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PLANT SCIENCES

A plant virus manipulates both its host plant and the
insect that facilitates its transmission

Peng Liang'?t, Yang Zeng't, Jie Ning't, Xiaojie Wu', Wenlu Wang’, Jun Ren’, Qingjun Wu',
Xin Yang1, Shaoli Wang‘, Zhaojiang Guo’, Qi Su?, Xuguo Zhou®, Ted C. J. Turlings

Wen Xie"®#, Youjun Zhang'*

Tomato yellow leaf curl virus (TYLCV), a devastating pathogen of tomato crops, is vectored by the whitefly
Bemisia tabaci, yet the mechanisms underlying TYLVC epidemics are poorly understood. We found that TYLCV trig-
gers the up-regulation of two -myrcene biosynthesis genes in tomato, leading to the attraction of nonvirulifer-
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ous B. tabaci. We also identified BtMEDORG6 as a key whitefly olfactory receptor of f-myrcene involved in the
distinct preference of B. tabaci MED for TYLCV-infected plants. TYLCV inhibits the expression of BtMEDORS, cancel-
ing this preference and thereby facilitating TYLCV transmission to uninfected plants. Greenhouse experiments
corroborated the role of -myrcene in whitefly attraction. These findings reveal a sophisticated viral strategy
whereby TYLCV modulates both host plant attractiveness and vector olfactory perception to enhance its spread.

INTRODUCTION

Plant viruses that are vectored by insects are estimated to cost more
than $30 billion in crop losses each year (1). Of the 697 plant viruses
recognized by the International Committee on Virus Classification,
76% are transmitted by insects, of which 55% are transmitted by
Hemiptera insects (2). During the process of seeking and feeding on
host plants, insect vectors are often affected by viruses indirectly
through the regulation of host plant characteristics that can facilitate
more efficient acquisition of the virus by the vectoring insects (3).
For example, tomato spotted wilt virus can modify plant terpene
synthesis by inhibiting the plant jasmonic acid (JA) pathway, result-
ing in reduced emissions of deterrent volatiles in infected plants,
thus increasing their attractiveness to healthy thrips (4). Tomato se-
vere rugose virus infects tomato leaves, causing leaf yellowing,
which encourages nonviruliferous Bemisia tabaci to visit diseased
plants (5). Cucumber mosaic virus induces cucumbers to produce
specific volatiles that attract nonviruliferous aphids to feed on cu-
cumbers (6). The PC1 protein of tomato yellow leaf curl China virus
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 (7). In addition,
viruses can modulate the plant phenotype in ways that it renders the
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host plant unpalatable or less suitable, causing viruliferous insects to
leave the infected plant to complete the transmission (6, 8, 9). A few
plant viruses are known to facilitate transmission by manipulating
the vector insects themselves, such as tomato yellow leaf curl virus
(TYLCV) which causes brain apoptosis in B. tabaci, resulting in the
loss of their attraction to diseased plants (10). A possible combined
manipulation of both the host plant and insect vector has not previ-
ously been considered.

Plant viruses may affect olfactory signals to influence the behav-
ior of insect vectors and their relationship with host plants. For
example, B. tabaci orients more actively toward the host plant cu-
cumber when carrying cucurbit chlorotic yellows virus (11). Rice
black-streaked dwarf virus and Rice stripe virus are able to directly
regulate the gene of an odorant-binding protein and olfactory re-
ceptor (OR) coreceptor of their insect vectors, changing the vectors’
odor preferences from virus infected to uninfected host plants
(12, 13). ORs are the core of insect olfactory systems, determining
how active volatile molecules stimulate olfactory sensory neurons
(14, 15). Thus, insect ORs play an important role in locating host
plants, identifying mates, and aggregating populations (16-22). ORs
have also been shown to be of importance for insect vectors. For
instance, in the pea aphid Acyrthosiphon pisum, which vectors nu-
merous plant viruses, the specific binding of the ApOR5-ORco het-
erocomplex to its activating ligand, geranyl acetate, has recently
been unraveled (23). Aedes aegypti, a vector of viruses that affect
human healthy, uses AaORS8 and the unique OR-ORco to localize
human hosts (24, 25). AaOR4 has also been shown to be specifically
associated with the preference for human odors, and a reduction of
AalORco transcript levels was found to decrease host seeking in
Aedes albopictus (26, 27).

