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Accumulation of salicylic acid in tomato plant under biological stress affects

oviposition preference of Bemisia tabaci
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ABSTRACT

In field, plants are exposed to multiple biological stresses simultaneously; for example, insect damage
and pathogenic virus infection. In this study, we constructed a simple tripartite experimental system
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using tomato plant, their insect pest Bemisia tabaci (whitefly), and infectious tomato mosaic virus

(ToMV). In the choice test, whiteflies laid more eggs on uninfected plant than on ToMV-infected
plant. Further, whiteflies hatched more and grew better on the uninfected plant. Salicylic acid (SA)
accumulated in infected plants, and the expression of genes involved in SA production and SA-
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related response was significantly induced. These plant responses against ToMV infection were
similar to those against whitefly attack or SA-treated plants. To examine the importance of plant
endogenous SA for whitefly preference, we repeated the choice test using the NahG transgenic
tomato that cannot accumulate SA. Whiteflies did not show oviposition preference between NahG
plants with and without ToMV infection or whitefly infestation. Overall, whiteflies prefer healthy
plants, and SA accumulation in response to biological stresses is involved in their preference.

Introduction

Plants under field condition experience stress by pathogen and
herbivores simultaneously. Infection by pathogens and attack by
herbivores are serious biological stresses to plants, accounting
for approximately 40% loss of crop and vegetable production
(Oerke et al. 1994; Gottula and Fuchs 2009). Therefore, the elu-
cidation of defense system mechanisms underlying the plant-
insect-microbe interaction is important to reduce crop loss.
Plant endogenous signal molecules, particularly salicylic acid
(SA), jasmonate (JA), and ethylene, play important roles in
inducing defense response against biotic stresses (Alazem and
Lin 2015; Caarls et al. 2015; Okada et al. 2015). Generally, the
infection by biotrophic pathogens and viruses, and attack by
sucking insects induce SA accumulation and SA-related
response in plant, whereas, the infection by necrotrophic patho-
gens and damage by chewing insects induce the JA accumu-
lation and JA-related response (Hayat et al. 2010; Mauck et al.
2010; Nguyen et al. 2016; Verma et al. 2016).

Bemisia tabaci (whitefly) is a serious global agricultural
pest that causes severe damage through feeding and by acting
as a vector to plant viruses (Gottlieb et al. 2006). It is a suck-
ing-type insect, and its attack induces SA signal transduction
in plants (Leitner et al. 2005; Kawazu et al. 2012a; Park and
Ryu 2015; Zhang et al. 2015). In addition, whiteflies act as a
vector for the disease-causing tomato yellow leaf curl virus
(TYLCV) (Cohen and Harpaz 1964). It is known that some
whitefly populations carrying TYLCV prefer to colonize the
plants infected with TYLCV and other populations poorly
spreading TYLCV prefer healthy plant (Shi et al. 2016). It is
thought that some viruses can alter the preference of vector
insects by interacting with the insects themselves or with
their endogenous microorganisms (Su et al. 2013; Guo et al.
2014; Wang et al. 2016). However, it is not clear how
whiteflies discriminate infected plants from healthy plants.

Tobamoviruses are the most studied viral pathogen, and
they infect plants belonging to several genera; however, they
are not vectored by whiteflies. These viruses induce resistance
response pathways mediated by SA in tomato plant (Hayat
et al. 2010; Mauck et al. 2010). Similar to those of TYLCV-
infected plants, tomato plants infected with tomato mosaic
virus (ToMV) exhibit severe growth suppression as well as
reduced yield and commercial value of its fruits (Sanders
et al. 1992).

In the present study, we constructed a plant-insect-virus
tripartite experiment system consisting of tomato plant,
whitefly, and ToMV. They were selected to simplify the
experimental system, as whitefly is not a vector of ToMV.
Given the advantages of tomato model plants, which are
rich in genetic information, and the ease of handling of trans-
genic plants, we examined the oviposition preference of
whiteflies for virus-infected, whitefly-infested, and healthy
plants and their performance on virus-infected plants (Shi-
kata et al. 2016; Yamamoto et al. 2018). We aimed to acquire
information on the mechanisms underlying the preference
and performance of whiteflies.

