolchene synthase (EAS) genes, and in turn the synthesis of volatiles, including terpenoids. In addition, activation of JA-
signaling pathway results in interaction between ORA59 and WRKY20, which in turn activates the expression of downstream genes, such as PLANT DEFENSIN
1.2 (PDF1.2). However, in virus-infected plants, virus infection compromises the activation of JA biosynthesis/catabolism and signaling at several levels,
resulting in a reduction in the biosynthesis and release of volatiles and an increase in the insect population. Specifically, BC1 encoded by tomato yellow leaf curl
China virus (TYLCCNV) downregulates the expression of FAD3 and FAD7 and interacts with MYC2 and AS1 to interfere with JA biosynthesis/catabolism and
signaling, respectively (Yangetal., 2008; Luanetal., 2013b; Lietal., 2014). C2 encoded by tomato yellow leaf curl virus (TYLCV) and 2b encoded by cucumber
mosaic virus (CMV) interact with ubiquitin and JAZ, respectively, thereby preventing the degradation of JAZ to interfere with JA signaling (Wu et al., 2017; Li
etal., 2019). In addition, BV1 encoded by cabbage leaf curl virus (CaLCuV), NSs encoded by tomato spotted wilt virus (TSWV), and tomato zonate spot virus
(TZSV) bind to MYC2, thereby preventing the dimerization of MYC2 and activation of downstream gene expression (Li et al., 2014; Wu et al., 2019). BC1
encoded by cotton leaf curl Multan virus (CLCuMuV) binds to WRKY20 to interfere with the interaction between WRKY20 and ORA59 and, in turn, the
expression of downstream genes (Zhao et al., 2019).
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(CKs), brassinosteroids (BRs), and abscisic acid (ABA), may be
affected by viral infection. However, the impacts of these plant
hormones on viral-plant—insect interactions have received limited
attention (Fraser & Whenham, 1982; Jameson & Clarke, 2002;
Benjamins & Scheres, 2008; Alazem & Lin, 2017). Of significance
are the notable symptoms caused by virus infection that resemble
the phenotypes of biosynthesis or signaling mutants of the auxin,
GA, CK, BR and ABA pathways (Jameson & Clarke, 2002; Kazan
& Manners, 2009; Satoh ez 2/, 2011; Mach, 2012; Yithar ez al,
2012).

1. Auxin

Auxin is a key factor in regulating plant growth and development
(Benjamins & Scheres, 2008). Viral infections of plants lead to
severe developmental abnormalities, such as stunting, leaf curling
and loss of apical dominance, suggesting that host auxin
homeostasis/signaling could be modulated by viral infection. As
early as the 1930s, the relationship between auxins and virus
infection was investigated. The role of auxins in response to virus
infection is complex, as both declines and increases in the
expression of auxin pathway genes are documented (Fraser &
Whenham, 1982; Jameson & Clarke, 2002). Leng ez al. (2017)
reported that sugarcane mosaic virus infection increases the
expression of the Auxin binding protein 1 (ABPI) gene. While the
role of ABP1 in auxin signaling has yet to be resolved (Papanov
et al., 2019), ABP1 is associated with viral resistance in maize. In
addition, an increasing number of studies have proposed the
manipulation of auxin response factors (ARFs) by viruses; ARFs are
a group of transcription factors that translate auxin signals to
downstream gene expression (Guilfoyle & Hagen, 2007) and they
account for the phenotypic abnormalities caused by viral infection.
The expression of tomato ARF4, ARF5, ARF6A, ARF8B and
ARF9A genes is downregulated in leaves infected by TYLCV;
sequence analyses indicate that 5’-regulatory regions of these ARFs
are enriched in biotic and abiotic stress-responsive cis-elements
(Bouzroud ez al., 2018). Similarly, in response to rice dwarf virus
infection, rice plants suppress genes involved in the early steps of
indole-3-acetic acid synthesis (e.g. ARFs and many auxin-respond-

ing SMALL AUXIN UP RNA genes) (Satoh ez al., 2011).

2. Gibberellins

Gibberellins, another class of crucial hormones that function in the
regulation of plant growth, are modulated by virus infection (Zhu
et al., 2005; Robert-Seilaniantz ez al., 2007; Satoh et al, 2011;
Wang ez al., 2011; Tao et al., 2017). The infection of nonheading
Chinese cabbage by turnip mosaic virus results in a reduction in
endogenous GA concentrations and expression of GA-regulated
genes (Wang et al., 2011). Similarly, rice dwarf virus infection
suppresses the expression of GA biosynthesis genes and induces
expression of genes involved in GA inactivation (Zhu ez al., 2005;
Satoh eral.,2011). Mechanistic insights were provided by Zhu ez 4.
(2005). During rice dwarf virus infection in rice plants, the viral
outer capsid protein P2 interacts with enz-kaurene oxidases, which
are crucial to the biosynthesis of GAs; this results in an inhibition of
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ent-kaurene oxidase activity and a subsequent decline of GA
concentrations, leading to stunting and other associated symptoms
(Zhu et al., 2005). Furthermore, exogenous application of GA; to
rice dwarf virus-infected plants rescues the abnormal growth
phenotypes, an observation consistent with that of Maramorosch
(1957). Finally, rice black-streaked dwarf virus regulates the GA-
signaling pathway via the interaction of the virus-encoded P7-2 and
the plant’s GA-insensitive dwarf2 (GID2) protein, which is an
important component of GA signaling that dictates the degrada-
tion of DELLA proteins (Tao ez al., 2017). DELLAs are critical
regulatory proteins that help to mediate crosstalk of GA with the
JA- and SA-signaling pathways, which is essential for balancing
growth and defense (Navarro ez al., 2008; Y. Li ez al., 2019).

