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A pathogen may cause infected plants to promote the performance of its transmitting vector, which accelerates the spread of
the pathogen. This positive effect of a pathogen on its vector via their shared host plant is termed indirect mutualism. For
example, terpene biosynthesis is suppressed in begomovirus-infected plants, leading to reduced plant resistance and
enhanced performance of the whiteflies (Bemisia tabaci) that transmit these viruses. Although begomovirus-whitefly
mutualism has been known, the underlying mechanism is still elusive. Here, we identified bC1 of Tomato yellow leaf curl
China virus, a monopartite begomovirus, as the viral genetic factor that suppresses plant terpene biosynthesis. bC1 directly
interacts with the basic helix-loop-helix transcription factor MYC2 to compromise the activation of MYC2-regulated terpene
synthase genes, thereby reducing whitefly resistance. MYC2 associates with the bipartite begomoviral protein BV1, suggesting
that MYC2 is an evolutionarily conserved target of begomoviruses for the suppression of terpene-based resistance and the
promotion of vector performance. Our findings describe how this viral pathogen regulates host plant metabolism to establish
mutualism with its insect vector.

INTRODUCTION

Vector-borne pathogens are virulent causal agents of diseases
in humans, animals, and crop plants (Navas-Castillo et al., 2011;
Rosenberg and Beard, 2011). Vector behavior has overwhelming
ecological and evolutionary significance for the pathogens that
they carry and transmit, as vector-borne pathogens rely on their
vectors for transmission to and multiplication in new hosts.
Therefore, the ability of a pathogen to alter the behavior of its
vector in a manner that facilitates its own transmission would
be highly adaptive. This is especially important for plant path-
ogens, as their hosts are sessile, thus limiting pathogen move-
ment from one plant to another. Several animal pathogens can
directly affect their vector to increase transmission rate (Hurd,
2003; Lefèvre et al., 2008). By contrast, plant pathogens have
been shown mainly to modify vector behavior via their shared
host plant to achieve an indirect mutualistic relationship be-
tween pathogen and vector (Casteel et al., 2014; Luan et al.,
2014).

Indirect mutualistic relationships in pathogen-vector-plant inter-
actions have two main aspects. First, the pathogen causes nutri-
tional changes in infected plants, resulting in improved fitness of
the vectors. Second, the pathogen increases plant attractiveness
and suitability to the vectors by overcoming plant defenses against
the vector species, thereby promoting vector performance and
increasing pathogen spread (Beanland et al., 2000; Eigenbrode
et al., 2002; Lacroix et al., 2005; Jiu et al., 2007; Wang et al., 2012;
Luan et al., 2014). To date, only a few reports have examined the
host plant genes that are involved in pathogen-vector-plant inter-
actions. For instance, the phytoplasma effector protein SAP11
enhances the fitness of its vector by modulating plant defense-
responsive TCP transcription factors (Sugio et al., 2011).
Being sessile, plants have evolved sophisticated mechanisms

to integrate endogenous and exogenous signals to adapt to the
changing environment, often by releasing a blend of ecologically
important volatiles to the atmosphere (Hong et al., 2012). Plant
volatiles are well known to mediate host location by herbivorous
arthropods and their carnivorous enemies (Dicke and Baldwin,
2010). Pathogens may modulate plant volatile production to in-
fluence vector behavior. For instance, volatile terpenoids mediate
direct defense against the whitefly Bemisia tabaci (Hemiptera:
Aleyrodidae) (Bleeker et al., 2009; Luan et al., 2013). Infection
of tobacco (Nicotiana tabacum) by Tomato yellow leaf curl
China virus (TYLCCNV) and its betasatellite complex reduces
the synthesis of the sesquiterpene cedrene. This reduction in
turn benefits its vector, the whitefly B. tabaci, resulting in
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a vector-virus mutualism (Luan et al., 2013). Moreover, some
pathogen-infected plants have an inferior nutritional profile not
optimal for the vector. To attract more vectors, pathogens can
modulate host-derived olfactory cues to deceive their vectors
(Eigenbrode et al., 2002; Mauck et al., 2010; Mann et al., 2012;
Luan et al., 2014). To date, the precise mechanism of how a
pathogen regulates host-derived olfactory cues remains poorly
understood.

The genus Begomovirus (family Geminiviridae) contains the
largest number of plant viruses in tropical, subtropical, and tem-
perate agroecosystems worldwide (Navas-Castillo et al., 2011).
Begomoviruses can be categorized into two types according to
their DNA genomes: bipartite and monopartite. Bipartite viruses,
such as the Cabbage leaf curl virus (CaLCuV), contain two com-
ponents: DNA-A and DNA-B. By contrast, monopartite viruses
possess only the DNA-A component. DNA satellites (e.g., the
betasatellite), however, are associated with some monopartite
begomoviruses. Irrespective of the genome composition, bego-
moviruses are transmitted exclusively by members of the whitefly
B. tabaci species complex. Increasing evidence reveals that the
plant jasmonic acid (JA) signaling pathway plays an important role
in whitefly resistance (Zarate et al., 2007; Zhang et al., 2012).
Begomovirus infection or stable transgene-expressed viral pro-
teins in plants lead to reduced transcription of some JA-responsive
genes (Ascencio-Ibáñez et al., 2008; Yang et al., 2008; Lozano-
Durán et al., 2011; Zhang et al., 2012), and the impairment of JA
signaling enhances vector performance (Zhang et al., 2012; Luan
et al., 2013). This is one of the strategies employed by begomo-
viruses for persistent transmission. However, the host protein
targets of begomoviruses and the molecular processes in the
suppression of JA signaling are still elusive. Yang et al. (2008)
identified Arabidopsis thaliana ASYMMETRIC LEAVES1 (AS1)
as one molecular target of the TYLCCNV pathogenicity factor
bC1 to explain whitefly-geminivirus mutualism. bC1 directly
binds to AS1 and depresses the AS1-mediated suppression of
leaf development; by contrast, bC1 promotes the repressive
role of AS1 in regulating JA signaling. Moreover, bC1 attenuates
the expression of both PDF1.2 and VSP1, which participate in
two antagonistic branches of the JA downstream pathway.
These effects on plant gene expression induced by bC1-AS1
interaction prompted us to search for additional target plant
protein(s), which may be involved in whitefly-begomovirus
mutualism.

Here, we show that begomoviruses suppress plant terpene-
related defenses to achieve indirect vector-virus mutualism in
two model plants: Nicotiana benthamiana and Arabidopsis. The
bC1 protein, encoded by the betasatellite of the monopartite
TYLCCNV, was identified as the key viral genetic factor for the
suppression of terpene synthesis. Using the yeast two-hybrid
system, we identified the transcription factor MYC2 as an ad-
ditional interaction partner of bC1. As a key component in the JA
pathway, MYC2 dimers directly regulate TERPENE SYNTHASE
(TPS) genes. bC1 interferes with MYC2 dimerization, resulting
in decreased TPS transcript levels and reduced terpene syn-
thesis. Our results provide a molecular mechanism for how
begomoviruses establish mutualistic relationships with their
whitefly vectors by targeting the activity of the plant MYC2
protein.