B. tabaci is one of the most important virus vectoring insects in
the world (28). It can infest hundreds of crops, particularly vegeta-
bles and horticultural crops, and can cause substantial harm through
direct feeding and virus spread (29). B. tabaci Mediterranean (MED)
is the most damaging and widespread biotype of the whitefly world-
wide (30). According to statistics, B. tabaci MED can transmit more
than 100 species of viruses (30), of which TYLCYV is one of the most
destructive pathogens. Yield losses of up to 100% have been ob-
served in some susceptible tomato varieties, posing a major threat to
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global tomato production (3I). Various studies have shown that
B. tabaci MED is key to the global outbreaks of TYLCV (32-34).
TYLCV has a particularly intriguing mutualistic symbiosis with
B. tabaci MED. Nonviruliferous B. tabaci MED show substantial
positive chemotaxis toward TYLCV-infected tomato, whereas virus-
carrying B. tabaci MED do not show this attraction (10, 35). As sug-
gested by the “conditional vector preference” hypothesis (36, 37),
this change in odor preference may greatly accelerate the spread of
TYLCV. The underlying mechanism has not yet been elucidated. In
this study, we aimed to understand the molecular mechanisms be-
hind the apparent manipulation of the virus of the host plant odor
and the whitefly’s odor preference. We present conclusive evidence
that TYLCV modulates tomato-derived volatile cues that attract
vectoring whiteflies and also manipulates the vectors’ olfactory sys-
tem to accelerate the rate at which they acquire and transmit TYLCV.

RESULTS

B. tabaci MED prefer TYLCV-infected tomato mainly

through p-myrcene

When given a choice in an observation cage (fig S1A), nonvirulifer-
ous B. tabaci MED preferred TYLCV-infected to healthy tomato
plants (Fig. 1A and fig. S1B), which is in accordance with previous
studies (10, 36). Since host plant localization by herbivorous insects
is closely related to olfactory perception, we conducted additional
choice experiments to test the whitefly’s odor preferences (fig. S2).
Nonviruliferous whiteflies, when given a choice between the
odors of healthy versus infected tomato plants, preferred the odor of
TYLCV-infected tomato plants (Fig. 1B).

Next, the volatiles contained in healthy/uninfected and TYLCV-
infected tomatoes were analyzed using gas chromatography-mass
spectrometry (GC-MS), which yielded 12 volatiles that were signifi-
cantly different between them (Fig. 1C and table S1). Choice tests
were used to test the attractiveness of each volatile to nonviruliferous
B. tabaci MED, which revealed that, at a concentration of 2000 ng/pl,
they were only significantly attracted to f-myrcene and p-cymene,
whereas a-humulene was found to be repellent (Fig. 1D). When we
reduced the concentrations of f-myrcene and p-cymene, we found
that nonviruliferous B. tabaci MED were also attracted to f-myrcene
at concentrations of 200 and 20 ng/pl (Fig. 1E), but f-cymene was
no longer attractive (Fig. 1G).

Choice tests were then used to determine to what extent f-myrcene
and p-cymene affect the attractiveness of nonviruliferous B. tabaci
MED to TYLCV-infected tomatoes. The addition of f-myrcene (2000
or 200 ng/pl) to healthy tomato plants made them as attractive to
B. tabaci MED as TYLCV-infected tomato plants (Fig. 1F). In con-
trast, spiking healthy plants with f-cymene had no effect on the
choices made by nonviruliferous B. tabaci MED, which still favored
TYLCV-infected plants (Fig. 1H).

We also found that there was a significant difference in the con-
tents of f-myrcene between healthy and TYLCV-infected tomato
leaves (Fig. 1, I and J), with B-myrcene (about 213 and 446 ng/g) in
healthy tomato and TYLCV-infected tomato, respectively (Fig. 1K).

TYLCV manipulates tomato TPS3 and TPS7 gene expression
to attract nonviruliferous B. tabaci MED

TPS3 and TPS7 genes play key function in controlling f-myrcene
synthesis in tomato (38). A significant increase in gene expression
of TPS3 and TPS7 was observed in TYLCV-infected tomatoes
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compared to healthy plants (Fig. 2A). Knockout tomatoes for TPS3
and TPS7 (TPS3_/ ~and TPS7~/~) were successfully constructed us-
ing CRISPR-Cas9 technology, which did not differ from wild toma-
to in phenotype and growth rate (Fig. 2, B and C, and fig. S3). As
expected, healthy (Fig. 2D) and TYLCV-infected knockout toma-
toes (Fig. 2E) did not produce any detectable amounts of f-myrcene,
unlike wild-type (WT) plants.

In addition, a free choice test showed that nonviruliferous B. tabaci
MED tended to prefer WT over knockout tomatoes (Fig. 2F), even
if TYLCV infected (Fig. 2G). Spiking the knockout plants with p-
myrcene made them as attractive to nonviruliferous B. tabaci MED
as WT tomato (Fig. 2H), and B. tabaci MED did not distinguish
between uninfected and TYLCV-infected knockout tomato (Fig. 2I).

BtMEDORSG is involved in the detection of f-myrcene and the
attraction to TYLCV-infected tomato plants

Nonviruliferous B. tabaci MED preferred TYLCV-infected toma-
to plants, while viruliferous B. tabaci MED do not make this dis-
tinction in free choice tests (Fig. 3A). This implies that TYLCV
interferes with B. tabaci MED’s preference for TYLCV-infected
tomato plants and suggests a manipulation of the whitefly’s odor
perception.

