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With 3 figures and 1 table

Abstract: Tomato chlorosis virus (ToCV) is a major tomato virus that is mainly transmitted in a semi-persistent manner
by whiteflies. The Mediterranean cryptic species, Bemisia tabaci MED (known as biotype Q) is a highly efficient vector
of plant pathogens, and its management is crucial to reduce ToCV occurrence in crops. The application of insecticides
has been one of the most effective measures to control whiteflies; spirotetramat and thiamethoxam are notably frequently
used to manage B. fabaci. However, aside from being lethal, insecticides may have sublethal effects on surviving insects,
and such effects of spirotetramat and thiamethoxam have not been assessed on whiteflies yet, notably on whitefly-vec-
tored viral transmission. In this context, low lethal concentrations (LCjs) of spirotetramat and thiamethoxam against the
ToCV-carrying B. tabaci MED adults were estimated, and their impact on ToCV acquisition and transmission rates by B.
tabaci were evaluated. The sensibility of B. tabaci adults to spirotetramat and thiamethoxam decreased when they carried
out ToCV. The LC;s of both insecticides had limited effect on ToCV acquisition percentage (although the spirotetramat
enhanced it in early feeding phase). Both insecticides led to (i) increased ToCV quantities in B. tabaci with increasing
feeding time on infected plants (although only after a long feeding time on plants for whiteflies exposed to LC5 of thia-
methoxam), and (ii) increased B. tabaci capacity to transmit ToCV to healthy tomato plants. Spirotetramat modulated host
preferences in B. tabaci; it reduced attractiveness of ToCV-infected plants for ToCV-free B. tabaci, and reduced attractive-
ness of ToCV-free plants for ToCV-carrying B. tabaci. Out study show that the use of spirotetramat may be used to optimize

the management of B. tabaci and ToCV.

Keywords: whitefly; pathogen; ToCV; plant disease; neonicotinoid; feeding behavior

1 Introduction

Tomato chlorosis virus (ToCV) (genus Crinivirus, fam-
ily Closteroviridae), a RNA virus seriously threatening
Solanaceae crops, especially tomato plants, was first identi-
fied in 1996 from tomato plants in Florida, United States

(Wisler et al. 1998a). So far, ToCV has been reported
throughout the world, including many countries across
Europe, North America, Asia, Africa (Kil et al. 2015; Lee
et al. 2018). In China, ToCV was first reported in Taiwan
in 2004, later detected in Beijing in 2012 (Tsai et al.
2004; Zhao et al. 2014) and has been found in more than
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10 provinces on various crops (Wei et al. 2019; Shen et al.
2021). The main symptom of ToCV is yellow leaf disor-
der syndrome (Wisler et al. 1998a, 1998b). ToCV-infected
tomato plants gradually become yellowish from the lower
leaves to the upper ones of the plant which can result in
severe yield loss up to 100% (Dai et al. 2017). Moreover,
ToCV is transmitted in a semi-persistent manner by the
whiteflies (Wisler et al. 1998b).

Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae)
is a cosmopolitan pest that is harmful to over 600 host
plants by feeding on phloem and transmitting more than
200 plant viruses (Oliveira et al. 2001; Jaworski et al.
2015; Hu et al. 2022). Bemisia tabaci is generally consid-
ered a species complex consisting of at least 39 biotypes or
cryptic species with diversified variations in their genetic
and biological characteristics (de Barro et al. 2011; Shen
et al. 2021). Two widely disseminated and most destruc-
tive B. tabaci cryptic species are the Mediterranean (MED,
also known as biotype Q) and Middle East-Asia Minor 1
(MEAMI, or biotype B) biotypes. Bemisia tabaci MED has
quickly replaced MEAMI1 and became dominant in China
due to higher host adaptability and developed insecticide
resistance (Yao et al. 2017). Furthermore, B. tabaci MED
is considered a more efficient transmitter of ToCV than
MEAMI (Shi et al. 2018).