RESULTS

TYLCCNV bC1 Protein Suppresses Plant Terpene Synthesis
and Changes the Host Preference and Performance
of Whitefly

Two model plants, Arabidopsis and N. benthamiana, were used
in our work. N. benthamiana is closely related to tomato (Solanum
lycopersicum), whose genome encodes 44 TPS genes with de-
tailed functional characterization (Falara et al., 2011). Using the
tomato TPS protein sequences as a reference, we identified 38
counterparts, and 13 of them encoded putative functional TPS
(>300 amino acids) in the N. benthamiana genome (Supplemental
Figure 1). Reverse transcription quantitative PCR (RT-qPCR)
analysis showed that eight TPS genes were expressed in
N. benthamiana leaves, where most vector-virus interactions take
place. Two genes, Nb-TPS1 and Nb-TPS12, encoding sesqui-
terpene synthases, as well as putative genes for the sesquiter-
pene modifier cytochrome P450 hydroxylase (Nb-EAH) (Ralston
et al., 2001) were significantly downregulated in plants infected by
TYLCCNV and its associated betasatellite (TYLCCNB) (hereafter
referred to as TA+b) compared with plants infected with only
TYLCCNV (hereafter referred to as TA) (Figure 1A). Nb-TPS1
transcript levels in TA+b-infected plants were only 30% of that in
control plants.
To understand the metabolic consequences of the reduced

TPS expression levels upon TA+b infection, we investigated
changes in the emission of volatile compounds after virus in-
fection. Although basal TPS expression levels could be detected,
no constitutive volatile from the headspace of N. benthamiana was
detected with our experimental equipment and conditions. This
might be because the expression of the majority of TPS genes in
N. benthamiana plants is inducible, for example by whitefly in-
festation. This phenomenon was also found in Arabidopsis (Tholl
and Lee, 2011). We noted that whitefly infestation increases the
release of terpenes in both tobacco, a relative of N. benthamiana,
and Arabidopsis (Luan et al., 2013; Zhang et al., 2013). Therefore,
we applied methyl jasmonate (MeJA) to mimic whitefly infestation,
since this plant hormone elicits the production of a variety of ter-
penes (Kessler and Baldwin, 2001). Figure 1B shows that five
terpenes were reproducibly detected in the headspace of
N. benthamiana. Among these, the emission of four volatile mono-
terpenes, namely a-pinene, b-pinene, D-limonene, and linalool,
showed no significant difference between TA- and TA+b-infected
plants (Figure 1B). By contrast, the presence of the betasatellite
(TA+b) in infected plants decreased the emission of a-bergamotene,
a sesquiterpene, by 75.4%. As expected, more whiteflies were at-
tracted to TA+b-infected plants compared with TA-infected plants
(Figure 1C).
Recent studies have shown that the TYLCCNB betasatellite

encodes only one protein, bC1, which accounts for the atten-
uation of JA signaling in plants (Yang et al., 2008; Zhang et al.,
2012). We examined whether the bC1 protein is responsible for
the repression of plant terpene biosynthesis. To this end, we used
a bC1 betasatellite mutant (mb) in which the first start codon has
been mutated (Cui et al., 2004). Relative to TA-infected plants,
TA+mb-infected plants showed no significant change in tran-
scription levels of all TPS genes except Nb-TPS3, of which a mild
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Figure 1. The bC1 Protein Encoded by the Betasatellite Increases Whitefly Attraction and Performance on Plants by Reducing Terpene Synthesis.
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decrease in transcription level occurred (Supplemental Figure 2).
These results indicate that a functional bC1 protein is indis-
pensable for the repression of plant terpene synthesis by the
TYLCCNV/TYLCCNB complex. To confirm this hypothesis, we
determined Nb-TPS1 expression levels in control and infected
plants and transgenic N. benthamiana plants overexpressing bC1
(bC1/Nb). The expression level of Nb-TPS1, which was the most
significantly downregulated gene in TA+b-infected plants, was
greatly reduced in two bC1/Nb transgenic lines compared with
wild-type plants (Figure 1D). Ectopic expression of bC1 in
N. benthamiana or Arabidopsis altered plant development
(Supplemental Figures 3A and 3B), which might in turn alter the
interaction between whitefly and plant. To minimize the effect of
plant development, we chose a weak phenotype to perform vol-
atile extraction and whitefly experiments (bC1-1/Nb and bC1-1/
At). As expected, the major changed component release from the
headspace of bC1-1/Nb plants was a-bergamotene, only 55.4%
of that of the wild-type plants (Figure 1E; Supplemental Figure
3B). The attenuated terpene synthesis in bC1-1/Nb lines was
associated with the attraction of more whiteflies (Figure 1C).
These results indicate that bC1 is the gene in the TYLCCNV/
TYLCCNB complex responsible for the repression of terpene
biosynthesis in N. benthamiana.

Next, we asked whether bipartite begomoviruses are also
capable of repressing host plant terpene biosynthesis, like their
monopartite counterparts. CaLCuV is a bipartite begomovirus
that can infect Arabidopsis. We screened 15 leaf- or flower-
specific TPS genes in Arabidopsis after CaLCuV infection (Tholl
and Lee, 2011). Supplemental Figure 4A shows that six TPS
genes were significantly repressed in plants infected with
CaLCuV A+B (hereafter referred to as CA+CB) compared with
plants infected with CaLCuV DNA-A alone (hereafter referred to
as CA). Among them, the At-TPS10 transcript level suffered the
most severe reduction. Volatile metabolite analysis showed that
production of the monoterpenes b-myrcene and limonene in
CA+CB-infected plants was only 43 and 85.2%, respectively, as
compared with those in control plants with CA infection alone

(Supplemental Figure 4B). Moreover, compared with control
plants, CA+CB-infected plants were more attractive to whiteflies
(Supplemental Figure 4C), and more eggs were laid by whiteflies
on the latter (Supplemental Figure 4D). Whitefly developed sig-
nificantly faster on CA+CB-infected plants than on CA-infected
plants, as indicated by the higher proportion of late fourth instar
nymphs and adult whiteflies (Supplemental Figure 4E). These
results show that suppression of terpene synthesis indeed in-
directly benefits the whitefly vector in Arabidopsis. We note that
At-TPS10 transcript levels were also markedly more repressed
in two Arabidopsis bC1/At transgenic plants than those of the
wild type (Figure 1F), suggesting the conservation of a common
host protein target through the evolution of both monopartite
and bipartite begomoviruses. The expression level of At-TPS10
and that of other key genes that differ significantly between Ara-
bidopsis bC1/At transgenic plants and the wild type (Columbia-0
[Col-0] ecotype) (see below) showed no difference between
transgenic empty vector plants and wild-type plants (Supplemental
Figure 5). Therefore, we used wild-type plants as the control
throughout our experiments. The reduced At-TPS10 expression
levels resulted in a 51.1% reduction in the release of b-myrcene
(Figure 1G). Consequently, relative to Arabidopsis wild-type plants,
bC1-1/At transgenic plants were more attractive to whiteflies, and
more eggs were laid by whiteflies on the latter (Figures 1C and 1H).
Moreover, whitefly development progressed significantly faster on
bC1-1/At transgenic plants than on wild-type plants (Figure 1I).
These data indicate that the TYLCCNV bC1 contributes to the
suppression of host terpene biosynthesis and renders the host
more attractive to the virus vector.

TPS10 Is an Arabidopsis Defense Gene against Whitefly

Because At-TPS10 in Arabidopsis and Nb-TPS1 in N. benthamiana
were severely repressed after begomovirus infection, we in-
vestigated their roles in plant resistance to whiteflies. Quantitative
PCR analysis revealed that the constitutive but low expression of
At-TPS10 increased rapidly when the plants were treated with

Figure 1. (continued).

(A) Relative expression levels of different TPS genes in N. benthamiana. Plants were infiltrated with the TYLCCNV DNA-A alone (TA) or along with an
associated betasatellite DNA encoding only the protein bC1 (TA+b). Values are means + SE (n = 5).
(B) Terpenes emitted by N. benthamiana after TYLCCNV infection. Values are mean relative amounts (percentage of internal standard peak area) + SE

(n = 6).
(C) Whitefly preference (as percentage recaptured whiteflies out of 200 released) on different plants. Values are means + SE (n = 8). All of the terpene
extraction experiments and whitefly choice assays were performed at 6 h after MeJA treatment.
(D) Relative expression levels of Nb-TPS1 in wild-type N. benthamiana and two N. benthamiana lines expressing bC1 (bC1-1/Nb and bC1-2/Nb). Values
are means + SE (n = 5).
(E) a-Bergamotene emitted by the wild type or the transgenic bC1 expression line bC1-1/Nb. Values are means + SE (n = 6).
(F) Relative expression levels of At-TPS genes in the wild type and two Arabidopsis transgenic lines expressing bC1 (bC1-1/At and bC1-3/At). Values
are means + SE (n = 5).
(G) Emission of b-myrcene in wild-type Arabidopsis and the transgenic bC1 expression line bC1-1/At. The results are expressed as peak area units per
gram of plant fresh weight. Values are means + SE (n = 6).
(H) Daily number of eggs laid per female in wild-type Arabidopsis and the transgenic bC1 expression line bC1-1/At. Values are means + SE (n = 8).
(I) Effect of plant genotype on the proportion of progeny that had reached advanced stages of development (red eye yellow fourth nymph and open
exuvia indicating emergence) by day 22. Values are means + SE (n = 8).
Asterisks indicate significant differences between different treatments or lines (*P < 0.05, **P < 0.01; Student’s t test for all experiments except the
whitefly choice experiments, which were analyzed by the Wilcoxon matched pairs test).
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MeJA or mechanically wounded (Figures 2A and 2B). Consistent
with these observations, whitefly infestation also increased
At-TPS10 expression (Supplemental Figure 6A). These results were
further confirmed by At-TPS10 promoter activity assays using an
Arabidopsis transgenic line expressing an At-TPS10 promoter:GUS
(for b‑glucuronidase) reporter gene. Figure 2C shows strong GUS
expression after 6 h of mechanical wounding or MeJA treatment or
after 8 h of feeding by whiteflies. The expression profile suggested
that At-TPS10, similar to VSP1 (Kazan and Manners, 2013), is
a marker of the JA response in Arabidopsis.

