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Abstract

The solenopsis mealybug, Phenacoccus solenopsis, has been recently recognized as an aggressively invasive pest in China,
and is now becoming a serious threat to the cotton industry in the country. Thus, it is necessary to investigate the molecular
mechanisms employed by cotton for defending against P. solenopsis before the pest populations reach epidemic levels.
Here, we examined the effects of exogenous jasmonic acid (JA), salicylic acid (SA), and herbivory treatments on feeding
behavior and on development of female P. solenopsis. Further, we compared the volatile emissions of cotton plants upon
JA, SA, and herbivory treatments, as well as the time-related changes in gossypol production and defense-related genes.
Female adult P. solenopsis were repelled by leaves from JA-treated plant, but were not repelled by leaves from SA-treated
plants. In contrast, females were attracted by leaves from plants pre-infested by P. solenopsis. The diverse feeding responses
by P. solenopsis were due to the difference in volatile emission of plants from different treatments. Furthermore, we show
that JA-treated plants slowed P. solenopsis development, but plants pre-infested by P. solenopsis accelerated its
development. We also show that P. solenopsis feeding inhibited the JA-regulated gossypol production, and prevented the
induction of JA-related genes. We conclude that P. solenopsis is able to prevent the activation of JA-dependent defenses
associated with basal resistance to mealybugs.
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Introduction

The solenopsis mealybug, Phenacoccus solenopsis Tinsley (Hemip-

tera: Pseudococcidae), was described originally from U.S.A in

1898 [1], suggesting it is native there. This exotic insect pest has

been spreading through out the entire American region since it

was first reported in Mexico in 1978. Since then, it has spread to

South American from 1985 onwards and Central American from

1986 onwards [2]. P. solenopsis has spread to Asia, where it was first

reported in Pakistan in 2005 [3]; and has rapidly spread to other

countries, including India, Thailand, and Australia [4,5,6].

Recently, P. solenopsis was reported for the first time in China, in

Guangzhou on Hibiscus rosa-sinensis [7].

Mealybug P. solenopsis feeds on numerous crops, weeds,

ornamentals and medical plants, and its adults and nymphs are

able to inflict severe damage on leaves, fruit, main stems and

branches by feeding on phloem sap and egesting sugary honeydew

[5]. Cotton (Gossypium hirsutum L.) is one of the most favored host

plants for P. solenopsis, and both Bt- and non-Bt cultivars of cotton

can be fed by the mealybug [8]. P. solenopsis has been reported to

severely affect the cotton industry in Pakistan and India. In the

cotton producing area of Pakistan (totaling 8.0 million acres), over

150,000 acres has been seriously damaged by P. solenopsis [9]. In

India, P. solenopsis infestation was recorded on G. hirsutum from nine

cotton-growing states in 2006 [10]. Recently, P. solenopsis has been

recognized as an aggressively invasive species on agricultural and

ornamental plants in China [11]. If P. solenopsis cannot be

controlled in all these areas, Wang et al. [12] forecasted that the

losses in cotton yield in 2008/2009 would be 1.4 million tons in

China, 1.12 million tons in India and 0.48 million tons in Pakistan.

However, the molecular mechanism of cotton in response to P.

solenopsis feeding has not been investigated to date. A basic

understanding of the mechanisms of cotton resistance to the

mealybugs will provide a new insight into how the eruption of

mealybugs occurred and how to develop more durable resistance.

Like aphids and whiteflies, P. solenopsis is an obligate phloem-

feeding pest. These species are known for their ‘‘stealthy’’ feeding

mechanisms that cause minimal damage to plant tissues as they

establish direct nutritional access through the vascular tissue. To

date, most studies of phloem-feeding insects have focused on the

interactions of aphids or whiteflies with their host plants [13–17].

Previous studies of plant response to phloem-feeding insects

suggest that jasmonic acid (JA)-, salicylic acid (SA)-, and ethylene-

dependent signaling pathways were at least partially activated by

phloem-feeding insects. A lipoxygenase, which is a key enzyme in

JA synthesis in plants and induced by wounding [18], was up-

regulated in several plant-aphid interactions, including in tomato

to potato aphid (Macrosiphum euphorbiae) and green peach aphid
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(Myzus persicae) [19], sorghum to the greenbug aphid [14], and

Arabidopsis to the green peach aphid [13]. In contrast, the SA-

dependent PR genes were both locally and systemically induced by

aphid or whitefly feeding in tomato and Arabidopsis [13,15,16].