3. Cytokinins

In response to virus infection, changes in plant CK concentrations
may occur. While infection of Phaseolus vulgaris plants by white
clover mosaic potexvirus results in a reduction in active CKs
(Clarke et al, 1999), CMV infection of Arabidopsis thaliana
seedlings leads to increased and unaltered CK metabolism in roots
and shoots, respectively (Vitti ezal., 2013). Baliji ezal. (2010) found
that geminivirus pathogenicity proteins interact with and inhibitan
adenosine kinase, which maintains a pool of bioactive CKs; this
leads to increased expression of primary CK-responsive genes and
reprogramming of the plant cell cycle to enable geminivirus
replication. This finding is further confirmed by the observation
that treatment with a CK increases the susceptibility of plants to
geminivirus infection (Baliji ez 4/, 2010). In view of the disparate
CK responses to viruses and an emerging, but limited, under-
standing of CKs in plant defense (Akhtar ez 2/, 2020), research into
the role of CKs in tripartite interactions is timely.

4. Brassinosteroids

Brassinosteroids play vital roles in regulating plant growth and
stress responses (Divi & Krishna, 2009; Nolan ez al, 2017).
However, little is known about the response of BRs to virus
infection. Recently some advances have been made. Bi er al
(2017) reported that the C4 protein of sweet potato leaf curl
virus interacts with the A. thaliana brassinosteroid-insensitive 2
(AtBIN2) protein. This interaction leads to nuclear translocation
of two AtBIN2-interacting proteins (AtBES1 and AtBZRI1),
which are transcription factors controlling the expression of
most BR-responsive genes. The role of BRs in tripartite
interactions is a virtually unexplored territory and should be
prioritized, given that BZR1 and BAKI1 (Brassinosteroid
insensitivel-Associated Receptor Kinase 1) have roles in defense
against insects and have links to JA signaling, as well as
balancing defense and growth in plants (Miyaji ez al, 2014;
Prince et al., 2014; Yu et al., 2018).

5. Abscisic acid

The role of ABA in regulating abiotic stress tolerance is well known,
and ABA also plays a crucial role in the response of plants to
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pathogen infection by regulating stomata opening/closing (Ton
et al., 2009). However, case studies on the modulation of ABA by
viruses have yielded inconsistent results. Whenham et 2/ (1986)
observed increases in ABA in leaves of tobacco (V. tabacum)
systemically infected by tobacco mosaic virus. Similarly, Alazem
et al. (2014) found that infection of N. benthamiana by bamboo
mosaic virus or CMV and Arabidopsis by bamboo mosaic virus
increases ABA content and the mRNAs of several genes in the ABA
pathway. By contrast, the ABA pathway is downregulated during
rice black-streaked dwarf virus infection of rice and CMV infection
of Arabidopsis (Westwood et al., 2013b; Xie et al., 2018).

IV. Additional factors involved in virus-induced
changes of the tripartite interactions

A limited number of experimental studies have been conducted on
the additional factors that influence the virus-induced changes of
plant hormone pathways associated with plant—insect interactions.
Major factors examined in these studies include plant nutrition,
plant secondary metabolites and natural enemies of insects.

1. Nutrition

The nutritional quality of host plants is a key factor determining the
growth and reproduction of phytophagous insects (Awmack &
Leather, 2002). Infection by plant viruses may have positive, neutral
or negative effects on the quantity/profile of nutrients in plants and, in
turn, the performance of insects. For example, Su ez /. (2015) showed
that TYLCV infection of tomato plants results in higher concentra-
tions of sugars and amino acids in the phloem sap, which may account
for the increased performance of a whitefly vector of the virus.
Similarly, infection of squash plants by papaya ringspot virus
increases the concentrations of several free essential and nonessential
amino acids correlating with enhanced performance of its aphid
vector A. gossypii (Gadhave et al. 2019). By contrast, He ez al. (2014)
showed that the infection of rice plants by southern rice black-
streaked dwarf virus does not significantly change amino acid or
soluble sugar content. Finally, at the other end of the spectrum, Fiebig
et al. (2004) reported a significant reduction in total amount of amino
acids in wheat plants infected by barley yellow dwarf virus, which may
result in the reduced nutritional assimilation by the aphid Sitobion
avenae and its poor overall performance.