To understand the role of At-TPS10 in plant defense, we used
a tps10-2 (SALK_041114) mutant line, which carries a T-DNA
insertion in the second exon of TPS10 (Supplemental Figure 7A).
There was no obvious difference in the growth phenotype be-
tween wild-type Arabidopsis and tps10-2 mutants (Supplemental
Figure 7B). Compared with wild-type plants, tps10-2 mutant
plants did not accumulate detectable levels of TPS10 mRNA
(Figure 2D), suggesting that tps10-2 is a null mutant. At-TPS10
has been reported to convert geranyl diphosphate into multiple
monoterpenes in Escherichia coli, and b-myrcene is the major
monoterpene product (Bohlmann et al., 2000). To obtain direct
genetic evidence for At-TPS10 enzyme activity in vivo, we trap-
ped volatiles emitted from tps10-2 mutant plants. Consistent with
the above observations, the b-myrcene level was significantly
decreased in tps10-2 plants as compared with wild-type plants
(Figure 2E). Moreover, TPS10-deficient Arabidopsis plants were
more attractive to whiteflies than wild-type plants (Figure 2I).
Whiteflies laid more eggs on tps10-2 plants than on wild-type
plants (Figure 2F). These results show that At-TPS10 is involved in
defense against whiteflies.

We used virus-induced gene silencing (VIGS) to downregulate
TPS1 transcript levels in N. benthamiana. In VIGS-silenced plants,
Nb-TPS1 transcript levels were reduced by 79% compared with
control plants (Figure 2G). Phylogenetic tree analysis of TPS
proteins from different species showed that Nb-TPS1 belongs to
the clade of sesquiterpene synthases (Supplemental Figure 1).
Consistent with this prediction, the emission of a-bergamotene
was reduced by 59% in Nb-TPS1-silenced plants compared with
control plants (Figure 2H), indicating that Nb-TPS1 encodes an
a-bergamotene synthase. Moreover, Nb-TPS1-silenced plants
attracted more whiteflies than control plants (Figure 2I). In con-
clusion, At-TPS10 and Nb-TPS1 are the major target genes in the
terpene biosynthesis pathway of plants for host defense against
whiteflies.

bC1 Interacts with the MYC2 Transcription Factor of
Plant Hosts

To elucidate the molecular mechanism of how begomoviruses
manipulate plant terpene biosynthesis pathways, we screened
an Arabidopsis cDNA library by a yeast two-hybrid system to
identify plant proteins that may interact with TYLCCNB bC1. In
preliminary experiments, we obtained a few putative positive
interactors, including At-MYC2, which is a key downstream
component of the JA signaling pathway (Kazan and Manners,
2013). The importance of JA signaling in plant-insect inter-
actions (Wu and Baldwin, 2010) prompted us to investigate
MYC2 further.

First, we confirmed the interaction between Arabidopsis
MYC2 and bC1 by a cotransformation assay in yeast. BD-bC1
and AD-At-MYC2 yeast transformants were able to grow on SD-
Leu-Trp-His selection plates with 2 mM 3-amino-1,2,4-triazole,
whereas yeast transformants carrying two control constructs were
unable to do so. These observations confirmed the At-MYC2/bC1
interaction in yeast (Figure 3A). Next, we performed protein pull-
down assays to determine whether the two proteins can indeed
interact directly in vitro. Figure 3B shows that MBP-At-MYC2 was
pulled down by GST-bC1, whereas no signal was observed when
GST-bC1 was replaced by GST in the assay, indicating specific
At-MYC2 interaction with bC1 in vitro. We then extended these
observations to the N. benthamiana system. Nb-bHLH1 is a ho-
molog of At-MYC2 in N. benthamiana (De Boer et al., 2011), and
this gene is referred to as Nb-MYC2 here. As expected, MBP-Nb-
MYC2 was also pulled down by GST-bC1 (Figure 3B), indicating
the interaction between bC1 and Nb-MYC2 as well.
We used the N. benthamiana transient expression system to

determine the intracellular localization of bC1 and plant MYC2
proteins. Supplemental Figure 8 shows that bC1 localized in both
the nucleus and the cytosol, whereas At-MYC2 and Nb-MYC2
specifically localized in the nucleus. Coexpression of bC1-CFP
and At-MYC2 or Nb-MYC2-YFP showed colocalization of bC1
with MYC2 proteins in the nuclear compartment (Supplemental
Figure 8, third and fifth panels); however, these results did not
provide direct evidence that they indeed interact in vivo. To further
examine the interaction between bC1 and MYC2 proteins, we
performed a bimolecular fluorescence complementation (BiFC)
assay. Agrobacterium tumefaciens strains containing expression
vectors for bC1-cEYFP and At-MYC2 (or Nb-MYC2)-nEYFP were
coinfiltrated into N. benthamiana leaf cells. Figure 3D (third and
fourth panels) shows strong fluorescence in nuclei, as confirmed
by 49,6-diamidino-2-phenylindole (DAPI) staining. As a negative
control, no fluorescence was observed when bC1-cEYFP was
coexpressed with an empty nEYFP vector (Figure 3D, first panel).
Because the bipartite begomovirus CaLCuV also suppressed

terpene biosynthesis, we asked if any of the CaLCuV-encoded
proteins can interact with MYC2. BV1 in the DNA-B component
of CaLCuV is located in a similar genomic locus as the bC1 gene
of TYLCCNV/TYLCCNB (Cui et al., 2004; Fontes et al., 2004).
Confocal microscopy experiments using BV1-CFP and At-
MYC2-YFP showed that the two proteins colocalized in the
nucleus (Supplemental Figure 8, fourth panel). Pull-down and
BiFC assays provided direct evidence that BV1 interacts with At-
MYC2 in vitro and in vivo, respectively (Figures 3C and 3D, fifth
panels). Considered together, these results demonstrate that
MYC2 is a conserved interaction partner shared by TYLCCNV/
TYLCCNB bC1 and CaLCuV BV1 proteins.

MYC2 Directly Regulates Transcript Levels of TPS Genes

Our results so far confirmed and extended previous data (Luan
et al., 2013) that TYLCCNV/TYLCCNB infection suppresses
plant terpene synthesis and that bC1 modulates this process
(Figure 1; Supplemental Figure 2). The interaction between bC1
and MYC2 raises the question of whether the host protein is
directly involved in terpene-mediated whitefly resistance. MYC2,
which belongs to the basic helix-loop-helix (bHLH) transcription
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factor family, binds to the G-box or G-box-like (CANNTG) cis-
element (Dombrecht et al., 2007; Godoy et al., 2011). Analysis of a
1.8-kb upstream region of At-TPS10 by PLACE (http://www.dna.
affrc.go.jp/htdocs/PLACE/) uncovered five G-box-like elements
distributed in three regions (Figure 4A). Three additional G-box-
like elements were also found in the At-TPS10 59 terminal non-
coding region. To check whether MYC2 can bind directly to these
elements in vivo, we performed a chromatin immunoprecipitation

(ChIP) assay using transgenic lines expressing a MYC2-GFP fu-
sion protein under the control of the cauliflower mosaic virus 35S
promoter in the myc2-2 mutant background of Arabidopsis.
Quantitative PCR analysis showed that region III was significantly
enriched in 35S:MYC2-GFP/myc2-2 lines relative to wild-type
plants (Figure 4B). This region is 200 to 400 bp upstream of the
At-TPS10 transcription start site and contains two G-box-like
elements, G-box-like 1 (CAAGTG, 2449 to 2454 bp from the

Figure 2. Silencing of TPS Decreases Terpenoid Synthesis and Compromises Plant Defense against Whitefly.