Direct quantification has also demonstrated that aphid or whitefly

induce SA accumulation in many plants [20,21].

However, the impact of SA or JA defense pathway on resistance

to phloem-feeding insect remains controversial [22,23]. In tomato,

basal SA defenses decrease M. euphorbiae longevity, and SA is

important in Mi1-mediated resistance potato aphid [24]. In

Arabidopsis, Pegadaraju et al. [23] observed a decrease in aphid

numbers on two mutant lines that have elevated SA levels (cpr5

and ssi2) and an increase in aphid populations on a mutant that

has reduced SA accumulation (pad4). A small number of studies,

however, have shown that artificial induction JA-regulated defense

has a negative impact on phloem-feeding insects [16,25–27].

Considering that P. solenopsis is a phloem-feeing insect, it is

necessary to address the following questions: 1) whether JA- or SA-

regulated defense play a key role in basal resistance to P. solenopsis;

2) how the P. solenopsis cope with plant defense responses?

In this study, we examined the effects of exogenous JA, SA, and

herbivory treatments of cotton on adult feeding choice and

development of P. solenopsis. We also compared the volatile emissions

of cotton plants upon JA, SA, and herbivory treatments, as well as

the time-related changes in gossypol production and defense-related

genes. We show that JA-dependent defenses play a key role in basal

resistance to P. solenopsis. However, P. solenopsis could inhibit JA-

dependent responses in cotton through its feeding behavior. The

manipulation of plant defenses (the ‘‘decoy’’ hypothesis) by P.

solenopsis to enhance its performance may have contributed to the

rapid invasion of P. solenopsis in China and elsewhere.

Materials and Methods

Insects and Plants
Mealybugs, Phenacoccus solenopsis Tinsley (Hemiptera: Pseudo-

coccidae), were originally collected from Hibiscus rosa-sinensis in

Hangzhou (30u109N, 120u159E), China, and maintained on potted

plants of the cotton, Gossypium hirsutum, cultivar Zhefengmian

No. 1, in a climate controlled room (2662uC, 65–75% RH,

14L:10D photoperiod).

Cotton plants (G. hirsutum, cv. Zhefengmian No. 1) were grown

in an insecticide-free greenhouse compartment under natural light

and 30/25uC temperature. All plants were used in experiments at

the 3–4 fully expanded true leaf stage, which occurred six weeks

after sowing.

Plant Treatment
1) JA or SA treated plants: JA or SA (Sigma-Aldrich) was

dissolved in 1 mL of acetone and dispersed in water (containing

0.1% Tween 20) to produce three concentrations of JA or SA

solution: 1 mM, 0.1 mM, and 0.01 mM. We liberally sprayed the

foliage of each plant with 1.0 mL/leaf of JA or SA solution with a

hand-sprayer. Treated plants were used in the feeding-choice tests

and volatile trapping experiments 24 h after JA or SA application.

For gene-expression bioassays, leaf samples were collected 1d, 3d,

and 5d after JA or SA application.

2) Herbivore-damaged plant: A mixture of third instar nymphs

and young adults (totaling 50) of P. solenopsis were carefully

transferred using soft brush onto each plant, and allowed them to

feed freely on plant for 1d, 3d, 5d, and 7d. After that, leaf samples

were collected for gene-expression bioassay. Plants pre-infested by

mealybugs for 5 days were used for feeding choice tests and

volatile trapping experiments.

3) Intact control plants: Intact plants were sprayed with

1.0 mL/leaf of water (containing 0.1% Tween 20) and were used

these plants as controls for comparison with JA- or SA- treated

plants. Intact plants, that received no treatment, were used as

controls for comparison with herbivore-damaged plants.

Feeding choice tests with JA-treated, SA-treated, or
mealybug-infested leaves

In this experiment, mealybugs were offered a choice of two

detached leaves: one from a JA-treated, SA-treated, or mealybug-

infested plant and one from a control plant. Two leaves were

placed opposite each other in a Petri dish (diam 14.5 cm) covered

with moist filter paper, so that they were approximately 5 cm

apart at the closest point. The position of the leaves was alternated

between replicates. Immediately, four new-emerged adult female

mealybugs were transferred into each dish in the gap between the

leaves and allowed to feed overnight. After 24 h, the number of

adults on each of the two leaves was counted. The experiments

were repeated for 10–15 times for each treatment.