In some cases, virus infection may not affect the quantity or profile
of plant nutrients. Instead the uptake of nutritional compounds by
insects may be altered. Wang et a/. (2012) showed that virus infection
of tobacco does not change the nutrient profile in the phloem sap.
However, whiteflies feeding on tobacco plants infected by
TYLCCNYV excrete a lower percentage of amino acids, especially
essential amino acids, and, proportionally, a higher concentration of
sugars than whiteflies feeding on uninfected plants. These data
suggest that whiteflies assimilate more amino acids from
TYLCCNV-infected plants. Plant viruses may also alter the
nutritional status of certain organs/tissues of plants to manipulate
the behavior of insect vectors to maximize virus dissemination. For
example, CMV infection decreases the ratio of simple carbohydrates
to amino acids in mesophyll and epidermal cells, the sites that aphids
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initially probe and acquire virions, thus promoting vector feeding and
virus acquisition (Mauck e 4/, 2010, 2014). Reciprocally, in the
phloem, where aphids establish long-term feeding sites, CMV
infection results in decreased nutritional quality to promote the
dispersal of viruliferous aphids (Mauck ez al, 2010, 2014).

2. Volatile organic compounds and other secondary
metabolites

Plants synthesize a broad range of secondary metabolites, many of
which are released as volatiles to impact herbivores and their natural
enemies. Volatiles emitted by virus-infected plants play a major role
in determining the settling and feeding preference of insect vectors
(de Vos & Jander, 2010; Mauck ez al, 2012, 2018). For example,
winged adults of M. persicae preferentially settle on potato plants
infected by potato leafroll virus (Castle ezal, 1998). This preference is
associated with the different volatile profiles emitted by virus-infected
and uninfected plants (Eigenbrode ez 4/, 2002). In addition, a specific
volatile blend is responsible for arresting M. persicaeon potato leafroll
virus-infected plants (Ngumbi ez 4/, 2007). CMV-infected squash
plants emit larger quantities of volatiles, although no major
qualitative changes of the volatile blend occur; these volatiles attract
the insect vectors of CMV, M. persicae and A. gossypii (Mauck et al.,
2010). However, the impact of changes on the volatile blends varies
with different host plants. For instance, CMV infection of common
tobacco induces both quantitative and qualitative changes in plant
volatile emissions but does not alter the settling preference of the
aphid M. persicae (Tungadi et al., 2017).

While some studies show that the blend of volatiles determines
insect preference to plants, virus-induced attraction may be
attributed to a few or even a single volatile organic compound.
Nonviruliferous wingless adults of the aphid Rhopalosiphum padi
preferentially settle on wheat plants infected by barley yellow dwarf
virus as compared with uninfected plants (Jiménez-Martinez ez al.,
2004). Wheat plants infected by batley yellow dwarf virus emit
larger quantities of several volatiles, including nonanal, (Z)-3-
hexenylacetate, decanal, B-caryophyllene and undecane. These
volatiles are associated with the increased preference of nonvirulif-
erous, wingless aphid adults to virus-infected plants (Medina-
Ortega et al., 2009). Infection of white clover plants by clover
mosaic virus increases the quantity of several volatiles in the volatile
blend emitted by plants (such as B-caryophyllene), and this increase
is associated with a decreased attractiveness to adult fungus gnats
(van Molken ez al., 2012). The infection of red raspberry Rubus
idaeus by black raspberry necrosis virus and raspberry leaf mottle
virus increases the quantity of (Z)-3-hexenyl acetate in the plant
volatile blend. This leads to the preference of the large raspberry
aphid, Amphorophora idaei, for virus-infected plants (McMenemy
et al., 2012).

Apart from insect preference for plants, secondary metabolites
are implicated in virus modulation of other aspects of plant—insect
interactions. Martins ez 4/ (2012) showed a positive association
between the severity of sticky disease symptoms caused by papaya
meleira virus and the infestation frequency of Mediterranean fruit
fly. Virus-infected papaya plants contain reduced concentrations of
benzylisothiocyanate, a compound with putative resistance

New Phytologist (2021) 230: 1305-1320
www.newphytologist.com



1312 Review

Tansley review

properties to fruit fly, presumably making virus-infected plants
more palatable to fruit fly. Similarly, Westwood ez a/. (2013a)
showed that infection of Arabidopsis plants by CMV induces the
biosynthesis/catabolism of the aphid-feeding deterrent 4-methoxy-
indol-3-yl-methylglucosinolate (4MI3M), thereby inhibiting
phloem ingestion by the aphid M. persicae.

In some cases, virus infection may attenuate or compromise the
ability of a host plant to synthesize secondary metabolites that
contribute to plant resistance to insects. For example, Luan ez 4l.
(2013b) and Li ez al. (2014, 2019) showed that whitefly infestation
induces terpenoid biosynthesis/catabolism in plants; however,
terpenoid biosynthesis/catabolism is decreased in begomovirus-
infected plants, leading to an increased palatability of host plants to
whiteflies. Similarly, soybean mosaic virus infection of soybean
plants suppresses aphid-induced terpene biosynthesis/catabolism
(Laney ez al., 2018). Furthermore, plant viruses may differentially
modulate the biosynthesis of natural compounds in different plant
tissues. Zhao ezal. (2019) showed that through its interactions with
the transcription factor WRKY20, the PCl of CLCuMuV
differentially regulates glucosinolate biosynthesis/catabolism in
nonvein leaf tissues and leaf veins of Arabidopsis plants. The
absence of JA-regulated defenses leads to enhanced performance of
the whitefly on CLCuMuV-infected plants relative to uninfected
plants.