On the basis of the genome and transcriptome data of B. tabaci,
we identified a total of 10 olfactory receptor genes including a con-
served ORco gene (table S2 and fig. S4), all highly expressed in the
head and particularly in adult females (figs. S4 and S5). Six OR
genes showed significant down-regulation in viruliferous B. tabaci
MED relative to nonviruliferous B. tabaci MED (Fig. 3B). The sub-
sequent free-choice experiments after RNA interference (RNAi)
showed that nonviruliferous B. tabaci MED adults no longer pre-
ferred TYLCV-infected tomatoes after knocking down the expres-
sion of BMEDORG6 (Fig. 3C and fig. S6), implying that they had lost
their ability to detect p-myrcene (Fig. 3D).

Western blot analyses revealed that the protein levels of the
BtMEDORG gene decreased substantial after BtMEDORG interference,
which were consistent with the measured mRNA levels (Fig. 3, E
and F). We also measured the BtMEDORG6 protein levels in B. tabaci
after acquisition of TYLCV during a 7-day period and found a
substantial decrease in BtMEDORG6 expression which was most evi-
dent on the fifth day after acquisition of TYLCV (Fig. 3, G and H).
We also exposed nonviruliferous B. tabaci MED to different odor
blends with or without f-myrcene and found that the expression
of BtMEDORG6 gene was significantly up-regulated in response to
B-myrcene (fig. S7). Last, the experiment with Xenopus oocytes
revealed that the specific function of the BtMEDORG6/ORco system
is to perceive f-myrcene and that the magnitude of the response
value to -myrcene correlated with its concentration (Fig. 3, IandJ).

The Y204F in BtOR6 affecting OR receptor binding

to f-myrcene

Among the four tested different B. tabaci subspecies, only nonviru-
liferous B. tabaci MED was attracted to TYLCV-infected tomato
plants (Fig. 4A and fig. S1). In the previous section, we confirmed
that OR6 was the key gene in B. tabaci MED involved in this prefer-
ence (Fig. 3). The genome analyses and transcriptome data found no
homologous gene of BEMEDORG in B. tabaci Asiall6, and the cloned
ORG6 gene of B. tabaci Asial showed a large deletion compared to the
B. tabaci MED gene (Fig. 4B and fig. S8). Sequence similarity of OR6
between B. tabaci Middle East-Asia Minor 1 (MEAM1) and MED is
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Fig. 1. Nonviruliferous B. tabaci MED prefer to settle on TYLCV-infected tomato plants which can be attributed to enhance release of §-myrcene. (A and B) The
choices of B. tabaci MED when offered a choice between healthy and TYLCV-infected tomato plants (A) or the volatiles collected from such plants (B) (n = 8, t test, **P <
0.01). (C) Chromatogram of volatiles collected from TYLCV-infected tomato plants (numbers represent 12 compounds that differ in emitted quantities between TYLCV-
infected and uninfected tomato plants; see table S1. 2-Nonanone is an internal standard). (D) The responses of B. tabaci MED to each of these volatiles (n = 8, t test, *P <
0.05, **P < 0.01, and ***P < 0.001). (E and G) The choices of B. tabaci MED for the odor of healthy plants spiked or not with p-myrcene (E) or p-cymene (G) at different
concentrations (n = 8, t test, *P < 0.05, **P < 0.01, and ***P < 0.001). (F and H) The choices of B. tabaci MED for the odor of healthy plants spiked with -myrcene (F) or
B-cymene (H) at different odor concentrations versus the odor of infected plants (n = 8, t test, *P < 0.05, **P < 0.01, and ***P < 0.001). (I) Chromatograms showing the
peak of B-myrcene for TYLCV-infected and uninfected tomato leaves. (J and K) Standard curve for p-myrcene (J) and its actual content quantity in TYLCV-infected and
uninfected tomato leaves (K) (n = 3, t test, *P < 0.05, **P < 0.01, and ***P < 0.001). HT, healthy tomato; IT, TYLCV-infected tomato. “n” indicates the number of biological
replicates, and the number of whiteflies used per biological replicate was about 60.
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99.9%, and only Y204F made the difference (Fig. 4B and fig. S9).
Site mutations often result in structural changes, which can lead to
changes in protein function.

The three-dimensional modeling of the OR6 protein structure
revealed that the Y204F mutation exerts an effect on the local three-
dimensional conformation within the BEMEAMIORG (fig. S10).
Molecular dynamic (MD) simulations showed that the BEMEDOR6

Liang et al., Sci. Adv. 11, eadr4563 (2025) 28 February 2025

protein exhibits high structural stability, characterized by a marked
increase in the number of intramolecular hydrogen bonds formed
between amino acids, as compared to the BEMEAMIORG6 protein
(fig. S11). Further insights from molecular docking analysis re-
vealed that the Y204F mutation led to a decrease in the amino acid
count engaged in hydrophobic interactions proximal to site 204 in
BtMEAMIORS6, alongside an elongation of the average hydrogen
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bond distances. This perturbation disrupted the binding pocket ad-
jacent to site 204, potentially affecting the interaction with f-myrcene
molecules (fig. S12). The outcome of the docking analysis suggests that
the pocket housing the Tyr*** residue within the BtMEDOR6/ORco
tetramer architecture represents the most probable site for stable
B-myrcene binding, whereas this crucial pocket seems to be absent
in the BEMEAMI1OR6/ORco complex (figs. S13 and S14 and tables
S3 and S4).

