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Feeding of pea leafminer larvae simultaneously activates
jasmonic and salicylic acid pathways in plants to release a
terpenoid for indirect defense
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Abstract The pea leafminer, Liriomyza huidobrensis, is an important pest species af-
fecting ornamental crops worldwide. Plant damage consists of oviposition and feeding
punctures created by female adult flies as well as larva-bored mines in leaf mesophyll
tissues. How plants indirectly defend themselves from these two types of leafminer dam-
age has not been sufficiently investigated. In this study, we compared the indirect defense
responses of bean plants infested by either female adults or larvae. Puncturing of leaves
by adults released green leaf volatiles and terpenoids, while larval feeding caused plants
to additionally emit methyl salicylate and (E,E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene
(TMTT). Puncturing of plants by female adults induced increases in jasmonic acid (JA)
and JA-related gene expressions but reduced the expressions of salicylic acid (SA)-related
genes. In contrast, JA and SA and their-related gene expression levels were increased sig-
nificantly by larval feeding. The exogenous application of JA+SA significantly triggered
TMTT emission, thereby significantly inducing the orientation behavior of parasitoids.
Our study has confirmed that larval feeding can trigger TMTT emission through the ac-
tivation of both JA and SA pathways to attract parasitoids; however, TMTT alone is less
attractive than the complete blend of volatiles released by infested plants.
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Introduction

Herbivore-induced plant volatiles (HIPVs) play an im-
portant role in protecting plants from herbivorous insects
through plant indirect defenses (Turlings & Erb, 2018).
The importance of HIPVs in attracting natural enemies
has been thoroughly reported in many plant species (De
Boer & Dicke, 2004; Bruinsma et al., 2009; Wei & Kang,
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2011; Kroes et al., 2017). After attack by herbivores,
plants often emit a variety of volatile compounds that can
primarily be divided into four basic classes: green leaf
volatiles (GLVs), terpenoids, amino acid derivatives, and
phenylpropanoids (Clavijo McCormick et al., 2012). In
nature, changes in the emission of particular compounds
within HIPVs associated with herbivore damage are
responsible for parasitoid attraction (Kugimiya et al.,
2010; Clavijo McCormick et al., 2014). For example,
the biosynthesis and emission of (E,E)-α-farnesene from
caterpillar- and aphid-infested Arabidopsis thaliana is
associated with the observed attraction of Diadegma
semiclausum (Kroes et al., 2017). However, volatile
compound emission can also be reduced by herbivory.
For instance, feeding and oviposition by Murgantia
histrionica generally reduces emissions of terpenes in
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Brassica oleracea (Conti et al., 2008). The profiles of
plant volatile compounds induced by insects thus depend
on plant species and organs (Wei et al., 2007; Tamiru
et al., 2011; Clavijo McCormick et al., 2014), insect
species (Wei et al., 2006; Bruinsma et al., 2009), manner
of feeding (Leitner et al., 2005; Mithofer et al., 2005),
and timing (Conti et al., 2008; Kugimiya et al., 2010;
Qiao et al., 2018).

HIPV production is regulated by signaling pathways,
such as those related to octadecanoid and shikimic acid
signal transduction, which have jasmonic acid (JA) and
salicylic acid (SA) as the major components, respec-
tively (Ozawa et al., 2000; Arimura et al., 2005). Ac-
cording to some studies, JA and SA can independently
regulate HIPV emissions. For example, JA-treated plants,
such as rice and cabbage, have been observed to emit
larger amounts of GLVs and terpenes than control plants
(Lou et al., 2005; Bruinsma et al., 2009), while SA
treatment of tomato plants has been found to increase
amounts of volatiles such as methyl salicylate (MeSA)
and δ-limonene (Shi et al., 2016). In addition, the ef-
fects of crosstalk between JA and SA pathways on plant–
herbivore interactions have been investigated. Some stud-
ies have found that the crosstalk between JA and SA path-
ways is negative in terms of gene expression, metabolites,
and HIPVs (Zhang et al., 2013; Schweiger et al., 2014;
Wei et al., 2014); however, evidence also exists for posi-
tive signaling pathway interactions that are dependent on
the dose and timing of elicitation (Thaler et al., 2002;
Mur et al., 2006) and the measured response (Schenk
et al., 2000; Shimoda et al., 2002).