3. Natural enemies of insect vectors

Infestation of plants by insect herbivores may affect the activities of
natural enemies, which function as an indirect defense against
insect herbivores (de Vos & Jander, 2010). These indirect defenses
can be modified by virus infection of the host plant. Working with
tomato, TYLCV, whiteflies and the parasitoid Encarsia formosa,
Liu er al. (2018) showed that the parasitoid prefers TYLCV-
infected plants to uninfected plants, resulting in a higher parasitism
rate of whiteflies on TYLCV-infected plants. A very different
outcome was noted by Belliure ez 2/. (2008) when studying tomato
spotted wilt virus. In this case, viral infection increases the growth
rate of F. occidentalis, resulting in a reduced period of vulnerability
of the thrips to predation by two species of predatory mites, as large
larvae are not susceptible to mite predation. By contrast, several
studies show that viruses do not alter natural enemy visitations or
their ability to attack prey. For example, Joffrey et al (2018)
showed that the infection of Camelina sativa plants by turnip
yellows virus does not render the plants more attractive or repellent
to an aphid parasitoid Aphidius colemani. Similarly, CMV infection
of squash has no significant impact on the ability of predatory
insects to locate aphid prey (Mauck ez 4/, 2015). Finally, infection
of rice by southern rice black-streaked dwarf virus does not change
the capability of Anagrus nilaparvatae to parasitize eggs of the
brown planthopper Nilaparvata lugens (He et al., 2014).

V. Perspectives

The case studies available to date indicate that the effects of viruses
on phytohormones and plant—insect interactions vary with many
genetic and environmental variables (Mauck er al, 2012;
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Eigenbrode ez al., 2018). We are at the beginning of unraveling
the underlying behavioral, physiological and molecular mecha-
nisms that dictate these interactions (Wang & Blanc, 2021). Any
breakthrough in this area of study will require a multidisciplinary
and integrated approach. We discuss below some of the issues that
call for particular attention in future investigations.

1. Complexity and variability of the tripartite interactions

Complexity and variability of the tripartite interactions between
viruses, plants and insects are dictated by genetic and environmen-
tal variables. Intrinsically, these interactions are shaped by the
genotypes and traits of each of the three players. The replacement of
even one of the three players with another member of the same
group may result in dramatic changes in the tripartite interaction.
For example, PVY infection in potato plants promotes feeding of
the aphid M. persicae, but reduces feeding of the aphid
Macrosiphum  euphorbiae (Boquel et al, 2011). While CMV-
infected Arabidopsis plants are more attractive to M. persicae, the
virus does not have marked effects on the preference of M. persicae
when tobacco plants are used (Tungadi ez af, 2017; Wu ez al.,
2017).

Even replacement of one strain/line with another of the same
species may incur substantial changes in the tripartite interaction.
Using three tomato lines that vary in the strength of the JA-
signaling pathway, Sun ez /. (2017) found that virus infection of
plants enhanced whitefly performance thereon more frequently
and at a higher level when plants with relatively high JA-regulated
defenses were used. Considering the large number of alternative
species/strains of each player (plant, insect and virus), the number
of potentially distinct tripartite interaction combinations is vast.
For example, over 400 species of begomoviruses (family
Geminiviridae; genus Begomovirus) are known and, in theory, each
of them can be transmitted by one or several species of whiteflies of
the Bemisia tabaci complex, which consists of > 40 whitefly species
(De Barro et al., 2011; Liu et al, 2012; Zerbini et al., 2017;
Kanakala & Ghanim, 2019; Wang & Blanc, 2021; https://talk.ic
tvonline.org/ictv-reports/ictv_online_report/ssdna-viruses/w/ge
miniviridae, accessed 26 October 2020). In addition, many of these
viruses and their whitefly vectors have a wide range of host plants
(Mansour & Al-Muse, 1992; Malka ez 4/, 2018). Thus, one can
only imagine how many tripartite combinations of begomoviruses,
plants and whiteflies may arise.

Environmentally, other variables, either biotic (i.e. coexisting
herbivores, pathogens and natural enemies) or abiotic (i.e.
temperature, moisture and light), may modify the dynamics and
outcomes of tripartite interactions. These variables may alter virus—
plant—insect interactions directly by affecting the interaction
between any two of the three players or indirectly by altering the
performance of one of the organisms. This premise is supported by
the fact that even alternating the sequence of biotic challenges
encountered by a host plant substantially modifies the tripartite
interaction. For example, a change from ‘virus first and then insect
vector’ to ‘insect vector first and then virus’ in laboratory
experiments, alters the tripartite interaction, both qualitatively
and quanditatively (P. Li ez 4/, 2017). Furthermore, in natural or
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cultivated ecosystems, biological invasion or change of agricultural
practices may lead to changes to the combinations of the three
partner organisms and, subsequently, their associated natural
enemies. This has the potential to create unprecedented food webs,
adding another degree of complexity and variability to tripartite
interactions.