Chemical analysis of volatiles
Headspace volatile samples were collected as described in detail

by Zhang et al. [28]. Samples analyses were carried out with a

Shimadzu GC-2010 plus GC-MS (Shimadzu, Japan) equipped

with an Rxi-5MS (30 m-0.32 mm i.d., 0.25 mm film thickness)

column. The column effluent was ionized by electron impact

ionization (70 eV). Mass scanning was done from 33 to 250 m/z.

The temperature programs of the GC were as follows: 40uC (4-

min hold), 8uC min21 to 250uC (5-min hold). Compounds were

identified by comparing the mass spectra with those of authentic

standards or with NIST 08 spectra. Quantification of identified

compounds was based on comparison with a set of authentic

compounds injected in different concentrations ranging from

2.5 ng to 20 ng/mL methanol. Response factors were linear for all

reference compounds within this concentration range.

Performance on JA-treated, SA-treated, or
mealybug-infested plants

To determine the effects of JA, SA, and herbivory treatments on

the performance of P. solenopsis, development time and adult

weight gain of female P. solenopsis were assayed. Five young eggs

(#24 h) from the same cohort were transferred onto a detached

leaf from JA-treated, SA-treated, and mealybug-infested plants,

respectively. After that, each leaf with nymphs was individually

placed in a ventilated Petri dish (diam 9.0 cm), and its petiole was

covered with moist cotton wool to keep the leaf fresh. The nymphs

were reared in a climate-controlled room (2662uC, 65–75% RH,

14L: 10D photoperiod). Male nymphs were excluded from the

population. Observations were made twice daily on survival,

development and feeding until adults emerged. The development

Table 1. Primer sequences used for qPCR analysis.

Gene Forword primer (59-39) Reverse primer (59-39)

GhACT4 TTGCAGACCGTATGAGCAAG ATCCTCCGATCCAGACACTG

GhLOX1 ACATGCCGAAGCCGCTGCTT GGGCGTATTCGGGGCCCTTG

b-1,3-
glucanase

AATGCGCTCTATGATCCG GATGATTTATCAATAGCAGCG

acidic
chitinase

GCTCAGAATTCCCATGAA
ACTACAGGTG

GGTTGGATCCTTTGCGACATTC

doi:10.1371/journal.pone.0022378.t001
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time from egg to adult of each female mealybug was recorded.

Leaves were replaced every four days over the period of 20 days.

The experiment was replicated 20 times for each treatment.

Another 60 young nymphs (#24 h) hatching from the same

cohort of eggs were reared on cotton plants until they attained

adulthood. A newly-emerged adult female was weighed by using a

Shimadzu AY220 electronic balance, and individually transferred

onto a detached leaf from JA-treated, SA-treated, and mealybug-

infested plants, respectively. Each leaf with the females was placed

in a ventilated Petri dish (diam 9.0 cm) as described above.

Twenty females were tested for each treatment. They were

maintained in the climate controlled room for ten consecutive

days. Following that, adult females were weighed again.

Gossypol extraction and HPLC analysis
The ground, lyophilised leave samples (100 mg) were weighed

into centrifuge tubes and extracted by ultrasonification (3 min) in

solvent 1 (acetonitrile/water/phosphoric acid = 80:20:0.1; 10 mL).

The samples were centrifuged (3 min at 2800 g), and an aliquot of

the supernatant was transferred directly into an autosampler vial.

Standard gossypol (95% purity; Sigma-Aldrich) was dissolved in

solvent 1. Standard curves were obtained for gossypol with

concentrations in the range of 5–80 mg mL21 in 5 increments.

Three samples were collected for each treatment.

Samples were analyzed on a Waters 2695 high-performance

liquid chromatograph equipped with a UV-VIS detector (Waters

2489). Samples were isocratically eluted from a 15063.9 mm i.d.

Waters (4 mm) C18 Novapak column maintained at 40uC. The

mobile phase was the same as that used by Stipanovic et al. [29]

and was helium purged. Solvent flow rate was 1.0 mL min21 and

total run time was 30 min. The signal was monitored at 272 nm.