Materials and methods
Plant and insect materials and growth conditions

The seeds of tomato plants (Solanum lycopersicum (L.)
‘Micro-Tom’ wild type and transgenic plants) were sown on
1:1 mixture of commercial culture soil (Sakata super mix A;
Sakata Seed, Yokohama, Japan) and vermiculite. The plants
were grown under white fluorescent light (2.4 klx) with a
16:8 h light/dark photoperiod and 40-50% humidity (RH)
at 25°C for 4 weeks. Whiteflies (B. tabaci) were purchased
from Sumika Technoservice Co. (Takarazuka, Japan) and
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were mass-reared on potted Micro-Tom plants in an acrylic
box maintained in a glass room (25°C, 40-50% RH).

Production of transgenic plants

A binary vector expressing bacterial gene encoding salicylate
hydrase (NahG) under the control of an enhanced 35S promo-
ter was constructed by Kobayashi et al. (2010). The construct
was used to transform tomato (S. Lycopersicum (L.) Micro-
Tom) by the leaf disc co-cultivation method with Agrobacter-
ium tumefaciens LBA4404 (Horsch et al. 1985). A plant trans-
formed with empty vector was also prepared as control.

Inoculation with tomato mosaic virus

The fourth leaf from the bottom of intact potted plant was
gently rubbed with carborundum and ToMV at a concen-
tration of 0.4 pgmL~" suspended in 10 mM phosphate
buffer (pH 7.0) or carborundum and buffer as mock treat-
ment. After rinsing under a gentle stream of tap water, the
treated plants were incubated under the same condition of
growth. After 7 days, when the symptoms of ToOMV infection
appeared in the systemic leaves (those above the inoculated
leaf), the inoculated plants were used for the choice and per-
formance tests with whiteflies. To extract phytohormones
and total RNA, the upper systemic leaves were sampled, fro-
zen in liquid nitrogen, and immediately stored at —80°C.

Infection with whiteflies

Infection with whiteflies was performed as described by
Kawazu et al. (2012b) with some modifications. On the fourth
leaf of the potted plants, five mated females were introduced
and gently covered with a small cage (25 mm diameter x
15 mm height) of infested leaf. After 3 days, the whole
infested plants were subjected to the choice test, with the
small cage containing whiteflies, to discriminate newly laid
eggs in the choice test. An intact plant with empty cage cover-
ing the same position was used as uninfested control. To
extract phytohormones and total RNA, the upper systemic
leaves were stored at —80°C.

Treatment with SA

The fourth leaf of intact potted plant was sprayed with about
600 uL of 1 mM SA aqueous solution or sterilized distilled
water (SDW) as control. After 2 days, the plants were used
for the choice test.

Quantification of phytohormones

The extraction and quantification of SA, SA glucoside (SAG),
and JA in the frozen leaf samples were performed as pre-
viously described using a gas chromatograph equipped with
a quadrupole mass spectrometer (Hewlett-Packard, Wil-
mington, DE, USA) (Seo et al. 1995; Baldwin et al. 1997).
The phytohormones were extracted from five independent
samples.

RNA extraction and quantitative RT-PCR

Frozen leaf samples were ground with liquid nitrogen using a
motor and pestle, and the total RNA from each sample was

Table 1. Gene specific primers for quantitative RT-PCR.