When discussing the modulation of plant—insect interactions by
viruses, attention has mostly focused on the biological character-
istics of viruses, such as the mechanisms (persistent vs nonpersis-
tent) underlying virus transmission by insect vectors (Mauck ez .,
2012, 2018; Eigenbrode er al, 2018). However, as discussed
earlier, many genetic and environmental variables may contribute
to the modulation of plant—insect interactions by viruses. Thus,
interpretation of experimental studies and natural observations on
the tripartite interactions should always take these factors into
consideration. Many more case studies using pathosystems, either
naturally occurring or artificial, in both laboratory and field scales
are required to elucidate the general principles that govern tripartite
interactions.

2. Strategies to reveal the underlying mechanisms of
tripartite interactions

While the mechanisms underlying tripartite interactions involving
plant, virus and insect vector are complex and variable, they can be
tractable when an appropriate strategy is adopted for their study. To
date, a relatively small number of tripartite systems have been
intensively investigated. Therefore, we present an example of the
extensive and collaborative work that has focused on unraveling the
intricacies in tripartite interactions involving begomoviruses. In the
past decade, a joint effort from our laboratory and the laboratories
of Professor Xue-Ping Zhou (Zhejiang University) and Professor
Rong-Xiang Fang (Institute of Microbiology, Chinese Academy of
Sciences) has begun to reveal the complexities of the interactions
among begomoviruses, whitefly vectors and their shared host plants
(Jiu ez al., 2007; Zhang et al., 2012; Wang ez al., 2012, 2020; Luan
et al., 2013a,b; Li et al., 2014; He et al., 2015; P. Li et al., 2017,
2019; Zhao et al., 2019, 2021; He et al., 2020; Zou et al., 2020).
Our complementary studies demonstrate the feasibility of unrav-
eling the underlying mechanisms, in particular the modulation and
function of phytohormones, using a multidisciplinary, integrated
approach that utilizes cutting-edge technologies (Fig. 2). Collec-
tively, these efforts vividly demonstrate the complexity of the
interaction network in a tripartite system.

In this joint effort, the tripartite system consisting of tobacco
plants, TYLCCNYV and two species of whiteflies of the B. tabaci
complex (MEAM1 and MED) has received most attention. Initial
bioassays showed that whitefly performance and population
increases are enhanced on virus-infected plants relative to
uninfected plants. However, this positive effect on whiteflies is
nota result of virus infection of the whiteflies per sebut rather of the
feeding of whiteflies on virus-infected plants (Jiu ez a/, 2007). In
fact, virus infection of whiteflies reduces survival and fecundity (Jiu
et al., 2007). LC profiling of the amino acids and sugar content of
plants, whiteflies and whitefly honeydew shows that virus infection
ofhost plants results in little change of the nutritional content of the
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phloem sap. However, compared with whiteflies feeding on
uninfected plants, whiteflies on virus-infected plants excrete a
significantly higher proportion of sugar and a lower proportion of
amino acids, particularly some essential amino acids. The lower
amino acid content of the honeydew suggests that whiteflies have
enhanced nutrient assimilation while feeding on virus-infected
plants (Wang ez al., 2012). Electrical penetration graph analysis of
whitefly feeding behaviors demonstrates that virus-infected white-
flies display impaired feeding on healthy plants. By contrast, when
viruliferous whiteflies feed on virus-infected plants, their feeding is
enhanced as evidenced by rapid and effective sap ingestion (He
etal.,2015). These observations indicate that the beneficial effect of
the virus on whiteflies is indirect, and virus-induced enhancement
of whitefly performance is achieved via their shared host plants.

By integrating genetics, genomics, transcriptomics and
metabolomics, the multifaceted mechanisms of the pathogenicity
factor BC1 action has been revealed. The first discovery was that
BC1 encoded by TYLCCNV’s satellite interferes with the plant’s
JA pathway to suppress terpenoid synthesis (Zhang ez al., 2012;
Luan ez al., 2013b). Further studies have shown that BC1 disrupts
JA-regulated plant immunity using three distinct mechanisms.
First, by interacting with the plant transcription factor MYC2, fC1
interferes with the plant’s JA-signaling pathway to reduce down-
stream terpenoid synthesis (Li ez al., 2014). Second, PC1 interacts
with tobacco protein S-phase kinase-associated protein 1, resulting
in enhanced JAZI stability and the attenuation of the plant’s JA
defense responses (Zou ez al., 2020). Finally, within the phloem,
BC1 binds to the plant transcription factor WRKY20. This viral
hijacking of WRKY20 causes a spatiotemporal redeployment of
plant chemical immunity. Indolic glucosinolates are reduced
within the phloem, resulting in beneficial effects for the virus and its
whitefly vector. In addition, the increases in methionine-derived
glucosinolates within the leaf lamina negatively impact the
performance of the cotton bollworm (a nonvector competitor)
(Zhao et al., 2019). Further experiments have shown that red light
promotes the manipulation of whitefly—plant interactions by
TYLCCNV BC1 via stabilization of BC1, which interacts with
several PHYTOCHROME-INTERACTING FACTOR (PIF)
transcription factors to compromise terpene synthesis (Zhao ez al.,
2021). These potent and multifaceted impacts of BC1 on plant
immunity assures viral manipulation of the JA-signaling pathway
and, by extension, vector success.