Data collection and integration were performed using the Waters

Empower software.

Total RNA isolation and cDNA synthesis
To minimize wounding- and dehydration-induced gene expres-

sion, leaf samples were quickly harvested and immediately frozen

in liquid nitrogen. For each sample, tissues from three plants were

pooled. Frozen samples were ground to a fine powder in liquid

nitrogen with a pestle and mortar. Total RNA was extracted from

150 mg of each leaf sample using a plant RNA isolation kit

(Axygen, Hangzhou, China), according to the manufacturer’s

instructions. RNA concentration and purity were determined

using a NanoDropTM Spectrophotometer ND-2000 (Thermo

Scientific, Wilmington, USA), and the integrity of RNA was also

assessed by 1% agarose gel electrophoresis and ethidium bromide

staining. The presence of contaminant DNA in the RNA samples

was verified by PCR using specific primers of a known gene (e.g.

GhACT4) and gel electrophoresis analysis. No fragments of

genomic DNA were identified in all samples tested in this work

(data not shown). First stand cDNA was synthesized from 200 ng

RNA using a First-Strand cDNA Synthesis Kit (TaKaRa,

Hangzhou, China) according to the manufacturer’s instructions.

Real-Time PCR
To quantify lipoxgenase (GhLOX1), b-1,3-glucanase, and acidic

chitinase transcript levels in different samples, real-time quantitative

RT-PCR was performed. The real-time PCR was carried out on

Figure 1. Feeding choices of Phenacoccus solenopsis females to
JA-treated (A), SA-treated (B), or mealybug-infested leaves (C),
when undamaged leaves (Control) were offered as alternative.
Bars represent the mean number (6 SE) of mealybugs choosing either

of the plants. Asterisks represent significant differences from control
plants as determined by replicated G test of goodness-of-fit (* P,0.05;
** P,0.01; *** P,0.001; n.s. = not significant).
doi:10.1371/journal.pone.0022378.g001
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Table 2. Concentration (ng?g FW21?h21) of volatile compounds detected in the headspace of cotton plants after different
treatments.

Compound Controla (n = 6) Jasmonic acid (n = 5) Salicylic acid (n = 6)
Phenacoccus solenopsis
(n = 6)

1 a-Pinene 3.6360.55b 1.7860.78 3.5060.64 6.5961.56

2 a-Linalool n.d. 0.2360.10 n.d. n.d.

3 3-Henex-1-ol acetate 0.4360.27 0.2560.12 2.1061.00 5.8160.97**

4 b-Ocimene 0.3760.08 1.3760.73 2.5761.09* 2.3061.12

5 b-Linalool n.d. n.d. 6.6360.51 21.77614.09

6 Methyl isonicotinate 0.1360.13 0.9160.39* n.d. n.d.

7 Methyl nicotinate 0.6460.23 4.1361.60* n.d. n.d.

8 Cyclohexane 0.8160.31 0.6860.22 4.0560.44** 6.0861.90*

9 C25H50O2 n.d. 0.8860.21 n.d. n.d.

10 C17H28O2 1.3760.12 0.9160.23 n.d. n.d.

11 a-Cedrene 2.9060.22 2.3560.57 n.d. n.d.

12 b-Caryophyllene 4.3360.93 1.6860.96 27.5064.22** 58.51629.12**

13 b-Cedrene 0.9760.23 0.8960.21 n.d. n.d.

14 a-Caryophyllene 1.6960.43 0.6960.40 2.9261.90 8.7566.84

15 Cedrol 0.3360.22 1.4160.39* 2.2261.03 4.2361.65

Total amount 17.6062.35 18.1665.60 52.5069.17 114.05652.90

aControl, plants were sprayed with water 24 h before volatile trapping; Jasmonic acid, plants were sprayed with 1 mM jasmonic acid solution 24 h before volatile
trapping; Salicylic acid, plants were sprayed with 1 mM salicylic acid solution 24 h before volatile trapping; Phenacoccus solenopsis, plants were infested with 50 of mix-
aged P. solenopsis 5 d before volatile trapping.

bValues are means 6 SE.
Asterisks indicate means of treatment significantly different from means of control (* P,0.05; ** P,0.01); n. d., not detected.
doi:10.1371/journal.pone.0022378.t002