Subsequent experiments with Xenopus laevis oocytes confirmed
that BEMEAMI1OR6/ORco did not respond to f-myrcene stimula-
tion (Fig. 4, C and D, and fig. S15). These results confirm that the
Y204F between B. tabaci MED and MEAMI likely resulted in the
binding difference of BtMEDOR6/ORco and BtMEAMI1OR6/ORco
to f-myrcene.

p-Myrcene attracts B. tabaci MED in greenhouses

To verify the attractive effect of f-myrcene on B. tabaci MED in the
field, we conducted trapping experiments in tomato greenhouses in
three different regions around Beijing (Fig. 5, A and B). Across eight
blocks selected on the basis of tomato varieties and time periods, we
quantified the number of B. tabaci MED captured on CH,Cl, +
B-myrcene and control (CH,Cl,) sticky boards, CH,Cl, + pf-myrcene
always significantly attracted more B. tabaci adults relative to con-
trol (CH,Cl,) (Fig. 5C). In addition, the average number of captured

Liang et al., Sci. Adv. 11, eadr4563 (2025) 28 February 2025

B. tabaci per board in the CH,Cl, + B-myrcene groups from eight
blocks was significantly higher than that in the control groups
(Fig. 5D).

DISCUSSION
Understanding the mechanisms by which plant viruses modulate the
physiology and behavior of their insect vectors is critical to decipher-
ing the spread and epidemiology of the viruses in the field (1, 2, 36, 37, 39).
In this study, we show that TYLCV infection significantly increases
the attractiveness of tomato plants to nonviruliferous B. tabaci MED
by eliciting the emission of the monoterpene f-myrcene (Figs. 1 and
2). We further identified Bt MEDORG as the olfactory receptor for p-
myrcene in B. tabaci MED and demonstrated the critical role of this
receptor in determining the host plant choices by the whitefly (Figs.
3 to 5). After acquiring TYLCV, the transcript and protein levels of
BtMEDORG6 were substantially down-regulated, after which virulif-
erous B. tabaci MED no longer preferred to settle on infected plants,
thus facilitating the spread of the virus (Fig. 6). These results reveal a
unique two-tiered pull-push strategy in which TYLCV maximizes
transmission by modulating terpene release from host plants as well
as the olfactory system of its vector.

Plant viruses have previously been shown to influence vector be-
havior by manipulating the production of plant volatiles in their shared
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matic design of the field trapping experiment used for each greenhouse, showing the placement of the 20 sticky boards. (C) The number of B. tabaci captured in the
control plots (CH,Cly) and B-myrcene plots after 1 day in eight blocks [the eight different greenhouses were located at three locations, A, B, and C, shown in (A)] (n > 5,
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host plants (40-42). A different odor collection method has a large
impact on both the type and content of collected odors in related
research (35, 43). In this study, we used the more stable solid-phase
microextraction (SPME) method and found a significant increase in
B-myrcene content in TYLCV-infected tomato plants. We found that
TYLCV does this by modulating the expression of two terpene syn-
thesis genes, TPS3 and TPS7, thereby enhancing the emission of
whitefly-attracting f-myrcene in tomato plants. When we knocked
out the TPS3 and TPS7 genes, there were no significant changes in the
physiological development of the tomato plants, but f-myrcene was
undetectable. This absence of B-myrcene resulted in the inability of
the B. tabaci MED to distinguish between tomato plants before and
after virus infection. Typically, the master regulator MYC2 of the
JA signaling pathway controls the formation of homodimers or

Liang et al., Sci. Adv. 11, eadr4563 (2025) 28 February 2025

heterodimers that bind to cis-regulatory elements of target gene pro-
moters, such as terpene synthase (TPS) (44-46). It has been shown
that the pathogenesis factor BC1 of tomato yellow leaf curl China vi-
rus regulates AtTPS3 and represses the JA pathway in Arabidopsis by
disrupting the dimerization of MYC2 (7). The effect on the JA signal-
ing pathway and expression of TPSs observed in TYLCV-infected
tomato suggest that TYLCV might also have evolved the capacity to
modulate the emission of f-myrcene through the same target but by
a different viral protein, as the TYLCV genome lacks the beta satellite
BC1 (Fig. 2) (47, 48). Further investigations are needed to determine
which protein TYLCV convergently evolved to modulate JA signal-
ing and terpene emission in a manner that is similar to fC1.