Bemisia tabaci management is a key step to prevent ToCV
and the most common method relies on insecticides, includ-
ing organophosphates, carbamates, pyrethroids, ketoenol
and neonicotinoids. Spirotetramat, a ketoenol insecticide,
is a two-way systemic insecticide that interferes with lipid
synthesis in insects and has proven effective for manage-
ment of whiteflies and other sap-sucking pests (Bielza et al.
2019). Thiamethoxam, a second-generation neonicotinoid,
is an effective insecticide to control sap-sucking insects by
inhibiting nerve impulsive system in insects (Maienfisch
et al. 2001).

However, the widespread use of insecticides has various
side effects, notably sublethal effects on non-target organ-
isms when exposed to low or sublethal doses; studies have
reported that pesticides could affect arthropods by impairing
their physiological and behavioral traits such as develop-
ment, host-finding capability and feeding behaviors (Liang
et al. 2021; Palma-Onetto et al. 2021; Jia et al. 2022, and see
Desneux et al. 2007 for a thorough review). Sublethal effects
may occur also in pests. For example, imidacloprid induced
sublethal effects on aphids such as repellence from feeding
and reduced honeydew production (Zeng et al. 2016), and
flupyradifurone, imidacloprid or bifenthrin affected oviposi-
tion, feeding behavior and/or virus transmission by B. tabaci
(He et al. 2013; Maluta et al. 2020; Liu et al. 2021). Effects
can be transgenerational and/or cause shifts in communi-
ties (Gong et al. 2022; Mohammed et al. 2019). Studies also
reported hormesis effects, e.g. acetamiprid and chlorantra-
niliprole boosting reproduction in exposed arthropods (Ullah

et al. 2019; Wang et al. 2022). The sublethal effects of low
concentrations of spirotetramat and thiamethoxam on ToCV
transmission by B. tabaci remained unexplored. In this con-
text, we assessed the sublethal effects of spirotetramat and
thiamethoxam on the acquisition rate and transmission of
ToCV by B. tabaci MED as well as on the host preference of
B. tabaci MED.

2 Materials and methods

2.1  Host plants

Tomato plants (Solanum lycopersicum Mill., var. Qidali)
and cotton plants (Gossypium hirsutum L., var. Jimian-66)
were cultivated in a 75-cell seedling tray that was filled with
a growing substrate (soil potting mix, Jinan Baibeizheng
Biotechnology Co., Ltd.) and covered with a 100mesh
insect-proof screen. The seedling trays were placed in a
greenhouse at 25-27°C until seedlings reached to a 3-leaf
stage before they were transplanted individually to a pot
(12cm in diameter) for further use. ToCV-infected tomato
plants were prepared at their 3-4 leaf stage through
Agrobacterium tumefaciens mediated inoculation with a
cloned ToCV genome (Zhao et al. 2014) while ToCV-free
tomato plants were inoculated in the same way but with an
agrobacterium bacterial strain without a loaded plasmid as
negative controls. ToCV was provided as cloned DNA by the
College of Plant Protection, Agricultural University of China
and a PCR verification of ToCV infections was performed
using ToCV primers ToC5/ToC6 from Dovas et al. (2002)
(Supplementary Table 1).

2.2 Insects

Bemisia tabaci MED was originally collected in 2015
from infested tomato plants in Shouguang City, Shandong
Province (China). The colony was maintained on cotton
plants in cages (60x60x60cm) at 25+1°C, 70 + 10% RH
and 16:8 Light:Dark photoperiod. The purity of B. tabaci
MED was checked every three months using a specific mito-
chondrial cytochrome oxidase I (mtCOI) marker (Chu et al.
2010).

Viruliferous and non-viruliferous B. tabaci were used in
the study. Newly emerged B. tabaci adults were transferred
to third leaf of ToCV-infected and ToCV-free tomato plants,
respectively. Whiteflies were placed for 48h in insect-proof
clip-on-cage (dia.: 3cm) for Acquisition Access Period
(AAP) to obtain ToCV-infested and ToCV-free B. tabaci.
Viruliferous and non-viruliferous B. tabaci were tested by
PCR with ToCV primer ToC5/ToC6.