(A) Relative At-TPS10 expression levels (means + SE; n = 5) in Arabidopsis treated with MeJA or 0.01% Tween 20 (Mock).
(B) Relative At-TPS10 expression levels (means + SE; n = 5) in control and wounded Arabidopsis plants.
(C) GUS activity of the At-TPS10 promoter:GUS reporter line after MeJA treatment and mechanical wounding for 6 h or whitefly feeding for 8 h. An
untreated line was used as a control. Arrows indicate mechanical wounding or whitefly feeding sites. Bars = 2 mm.
(D) Relative expression level of At-TPS10 in Arabidopsis wild type and tps10-2. Values are means + SE (n = 5).
(E) Emission of b-myrcene in Arabidopsis wild type and tps10-2. Values are means + SE (n = 5).
(F) Daily number of eggs laid per female in Arabidopsis wild type and tps10-2. Values are means + SE (n = 8).
(G) Relative expression level of Nb-TPS1 in control and Nb-TPS1-silenced N. benthamiana plants. Values are means + SE (n = 5).
(H) a-Bergamotene emitted by control and Nb-TPS1-silenced N. benthamiana plants. Values are means + SE (n = 6).
(I) Whitefly preference (as percentage recaptured whiteflies out of 200 released) on each plant. Values are means + SE (n = 8).
All terpene extraction experiments and whitefly choice assays were performed at 6 h after MeJA treatment. Asterisks indicate significant differences
between different treatments or different lines (*P < 0.05, **P < 0.01; Student’s t test for all experiments except the whitefly choice experiments, which
were analyzed by the Wilcoxon matched pairs test).
[See online article for color version of this figure.]
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transcription start site) and G-box-like 2 (CACATG,2188 to2183
bp from the transcription start site). To further confirm the binding
of MYC2 to these two G-box-like elements, we performed an
electrophoretic mobility shift assay using the purified recombinant
His-MYC2 protein. His-MYC2 can bind to G-box-like 2 (CACATG)
but not to G-box-like 1 (CAAGTG) nor to a mutant of G-box-like 2
(TTCAAA) (Supplemental Figure 9; Godoy et al., 2011). DNA
binding specificity was further confirmed in a competition ex-
periment using excess unlabeled G-box-like 2 probe as a cold
competitor, by which reduced DNA/protein was detected
(Supplemental Figure 9). To test if G-box-like 2 in region III was
indeed responsible for the JA-induced response, we generated
At-TPS10 mutant promoter:GUS transgenic lines, in which
59-CACATG-39 was substituted by 59-TTCAAA-39. At-TPS10
promoter:GUS lines showed strong GUS activity 6 h after MeJA
treatment, whereas little GUS activity was observed in At-TPS10
mutant promoter:GUS lines (Figures 4C and 4D). These data

indicate that MYC2 binding to the G-box-like 2 element is es-
sential for At-TPS10 transcriptional activity.
Next, we compared TPS gene expression levels in the wild

type and myc2 mutants. Constitutive and MeJA-induced tran-
script levels of At-TPS10 were significantly decreased inmyc2-1
and myc2-2 mutants compared with the wild type. Another
herbivore-inducible gene, At-TPS04, was also downregulated
(Figure 4E; Supplemental Figure 10). The emission level of
b-myrcene, a product of At-TPS10, was only 45.8% in myc2-2
as compared with wild-type plants (Figure 4F). Consistent with
the reduced TPS expression and volatile emission, insect choice
assays showed that myc2-2 lines were more attractive to white-
flies than wild-type plants (Figure 4J). Whiteflies laid more eggs on
myc2-2 plants than on wild-type plants (Figure 4G). We used
VIGS to silence Nb-MYC2, and in the silenced plants Nb-MYC2
transcript levels were reduced by 62.0% (Figure 4H). Nb-TPS1
expression was also greatly repressed in Nb-MYC2-silenced

Figure 3. Protein-Protein Interaction between bC1 and Plant MYC2 Proteins.

(A) Interaction between bC1 and At-MYC2 in the yeast two-hybrid system. Yeast strain Y2HGold cotransformed with the indicated plasmids was
spotted on synthetic medium SD-Leu-Trp-His with 2 mM 3-amino-1,2,4-triazole. The empty vectors pGBKT7 and pGADT7 were used as negative
controls.
(B) and (C) In vitro pull-down assays. Two micrograms of GST or GST fusion proteins was used to pull down 2 µg of MBP or MBP fusion proteins.
Immunoblots were performed using anti-MBP antibody to detect the associated proteins. Membranes were stained with Coomassie Brilliant Blue to
monitor input protein amount.
(D) In vivo BiFC analysis of bC1 or BV1 interaction with MYC2. Fluorescence was observed owing to complementation of the BV1 or bC1 fused with the
C-terminal part of EYFP with At-MYC2 or Nb-MYC2 fused with the N-terminal part of EYFP. Nuclei of tobacco leaf epidermal cells were stained with
DAPI. Unfused nEYFP was used as a negative control. Bars = 50 mm.
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Figure 4. MYC2 Directly Regulates TPS Genes and Modulates Plant Defense against Whitefly.

(A) Schematic diagram of the At-TPS10 promoter-GUS reporter construct. The bent arrow indicates the transcription start site (+1). The small triangles
represent the G-box-like motif. The four lines (I, II, III, and IV) under the triangles indicate fragments amplified in ChIP assays. The end positions of each
fragment (kb) relative to the transcription start site are indicated below. UTR, untranslated region.
(B) Fold enrichment of GFP-MYC2 associated with each of the four promoter fragments. The enrichments are for 35S:MYC2-GFP/myc2-2 lines relative
to wild-type plants. Error bars indicate SE of three separate samples.
(C) and (D) GUS activity in GUS reporter lines after being treated with MeJA for 6 h. Two independent lines of each constructs were used (plants 1 and
3, At-TPS10 promoter:GUS lines; plants 2 and 4, At-TPS10 G-box-like III mutant promoter:GUS lines). Bars = 3 mm.
(E) Relative expression levels of Arabidopsis TPS genes in the wild type and myc2 mutants. Values are means + SE (n = 5).
(F) Emission of b-myrcene in the wild type and myc2-2. Values are means + SE (n = 5).
(G) Daily number of eggs laid per female in wild-type Arabidopsis and myc2-2. Values are means + SE (n = 8).
(H) Relative expression levels of Nb-TPS1 and Nb-TPS12 in control and Nb-MYC2-silenced N. benthamiana plants. Values are means + SE (n = 5).
(I) a-Bergamotene emitted by control and Nb-MYC2 VIGS N. benthamiana plants. Values are means + SE (percentage of internal standard peak area)
(n = 6).
(J) Whitefly preference (as percentage recaptured whiteflies out of 200 released) on each plant. Values are means + SE (n = 8).
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plants compared with control plants, resulting in diminished
emission of a-bergamotene in the former (Figures 4H and 4I).
Consistent with the results with Arabidopsis, more whiteflies
chose to settle on Nb-MYC2-silenced plants than on control
plants (Figure 4J). Taken together, our results show that MYC2
modulates whitefly resistance by direct transcriptional regulation
of TPS genes.