3. Effects of virus infection on plants: an evolutionary
outcome?

The effects of virus infection on plant—insect interactions are often
termed ‘virus manipulation’, as virus infection alters many plant
traits, including those involved in plant—insect interactions, and
some of these traits favor virus transmission (Mauck ez 4/, 2012,
2018; Zhang eral.,2017; Carr ez al., 2018; Eigenbrode ezal.,2018).
However, as the most successful kind of organisms on earth, as
judged by biomass, plants are not passive bystanders. Instead,
plants have developed sophisticated systems, such as hormone-
regulated immune-signaling networks, to regulate their own
response to viruses and their vectors (Pieterse ez al, 2012).
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Whitefly performance

Methods: Bioassay

Results: Virus infection of plants increases whitefly performance
while virus infection of the whitefly per se decreases whitefly survival
and fecundity (Jiu et al., 2007)

Methods: High performance liquid chromatography
Results: Virus infection does not change nutrition
contents in plant but improves nutrition assimilation

Nutrition Feeding behavior

Methods: Electrical penetration graph
— Results: Virus infection of whitefly impedes its feeding,
but virus infection of plants promotes whitefly behavior

by whitefly (Wang et al., 2012)

l

Plant defense

related to sap ingestion (He et al., 2015)

Methods: Genomics, transcriptomics, metabolomics and molecular biology

Results:

(a) BC1 encoded by TYLCCNYV interferes with plant JA pathway (Zhang et al., 2012)

BC1 suppresses terpenoid synthesis (Luan et al., 2013)

(b)

(c) BC1 interacts with the plant transcription factor MYC2 (Li et al., 2014)

(d) BC1 binds to WRKY20 to redeploy plant defenses including JA pathway, thereby
benefiting vector whitefly but negatively affecting two non-vector competitors

(Zhao et al., 2019)

(e) BC1 interacts with tobacco protein S-phase kinase associated protein 1, thereby
interfering with JAZ1 degradation and JA pathway (Zou et al., 2020)
(f) BC1 binds to PIFs to compromise terpene synthesis (Zhao et al., 2021)

|

Methods: Bioassay, molecular biology and proteomics

Environmental factors

Results: Red light promotes manipulation of whitefly—plant interactions by TYLCCNV

BC1 via stabilizing BC1 (Zhao et al., 2021)

Fig. 2 Flowchart of dissection of the mechanisms underlying the tripartite interactions among tomato yellow leaf curl China virus (TYLCCNV), MEAM1 whitefly
and tobacco plants. Initially, research focused on plant nutritional content. These data led to the investigation of whitefly feeding behavior and, more
importantly, plant defenses. The physiological and molecular mechanisms underlying the virus-induced changes in phytohormones and plant defense/
immunity are investigated by integrating genetics, genomics, transcriptomics and metabolomics using cutting-edge technologies. This research was then
extended to examine the effects of environmental factors, such as light on the tripartite interactions.

Therefore, should the effects of virus infection on plant—insect
interactions be attributed to virus manipulation, or should they
instead be interpreted as a result of long-term adaption of the plants
to viruses?

Defense responses to microbial pathogens, such as viruses or
phytophagous insects, requires the activation of defense phytohor-
mone pathways triggering the expression of numerous genes, and
requires a reallocation of carbon and nitrogen resources to defense.
As these resources are often limited for plants in agricultural
ecosystems, the metabolic restructuring often leads to suppression
of plant growth in most, if not all, cases via the crosstalk between
defense and growth-related phytohormone pathways (Pieterse
eral.,2012; Vos et al., 2013; Kliebenstein, 2016). Upon attack, the
deployment of this sophisticated regulatory system to balance
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growth and reproduction by plants often has ecological costs. For
example, to minimize the resources channeled to defense, the
resistance traits induced in response to one organism may suppress
resistance to another attacker (Vos ezal.,2013). Indeed, the tradeoff
between pathogen and herbivore resistance was observed two
decades ago (Felton & Korth, 2000). In the context of tripartite
interactions, the reallocation of resources to viral defense equates to
reduced resources for defense against insect herbivores and the
biosynthesis of nutritional compounds. Collectively, these
dynamic and finely tuned changes in gene expression and
metabolism may profoundly impact plant—insect interactions.
There is now substantial evidence that crosstalk between defense
pathways, such as JA-SA antagonism, as well as the integration with
daily circadian rhythms, may be a plausible mechanism responsible
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for the reallocation of resources (Felton & Korth, 2000; Vos ez 4/,
2013; Zhou et al., 2015).