2.3 Lethal concentrations of spirotetramat and
thiamethoxam on B. tabaci

The low lethal concentrations of thiamethoxam and spi-

rotetramat on B. tabaci on tomato plants were determined



through a root drenching method (due to systemic nature of
these insecticides). Spirotetramat (active ingredient 22.4%,
provided by Bayer Crop Science China) was diluted with
distilled water to seven different concentrations, respec-
tively containing 0, 62.5, 125, 250, 500, 1000, 2000 or
4000mg/L. Thiamethoxam (active ingredient 25%, pro-
vided by Syngenta Biotechnology, China) was diluted at
same concentrations. For each concentration, the roots of
tomato plants of 3—4 leaf stage were saturated with a 50mL
insecticide solution of spirotetramat or thiamethoxam.
These plants were kept in the greenhouse for 24h before
thirty viruliferous and thirty non-viruliferous B. tabaci
adults (newly emerged, <48h old) were transferred onto
their third leaf within the clip-on-cages. Each insecticide
concentration was replicated three times and the mortality
of B. tabaci was recorded after 48h of feeding. The mor-
tality of B. tabaci adults was determined when they were
unable to stand up and move after being gently touched with
a soft brush. An experiment was discarded if the mortality
rate in the water (blank) treatments was greater than 10%.
A low lethal concentration (LCy5) and the medial lethal one
(LCs) were determined using regression analysis (Liu et al.
2021).

2.4 Acquisition rate and transmission of ToCV
by B. tabaci on insecticide-treated plants

ToCV-infected tomato plants were treated with S0mL water
or the LC5 solution of spirotetramat or thiamethoxam (as
indicated in 2.3) for 24h. Twenty newly emerged (within
12h) ToCV-free female adults were placed in a glass jar
without feeding for 2h before being placed onto leaves of
ToCV-infected and insecticide-treated or control plants. All
individuals on inoculated leaves were individually enclosed
within a clip-on-cage, 10 plants for each treatment, and 3
clip-on-cages on each plant as replicates. After an AAP of 6,
12, 24, or 48h, all B. tabaci were collected and the percent-
age of ToCV-carrying adults was determined through PCR,
while the ToCV copies were quantified by RT-qPCR (Dovas
et al. 2002).

To determine the efficacy of viral transmission by B.
tabaci, ToCV-free tomato plants were treated with 50mL
water or the LC;s of thiamethoxam or spirotetramat solu-
tions for 24h. Newly emerged (within 12h) and starved B.
tabaci female adults were transferred onto leaves of ToCV-
infected tomato plants in each clip-on-cage to acquire ToCV
for an AAP of 48 hours. Ten ToCV-carrying B. tabaci were
placed into clip-on-cage on the leaves of ToCV-free and
insecticide-treated tomato plants. 10 plants for each treat-
ment, and 1 clip-on-cage on each plant. All ToCV-carrying
B. tabaci on the inoculated leaves were removed from plants
that were subsequently kept in a greenhouse at 25-27°C for
30d. Two youngest leaves from each plants were collected,
snap-frozen in liquid nitrogen and stored at —80°C for further
ToCV detection and quantification.
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2.5 Detection of ToCV by PCR and RT-qPCR

Total RNA from sample leaves or insects was extracted
using Trizol reagent following the manufacturer’s instruc-
tions (Invitrogen, Carlsbad, CA, USA). The RNA quan-
tity was checked by NanoDrop 2000 (Thermo Scientific,
Wilmington, DE, USA). Then, cDNAs were synthesized
using TransScript One-Step gDNA Removal and cDNA
Synthesis SuperMix kit (Transgen Biotech, Beijing, China).