TYLCCNV bC1 Protein Suppresses the MYC2-Regulated
Synthesis of Indole and Aliphatic Glucosinolates

In Arabidopsis, MYC2 can interact with indole and aliphatic
glucosinolate (GS)-related MYB transcription factors, which play
a crucial role in the regulation of herbivore-induced plant pro-
duction of GSs. Moreover, MYC2 can bind directly to promoter
regions of multiple indole and aliphatic GS pathway genes
(Schweizer et al., 2013). Indole and aliphatic GSs in Arabidopsis
have been implicated in the performance of the whitefly B. tabaci
(Elbaz et al., 2012; Markovich et al., 2013). Thus, we further asked
if indole and aliphatic GSs were also affected by TYLCCNV bC1.
To investigate this issue, the expression level of several GS
pathway genes in bC1 overexpression Arabidopsis lines (bC1/At)
were examined. Interestingly, all tested MYC2-regulated indole
and aliphatic GS-related genes were downregulated in bC1/At
lines compared with wild-type plants (Figures 5A to 5E). The
transcript level of a MYC2 interaction partner, MYB34, which
controls the synthesis of indole GSs, also decreased in bC1/At
lines (Figure 5F); by contrast, another indole GS regulator, MYB51,
was not transcriptionally affected by bC1 expression (Figure 5G).
Consistent with the GS-related gene expression levels, three ali-
phatic GSs (3-methylsulfinylpropyl glucosinolate, 4-methylthiobutyl
glucosinolate, and 8-methylsulfinyloctyl glucosinolate) and two in-
dolic GSs (indolyl-3-methyl glucosinolate and 4-methoxy-indolyl-3-
methyl glucosinolate) were decreased significantly in the Arabidopsis
transgenic line expressing bC1 (bC1-1/At) compared with wild-type
Arabidopsis (Figure 5H). These results suggest that the interaction
between bC1 and MYC2 likewise reduces whitefly resistance-
related indole and aliphatic GS levels in Arabidopsis.

bC1 Suppresses MYC2 Activity by Interfering with
Its Dimerization

Because MYC2 positively regulates TPS genes whereas bC1
attenuates their expression, we asked if bC1 interacts with MYC2
protein and, therefore, affects the activity of the latter. At-MYC2
contains a typical bHLH domain in its C terminus, and a JAZ in-
teraction domain and a MED25 interaction domain have been
identified in its N-terminal region (Fernández-Calvo et al., 2011;
Chen et al., 2012). To localize bC1-interacting domains, we
constructed different At-MYC2 deletion derivatives fused with
nEYFP and performed BiFC assays with bC1-cEYFP. As

indicated by yellow fluorescent protein (YFP) signal, At-MYC2
fragments that contained the nuclear localization signal (NLS)
and/or the bHLH domain were sufficient to interact with bC1 in
vivo (Figure 6A, right panel). These interactions were observed in
the nucleus, with the exception of the NLS-deleted At-MYC2,
which was observed in the cytosol (Figure 6A). The loss of the
NLS resulted in aberrant localization of the interaction partners
(Figure 6A, fourth panel). The NLS is essential for protein trans-
location into the nucleus, whereas the bHLH region plays a vital
role in protein dimerization. In addition to homodimers, MYC2
forms heterodimers with other MYC-related bHLH transcription
factors (Supplemental Figure 11; Fernández-Calvo et al., 2011).
These dimerizations may contribute to the binding to the G-boxes
and the regulation of multiple signaling events (Kazan andManners,
2013). We used a protein competition pull-down assay to test
whether bC1 may affect the dimerization of MYC2. The amount of
GST-At-MYC2 pulled down by MBP-At-MYC2 was reduced by
increasing the amount of SUMO-bC1 (DN8) in the mix. By contrast,
increasing the amount of SUMO protein alone did not affect MYC2
self-association (Figure 6B). These results provide preliminary evi-
dence that bC1 blocked MYC2 dimerization by competing with the
MYC2 binding bHLH domain.
Next, we asked whether bC1 could affect the DNA binding

activity of At-MYC2. Using At-TPS10 promoter:GUS as a reporter
and At-MYC2-YFP and bC1-CFP as effectors, N. benthamiana
leaf cells were transiently expressed with the indicated effector
and reporter constructs and GUS activities were subsequently
quantified. YFP and cyan fluorescent protein (CFP) were used as
negative control effectors. Figure 6C shows that At-MYC2 sig-
nificantly increased the GUS activity, whereas bC1 decreased
constitutive and MYC2-induced GUS activity. These results in-
dicate that bC1 attenuated the activity of At-MYC2 in promoting
At-TPS10 transcription.

The bC1 Interaction Partners AS1 and MYC2 Mediate
Different Signaling Pathways against Whitefly

The interaction between bC1 and Arabidopsis AS1 also at-
tenuates a subset of JA-responsive genes (Yang et al., 2008). To
clarify the biological difference between the roles of AS1 and
MYC2 in whitefly resistance, we checked the expression level of
MYC2-dependent whitefly resistance genes in the as1-1mutant.
The constitutive expression of most MYC2-dependent genes in
as1-1 was the same as in the wild type; only the transcript of one
aliphatic GS-related gene, BCAT4, was slightly higher in as1-1
(Figure 7). Compared with the wild-type plant, MeJA-induced
expression of At-TPS10 was not changed in as1-1 plants;
however, At-TPS10 expression decreased strongly in myc2
mutants (Figure 7A; Supplemental Figure 10). The transcripts of
CYP79B3 and SUR1 were weakly suppressed in as1-1 mutants
6 h after MeJA treatment (Figures 7B and 7D). These results

Figure 4. (continued).

All terpene extraction experiments and whitefly choice assays were performed at 6 h after MeJA treatment. Asterisks indicate significant differences
between different lines (*P < 0.05, **P < 0.01; Student’s t test for all experiments except the whitefly choice experiments, which were analyzed by the
Wilcoxon matched pairs test).
[See online article for color version of this figure.]
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Figure 5. GS Biosynthesis in Arabidopsis Transgenic Lines Expressing bC1.

(A) to (G) Relative expression levels of the GS biosynthesis genes GSTF11 (A), CYP79B3 (B), BCAT4 (C), SUR1 (D), UTG74B1 (E), MYB34 (F), and
MYB51 (G) in the wild type and two Arabidopsis transgenic lines expressing bC1 (bC1-1/At and bC1-3/At). Values are means + SE (n = 6).
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reveal that MYC2 and AS1 regulate different JA signaling
branches.

DISCUSSION

Begomoviruses Suppress Host Terpene Synthesis to
Promote the Performance of Their Vectors

Begomoviruses share host plants with their whitefly vectors, and
these viruses manipulate host defense to indirectly influence
whitefly behavior and performance. Here, we demonstrate that
the emission of several terpenes was greatly decreased in
TYLCCNV/TYLCCNB-infected N. benthamiana and CaLCuV-
infected Arabidopsis plants, and reduction in the terpenes
promoted the performance of the whitefly vector (Figure 1;
Supplemental Figure 4). Meanwhile, changes of terpenes in the
plants did not affect the multiplication of begomoviruses
(Supplemental Figure 12), implying that whitefly feeding may
exert little direct effect on the multiplication of these viruses.
However, since begomoviruses depend on the whitefly B. tabaci
for transmission, the enhanced performance of whitefly on virus-
infected plants will be favorable to population increase of the
vectors and, in turn, further the transmission and spread of the
viruses, thereby establishing an indirect mutualistic relationship
between the viruses and the vector. Tobacco and tomato plants
displayed a similar reduction of terpene emission after bego-
movirus infection (Fang et al., 2013; Luan et al., 2013).