Figure 2. Principal component analysis (PCA) of volatile pattern of plants from different treatments. Control group, undamaged plants;
Mealybug Group, plants infested with 50 of mix-aged P. solenopsis; JA Group, jasmonic acid-treated plants; SA Group, salicylic acid-treated plants.
First and second principal component plotted against each other. Percentage variation explained between brackets.
doi:10.1371/journal.pone.0022378.g002
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an ABI 7500 Real Time PCP System (Applied Biosystems) with a

96 well rotor. The amplification reactions were performed in 20 ml

final volume containing 10 ml of SYBRH Premix Ex TaqTM

(TaKaRa, Hangzhou, China), 0.8 ml of forward primer (5 mM)

and reverse primer (5 mM) pairs and 2 ml cDNA first strand

template. Thermal cycling conditions were 5 min at 95uC,

followed by 35 cycles of 15 s at 95uC, 15 s at 55uC and 30 s at

72uC. Subsequently, melting curve was recorded between 60uC
and 95uC with the hold every 5 s. All reactions were run in

duplicate. The melt-curve analysis ensured that the resulting

fluorescence originated from a single PCR product and did not

represent primer dimers formed during the PCR or due to non-

specific product. No-template control as water and minus RT

(10 ng of RNA) were also included to detect any spurious signals

arising from amplification of any DNA contamination or primer

dimer formed during the reaction. The GhACT4 was used as a

housekeeping gene as its expression was most stable in cotton

leaves [30]. Primers used for quantitative RT-PCR are given in

Table 1. The relative gene expression was calculated using the

comparative 22DDCt method with GhACT4 as endogenous control

gene [31].

Statistical Analysis
A replicated G-test of goodness-of-fit was used to analyze the

feeding choice of P. solenopsis between treated and control leaves,

with the null hypothesis of no preference. Females that did not

make a choice were excluded from the analysis. Fisher’s protected

least significant difference (PLSD) test of ANOVA was used to

analyze the data of development time and adult weight. The data

of gene expression were log-transformed and statistically analyzed

by a one-way ANOVA. Gossypol data from different plant

treatments was analyzed by ANOVA followed by Fisher’s LSD

multiple comparison tests. The volatile patterns of differently

treated plants were analyzed using principal component analysis

(PCA) using SPSS (version 13.0). Fifteen major compounds were

used in the PCA analysis. The amounts of volatiles collected from

the different treatment plants (i.e. control plants and JA-treated

plants) were compared with ANOVA followed by Tukey’s HSD

test for every single volatile compound separately.

Results

Feeding choice of mealybugs
When P. solenopsis adults were offered a choice between leaves

from JA-treated and control plants, more adults chose for the

leaves from control plants than for the leaves from JA-treated

plants, regardless of JA dose (1 mM, G = 11.0, P,0.001; 0.1 mM,

G = 7.1, P = 0.008; 0.01 mM, G = 4.7, P = 0.03; Figure 1A). When

P. solenopsis adults were offered a choice between leaves from SA-

treated and control plants, the number of adults choosing leaves

from control plants did not differ from those choosing for leaves

from SA-treated plants, regardless of SA dose (1 mM, G = 0.56,

P = 0.46; 0.1 mM, G = 1.54, P = 0.22; 0.01 mM, G = 0.96,

Figure 3. Performance of Phenacoccus solenopsis females reared
on cotton plants from different treatments. Bars indicate means
6 SE; different letters indicate significant differences in the quantities
between different treatments (Fisher’s PLSD test of ANOVA, P,0.05).
Control, undamaged plants; JA, plants sprayed with 1 mM JA solution;
SA, plants sprayed with 1 mM SA solution; Mealybug, plants pre-
infested with 50 of mix-aged P. solenopsis.
doi:10.1371/journal.pone.0022378.g003

Figure 4. Gossypol concentration in leaves of cotton plants
from different treatments. Bars indicate means 6 SE of three
biological replicates; significant differences among different treatments
are indicated by letters on each bar. Control, undamaged plants; JA,
plants sprayed with 1 mM JA solution; SA, plants sprayed with 1 mM SA
solution; Mealybug, plants pre-infested with 50 of mix-aged P.
solenopsis.
doi:10.1371/journal.pone.0022378.g004
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P = 0.33; Figure 1B). When P. solenopsis adults were offered a

choice between leaves from P. solenopsis-infested and control plants,

more adults chose for the leaves from P. solenopsis-infested plants

than for the leaves from control plants (Replicate 1: G = 7.84,

P = 0.005; Replicate 2: G = 4.32, P = 0.04).