Detection of ToCV was carried out by PCR with ToCV
primer ToC5/ToC6. PCR was carried out in a 20uL reaction
containing 10uL MasterMix, 1uL of upstream and down-
stream primers, 1uL of template and 7uL H,O. The PCR
procedure was as follows: 94°C for 3min, followed by 30
cycles of denaturation at 94°C for 30s, annealing at 50°C for
30s and elongation at 72°C for 1min, and a final extension
step at 72°C for 10min.

RT-gPCR was used to detect and quantify ToCV in
plants and B. tabaci. RT-qPCR was carried out using a BIO-
RAD IQ5 real-time PCR system and following the proto-
col of TransScript Green One-Step RT-qPCR SuperMix kit
(Transgen Biotech, Beijing, China). The PCR procedure was
as follows: 94°C for 30s for deactivation, followed by 40
cycles of denaturation at 94°C for 5s, annealing at 63°C for
15s and elongation at 72°C for 10s. Three independent bio-
logical replicates of each treatment were analyzed.

2.6 Host preference of B. tabaci on
ToCV-infested vs. ToCV-free plants

Tomato plants at the same age were treated with SOmL water
or the LC;5 solution of insecticide, either thiamethoxam or
spirotetramat (as indicated in 2.3), and used for different
treatments to determine the host preference of B. fabaci. The
comparisons included: 1) water-treated and ToCV-free vs.
water-treated and ToCV-infected plants, 2) spirotetramat-
treated and ToCV-free vs. spirotetramat-treated and ToCV-
infected plants, 3) thiamethoxam-treated and ToCV-free vs.
thiamethoxam-treated and ToCV-infected plants. After being
treated as described (above) for 24h, two tomato plants were
placed at the opposite corner of an insect-proof screen cage
(60x60x60cm) and then 200 2h-starved B. tabaci adults,
ToCV-free or ToCV-infested, were released to the center of
the cage. The number of whiteflies on each test plant was
counted at 3, 6, 9, 12 and 24h interval. Each host preference
experiment was done five times (biological replications) and
each treatment of an experiment was repeated three times.

2.7 Statistical analysis

Generalized linear models (GLM) following a quasibinomial
distribution and Linear Model (LM) have been used to anal-
yse the impact of the feeding time (hours), the treatment (con-
trol, spirotetramat, thiamethoxam) and their interaction on
the ToCV acquisition rate (%) by B. tabaci and the quantity
of ToCV in B. tabaci (ToCV copies / uL), respectively. GLM
following a quasibinomial distribution has also been used
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to analyse the impact of the plant infection status (ToCV-
infected tomato and ToCV-free tomato plants), the feeding
time, the treatment, the B. fabaci infection status (virulifer-
ous and non-viruliferous B. tabaci) as well as all the pair-
wise comparison on the host preference of B. tabaci (% host
chosen). Statistical significance of variables was determined
by analysis of variance (ANOVA) with a F test (LM) or a
x> test (GLM). Model residuals have been checked for nor-
mality using the ‘performance’ package. When a significant
interaction was detected, we performed multi-comparison
tests using the ‘multcomp’ package to evaluate the impact
of the treatments in interaction or not with the plant infec-
tion status for each host feeding time tested. These statistical
analyses have been done in RStudio 2022.02.0. The impact
of the treatment on the transmission efficiency of ToCV by
viruliferous B. tabaci (% tomato infection rate) was analyzed
using one-way ANOVA and Duncan’s multiple comparison
(P<0.05) and was carried out using PASW statistics 18.

3 Results

3.1 Lethal concentrations of spirotetramat and
thiamethoxam on B. tabaci

LCsp and LC;5 of spirotetramat on non-viruliferous B.
tabaci, when exposed to insecticide on root drenching-
treated plants, were estimated to 842.40 mg/L and 96.94
mg/L, respectively (Supplementary Table 2). By contrast,
viruliferous B. tabaci (i.e. carrying ToCV) showed lower
sensitivity to spirotetramat, with LCsy and LC5 of spirotet-
ramat (2069.70 mg/L and 444.65 mg/L, respectively) being
2.5-4.6-fold higher than for non-viruliferous B. tabaci val-
ues. Similar trends were observed when evaluating the lethal
concentrations of thiamethoxam on B. tabaci, with LCs and
LCy5 on non-viruliferous individuals being 121.94 and 29.70
mg/L, respectively, vs. 1.5-2.2-folder higher for viruliferous
individuals (181.27mg/L and 66.64mg/L, respectively).