Primer Sequence Target gene

Actin  Forward 5-AGGCTCCTCTTAACCCCAAG-3’ Actin
Reverse 5-GTGGGAGAGCATAACCCTCA-3/

PIN2  Forward 5-CATCTTCTGGATTGCCCA-3 Proteinase inhibitor
Reverse 5-ACACACAACTTGATGCCCAC-3’

PR4  Forward 5-CGATCTAAATTGATTTCATAGTACG-3' Pathogenesis related
Reverse 5'-TCGTGAAGGATATACAAAATACA-3' protein 4

SOD  Forward 5-GCGGGTGACCTGGGAAACAT-3 Super oxide
Reverse 5-CCACAAGTGCTCGTCCAACAAC-3 dismutase

extracted with TRIzol® reagent (Invitrogen, San Diego, CA,
USA) as recommended by the supplier. The quantitative
reverse transcriptase PCR (qRT-PCR) was performed with
1 ug of total RNA using the iScript™ cDNA Synthesis Kit
(BIO-RAD, Hercules, CA, USA) and iQ™ SYBR® Green
supermix (BIO-RAD) as recommended by the supplier. To
study the expression of disease-related genes—SIPIN2
(HQ127077), SIPR4 (FJ151171), and SISOD (AK246715)—
specific primers were designed as shown in Table 1. Control
reactions to normalize qRT-PCR amplification were run
using the Actin (SIACT) gene (FJ532351). The PCR was car-
ried out using the Real Time PCR System CFX96 (BIO-RAD).
The thermal cycling program was as follows: 95°C for 60 s; 45
cycles of 95°C for 15 s; and 60°C for 30 s.

Choice test

The oviposition preference of whiteflies was tested in an acrylic
box (600 mm x 350 mm x 300 mm; with three nylon-gauze-
covered windows and two doors). In the box with two potted
Micro-Tom plants subjected to different treatments, 25
whiteflies collected in a 1.5-mL tube were released at equidis-
tance from the two plants (Figure 1A). The plants and whiteflies
in the box were maintained under conditions of a climate-con-
trolled room at 25+ 2°C, 40-50% RH, and fluorescent light
(2.4 klx) with a 16:8 h light/dark photoperiod. After 7 days,
the number of eggs laid on each plant was counted.

Performance of whitefly

To assess the performance of whiteflies on the systemic leaves
of ToMV-inoculated and mock-treated plants, the egg hatch-
ing and adult emergence rates were examined. The egg hatch-
ing test was performed as described by Liu et al. (2014) with
some modifications. In a small cage (25 mm diameter x
15 mm height), two mated female whiteflies were inoculated
on the upper systemic leaves detached from the treated
plants. The cut end of the detached leaves was covered with
wet cotton wool during the tests. To test the rate of adult
emergence, in an acrylic cage (160 mm x 120 mm X
260 mm; with a nylon-gauze-covered window), two mated
females were directly introduced onto the upper systemic
leaves of potted plants and enclosed by a nylon-mesh with
the leaves. After 1 day, in both the tests, mated females
were removed and the detached leaves or the potted plants
were maintained at 25°C in each cage for 20 or 30 days. Sub-
sequently, the number of freshly hatched larvae and emerged
adults was counted every day.

Statistical analyses

The choice test data were analyzed by Wilcoxon signed-rank
test. The hatching rate of whiteflies was analyzed by the log-



A B
Screen
%
600 |
S 2 e »
@ 2|18 3
=] S|3 )
7] 3 5 400
3
a
£
3 200 l
0 ;
350 mm Mock ToMV

@ : TreatedPotted Plant
() 1 collected Whiteflies

Figure 1. Choice test of whitefly on ToMV-inoculated and mock-treated healthy
plants. A, Experimental system of choice test. Each potted plant was placed at
the two corners of the acrylic box (gray circles). Whiteflies set at equidistant
from the two plants (dotted circle). B, Preference of whiteflies for ToMV-inocu-
lated (gray box) and mock-treated plants (white box). Box plot explanation:
upper horizontal line of box, 75th percentile; lower horizontal line of box,
25th percentile; horizontal bar within box, median; upper and lower lines out-
side the boxes, minimum and maximum values (error bars). Experiments were
repeated independently (n=12). Asterisk indicates that the data compared
were significantly different (P < 0.05, Wilcoxon signed-rank test).

rank test. The data of emergence test, QRT-PCR, and phyto-
hormone quantification were subjected to the analysis of var-
iance (ANOVA), followed by t test. These data were subjected
to statistical analyses using the statistical software package R
version 3.5.0 (The R Foundation for Statistical Computing,
Vienna, Austria).