4. Transmission or infection: virus evolution at a glance

As biotrophic pathogens, plant viruses need to overcome host
defenses to achieve successful infection. For most plant viruses, their
dispersal and spread to new hosts rely on their herbivorous insect
vectors (Hogenhout ez al, 2008; Lefeuvre ez al., 2019). Plants often
use different and antagonistic signaling pathways for defense against
viruses and their insect vectors, with the SA-signaling pathway active
against viruses and the JA-signaling pathway active against insect
vectors (Felton & Korth, 2000; Wu & Baldwin, 2010; Pieterse ez al.,
2012; Alazem & Lin, 2015). Hence, nonpersistently transmitted
viruses, which rely on short-term feeding and rapid dispersal of insect
vectors for transmission, may achieve productive transmission and
infection by suppressing SA signaling and activating JA signaling.
However, an obvious conflict arises for persistently transmitted
viruses, the transmission of which relies on long-term feeding of insect
vectors on infected plants. Should these viruses manipulate their host
plants to maximize infection, which can be achieved via suppression
of the SA-signaling pathway and activation of the JA-signaling
pathway? Alternatively, should these viruses maximize transmission
by enhancing vector performance, which can be achieved via
activation of the SA-signaling pathway and suppression of the JA-
signaling pathway?

As summarized by Mauck er /. (2012, 2018) and Eigenbrode
et al. (2018), most studies focusing on persistently transmitted
viruses indicate that these viruses manipulate plants to prioritize
transmission over infection. For other biotrophic pathogens, such
as many plant pathogenic fungi and bacteria, interference with
phytohormone-signaling pathways to favor their own infection is
usually prioritized (Kazan & Lyons, 2014). One explanation for the
difference in the strategies deployed by plant viruses and other
biotrophic pathogens could be the smaller genome size of viruses,
which limits their ability to manipulate plants in favor of their own
infection. However, this hypothesis is challenged by the ability of
geminiviruses to extensively manipulate plant defense responses
despite their minute genomes (ranging from 2.5 to 5.2 kb) that
encode merely five to seven proteins (Hanley-Bowdoin ez al,
2013).

It should always be kept in mind that any successful virus life
cycle must balance productive infection and efficient transmission.
Strategically, viruses need to ensure that a plant host will support a
substantial virus load and yet survive long enough for transmission
to occur. Under this scenario, natural selection may favor and
promote the persistence of plant viruses that can manipulate their
host plants in ways conducive to their own transmission to new host
plants. In this context, transmissibility is one of the most important
facets for the success of plant viruses, as only the viruses that are
transmittable can survive, spread extensively and cause epidemics.

VI. Prospects

Review of the literature indicates that while significant advances
have been made in the last decade, we are just beginning to realize
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the complexity and dynamics of the modulation of plant—insect
interactions by viruses. Of particular relevance to this review and
future research endeavors are modulations of plant—insect interac-
tions by viruses through their impact on the synthesis and
functioning of phytohormones.

1. Role of auxin, GA, CK, BR and ABA

Auxin, GA, CK, BR and ABA concentrations are altered by virus
infection (Fraser & Whenham, 1982; Jameson & Clarke, 2002;
Benjamins & Scheres, 2008; Pieterse et al., 2012; Alazem & Lin,
2017). But their roles in modulating subsequent plant—insect
interactions and the outcomes of tripartite interactions have yet to
be revealed. With multidisciplinary approaches, this research area is
poised for major research advances.

2. Effects of genetic factors

Owing to evolutionary pressures, the genotypes of viruses, their
insect vectors and shared host plants are continually evolving.
Hence, variation occurs between and within species or genotypic
variants within a species. This genetic variation in the three partner
organisms and their associated morphological and biochemical
traits constitute a collection of intrinsic factors that can profoundly
influence the outcome of each tripartite interaction. Additionally,
morphological, physiological and biochemical traits of an organism
are dynamic and may vary with its development/growth stage. For
example, Wang e al. (2012) found that the assimilation of
nutrients from host plants by whiteflies is enhanced during
TYLCCNYV infection and this benefit is most prominent in young
virus-infected plants. This research area is largely unexplored and
will be a fertile ground for new discoveries. Future studies should
carefully document the genotypes of each tripartite partner, as well
as their developmental stage. This will ensure that these genetic
factors are controlled, which should promote an accurate assess-
ment of viral infection on phytohormones and plant—insect
interactions and provide a meaningful basis for comparisons
between different tripartite systems.

Two other facets of tripartite interactions should also be
emphasized in the future. First, some insects can vector plant
viruses with different modes of transmission, and their ramifica-
tions on phytohormones and tripartite interactions is ready for
investigation. For example, whiteflies of the B.zabaci species
complex transmit begomoviruses in a persistent-circulative manner
and criniviruses in a semipersistent manner (Navas-Castillo ez 4/,
2011; Fiallo-Olivé ez al., 2020). While holding the host plant and
whitefly species constant, comparisons of plant responses to
persistent and semipersistent viruses can be made. These studies
should reveal new insights into the orchestration of virus-induced
changes in phytohormones and plant defense traits that determine
the outcomes of tripartite interactions. Finally, the sequence of
biotic attacker establishment on host plants (e.g. virus first or vector
first) influences the outcome of tripartite interactions (P. Li ez 4/,
2017) and this research area needs further investigation. This
temporal variation in biotic challenges may influence the quanti-
tative and qualitative changes in host plant traits to significantly
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alter insect vector success, as well as viral acquisition and
transmission.