3.2 Acquisition of ToCV by B. tabaci on
insecticides-treated plants

The acquisition of ToCV by B. tabaci increased as the AAPs
increased (Fig. 1, X23: 294.9, P<0.001) and varied among
treatments (X?: 2.8, P<0.001) but not in the same way
among them (i.e. significant interaction between the feeding
time and the treatment: X23: 6.5, P<0.001). After being fed
on ToCV-infected tomato plants for 6h, the percentage of vir-
uliferous B. tabaci on spirotetramat-treated plants was higher
in comparison with those feeding on water- and thiameth-
oxam-treated plants (P<0.001). After 12h, the lowest ToCV
acquisition rate was recorded when plants were treated by
thiamethoxam in comparison to plant treated with water or
spirotetramat (P<0.001). There was no significant difference
in the ToCV acquisition rate of B. tabaci feeding for 24h
on plant treated with water, spirotetramat or thiamethoxam
(P=0.192). After 48h of feeding, the ToCV acquisition rate

of B. tabaci feeding on plants treated by thiamethoxam was
lower compared to the spirotetramat treatment (P=0.042)
with water treatment showing intermediate value.

The quantity of ToCV detected by RT-qPCR in non-
viruliferous B. tabaci feeding on ToCV-infected tomato
plants differed among treatments (F; 24=98.9, P<0.001) and
feeding times (F3 24=300.5, P<0.001) (Fig. 2) but not in the
same way (i.e. significant interaction between feeding time
and treatment: Fg 24=113.9, P<0.001). While the quantity of
ToCV detected in B. tabaci was significantly higher in water
control treatment vs. the two insecticide treatments after
6h of feeding, it remained stable for this water treatment at
higher feeding times. By contrast, it was significantly higher
for longer feeding times (12, 24 and 48h) in the spirotetra-
mat treatment, as well as in the thiamethoxam treatment but
only at 48h. In addition, the increase was stronger in the case
of spirotetramat, this treatment showing significantly lowest
quantity of ToCV detected in B. tabaci at 6h of feeding but
then significantly highest quantity detected at 12h, 24h and
48h of feeding.

3.3 Transmission of ToCV by B. tabaci on
insecticides-treated tomato plants

The transmission rate of ToCV by viruliferous B. tabaci var-

ied significantly among treatments (F,=41.391, P<0.001)

with higher transmission rates on tomato plants treated with

spirotetramat (86.20% +1.55) or thiamethoxam (84.47%
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Fig. 1. Acquisition rate of ToCV by non-viruliferous B. tabaci
MED from ToCV-infested tomato plants treated by either water,
spirotetramat or thiamethoxam. Different letters indicate signifi-
cant differences among treatments within a given feeding time
(at P <0.05).
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Fig. 2. Quantity of ToCV in non-viruliferous B. tabaci MED feed-
ing on ToCV-infested tomato plants treated by either water, spi-
rotetramat or thiamethoxam. Different letters indicate significant
differences among treatments within a feeding time (at P < 0.05).

+1.79) than on control plants (61.90% +2.78). No signifi-
cant difference was observed between the two insecticides
(P>0.05).