Results

Whiteflies preferred to lay eggs on healthy plants
than on virus-infected plants

The ToMV-inoculated and mock-treated plants were pre-
pared and the preference of whiteflies to the plants was
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analyzed at 7 days after inoculation when the symptoms of
ToMV are appeared in the systemic leaves. The spread of
ToMV was confirmed by normalizing the viral genomic
RNA content to tomato actin (SIACT) mRNA level (Figure
S1). The number of eggs on mock-treated plants was higher
than that on ToMV-inoculated plants (Figure 1B). The result
of 12 independent assays revealed that the whiteflies preferred
mock-treated plants over ToMV-infected plants.

Performance of whiteflies on diseased and healthy
plants

To verify whether the growth performance of whiteflies on
healthy plants was better than that on diseased plant, the
hatching rate of eggs and emergence rate of adults on each
treated plant were compared. The eggs on diseased leaves
hatched more slowly than those on healthy leaves (Figure
2A). Approximately 80% of eggs on mock-treated leaves
hatched until 2 weeks, whereas, only 60% of eggs on
ToMV-inoculated leaf hatched during the same period. The
emergence rate of adult whitefly on mock-treated plant was
also significantly higher than that on ToMV-inoculated
plants (Figure 2B).

Response of tomato plant against ToMV infection

Although whiteflies preferred healthy plants over diseased
plants and presented faster growth on healthy plants, the
nutritional value of mock-treated leaves and ToMV-inocu-
lated leaves appeared to be similar as there was no difference
between their carbon and nitrate content (Figure S2).

As typical stress response genes, the mRNA level of PIN2,
PR4, and SOD was evaluated at 7 days after inoculation.
Among the evaluated genes, the mRNA level of PR4, a typical
marker gene for SA, was significantly increased upon ToMV
inoculation. On the contrary, the expression level of mRNA
of PIN2, a typical marker gene for wound response, and
SOD, a typical marker gene for oxidative stress, was not
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Figure 2. Performance of whiteflies on ToMV-inoculated or mock-treated plants. A, Hatching rate of whiteflies on the systemically infected leaf of ToMV-inoculated
and mock-treated plants. Open circle with solid line indicates the hatching rate on the leaf of mock-treated plant. Closed square with dash line indicates the hatching
rate on the leaf of ToMV-infected plants. The same experiments were repeated twice and the average values are indicated. The total number of eggs was 239 on
ToMV-infected leaves and 181 on mock-treated leaves. Different letters indicate that the data compared were statistically significantly different (P < 0.05, log-rank
test). B, The emergence rate of whiteflies on ToMV-inoculated (black) and mock-treated plants (white). Bar graph indicates the mean + standard error of the mean of
repeated experiments on mock-treated plant (n = 5) and on ToMV-inoculated plant (n = 6). Asterisk indicates that the data compared were statistically significantly

different (P < 0.05, t-test).
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Figure 3. Molecular response of Micro-Tom against ToMV infection. A,
Expression profile of the typical stress-inducible genes in the systemic leaf
after TOMV inoculation. The total RNA was extracted 7 days after ToMV inocu-
lation and mRNA of PIN2, PR4 and SOD genes was quantified by the gRT-PCR.
B, Accumulation of SA, total SA (SA + SAG), and JA in the systemic leaf after
ToMV inoculation. White indicates mock treatment and black indicates ToMV
infection. Each bar indicates the mean =+ standard error of the mean of repeated
experiments (A: n = 3; B: n=4). Asterisk indicates that the data compared were
statistically significantly different (P < 0.05, t-test). NS indicates no significance.
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different between each treatment (Figure 3A). Further, free
SA and total SA levels (SA + SAG) significantly accumulated
in the leaves of ToMV-inoculated plants (Figure 3B). Contra-
rily, the content of JA was not altered by ToMV inoculation.