3. Effects of environmental factors

Environmental factors include biotic factors interacting directly/
indirectly with any of the players of a tripartite system, as well as
abiotic factors influencing the interaction network. Major biotic
factors include traits of other organisms living on the same plant. In
the field, colocalization of multiple insect pests (some as vectors,
others as nonvectors) or multiple viruses is common. The dynamics
of coinfecting viruses within a host plant and the effect of mixed
virus infection on plant—insect interactions may differ significantly
from those of single infections. For example, Penaflor ez /. (2016)
showed that infection of soybeans with bean pod mottle virus
increases the palatability of the host plant for its beetle vector to
enhance vector acquisition of the virus. However, dual infection
with bean pod mottle virus and soybean mosaic virus does not alter
host plant palatability. The molecular mechanisms that determine
these dynamic differences in plant—insect interactions are yet to be
determined.

Viruses may also interact with other pests including nonvector
insects. For example, Zhao ez al. (2019) recently reported that a
begomovirus reprograms plant immunity not only to enhance
the fitness of its whitefly vector but also to suppress the
performance of nonvector insects. As described earlier, this
strategy depends on the ability of the viral BC1 protein to
disrupt WRKY20 action, resulting in differences in the spatial
distribution of indole- and methionine-derived aliphatic glu-
cosinolates. Additional considerations include the organisms at
the third trophic level. Natural enemies of the insect vectors may
be significantly influenced by viral infection in the tripartite
interactions and these natural enemies may influence both vector
and nonvector insects.

Environmental abiotic factors include mainly temperature,
light, water availability and nutrition/soil. Recently, red light has
been shown to be essential for a positive effect of virus infection on
the whitefly vector to occur (Zhao ez al., 2021). Other environ-
mental factors may also significantly modulate plant—virus/plant—
insect interactions, thereby impacting the interaction network in
each tripartite system. For example, high temperature modulates
plant—virus interaction by inhibiting the hypersensitive response
induced by viral proteins of potato virus X in N. benthamiana
plants (Wang ez al., 2009). In addition, exposure of field-grown
soybean to solar UV-B radiation increases isoflavonoid content in
pods, which is positively correlated with resistance to stink bugs
(Zavala et al., 2015). Furthermore, abiotic factors often function in
combination, adding additional complexity. For example, resis-
tance of 11 accessions of two Capsicum species to three species of
thrips is found to vary significantly among locations of the field that
differed in climate and soil conditions (Visschers et al., 2019).
These findings highlight the potentially significant impact of
environmental abiotic factors on tripartite interactions, and further
indicate the need for considerations of climate change and
geographic variation in future studies in this respect. However, to
date, investigation of the combined effects of abiotic factors on the

New Phytologist (2021) 230: 1305-1320
www.newphytologist.com

New
Phytologist

outcomes of tripartite interactions is lacking. In addition, with the
rise of organicagricultural practices, comparisons of traditional and
‘green’ agricultural practices and their impacts on the molecular
processes affecting tripartite interactions is an area that is ready for
significant advances (Blundell ez 4/, 2020).

4. New opportunities in unraveling underlying mechanisms

A multidisciplinary and integrated approach to investigating
tripartite interactions, as discussed earlier, has become more
fruitful as new technologies and model study systems become
available. Notably, the exploration of molecular mechanisms from
the plant side may benefit from the genetic resources and short life
cycle associated with model plants, such as Arabidopsis. In
addition, the application of mathematical modeling, as seen in
Donnelly ez al. (2019), will help to garner further insights into
patterns of interactions, particularly at the population and
ecosystem levels. Development of new technologies now offers
further opportunities. For example, genome-editing techniques
enable targeted genetic changes in genomes to impact gene function
and epigenetic regulation (Andriy ez /., 2020). Application of these
technologies to any or all of the partners in a tripartite interaction
will enable rapid and precise exploration of molecular mechanisms
dictating the outcomes of plant—insect—virus interactions, even in
nonmodel organisms.

5. Field investigations

From an evolutionary and ecological perspective, the importance
of investigating tripartite interactions in the field is obvious.
Field experiments regarding the effects of virus infection on
phytohormones and plant—insect interactions are rare. This is
due in part to the fact that these interactions are affected by so
many genetic and environmental factors and, therefore, are
challenging to analyze quantitatively. As noted earlier, in the
field, virus—plant—insect vector interactions are seldom found as
isolated systems. Therefore, the outcomes of the tripartite
interaction are likely to be substantially modified by other
biotic/abiotic factors. Few studies have yet to broach these
complex systems. One example is the ‘real world’ studies of
Mauck er al (2015), wherein the preference of nonvector
herbivores and predators for virus-infected and uninfected plants
in a weedy field setting was investigated. A large number of field
studies and their coherent analyses are likely to promote
understanding of the ecological/evolutionary significance of the
effects of virus infection on phytohormones and plant—insect
interactions that extend well beyond tripartite interactions.
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