3.4 Effect of spirotetramat and thiamethoxam on
host preference of B. tabaci

The host preference of B. tabaci varied significantly accord-
ing to the treatments (water, spirotetramat, and thiameth-
oxam), the plant infection status (ToCV-infected or ToCV-free
tomato), the B. tabaci infection status (non-viruliferous or
viruliferous), the feeding time (3, 6, 9, 12 or 24h) and all the
pairwise interactions except the interaction between the plant
infection status and the feeding time (Table 1, Fig. 3). The
non-viruliferous B. tabaci preferred ToCV-infected tomato
plants over ToCV-free ones for all the feeding times tested
(all P<0.05). In addition, this preference was stronger when
plants had been treated with water than when treated with the
insecticides (all P<0.05). When considering only ToCV-free
plants, B. tabaci showed preference toward tomato plants
treated with water or thiamethoxam (vs. spirotetramat) for
3h and 6h of feeding times (all P<0.035) and then showed
preference toward tomato plants treated with water and spi-
rotetramat (vs. thiamethoxam) when feeding increased (9 to
24 hours, all P<0.001). Overall, the ToCV-infected plants
treated by water were the most preferred host by non-viru-
liferous B. tabaci while the ToCV-free tomato treated with
thiamethoxam was less preferred host.
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Table 1. Impact of the treatment (water, spirotetramat and thia-
methoxam), the plant infection status (ToCV-infected tomato and
ToCV-free tomato plants), the B. tabaci infection status (non-vir-
uliferous and viruliferous) and the feeding time (3, 6, 9, 12 and
24hours) on the host preference of B. tabaci MED.

Df Chi2 P-value
Treatment (Tt) 2 124.2 <0.001
Plant infection status (PS) 1 52.5 <0.001
B. tabaci infection status (BS) 1 29 <0.001
Time (Tm) 4 225.1 <0.001
Tt: PS 2 1344 <0.001
Tt: BS 2 116.6 <0.001
PS: BS 1 754.1 <0.001
Tt: Tm 8 31 <0.001
PS: Tm 4 3.7 0.336
BS: Tm 4 15.1 <0.001

By contrast, the viruliferous B. tabaci preferred the
ToCV-free tomato plants that had been treated with water
and thiamethoxam when compared to the ToCV-infected
plants and the ToCV free-plants treated with spirotetramat,
regardless of the feeding time (all P<0.05). When the plants
were infected by ToCV, the viruliferous B. fabaci showed
no preference among the treated plants at 3 and 6 hours of
feeding (all P>0.146). At9, 12 and 24 hours of feeding, these
individuals showed preference toward tomato plants treated
with spirotetramat compared to water (P=0.026). For ToCV-
free plants, B. tabaci preferred the tomato plants treated with
water and thiamethoxam compared to spirotetramat for all
the feeding time (P<0.05). Overall, the ToCV-free plants
treated by water and thiamethoxam were the most preferred
hosts by viruliferous B. tabaci while the ToCV-infected
tomato plants treated with water and the ToCV-free plants
treated by water and spirotetramat were the lowest preferred
hosts.

4 Discussion

Bemisia tabaci is a highly efficient vector of plant pathogens,
and its management is crucial to reduce ToCV occurrence
in crops. Our assessment of effects of LC;5 of spirotetramat
and thiamethoxam on B. tabaci hint that the susceptibility
to such insecticide is reduced in ToCV-carrying individuals.
This phenomenon was already reported in B. tabaci exposed
to other insecticides such as cyantraniliprole and flupyra-
difurone for individuals carrying the Tomato Yellow Leaf
Curl Virus (TYLCV) (Liu et al. 2021); plant viruses may
modulate the expression of genes involved in detoxification
mechanisms (Ding et al. 2019) but mechanisms increas-
ing insecticide tolerance are not known. Both spirotetramat
and thiamethoxam led to increased ToCV quantities in B.
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Fig. 3. Host preference of (A) non-viruliferous and (B) virulif-
erous B. tabaci MED on ToCV-infected tomato and ToCV-free
tomato plants treated with water, spirotetramat and thiameth-
oxam. Data are presented as mean +SEM. Different letters indi-
cate significant difference between each point within the same
feeding time (P < 0.05).

tabaci (with increasing feeding time on infected plants), and
a higher capacity of B. tabaci to transmit ToCV to healthy
tomato plants. In addition, spirotetramat led to reduced
attractiveness of ToCV-infected plants for ToCV-free B.
tabaci, and reduced attractiveness of ToCV-free plants for
ToCV-carrying B. tabaci.