The olfactory system enables insects to perceive a wide spectrum
of external chemical cues and signals, including plant volatiles
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(16-21). Each insect species has evolved a specific OR repertoire
that is adapted to its specific environment and needs (49-51). As a
rapidly evolving complex of species, the wide variety B. tabaci spe-
cies are quite remarkable in their diversity of such adaptations
(52, 53). Nonviruliferous B. tabaci MED, for instance, are attracted
to volatiles emitted by TYLCV-infected plants, whereas other spe-
cies of the same complex are not (10, 36). This can be explained
by the evolved divergence of OR genes in different populations of
B. tabaci. We here show that BtMEDORG binds specifically to virus-
induced p-myrcene emitted by tomato plants, and variations in the
ORG6 gene at position 204 prevent this binding of f-myrcene in other
species, which, unlike B. tabaci MED, do not exhibit a preference for
TYLCV-infected tomato plants (Fig. 4). This observation further
clarifies the differential ability in virus transmission among the rap-
idly evolving complex of B. tabaci species and is likely to be one of
the reasons for the correlation between TYLCV outbreaks and the
spread of B. tabaci MED (33-35).

It is commonly found that plant viruses increase the rate of virus
transmission by modulating the phenotype of the host plant, which
drives the insect vectors that have acquired the virus away from the
virulent plant (6, 8, 9). Recent studies have shown that plant viruses
can also have a direct effect on their insect vectors. This makes the
relationship between these plant viruses and insect vectors similar to
“parasitism” (40). For example, satellite RNA of CMV accelerates wing
formation in its aphid vector thereby enhancing virus spread (54).
In our study, TYLCV was found to directly hijack the BtMEDOR6
gene of whiteflies, causing them to lose the ability to detect the
chemical cue f-myrcene, which should enhance visits and transmis-
sion to noninfected plants. In a recent study related to ours, it was
found that TYLCV-induced apoptotic neurodegeneration in white-
flies, causing insensitivity of B. tabaci MED to TYLCV-infected plants
(10). Both the olfactory receptor and neural system are key in deter-
mining the odor-mediated behavior of B. tabaci MED adults. How
TYLCV manipulates both systems and in what order the manipula-
tion takes place are questions that deserve further investigation. Fur-
ther research into the mechanistic details of the manipulation steps
should also reveal if the insect vector too benefits from these processes.
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As the second most important insect pest worldwide and a vector
of a large number of plant viruses, B. tabaci forms a serious threat to
global agricultural production (28-30). Our current findings provide
clues for the development of methods for predicting and controlling
outbreaks of B. tabaci. For instance, the incorporation of f-myrcene
into certain B. fabaci trapping devices such as yellow sticky traps
might enhance their efficacy in capturing B. fabaci. In addition, the
identification of the BEMEDORG receptor holds promise for the de-
velopment attractants to specifically trap B. tabaci MED, which might
substantially reduce the reliance on chemical insecticides.

Manipulating the behavior of insect vectors is one of the most
effective strategies used by plant viruses to enhance their spread
(36, 40). We show here that TYLCV not only modulates the emission
of plant volatiles to indirectly attract B. tabaci MED for virus acquisi-
tion but also hijacks the receptor gene BEMEDORG of the vector to
change its host plant preference to promote virus spread. Functional
analyses will allow us to elucidate how viral elicitors and effectors
affect plant volatile emissions and the vector olfactory system. Such
approaches have great potential for the development of previously
unidentified strategies for the management of vectors and plant
pathogens through a genetic engineering approach (32, 55).

MATERIALS AND METHODS

Insects, TYLCV, and plants

The B. tabaci MED, B. tabaci MEAM1, B. tabaci Asial, and B. tabaci
Asiall6 populations used in this study were cultivated on cotton
(Gossypium hirsutum cv Guo-Shen 7886) enclosed in insect-proof
cages in a controlled glasshouse environment at a temperature of
27° + 1°C, relative humidity between 60 and 80%, and a photoperiod
of L16:D8. All four populations of B. tabaci are known to acquire and
transmit TYLCV. To ensure the genetic integrity of each B. tabaci
population, a fragment of the mitochondrial cytochrome oxidase I
gene was sequenced every three to five generations (56).

The infectious clone of TYLCV isolate SH2, with GenBank ac-
cession number AM282874, was provided by X. Zhou from the State
Key Laboratory for Biology of Plant Diseases and Insect Pests at the
Institute of Plant Protection, Chinese Academy of Agricultural Sci-
ences. Tomatoes (Solanum lycopersicum cv Moneymaker) (“Zhong
Za 9”) were used as natural hosts for both TYLCV and whitefly in
behavioral assays, grown at 27° & 1°C with 60% relative humidity
and a 16:8-hour (light/dark) photoperiod. Tomato seedlings were
inoculated with the TYLCV clone by manual injection at the three
to four true leaf stages, and after 21 days, only plants with both obvi-
ous symptoms and a positive result in polymerase chain reaction
(PCR) analyses were used as TYLCV-infected plants for subse-
quent experiments.