Whitefly avoids SA-accumulated tomato plants as
oviposition site

Based on the above results, we focused on the effects of SA
accumulation in tomato plants on whitefly preference. The
preference of whitefly for SA-treated plants over control
plants was assayed. Whiteflies significantly preferred SDW-
treated plant over SA-treated plant (Figure 4A). SA-deficient
transgenic tomato plants were produced by the introduction
of a construct expressing NahG (Kobayashi et al. 2010). The
suppression of SA accumulation was confirmed in the second
generation of NahG transgenic plants (Figure S3). The prefer-
ence of whitefly for ToMV-inoculated and mock-treated
NahG tomato plants was investigated. Whitefly did not exhi-
bit preference for healthy or diseased plants, indicating SA
accumulation in ToMV-infected tomato plants induces disfa-
vor in whitefly (Figure 4B).

Response of tomato plant to sucking infestation by
whiteflies and its effect on the preference of whitefly

Whiteflies significantly preferred the leaves of NahG plant
over those of control plant without ToMV inoculation
(Figure 4C). Whitefly infestation increased the mRNA level
of SA inducible gene, PR4, as well as SA accumulation,
whereas the expression of mRNA of PIN2 was not different
between the plants. On the contrary, the expression of
mRNA of SOD was significantly increased upon whitefly
infestation (Figure 5A). Furthermore, free SA and total SA
levels (SA + SAG) significantly accumulated in the leaves of
whitefly-infested plants (Figure 5B). To confirm whether
SA accumulation induced by whitefly infestation affects the
preference of whiteflies, whitefly preference was tested by
the local infestation of whitefly on tomato leaves clipped
with a small cage. Whiteflies significantly preferred unin-
fested plants over infested wild-type tomato plant (Figure
6A). However, this difference in preference was not observed
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Figure 4. Effect of SA on the preference of whitefly for tomato plants. A, Whitefly preference for SA-treated and SDW-treated plants. Wild type Micro-Tom plant was
sprayed with T mM SA or SDW, and 2 days after each treatment, the plants were set in acryl box (Figure 1A) and used in the choice test. The number of eggs laid on
each plant was counted at 7 days after inoculation. B, Preference of whiteflies for mock-treated and ToMV-infected NahG plant. NahG tomato plants were ToMV
inoculated or mock treated, and the preference of whitefly was assessed at 7 days after each treatment. C, Preference of whiteflies for intact NahG and control plants.
Box plot explanation: Upper horizontal line of box, 75th percentile; lower horizontal line of box, 25th percentile; horizontal bar within box, median; upper and lower
lines outside the boxes, minimum and maximum values (error bars). Each test was repeated independently (A: n = 6; B: n = 6; C: n = 8). Asterisk indicates that the data
compared were significantly different (P < 0.05, Wilcoxon signed-rank test). NS indicates no significance.
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Figure 5. Micro-Tom response to whitefly infection. A, Expression pattern of the
typical stress-inducible genes in wild type Micro-Tom after infestation with five
whiteflies. The total RNA was extracted 3 days after infestation with whiteflies.
White indicates intact plant and black indicates whitefly-infected plant. B,
Accumulation of SA, total SA, and JA in control plant (transformed with
empty vector) after the infestation with whiteflies. White indicates intact
plant and black indicates whitefly-infested plant. Each bar represents the
mean + standard error of the mean of repeated experiments (A: n=5; B: n=
4). Asterisk indicates that the data compared were statistically significantly
different (P < 0.05, t-test). NS indicates no significance.

when NahG plants were used (Figure 6B). These results indi-
cate that whitefly select healthy plant over whitefly-infested
plant, and SA accumulation induced by whitefly infestation
is responsible for the disfavor of whitefly.