Volatile analysis
Volatile blends of control, JA-treated, SA-treated, and

mealybug-infested plants were analyzed. Fifteen volatile com-

pounds were identified (Table 2). Quantitative analysis showed

that the amounts of methyl isonicotinate, methyl nicotinate, and

cedrol from JA-treated plants were higher than those emitted

from control plants; the amounts of b-ocimene, cyclohexane,

and b-caryophyllene from SA-treated plants were higher than

those emitted from control plants; the amounts of 3-henex-1-ol

acetate, cyclohexane, and b-caryophyllene from P. solenopsis-

infested plants were higher than those from control plants

(Table 2).

PCA analysis showed that the volatile blend composition of P.

solenopsis-infested and SA-treated plants highly overlapped, and

both of them separated from control and JA-treated plants. The

volatile blend composition of JA-treated plants separated from

those of control plants (Figure 2).

Performance of mealybugs
The mean (6SE) development time from egg to adult of females

reared on control leaves was 16.4660.36 days. Compared to the

development time from egg to adult of females reared on control

leaves, the development time from egg to adult of females reared

on P. solenopsis-infested leaves was significantly decreased

(P,0.001; Figure 3A); that of females reared on JA-treated leaves

was significantly increased (P = 0.02), but that of females reared on

SA-treated leaves was not (P = 0.12, Figure 3A).

The mean (6SE) weight gain of adult females reared on JA-

treated leaves was significantly lower than that of females reared

on control leaves (P,0.001) (Figure 3B). In contrast, the mean

(6SE) weight gains of females reared on SA-treated and P.

solenopsis-infested leaves were significantly higher than that of

females reared on control leaves, respectively (SA: P,0.001;

Mealybug: P,0.001; Figure 3B).

Gossypol analysis
The amount of gossypol in leaves infested with P. solenopsis for

1d was significantly increased than that in control leaves

(P,0.001). In contrast, after 3d of P. solenopsis infestation, the

gossypol amount in infested-leaves did not differ from the amount

in control leaves. After 5d of P. solenopsis infestation, the gossypol

amount in infested-leaves was significantly decreased than that in

control leaves (P = 0.015, Figure 4).

The amount of gossypol in JA-treated leaves did not differ from

that in control leaves 1d and 3d after JA treatment. In contrast, 5d

after JA treatment, the gossypol amount in JA-treated leaves was

significantly increased than that in control leaves (P = 0.02,

Figure 4).

The amount of gossypol in SA-treated leaves did not differ from

that in control leaves 1d, 5d after SA treatment. However, 3 d

after SA treatment, the gossypol amount in SA-treated leaves was

significantly decreased than that in control leaves (P,0.001;

Figure 4).

Time-related changes in defense-related genes
Using quantitative RT-PCR, we examined the time-related

changes in transcript levels of one JA-dependent gene (GhLOX1)

and two SA-dependent PR genes (b-1,3-glucanase and acidic chitinase)

in plants upon JA, SA, and herbivory treatments. GhLOX1 is

mainly regulated by the JA-dependent signaling pathway in cotton

[32]. b-1,3-glucanase and acidic chitinase are known as two

pathogenesis-related genes, which are mainly regulated by the

SA-dependent signaling pathway [33,34]. In response to mealybug

feeding, GhLOX1 transcript levels were significantly increased at 1d

after P. solenopsis feeding, but not at 3d. In contrast, GhLOX1

transcript levels were significantly decreased at 5d and 7d after P.

solenopsis feeding (Figure 5A). b-1,3-glucanase transcript levels were

consecutively induced for 7d, with maximum induction at 7d

(Figure 5B). Similarly, acidic chitinase transcript levels were

consecutively induced for 7d, with maximum induction at 5d

(Figure 5C).