Plant terpenes play three main roles in resistance to whiteflies.
First, some sesquiterpenes function as toxins that inhibit whitefly
feeding and affect insect oviposition behavior (Luan et al., 2013);
second, specific terpenes confer repellence to whiteflies and in-
fluence their host selection behavior (Bleeker et al., 2009); and
third, some terpenes, for instance b-myrcene, are involved in in-
direct defense against whiteflies by attracting natural enemies
(Zhang et al., 2013). Poor terpene release in viruliferous plants re-
sults in attenuated resistance to whitefly (Figure 1; Supplemental
Figure 4; Luan et al., 2013). In Arabidopsis, CaLCuV infection
significantly decreased the emission of b-myrcene (Supplemental
Figure 4B). When b-myrcene was exogenously applied to Ara-
bidopsis plants, direct repellence to whiteflies was observed
(Supplemental Figure 13). By contrast, b-myrcene-treated tomato
plants showed no effect on whitefly behavior (Bleeker et al., 2009).
This discrepancy could be due to different b-myrcene concen-
trations used in the experiments (Terry et al., 2007). Another pos-
sibility is that b-myrcene may function by changing volatile profiles,
and the resulting alterations may differ in different plant species,
leading to variable effects on whiteflies. In N. benthamiana,
TYLCCNV/TYLCCNB infection also increased the transcription
level of NbTPS3, which is predicted to be a monoterpene synthase

(Supplemental Figure 1). However, no increase of monoterpene
was detected in TYLCCNV/TYLCCNB-infected plants compared
with that in control plants (Figure 1B). We speculated that the
products of Nb-TPS3 may change to other forms (e.g., hydroxyl-
ated or acylated) of metabolites that are involved in the disease
resistance against pathogens, as the diterpene WAF-1 does in
tobacco mosaic virus-induced defense in tobacco (Seo et al.,
2003). Manipulation of plant volatiles by pathogens in favor of their
vectors has been reported in many other pathogen-vector-plant
systems (Eigenbrode et al., 2002; Mauck et al., 2010, 2012; Mann
et al., 2012). We hypothesize that “odor manipulation” could be
a general strategy employed by plant pathogens, especially vector-
borne pathogens, to promote the performance of their vectors and,
in turn, facilitate their transmission and spread.

The Plant Transcription Factor MYC2 Is a Target
of Begomoviruses

In this study, we present several lines of evidence to support the
claim that MYC2 is a target of bC1. First, bC1 and MYC2 co-
localize in the nucleus (Supplemental Figure 8). Pull-down and
BiFC assays showed that bC1 can interact specifically with
plant MYC2 in vivo and in vitro (Figure 3). Second, MYC2 directly
regulates transcript levels of the whitefly defense-related genes
At-TPS10 and Nb-TPS1, but these two TPS genes are repressed
by begomoviral infection (Figure 4; Supplemental Figure 10).
Third, bC1 reduces At-TPS10 transcript levels by impairing the
DNA binding activity of MYC2 (Figure 6C). Fourth, MYC2 is a key
component downstream of JA biosynthesis. The JA-responsive
VSP1 gene is positively regulated by MYC2 (Kazan and Manners,
2013), and VSP1 transcript levels decreased in bC1-
overexpressing Arabidopsis lines (Yang et al., 2008). Compared with
wild-type plants, the JA biosynthesis-related LOX2 gene is down-
regulated in myc2 null mutant plants, suggesting that a positive
feedback loop regulates JA levels via MYC2 (Zhai et al., 2013).
Suppression of JA synthesis by TYLCCNV/TYLCCNB infection is
probably caused by the interaction between bC1 and MYC2. Fifth,
in bC1 overexpression plants, several MYC2-regulated indole and
aliphatic GS biosynthesis genes such as GSTF11 were highly re-
pressed. Indole and aliphatic GSs function as defensive chemicals
against whitefly (Elbaz et al., 2012). The biosynthesis of indole and
aliphatic GSs is directly transcriptionally regulated by MYC2
(Schweizer et al., 2013). Most likely, both terpenes and GSs are
involved in bC1-suppressed plant defense against whitefly. How-
ever, the deficiency of a key indole GS biosynthesis regulator,
MYB34, did not affect the host location of whitefly like TPS10
(Figure 2I; Supplemental Figure 14). One possibility could be that,
because of their nonvolatility, indole GSs are not as effective as
terpenes as a host location signal for whiteflies. Another possibility
is that the reduced amount of indole GSs in myb34 mutants is not

Figure 5. (continued).

(H) Individual aliphatic (3MSP, 4MSB, 4MTB, and 8MSO) and indolic (I3M and 4MI3M) GS contents in wild-type Arabidopsis (Col-0) and the transgenic
bC1 expression line bC1-1/At. 3MSP, 3-methylsulfinylpropyl glucosinolate; 4MSB, 4-methylsulfinylbutyl glucosinolate; 4MTB, 4-methylthiobutyl glu-
cosinolate; 8MSO, 8-methylsulfinyloctyl glucosinolate; I3M, indolyl-3-methyl glucosinolate; 4MI3M, 4-methoxy-indolyl-3-methyl glucosinolate; FW,
fresh weight.
Asterisks indicate significant differences between different lines (*P < 0.05, **P < 0.01; Student’s t test).
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strong enough to affect whitefly preference, as two other MYB
family regulators, MYB51 and MYB122, are also involved in indole
GS biosynthesis (Frerigmann and Gigolashvili, 2014). Further work
with mutants depleted in GSs is required to confirm the role of GSs
in the host location and performance of whitefly.

MYC2 is a master regulator and has several structural do-
mains (Kazan and Manners, 2013). Here, we found that bC1
binds to the bHLH domain of the MYC2 protein (Figure 6A),
which is essential for its dimerization. In general, MYC2 forms
homodimers with itself or heterodimers with other bHLH (e.g.,

Figure 6. bC1 Suppresses MYC2 DNA Binding Activity by Interacting with the bHLH Domain of MYC2.

(A) Mapping of bC1-interacting domains of MYC2 using BiFC assays. The right panel shows a schematic protein structure of MYC2. JID, JAZ
interaction domain; TAD, MED25 interaction domain; ZIP, leucine zipper. MYC2 and its deletion derivatives were fused with the N-terminal part of EYFP.
bC1 was fused with the C-terminal part of EYFP. Nuclei in leaf epidermal cells were stained with DAPI. Bars = 50 mm.
(B) Pull-down protein competition assays. The indicated protein amount of SUMO-bC1 (DN8) or SUMO was mixed with 2 µg of GST-MYC2 and pulled
down by 2 µg of MBP-MYC2. Immunoblots were performed using anti-GST antibody to detect the associated proteins. Membranes were stained with
Coomassie Brilliant Blue to monitor input protein amount.
(C) Effects of bC1 on the activation of the At-TPS10 promoter by At-MYC2.AtTPS10 promoter:GUSwas used as a reporter construct. CFP, YFP, At-MYC2-YFP,
and bC1-CFP were used as effector constructs. The reporter and the respective effector constructs were coinfiltrated into tobacco leaf cells. Quantitative GUS
activity of infiltrated leaf cells was measured after 2 d. Letters indicate significant differences among different treatments (P < 0.05; Duncan’s multiple range test).
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MYC3 and MYC4) and MYB (e.g., MYB51 and MYB34) tran-
scription factors to bind to cis-regulating elements of target pro-
moters (Kazan and Manners, 2013; Schweizer et al., 2013). In vitro
competitive pull-down assays showed that bC1 interferes with
MYC2 dimerization (Figure 6B). The two a-helix structures of bC1

contribute to the heterodimerization with MYC2 (Supplemental
Figure 15). Animal viruses use molecular mimicry to reprogram
their host signaling pathways (e.g., the Notch and Wnt pathways)
to enhance viral gene expression and downregulate host de-
fensive gene expression (Hayward et al., 2006). Here, we show
that begomoviruses use a structure-mimicking (Supplemental
Figure 15) strategy to manipulate the MYC2-mediated defensive
JA signaling pathway to benefit their insect vector. It has been
reported that the phytoplasma effector SAP11 protein interacts
with and destabilizes Arabidopsis TCP transcription factors to
impair plant defense against its vector. The HLH domain of the
TCP protein was predicted to be the putative binding site of
SAP11 (Sugio et al., 2011). We speculate that the formation of
abnormal heterodimers may be one way for a pathogen to sup-
press plant defense and enhance vector performance.