Discussion

In the constructed experimental system, whiteflies selected
and laid more eggs on healthy plant than on ToMV-infected
plant (Figure 1B). As the nutritional value of plants might not
be reduced by the infection stress (Figure S2), the responses of
tomato plant against ToMV infection could have affected the
preference of whitefly. The infection of TYLCV has been
reported to alter the palatability of vector insects by interact-
ing with the insects or their endogenous microorganisms (Su
etal. 2013; Wang et al. 2016). It has been known that there are
different biotypes of whitefly, with their endogenous microor-
ganisms determining their palatability (Guo et al. 2014). Q
biotype whiteflies carrying TYLCV prefer landing and colo-
nizing the plants infected with TYLCV. Contrarily, B biotype
whiteflies without TYLCV (poorly spreading TYLCV) prefer
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Figure 6. Effect of inoculation of tomato plants with whitefly on the preference
of whitefly. The preference of whitefly for infested and uninfested plants using
wild type tomato (A) and NahG transgenic tomato (B). Tomato plants were
locally infested with five whiteflies using a small cage and uninfested with
empty cage treatment for 3 days. After treatment, each plant was set in acrylic
box (Figure 1A), and 25 whiteflies were released in the box. Numbers of eggs
laid were counted after 7 days. Box plot explanation: upper horizontal line of
box, 75th percentile; lower horizontal line of box, 25th percentile; horizontal
bar within box, median; upper and lower lines outside the boxes, minimum
and maximum values (error bars). Each test was repeated independently (A:
n=8; B: n=6). Asterisk indicates that the data compared were significantly
different (P < 0.05, Wilcoxon signed-rank test). NS indicates no significance.

healthy plant (Shi et al. 2013, 2016). In the present study, we
observed that the whitefly, which is not affected by virus, pre-
fer healthy plants over virus-infected plants. It appears that
plant defense response against ToMV is effective to reduce
further attacks by virus-free whiteflies, but that the response
against TYLCV is not effective for TYLCV-carrying Q bio-
type whiteflies. The TYLCV-carrying whiteflies could coun-
teract the effects of plant viral responses or shift their
oviposition preference after the viral infection. The com-
ponents of plants associated with the preference of whiteflies
should be determined by comparing the virus-mediated and
non-mediated systems.

Whiteflies avoided oviposition on the exogenously SA
applied plants (Figure 4A). Further, when NahG tomato
plants, which cannot accumulate SA, were used in the choice
test for oviposition, whiteflies did not show preference
between healthy plant and diseased plant (Figure 4B). Thus
we conclude that SA accumulation determines the preference
of whitefly for healthy and infected plants.

It has been suggested that herbivores with similar feeding
type antagonize the growth performance of each other when
feeding simultaneously on the same plant as a result of induced
plant defenses (Soler et al. 2013; Schimmel et al. 2017). The
present study confirmed that whitefly infestation induces
accumulation of SA and expression of SA-related genes (Figure
5), as previously reported by Zhao et al. (2015). In addition, the
results that whiteflies avoid locally infested plant (Figure 6A)
also suggest whiteflies seek for foods of better quality and
avoid plants that can be disadvantageous to the growth of
offspring in competition with other whiteflies. However, such
behavior was not observed toward NahG tomato that is
deficient in SA accumulation (Figure 6B).

Previous studies reported preference of herbivore to
healthy or stressed plants in various plant-herbivore inter-
actions, but it was not clarified what plant mechanisms deter-
mine the preference. The results presented herein indicate
that SA is the key molecule for the negative preference of
whitefly for oviposition on ToMV-infected or whitefly-
infested tomato plants. On the other hand, it is likely adaptive
for whiteflies to select plants other than these stressed plants.
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It is of interest to understand whether whiteflies recognize
SA-accumulated plant by means of taste, smell, or other fac-
tors. Furthermore, it should be clarified whether SA has simi-
lar effect on other insect—plant interactions including whitefly
with or without vectoring virus, or insect with other feeding
mode.
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