In response to JA treatment, GhLOX1 transcript level was

significantly induced during the 5d-experimental period, and

reached a peak at 3d (Figure 6A). However, it should be noted that

Figure 5. Time-related changes in expression of GhLOX1 (A),
b-1,3-glucanase (B), acidic chitinase (C) in response to mealybugs
feeding in cotton. The relative gene expression was calculated using
the comparative 22DDCt method with GhACT4 as endogenous control
gene. Values are shown as the mean (6 SE) of three biological
replicates. Asterisks represent significant differences from control plants
as determined by Fisher’s PLSD test of ANOVA (* P,0.05; ** P,0.01;
*** P,0.001; n. s. = not significant).
doi:10.1371/journal.pone.0022378.g005
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JA also consecutively induced the two SA-dependent genes, b-1,3-

glucanase and acidic chitinase (Figure 6A), suggesting that the two

pathways are not always exclusive.

In response to SA treatment, GhLOX1 transcript levels were

significantly induced 1d and 3d after SA treatment, but

significantly decreased 5d after SA treatment (Figure 6B). b-1,3-

glucanase transcript levels were consecutively induced for 5d, with

maximum induction at 1d (Figure 6B). Acidic chitinase transcript

levels were induced 1d and 3d after SA treatment, but decreased

5d after SA treatment (Figure 6B).

Discussion

The mealybug P. solenopsis is an invasive insect pest that is new

to China. Since the mealybug was first reported in China in 2008

[7], it has rapidly spread throughout South China causing serious

economic losses on cotton production [12]. Other than the field

survey on its damage on cotton, and determining its morphology

and environmental adaptability [4,5,10,11], there has been little

research done on the molecular response to P. solenopsis feeding in

cotton plants.

This is the first report to investigate the effectual defense

response to the P. solenopsis in cotton, and to show the induction of

defense-related genes of multiple plant response pathways by P.

solenopsis feeding on leaves of cotton. Our results demonstrate that

JA-treated plants resulted in a significant repellency to adult P.

solenopsis, which was due to the induction in emission of methyl

nicotinate and cedrol from JA-treated plants (Figure S1).

Moreover, female P. solenopsis developed slower and achieved a

lower adult weight through feeding on JA-treated plants. In

contrast, SA-treated plants did not show repellency to adult P.

solenopsis; and SA treatment had no effects on nymphal

development, but significantly increased adult weight. These data

suggest that JA-dependent but not SA-dependent defense

pathways may be involved in basal defense against P. solenopsis in

cotton.

Jasmonic acid is known as an essential component in the

octadecanoid pathway, involved not only in induced direct defense

against herbivores in plants, but also in induced indirect defense

[35–37]. However, only a few studies have documented the role of

JA signaling pathway in defending against phloem-feeding insects.

Ellis et al. [27] found that M. persicae grew less well on the mutant

cev-1, which has enhanced JA signaling, than on wild-type

Arabidopsis plants, and grew better on coi1-16, with impaired JA

signaling. Likewise, Bemisia tabaci nymphal development was

significantly delayed when reared on the Arabidopsis mutant cev-

1 that activates JA defense [16]. Mewis et al. [22] reported that the

negative effects of JA-dependent defense on phloem-feeding insect

development could be related to the induction of glucosinolate

(GS) by JA. Populations of two aphids, M. persicae and Brevicoryne

brassicae, were negatively correlated with constitutive and induced

GS levels in Arabidopsis; and both aphid species performed better

Figure 6. Time-related changes in expression of GhLOX1, b-1,3-glucanase, acidic chitinase in response to JA (A) or SA (B) treatment in
cotton. The relative gene expression was calculated using the comparative 22DDCt method with GhACT4 as endogenous control gene. Values are
shown as the mean (6 SE) of three biological replicates. Asterisks represent significant differences from control plants as determined by Fisher’s PLSD
test of ANOVA (* P,0.05; ** P,0.01; *** P,0.001; n. s. = not significant).
doi:10.1371/journal.pone.0022378.g006
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on the mutant coi1, in which JA signaling is blocked and

constitutive GS level are low [22].

While JA-dependent responses play an important role in defense

against phloem-feeding insects, there is growing evidence that

phloem-feeding insects could inhibit the JA-signaling pathway

through their feeding. For instance, JA-regulated genes are

induced transiently or at lower levels following aphids feeding in

many plants [13,14,38]. Further, JA-dependent genes, such as

PDF1.2 and VSP1, were significantly repressed upon B. tabaci

feeding in Arabidopsis [15,16]. Likewise, our data also demon-

strated that P. solenopsis was able to evade eliciting the JA signaling

pathway in cotton. P. solenopsis feeding inhibited the JA-regulated

gossypol production, but also suppressed the expression of a JA-

regulated gene (GhLOX1). Furthermore, P. solenopsis accelerated

itself development when feeding on plants pre-infested by

conspecifics, which provided behavioral evidence for inhibiting

JA-regulated defense by P. solenopsis.