MYC2-TPS Is a Conserved and Efficient Defense Pathway
against Whitefly

Terpenoids confer effective resistance to whiteflies (Bleeker et al.,
2009, 2012; Luan et al., 2013), and some terpene biosynthesis
genes have been identified to be involved in this process.
7-Epizingiberene synthase, a key enzyme in the biosynthesis of the
sesquiterpene 7-epizingiberene in wild tomato, is a major factor in
the resistance of wild tomatoes (Solanum habrochaites LA1777) to
whiteflies (Bleeker et al., 2012). TPS-silenced Arabidopsis or to-
bacco plants were more susceptible to whiteflies (Figure 2F; Luan
et al., 2013). The terpenoids may be constitutively emitted by
plants such as tomato, and their emission levels become elevated
after whitefly infestation (Bleeker et al., 2009; Luan et al., 2013).
However, the emission of terpenes in Arabidopsis leaves requires
induction by some chemicals such as JA or biotic stress
(Supplemental Figure 4B; Tholl and Lee, 2011). Arabidopsis plants
exposed to whitefly feeding upregulate the transcription of both
TPS10 and MYC2 (Figure 2C; Supplemental Figure 6), sug-
gesting that the Arabidopsis MYC2-TPS10 pathway is part of an
induced defense against these insects. Furthermore, tomato
Sl-MYC1, the homolog of At-MYC2, can transiently transactivate
some potato (Solanum tuberosum) terpene synthase promoters in
N. benthamiana leaves (Spyropoulou et al., 2014). We hypothe-
size that MYC2-TPS is a conserved element of plant resistance
against whitefly infestation. Hong et al. (2012) showed that MYC2
positively regulates genes for sesquiterpene synthase (At-TPS11
and At-TPS21) in the inflorescence, although they did not show
roles of the sesquiterpenes in plant-insect interaction. The dis-
covery that three TPS genes are directly regulated by MYC2
suggests that both TPS and MYC2 are promising targets in im-
proving the resistance of plants to whitefly.

bC1 Represses the JA Signaling Pathway to Achieve
Begomovirus-Whitefly Mutualism by Targeting at Least Two
Distinct Molecular Targets

bC1 has been identified to interact with AS1, which is well known
for its function in developmental regulation. The Arabidopsis AS
complex represses homeobox genes such as KNAT2 to stably
silence these stem cell regulators in differentiating leaves (Lodha
et al., 2013). bC1 mimics AS2 to compete with AS1 to disable the

Figure 7. Expression of MYC2-Dependent Genes in the Arabidopsis
as1-1 Mutant.

Relative expression levels are shown for At-TPS10 (A), CYP79B3 (B),
BCAT4 (C), and SUR1 (D) in the wild type and as1-1. Values are means + SE

(n = 6). Asterisks indicate significant differences between different lines
(*P < 0.05, **P < 0.01; Student’s t test).
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repression complex and to upregulate several stem cell genes,
including the homeobox genes KNAT1, KNAT2, and KNAT6 and
ARF2, ARF3, and ARF4, whose expression levels are well cor-
related with the phenotype severity (Supplemental Figures 3A and
3C). However, the fact that the expression levels of the MYC2-
regulated genes TPS and GS do not differ in two phenotypically
distinct plant lines (Figures 1C, 1E, and 5) strongly suggests that
the targets of bC1 on the developmental process and JA de-
fensive pathway are distinct.

Plant viral pathogens have a compact genome in which the
encoded proteins, especially the pathogenicity factors, are fre-
quently multifunctional. bC1 has evolved to target at least two
different transcription factors in the JA pathway, and the ma-
jority of the genes regulated by AS1 and MYC2 are different
(Supplemental Figure 16). The first subset of genes repressed by

bC1 is via AS1; AS1 is a negative regulator of genes such as
PLANT DEFENSIN1.2 and PATHOGENESIS-RELATED4, which
in turn are induced by infection with necrotrophic fungi (Nurmberg
et al., 2007). bC1 enhances the repressive activity of AS1 for
these two genes (Yang et al., 2008). The second subset of genes
is repressed via a MYC2-dependent pathway (e.g., At-TPS10 and
GS genes) (Figure 6). The expression of At-TPS10 in as1-1 mu-
tants is the same as in wild-type plants after MeJA treatment
(Figure 7A), suggesting that At-TPS10 is an AS1-independent
gene. The third subset of genes is genetically controlled by both
MYC2 and AS1 (e.g., CYP79B3 and SUR1), whose expression is
decreased in either the as1-1 or myc2-1 mutant. Nevertheless,
further work is required to distinguish the epistasis relationship
between AS1 and MYC2 in controlling this subset of genes. In
addition, transcriptome analysis in combination with metabolic
analysis of bC1-expressing plants, myc2-1, as1-1, and as2, also
will be very helpful to ascertain the exact roles of MYC2 and AS1
in bC1-mediated whitefly-begomovirus mutualism.
In conclusion, whitefly feeding activates the MYC2 transcription

factor in plants that are not infected with the begomovirus.
Dimerized MYC2 binds to the G-box/G-box-like elements of TPS
gene promoter regions, resulting in elevated TPS transcript levels
and increased TPS, which contribute to direct and indirect re-
sistance to whiteflies (Figure 8A). However, in begomovirus-
infected plants, MYC2 protein activity is repressed by bC1 due to
heterodimerization, resulting in reduced TPS transcript levels. The
decreased terpene synthesis in begomovirus-infected plants ren-
ders them more susceptible to whiteflies (Figure 8B). Begomo-
viruses benefit from the virus-vector indirect mutualism through an
increased probability of transmission to new hosts via whiteflies.
Here, we have provided evidence that the plant transcription factor
MYC2 is involved in begomovirus-whitefly-plant interactions. Our
mechanistic analysis of begomovirus-vector mutualism will help to
understand virus epidemiology and may provide novel strategies
for pest/viral disease management.

METHODS

Plant Materials and Growth Conditions

Arabidopsis thaliana (Col-0) was used as the wild type. The following
mutants and transgenic plants, all in the Col-0 background, were used:
myc2-1, myc2-2, myb34, as1-1, 35S:HA-bC1/Col-0 (Yang et al., 2008),
and tps10-2 (SALK_041114). Sterilized seeds were incubated on Mura-
shige and Skoog medium at 4°C for 3 d before being transferred to
a growth chamber (22°C with 10 h of light/14 h of dark). Transgenic
Nicotiana benthamiana plants carrying 35S:bC1 have been reported
previously (Yang et al., 2008). N. benthamiana plants were grown in an
insect-free growth chamber at 25°C with 12 h of light/12 h of dark.

Whitefly Culture

Whiteflies were captured in fields in Singapore and were identified as
Bemisia tabaciMEAM1 (mtCOIGenBank accession numberGQ332577). The
whitefly populationwasmaintained on cotton (Gossypium hirsutum) grown in
a growth chamber (25°C, 65% RH) with a 14-h-light/10-h-dark light cycle.

Virus Inoculation

For Tomato yellow leaf curl China virus infection, N. benthamiana plants
with four to six true leaves were infiltrated with Agrobacterium tumefaciens

Figure 8. A Working Model of Plant MYC2 and MYC2-Like Transcription
Factors in Begomovirus-Whitefly-Plant Tripartite Interactions.

(A) Plant MYC2 mediates the transcription activation of TPS genes by
direct binding to G-box/G-box-like elements of the promoter region.
Whitefly feeding activates the transcription of MYC2 and TPS genes.
Monoterpenes or sesquiterpenes are released from plants to defend
against whitefly.
(B) In begomovirus-infected plants, however, bC1 interacts with MYC2,
interfering with MYC2 dimerization, which is necessary for the activation
of JA-mediated plant resistance. This interaction decreases the DNA
binding activity of MYC2 and suppresses transcript levels of TPS,
leading to reduced release of terpenes. Therefore, begomovirus-infected
plants become more susceptible to whiteflies.
[See online article for color version of this figure.]
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carrying TYLCCNV and betasatellite DNAb (isolate Y10) as described
previously (Cui et al., 2004; Yang et al., 2008). Infiltration with TYLCCNV
alone or TYLCCNV plus a mutant betasatellite carrying a bC1mutation was
used as a control (Cui et al., 2004). For Cabbage leaf curl virus experiments,
infectious clones (DNA-A and DNA-B) suitable for agroinfiltration were
generated and used to infectArabidopsis plants with six to eight true leaves.
Infiltration ofAgrobacterium containing DNA-A alonewas used as a control.