The Ailsa Craig tomato variety was used to generate knockout of
the TPS3 and TPS7 genes via CRISPR-Cas9. The CRISPR-Cas9 vec-
tors targeting sites in the TPS3/TPS7 exons were designed using the
CRISPR-P v2.0 tool (http://cbi.hzau.edu.cn/CRISPR2/). Then, syn-
thetic primers were used to amplify the sgRNAX_U6-26t_SIU6p_
sgRNAX fragment using the pCBC-DT1T2_SlU6p vector as a template.
Subsequently, the purified fragments were cloned into pTX041
at the Bsa I sites. Last, the correctly sequenced CRISPR-Cas9
vectors were transformed into Ailsa Craig tomato variety using the
agrobacterium-mediated leaf disc transformation method. The
transgenic lines were confirmed by PCR and Sanger sequencing.
The PCR primers used for transgenic line determination are listed in
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table S5. All experiments were performed using homozygous lines
from the T2 generation without transferred DNA integration.

Assays with X. laevis oocytes

Vectors (pT7TS) carrying full-length olfactory receptor (OR) se-
quences were used to synthesize complementary RNAs (cRNAs) us-
ing the mMESSAGE mMACHINE T7 Kit (Ambion) according to the
manufacturer’s instructions. Adult female X. laevis frogs (>3 years
old) were raised in a box with purified water at 18° to 21°C and fed on
pig liver. Oocytes were surgically collected before the experiment. Af-
ter overnight incubation in an incubator at 18°C, oocytes were mi-
croinjected with 25 ng of Or cRNA and 25 ng of Orco cRNA, and
whole-cell currents in response to volatile exposure were recorded
using the two-electrode voltage-clamp technique. Signals were am-
plified by a two-electrode voltage clamp. The OR responses to 12 dif-
ferent compounds were recorded and analyzed. Data acquisition and
analysis were performed using a Digidata 1440A and pCLAMP 10.6
software (Axon Instruments) (57). These experiments were conducted
under the license of the Animal Experimental Committee of the In-
stitute of Zoology, Chinese Academy of Science (10Z20170071).

Behavioral assays

Both nonviruliferous and viruliferous whitefly adults that were 3 to
5 days old were respectively used for behavioral experiments. About
60 adults for each treatment were collected in a clean pipet tip as a
biological replicate, and eight biological replicates were set up for
each experiment. The free-choice tests were conducted in a special
behavioral observation box (90 cm by 46 cm by 70 cm; fig. S1A) with
healthy/uninfected versus odor-spiked healthy/uninfected, healthy/
uninfected versus TYLCV-infected tomato seedlings that were di-
agonally placed in the box.

For odorant addition, two vials (11.6 mm by 32 mm), one con-
taining an odorant in 100 pl of dichloromethane and the other only
with 100 pl of dichloromethane, were placed on the soil with the
different plants. Depending on the experiment, we tested an odorant
(2000, 200, 20, or 2 ng/pl). To ensure slow release of the volatile com-
pounds, the sample bottles were filled with 100 mg of glass wool,
and a glass capillary tube (0.8 mm inner diameter, 2 cm length) was
pushed through the septum of the bottle cap (58). The attractiveness
of tomato and odorants was quantified using a whitefly preference
index (PI) calculated as PI = R or L/(R + L), where R is the number
of whiteflies choosing the right tomato and L is the number of white-
flies choosing the left tomato. The host selection rate was tested by
repeated-measures analysis of variance (ANOVA) (36).

For the olfactory related dual-choice assay, two hermetically sealed
glass vessels (60 cm in height, 30 cm in diameter) that contained the
test plants were connected to two opposite sides of a behavioral ob-
servation box (fig. S2). A purified airflow was equally and continu-
ally pumped from the glass chamber to the observation box at 500 ml/
min (10).

In this case, whitefly preference was quantified with an attraction
index (AI), calculated as Al = (V — N)/(V + N), where V is the num-
ber of whiteflies moving toward virus-infected plants and N is the
number of whiteflies moving toward healthy plants in the same ex-
periment (59).

Chemical analyses
SPME and GC-MS were used to determine differences in odor emis-
sions among tomatoes that were subjected to different treatments.
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Two grams of leaves was taken from a mixture of tomato plants, and
immediately after removing the leaves, they were placed in a mortar
containing liquid nitrogen and ground to a powder. The powdered
leaves were then transferred to a 15-ml vial, and 0.6 g of NaCl and
50 pl of 2-nonanone at a concentration of 1025 ng/p; were added.
The vial was heated in water for 10 min at a temperature of 50°C
after adding a magnetic stir bar. An SPME fiber was kept at 250°C
for 10 min, then was inserted into the vial, and sampled for 40 min.
After this, the fiber was immediately inserted into the GC-MS injec-
tion port, and the injection program was started.