In contrast to the suppression of JA-dependent responses, P.

solenopsis feeding induced similar responses as those induced by SA

treatments, including volatile patterns and suppression of gossypol

production. Moreover, P. solenopsis feeding strongly induced

expression of two SA-regulated genes, b-1,3-glucanase and acidic

chitinase [33,34]. These results indicated that plant responses to P.

solenopsis feeding were SA-dependent in cotton. This result is

consistent with previous findings on the induction of SA signaling

pathway by other phloem-feeding insects. For example, the SA-

dependent PR genes are mainly induced by aphid or whitefly

feeding in tomato and Arabidopsis [13,15,16]. Also, aphid or

whitefly feeding induces the accumulation of endogenous SA in

many plants [20,21].

As respect to the underlying mechanisms for suppression of JA-

dependent defense by P. solenopsis, we speculated that there were

two possibilities. First, strong induction of SA-dependent responses

by P. solenopsis may suppress the JA-signaling pathway due to cross-

talk between the two pathways [39,42]. Second, P. solenopsis could

prevent the activation of JA defense by introducing inhibitors that

directly or indirectly antagonize JA-signaling pathway. And these

inhibitors are assumed to be a salivary component synthesized by

phloem-feeding insects or its endosymbionts [40]. However, a

recent study showed that additional B. tabaci feeding inhibited the

accumulation of endogenous JA and also endogenous SA induced

by spider mites (Tetranychidae: Acarina) in Lima bean, Phaseolus

lunatus [21], which suggested that the suppression of JA signaling

pathway by whiteflies could be due to other phytohormones.

Further experiments that examine the cross-talk with transgenic

cotton mutants and P. solenopsis salivary components will allow

identification of the mechanisms responsible for suppression of the

JA-dependent pathway by P. solenopsis feeding.

It should be noted that P. solenopsis preferred to conspecific-

infested plants, and also achieved significant benefits through

feeding on infested plants. These data suggested that P. solenopsis

feeding compromised JA-regulated basal resistance to mealybugs.

Furthermore, P. solenopsis feeding mainly induced the SA-

dependent responses, but inhibited the JA-dependent responses.

The correlation between defense responses induced by P. solenopsis

and their performance on JA- and SA-treated plants show that P.

solenopsis could manipulate plant signaling to suppress effective

defenses, and enhance its performance. This is consistent with the

‘‘decoy’’ hypothesis [41]. More evidence supporting the ‘‘decoy’’

hypothesis is accumulating from studies with phloem-feeding

aphids and whiteflies [13,16,42] and tissue-damaging herbivores

[41]. Thus, we speculate that the induction of ‘‘decoy’’ defense by

P. solenopsis feeding may have contributed to its rapid invasion in

China and elsewhere.

Gossypol is an important allelochemical occurring in glanded

cotton varieties, which could be induced by exogenous JA

application in cotton [43]. This allelochemical has been

demonstrated to be antibiosis to many pests, including phloem-

feeding insects. For example, Du et al. [44] found that the high

gossypol level in cotton has an antibiotic effect on Aphis gossypii in

term of aphid longevity and fecundity. Our data show that

gossypol level was induced in JA-treated plants where P. solenopsis

development was delayed. However, gossypol levels were sup-

pressed in SA-treated and P. solenopsis-infested plants where P.

solenopsis showed accelerated development. Thus, we speculate that

there is a negative correlation between P. solenopsis development

and gossypol level, although this needs further experimental

verification.

Supporting Information

Figure S1 Feeding choices of Phenacoccus solenopsis females

between control leaves (Control) and control leaves plus synthetic

compounds (Treatment). The synthetic compounds and the

number of the mealybugs making choices were listed on the right

side of the black bars. For each synthetic compound, the absolute

amount used for tests was 100 ng. Asterisks represent significant

differences from control leaves as determined by replicated G test

of goodness-of-fit (** P,0.01; n.s. = not significant).

(TIF)

Text S1

(DOC)
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