Plant Treatments

Four week-old Arabidopsis and N. benthamiana plants were sprayed with
100 µM MeJA (Sigma-Aldrich) containing 0.01% (v/v) Tween 20. Plants
used for volatile analysis and whitefly choice experiments were treated
with MeJA and were used in experiments 6 h after treatment. Control
plants were treated with 0.01% (v/v) Tween 20 in parallel for the same time
period. For wounding experiments, rosette leaves of 3- to 4-week-old
Arabidopsis plants were crushed twice across the apical lamina with
a forceps. Nontreated plants were used as controls. Samples were
collected at the indicated time points. For whitefly feeding experiments,
4-week old Arabidopsis plants were placed, one plant per cup, inside
transparent cups (diameter, 118mm; height, 112mm) with a nylon-screen
donut lid. One hundred adult whiteflies were captured and released into
each cup. Samples were harvested after whitefly feeding at the indicated
time points. Five plants were used for each treatment at each time interval.
For terpene treatment, 100 mg of b-myrcene dissolved in 20 mL of lanolin
paste was applied to Arabidopsis rosette leaves. Control plants were
treated with 20 mL of pure lanolin.

Whitefly Bioassay

The choice experiments were performed as described previously (Bleeker
et al., 2009). Two plants of similar size and leaf numbers were pretreated
with MeJA and placed in a cage (30 3 30 3 30 cm). Two hundred adult
whiteflies were captured, placed on ice for 1 min, and then released in
between the two plants. At 15 min after insect release, the settled
whiteflies were recaptured, and the number on each of the two plants was
recorded. For whitefly oviposition experiments, three female and three
male whitefly adults were released to a single plant placed in a transparent
cylinder (diameter, 118 mm; height, 112 mm) with a nylon-screen donut
lid. All the eggs on the Arabidopsis leaves were counted with a micro-
scope after 10 d, and the number of eggs per emerged female was
determined. For the whitefly developmental progression experiment, 16
female adults were inoculated to a single plant placed in a transparent
cylinder with a nylon-screen donut lid. After 2 d of oviposition, all adults
were removed, and the eggs were allowed to develop. The total number of
progeny and their development were recorded after 22 d. Developmental
progression was estimated by calculating the proportion of late fourth
instar nymphs (red-eye yellowish) and empty exuvia on each plant. Eight
plants of each line were used in each experiment.

Volatile Analysis

The collection, isolation, and identification of volatiles from N. ben-
thamiana plants were performed using the method of Li et al. (2013).
Volatiles emitted from individual plants of each line treated with MeJA
were collected. The compounds were expressed as percentages of peak
areas relative to the internal standard (camphor) per 18 h of trapping using
one plant. The volatiles of Arabidopsis were collected and analyzed as
described previously (Pineda et al., 2013), with minor modification. Vol-
atile trapping was done for 3 h at a flow of 300 mL/min, and the gas
chromatography oven temperature program was as follows: 40°C for
2 min, raised at 10°C/min to 280°C, and then held for 4 min. Six plants of
each line were used.

In Vitro Pull-Down and Protein-Protein Competitive Binding Assays

The recombinant GST andMBP tag proteins were purified using GST- and
MBP-Trap (GE Healthcare) according to the manufacturer’s instructions.
The in vitro pull-down assay was performed with 2 mg of GST fusion
proteins and 2 mg of MBP fusion proteins as described (Yang et al., 2008).
For competitive pull-down assay, the pET29a-bC1 (△N8) construct was
prepared as described (Yang et al., 2008). His fusion proteins were pu-
rified using His-Trap (GE Healthcare) according to the manufacturer’s
instructions. Indicated amounts of bC1 (△N8) were mixed with 2 mg of
MBP-At-MYC2 and 30 mL of Dextrin Sepharose High Performance (GE
Healthcare) overnight. After centrifugation two times and two washes
with binding buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.25%
Triton X-100, and 35 mM b-mercaptoethanol), 2 mg of GST-At-MYC2
was added and the mixture was incubated for 2 h at 4°C. After washing
six times with binding buffer, pulled-down proteins were separated on
12% SDS-polyacrylamide gels and detected by immunoblot using
anti-GST antibody.

BiFC

Leaves of 3-week-old N. benthamiana plants were infiltrated with agro-
bacterial cells containing the indicated constructs. Two days after in-
cubation, fluorescence and DAPI staining were analyzed by confocal
microscopy (Liu et al., 2009).

VIGS

Leaves of 3-week-old N. benthamiana plants were agroinfiltrated with
psTRV1 and psTRV2-NbTPS1 or psTRV2-NbMYC2. Plants coinfiltrated
with psTRV1 and psTRV2 were used as controls (Qu et al., 2012).

Yeast Two-Hybrid Analysis

The ArabidopsisMate and Plate Library was kindly provided by Yuehui He
(Temasek Life Sciences Laboratory). Full-length bC1was inserted into the
pGBKT7 vector. The library was screened using yeast mating according
to the Matchmaker Gold Yeast Two-Hybrid System manufacturer’s pro-
tocol (Clontech). Confirmation of the interaction between bC1 and At-
MYC2was performed according to themanufacturer’s protocol (Clontech).
The yeast strain Y2HGold was cotransformed with pGBKT7-bC1 and
pGADT7-At-MYC2constructs andplated on SD-Leu-Trp selective dropout
medium. Colonies were transferred onto SD-Leu-Trp-His plates with 2 mM
3-amino-1,2,4-triazole.

Quantitative RT-PCR

Total RNA was isolated using the RNeasy Plant Mini Kit (Qiagen), and
800 ng of total RNA for each sample was reverse transcribed using the
PrimeScript RT-qPCR Kit (TaKaRa). Four to six independent biological
samples were collected and analyzed. RT-qPCR was performed on the
ABI 7900HT fast real-time system (Life Technologies) using SYBR Green
Real-Time PCR Master Mixes (Life Technologies). The primers used
for mRNA detection of target genes by real-time PCR are listed in
Supplemental Table 1. The Arabidopsis a-TUBULIN2 (At5g62690) mRNA
and N. benthamiana EF1a mRNA were used as internal controls.

GUS Activity Assay

Leaves of N. benthamiana were agroinfiltrated with the indicated con-
structs. Two days after infiltration, leaves were harvested and frozen
in liquid nitrogen. Each treatment was repeated eight times. GUS
quantitative assay and histochemistry were performed as described
(Jefferson, 1987).
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ChIP Assay

Transgenic Arabidopsis plants expressing 35S:MYC2-GFP/myc2-2 were
used for ChIP assay. About 3 g of seedlings was harvested and fixed in
1% formaldehyde solution under vacuum for 10 min. Glycine was added to
a final concentration of 0.125 M, and the sample was treated with vacuum for
an additional 5 min. After three washes with distilled water, samples were
frozen in liquid nitrogen. ChIP experimentswere performed as described (Jang
et al., 2011) using anti-GFP agarose beads (GFPtrack) for immunoprecipita-
tion. The resulting DNA samples were purified with the QIAquick PCR puri-
fication kit (Qiagen). The experiments were repeated with three independent
biological samples. The relative abundance of the indicated DNA fragments
was normalized using the Arabidopsis ACTIN2 promoter as a control.

GS Assay

GSs were extracted and analyzed as described previously (Guo et al.,
2013). Leaf samples (200mg) from thewild type (Col-0) or the transgenic bC1
expression line (bC1-1/At) were used. Each line was replicated eight times.

Data Analysis

Differences in gene expression levels and volatile organic compound
levels in different lines or in response to different treatments or times of
treatment were determined by Student’s t tests. Differences in quanti-
tative GUS activity between different treatments were analyzed by one-
way ANOVA; if the ANOVA result was significant (P < 0.05), Duncan’s
multiple range tests were used to detect significant differences between
groups. Differences in whitefly choice between different lines or treat-
ments were analyzed by nonparametric Wilcoxon matched pairs tests
(with two dependent samples). All tests were performed with Statistica
(SAS Institute; http://www.sas.com/).

Accession Numbers

Sequence data from this work can be found in GenBank/EMBL or TAIR
(www.Arabidopsis.org) under the following accession numbers: At-
MYC2 (At1g32640), At-TPS10 (At2g24210), AS1 (At2g37630), Nb-MYC2
(GQ859152), Nb-TPS1 (KF990999), TYLCCNV bC1 (AJ421621), and
CaLCuV BV1 (NP_624352).
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