A 30-m HP-5MS column (Agilent, Santa Clara, CA) was used for
the separation of volatiles. The column length was 30 m, diameter of
0.25 mm, film thickness of 0.25 pm, helium as carrier gas, flow rate
of 1 ml/min, split ratio of 2:1, and inlet temperature of 250°C. The
column temperature was kept at 40°C for 5 min, then warmed up to
120°C at 2°C/min and lastly warmed up to 290°C at 10°C/min, and
kept at 290°C for 29 min. The mass range of the mass spectrometer
was 35 to 400 mass/charge ratio, and the scanning speed was 781 u/s.
The mass spectrometer was scanned at a temperature of 40°C for 5 min.
A Bruker chemical analysis MS workstation (MS Data Review, Data
Process v.8.0) was used to analyze and process the data (60). Mixed
samples consisting of standard compounds (purities > 95%; Sigma-
Aldrich) at different dosages (250, 500, 1000, 2000, and 4000 ng/pl)
were used as external standards to develop the standard curves to
quantify the volatiles.

RNA isolation and cDNA synthesis

Total RNA from B. tabaci MED was extracted using TRIzol reagent
(Ambion); RNA integrity was determined by agarose gel electro-
phoresis, and RNA quantities were determined using a NanoDrop
2000c spectrophotometer (Thermo Fisher Scientific). cDNA was
synthesized using the PrimeScript II First-Strand cDNA Synthesis
Kit (Takara) and the PrimeScript RT Kit (including genomic DNA
Eraser, Perfect Real Time) (Takara), and samples were stored at
—20°C until use.

Gene identification and cloning

The OR genes were identified on the basis of previously sequenced
B. tabaci MED genome (61). The specific primers for gene cloning
were designed using Primer Premier 5.0 (table S3). The PCR ampli-
fiers were cloned into the pEASY-T1 vector (TransGen) and trans-
formed into Escherichia coli Trans1-T1 competent cells (TransGen)
for sequencing (62).

qPCR analysis

Gene-specific primers for real-time quantitative PCR (qPCR) analy-
sis were designed with Primer Premier 5.0 (table S4). The 25-ul PCR
reaction included 0.5 pl of 50X Rhodamine X (ROX) Reference Dye
(TTANGEN), 0.75 pl of each specific primer, 1 pl of cDNA template,
9.5 pl of double distilled water (ddH,0), and 12.5 pl of 2X Super-
Real PreMix Plus (SYBR Green) (TIANGEN). The qPCR reaction
was performed on an ABI 7500 system (Applied Biosystems) with
the following protocol: initial denaturation at 94°C for 3 min fol-
lowed by 40 cycles of 95°C for 15 s, 60°C for 30 s, and 72°C for 30 s.
The amplification efficiencies were determined by dissociation
curve analysis using five twofold serial dilutions of B. tabaci cDNA
template. In the follow-up study, only the primers with amplification
efficiencies between 90 and 110% were used. The relative quantifica-
tion was calculated according to the delta-delta Ct method (63) to
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accurately analyze the expression of target genes. EF1-a, SDHA, and
RPL29 were used as internal reference genes (64). Three indepen-
dent biological replicates and four technical replicates were carried
out for each type of sample.

dsRNA synthesis and RNAi assays

To determine the precise role of each OR gene in the localization
of TYLCV-infected tomato plants, the expression of OR genes was
inhibited through oral administration of double-stranded
RNA (dsRNA) to adult B. tabaci MED. To prevent any potential
missense effects, the SnapDragon tool (https://www.flyrnai.org/
cgi-bin/RNAi_find_primers.pl) was used to design dsRNA primers
(table S5), which were then synthesized in vitro through the T7 Ri-
bomax Express RNAi system (Promega). RNAi was administered to
adult B. tabaci through a feeding solution containing dsRNA (62).
The solution was placed between two Parafilm layers, with each
glass tube (50-mm long and 15 mm in diameter) containing 50
adults. Each feeding solution consisted of dsSRNA (200 pl and 0.5 pg/
ul). The effectiveness of RNAi was measured through qPCR, with
adult B. tabaci being fed for 24 to 72 hours. The adult insects were
either fed with dsRNA or the feeding solution without dsRNA for
the specified duration (65).