Sublethal effects of pesticides on insects could affect
insect behavior, notably the mobility, navigation/orientation,
feeding behavior, oviposition and/or learning performance
(Desneux et al. 2007). Among those, feeding behaviors, and
notably actual amount of plant sap acquisition through feed-
ing by whiteflies, are directly related with virus transmission
(Stafford et al. 2011, 2012). The process of virus spread by
insects includes acquisition, retention and transmission, and
the virus acquisition rate, the viral multiplication and viral
transmission efficiency of each virus/vector interaction in a
vector population could be quite different during those peri-
ods. During the 48h feeding time of our study, LC5 of both
spirotetramat and thiamethoxam showed no major effect on
the number of whiteflies acquiring ToCV, suggesting that
these insecticides may not increase the number of acquisition
events in whitefly populations. These results contrast with
those of Liu et al. (2021) who reported a reduced acquisition
of TYLCV by B. tabaci when exposed to sublethal fluby-
furanone concentrations. Such discrepancy may result from
different modes of action of insecticides tested (inducing dif-
ferent sublethal behavioral effects, Desneux et al. 2007); fur-
ther investigations on this aspect would be needed to assess
how the mode of action of various pesticides could modulate
the acquisition rate of virus by sap-sucking insects.

The quantity of acquired (and multiplied) viruses inside
insect vectors’ body is key for viral transmission efficiency
and this quantity could vary according to the duration of
virus persistency in its vector. ToCV belongs to the semi-
persistent group of plant viruses; it multiplies and accumu-
lates inside its vector, i.e. B. fabaci in the present study. We
showed that B. tabaci ToCV load increased when the white-
flies were exposed to spirotetramat and thiamethoxam, likely
owing to the observed increasing feeding time on infected
plants when whiteflies were exposed to these insecticides.
The increased in ToVC load may result also from stimu-
lated virus replications inside the vector owing to insecticide
exposure. Previous studies indicated that low or sublethal
concentrations of imidacloprid induced increased expression
of rice stripe virus (RSV) CP protein in small brown plan-
thoppers (Zhang et al. 2021) and that neonicotinoid could
promote replication of virus through negatively modulating
insect immunity (Di Prisco et al. 2013). Various mechanisms
may be involved in the sublethal effects of pesticides on vec-
tor behavioral and physiological responses and vector-trans-
mitted viral reproductivity; a reduction of sucking/feeding
capacity may occur, leading to increased immature develop-
ment duration and longer duration for the virus to replicate
and accumulate in its host (Wang et al. 2023). An impair-
ment of immune system (Coulon et al. 2019) and/or immune