Protein preparation and Western blot analysis

Samples were collected and homogenized using TRIzol reagent
(Life Technologies). Protein extraction for Western blot analysis
was done following the manufacturer’s instructions. The antibody
against the OR6 protein used for Western blots was generated from
synthetic peptides (ABclonal, Wuhan, China) derived from respec-
tive specific amino acid sequences 150LSTVVSPLVRFVFETHDS-
FIVMPIWYPWDMLASPVRFWLAYVYESIVLWYTGVHYLHS-
GTLYFYAIATAKTRFHVLSDHIVNVAVQSDCSNPNEWKCSLK-
TEGKCKTYDINLMKDSER267. Two New Zealand White rabbits
were immunized with each antigen. Rabbit serum potency was
monitored, and all sera were collected after enzyme-linked immu-
nosorbent assay (ELISA) validation. The best rabbit serum antigen
was selected, purified on an affinity chromatography column, and
validated using ELISA. The antibodies obtained were used for
subsequent protein experiments. Protein samples (100 pg) were sep-
arated through gel electrophoresis and were transferred to polyvi-
nylidene difluoride membranes (Millipore). Nonspecific binding
sites on the membranes were blocked using 5% bovine serum albu-
min. Primary antibodies, rabbit anti-OR6 antibody (1:500) and
rabbit anti-B-actin antibody (1:5000), were incubated separately
with the blots in Tris Buffered Saline with Tween-20 (TBS-T) over-
night at 4°C. Subsequently, the membranes were washed and then
incubated with the anti-rabbit immunoglobulin G secondary anti-
body (1:5000) (EASYBIO Technology) for 1 hour at room tempera-
ture. Another wash was followed by immunological blot detection
using an ECL kit (Thermo Fisher Scientific, 34096) (66, 67). Western
blot signals were quantified with the use of densitometry.

Protein structure prediction, MD simulation, and

molecular docking

Protein structure prediction any analysis was carried out using the
ROBETTA online platform, which offers a comprehensive suite of
tools for both ab initio and comparative modeling of protein do-
mains (68). MD simulations were performed using the Gromacs
2022.1 program at constant temperature and pressure as well as
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periodic boundary conditions (69, 70). During MD simulations, hy-
drogen atoms were constrained using the LINear Constraint Solver
(LINCS) algorithm, and electrostatic interactions were calculated
using the Particle-mesh Ewald method (71, 72). The V-rescale muta-
tion coupling and Parrinello-Rahman method were used to control
the simulated mutation to 298.15 K and the pressure to 1 bar (73, 74).
Then, the canonical ensemble and constant-pressure, constant-
temperature equilibrium simulations were then carried out for 1 ns.
Last, MD simulations were carried out for 100 ns for each of the
systems, the conformations were saved every 10 ps, and the visual-
ization of the simulation results was done by using the Gromacs em-
bedded program and Visual Molecular Dynamics.

Molecular docking was implemented using the AutoDock 4.2.6
software package. With the coordinates of the docking box center
set to the center of the protein wrapping the entire protein structure
in its entirety, the number of lattice points in each of the XYZ direc-
tions sets to 100 X 100 X 100, the number of docking times sets to
50, and the rest of the parameters used as default values (75). The
optimized, stable structure was then selected as the model for subse-
quent analysis.

Field trapping experiment

Three different tomato greenhouses, which had varying levels of
spontaneous MED whitefly infestations, were selected for the field
experiment, with differences in geographic location (Fig. 5A) and
tomato varieties and developmental stages. Details were as follows:

1. Tomato greenhouse at the Vegetable Institute: The greenhouse
is situated in the Vegetable and Flower Research Institute of the Chi-
nese Academy of Agricultural Sciences, located in the Haidian Dis-
trict of Beijing, with an area of 300 m?. The latitude and longitude of
the greenhouse are 116.338855 and 39.969596, respectively. Shed
Al was planted with the Chinese Hybrid 9 tomato variety and was
planted with the fifth crop. Shed A2 was planted with a different
variety of tomato after the first crop had been harvested.

2. Tomato Shed at the Shunyi Suihang Base: It is located at the
Shunyi District Agricultural Base in Beijing. The total area of
the greenhouse is 500 m% and the specific geographic location is
116.760915 east longitude, 40.127585 north latitude. Shed B1 green-
house housed the pink queen tomato, which had entered the fifth
harvest cycle. Shed B2 greenhouse contained cherry tomato variet-
ies, which were shortly after harvest replaced with seedlings. Shed
B3 greenhouse contained the pink queen variety which had entered
the fourth planting cycle.

3. Tomato greenhouse at Pinggu Guxing Base: The greenhouse is
located in the Agricultural Base of Pinggu District, Beijing. The area
of the greenhouse is 1000 m?, and the latitude and longitude are
117.209017 and 40.141164. The tomato variety grown here was Ris-
ing Star 5. Shed C1 contained the third crop, and sheds C2 and C3
had the fifth crop.

In each shed, we placed 20 sticky boards (Fig. 5B), 10 of which
were spiked with f-myrcene dissolved in CH,Cl, (200 pl on a piece
of filter paper, 2000 ng/pl) and 10 only received the solvent. The
sticky boards were positioned in the middle of the two rows of to-
mato plants. One day after placing these traps, they were collected,
and the number of whiteflies per boards was counted.

Statistical analyses
Statistical analyses were performed using SPSS software (Chicago,
IL). The Wilk-Shapiro test was used to assess the normality of each
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dataset. For data that followed a normal distribution, a two-tailed
paired ¢ test was used for analysis. Where data did not follow a para-
metric distribution, the Mann-Whitney test was used. Statistically
significant differences between two groups are indicated with aster-
isks (*P < 0.05, **P < 0.01, and ***P < 0.001).
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Figs.S1to S15
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