signaling (Di Prisco et. al 2013) of host vector may also
promote multiplication of the acquired virus. In our study,
we believe that both mechanisms were involved for the
increased ToCV load in B. tabaci that were exposed to the
insecticides. Further studies will need to focus on specific
viral reproductivity and change(s) in immune responses,
feeding behavior and physiological defenses of the vector
when exposed to low or sublethal doses of pesticides.
Spirotetramat showed to invert the preference of B. tabaci
for host plants, i.e. ToCV-free B. tabaci individuals preferred
non-infected plants, and ToCV-carrying individuals pre-
ferred infected plants, while the opposite was true in absence
of insecticide exposure. However, no change in preference
was induced by thiamethoxam. Preferences for host plants,
due in part to insects’ capacity to detect and select their
host based on olfactory cues, could be driven by changes in
plant scent induced by virus infection (Maluta et al. 2019;
Bello et al. 2023; Zhang et al. 2023). Neonicotinoids such
as thiamethoxam affect insects’ nervous system, and there-
fore might affect their capacity to process plant scent and
select their host, although we did not find a change in host
preference due to thiamethoxam exposure here, possibly due
to the very low doses applied (or different effects at play in
exposed insects). Instead, spirotetramat affects lipid synthe-
sis in insects, and even sublethal doses might change insects’
nutritional needs. At the same time, plant viruses such as
ToCV may change host plant nutritional quality in addition
to scent (Su et al. 2015; Maluta et al. 2019), and this could
explain the change in host preference due to spirotetramat
exposure (He et al. 2013; Maluta et al. 2021). This however
is in partial contradiction with the fact that carrying ToCV
reduced B. tabaci sensibility (mortality at LCys) to insecti-
cides. If ToCV provides a partial protection against insecti-
cides to the vector, choosing infected plants when exposed to
sublethal doses should bring a fitness advantage to B. tabaci,
but only if it is not compensated by a reduced fitness (owing
to lower quality of infected host plants, Maluta et al. 2019).
We found that virus transmission efficiency was increased
when B. tabaci got exposed to LC;5 of spirotetramat and
thiamethoxam. Virus transmission by insect vectors is a key
process in plant virus outbreaks, and therefore it has received
attention in case of exposure to pesticide in an Integrated
Pest Management (IPM) context. Flupyradifurone had
negative effect on TYLCV transmission by B. tabaci (Liu
et al. 2021) and sublethal effects of cyantraniliprole, acet-
amiprid, and flupyradifurone were reported on the feeding
behaviors of B. tabaci, suggesting that insecticides could
influence ToCV transmission by reducing phloem ingestion
(Maluta et al. 2020). Insecticides are largely used to man-
agement B. tabaci in crops. However, we demonstrated that
sublethal concentrations of spirotetramat and thiamethoxam
could increase the ability of B. tabaci to transmit ToCV, and
that carrying the virus lowered whitefly susceptibility to
these two insecticides. However, spirotetramat could reduce
virus transmission by changing the attractiveness of ToCV-
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infected plants for ToCV-free B. tabaci. In addition, the sub-
lethal effect of spirotetramat in changing vector preference
between infected and healthy plants appears being subopti-
mal for the virus because it could limit its potential spread to
new plants. These findings may help optimizing IPM strate-
gies for reducing the spread of the virus, notably because
such management should prioritize targeting the insect vec-
tors to prevent yield losses (Benelli & Cornara 2021; Garcia
et al. 2022; Moreno et al. 2021).
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22

23 Supplementary Table 1. Primers used for detection of ToCV, from Dovas et al. (2002)

Primer name Sequence (5'-3" Production/bp
ToC5 GGTTTGGATTTTGGTACTACATTCAGT
463
ToC6 AAACTGCCTGCATGAAAAGTCTC
ToCVq-F TTGTTCCTCTTTGGGTTTC
190
ToCVg-R CGAATCTCCCTGGGTATC
24
25 Dovas, C. L., Katis, N. 1., & Avgelis, A. D. (2002). Multiplex detection of criniviruses
26 associated with epidemics of a yellowing disease of tomato in Greece. Plant
27 Disease, 86(12), 1345-1349. https://doi: 10.1094/PDIS.2002.86.12.1345
28

29





30 Supplementary Table 2. Toxicity (LCis and LCso in mg/L) of spirotetramat and
31  thiamethoxam on viruliferous, i.e. carrying ToCV (V-Bf), and non-viruliferous B. tabaci (NV-
32 B

33
Spirotetramat Thiamethoxam
B. tabaci NV-B¢ V-Bt NV-Bt V-Bt
treatment
Regression 1.104Ln 1.552Ln 1.690Ln 2.385Ln
equation (Y) (X)-3.229  (X)-5.146  (X)-3.525  (X)-5.386
96.94 444.65 29.70 66.64
0,
E&é(ﬁig"e) (3526-  (191.55-  (1831-  (25.65-
165.98) 681.65) 41.23) 105.34)
842.40 2069.70 121.94 181.27
0,
Eﬁﬁégeic/oe) (611.46-  (1579.99-  (98.61- (118.30-
1273.67) 2891.69) 149.81) 254.95)
R? 0.941 0.994 0.959 0.969
X2 2.046 0.209 3.818 8.231
P value 0.536 0.901 0.282 0.081
34
35

36