The pea leafminer, Liriomyza huidobrensis, is a highly
polyphagous, herbivorous insect distributed worldwide,
with both adult and larval infestations able to cause con-
siderable damage to host plants (Parrella, 1987; Kang
et al., 2009). Unlike chewing and piercing–sucking in-
sects, the pea leafminer has a feeding behavior that
differs markedly between adult and larval stages. Us-
ing their ovipositors, female flies penetrate the epider-
mis of host plant leaves; they then lay eggs within or
feed on the punctures, which strongly reduces photo-
synthesis and eventually kills young plants (Parrella,
1987). Male flies are unable to puncture leaves and
only feed in punctures made by females (Parrella &
Bethke, 1984). During the larval stage, larvae consume
the mesophyll in both palisade and spongy tissues via
mining feeding (Parrella, 1987). In our previous stud-
ies, we demonstrated the existence of profile differ-
ences between volatile emissions from plants infested
by leafminer adults and those infested by larvae (Wei
et al., 2006; Kang et al., 2009). Changes in the emis-
sion of compounds such as Z-3-hexenol and (E,E)-4,8,12-

trimethyl-1,3,7,11-tridecatetraene (TMTT) are efficient
attractants to parasitoids (Wei & Kang, 2006; Wei et al.,
2007; Kang et al., 2009). We thus speculate that the
puncturing of leaves by female flies is similar to infesta-
tion by piercing–sucking insects. Larval feeding is prob-
ably similar to infestation by other chewing herbivores.
In fact, adult punctures and larval mines are easily ob-
served on the same leaf in plants in the field. The ex-
pression pattern of leafminer larva-damaged A. thaliana
is actually most closely correlated with that induced by
the pathogen Pseudomonas syringae pv. tomato (Zhang
et al., 2012). Nevertheless, the factors responsible for
the differences in emitted volatiles in response to fe-
male adult puncturing versus larval feeding have not been
elucidated.

Because leafminer adults and larvae have disparate
feeding modes, individuals from these two life stages
may constitute a good model system for researching
crosstalk between JA and SA. Lipoxygenase (LOX) is
a key enzyme in the biosynthesis of JA via the oc-
tadecanoid pathway (Bell et al., 1995). The isoenzyme
12-oxophytodienoate reductase 3 (OPR3) is involved in
JA biosynthesis (Schaller et al., 2000). Phenylalanine
ammonia-lyase 3 (PAL3) and pathogen-related protein
2 (PR-2) are two genes that respectively function up-
stream and downstream of SA (Zhang et al., 2018b;
Zhang & Li, 2019). We previously demonstrated that
five volatiles emitted from leafminer-infested bean plants
elicit electroantennography responses of parasitoids and
that MeSA is only released upon larval feeding (Wei &
Kang, 2006; Wei et al., 2006). In the present study, we
attempted to determine the relationship between volatile
chemical emission and JA and SA pathways in host plants
infested by adults and larvae or subjected to exogenous
application of JA and SA, respectively. We carried out a
behavioral assay to identify chemicals able to attract para-
sitoids toward their insect hosts. According to our results,
only larval feeding induces the endogenous accumulation
of both JA and SA, which jointly trigger the release of
TMTT to attract parasitoids.

Materials and methods

Plants

Kidney bean seeds were individually planted in 9-cm-
diameter plastic pots containing a mixture of vermiculite
and peat (2 : 1). All plants were placed in an incubator at
23 ± 2 °C under 65% relative humidity (RH) and a 16 : 8
h (L : D) photoperiod. Kidney bean plants with two fully
expanded leaves were used for all experiments.
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Insects

Pea leafminer individuals were fed on 2-week-old bean
plants. Oviposition and feeding punctures created by fe-
male adult flies could be immediately observed on leaves;
however, determination of the start of larval feeding was
based on the appearance of mining tunnels, which were
created by larvae and visible approximately 4 d after fe-
male oviposition (Wei et al., 2006; Wei & Kang, 2006).
Eggs of Opius sp. were obtained from fields in Yunnan
Province, China, in August 2018 and reared on kidney
beans infested by leafminer larvae in the laboratory. The
two cultures were raised individually in an incubator at 23
± 2 °C under a 16 : 8 h (L : D) photoperiod and 65% RH.
Three- to 4-d-old mated leafminer female adults were
used for further experiments. The Opius sp. individuals
used in the behavioral assay were naïve adults, that is, 2-
to 5-d-old females without any exposure to their host or
host plants. Before the experiments, parasitoids were kept
in a nylon cage (25 cm × 25 cm × 20 cm) and supplied
with honey solution.

Chemicals

Ultrapure water was produced using a Milli-Q sys-
tem (Millipore, Bedford, MA, USA). JA, 4-methyl
phenylacetonitrile (4-ME PAN), nonyl acetate, Z-3-
hexenol, Z-3-hexenyl acetate, E-DMNT, MeSA, TMTT,
and β-caryophyllene (purities >95%) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). SA, high-
performance liquid chromatography-grade hexane,
isopropanol, methanol, and HCl (purities >95%) were
obtained from Thermo Fisher Scientific UK (Geel,
Belgium).

Experimental treatments

Female adult puncturing treatments Fifteen mated
leafminer females were introduced into a nylon cage (25
cm × 25 cm × 35 cm) containing a single plant and al-
lowed to puncture and oviposit on the plant for 3.5 h.
All females were then removed. After 4 h, we collected
plants punctured by female adults (Ad4h-plants) and cut
off their leaves for further analysis. Excised leaves of
healthy plants the ages and sizes of which were similar
to treated plants but without any treatments were used as
a control. Each treatment had four replicates.

Larval feeding treatments Fifteen mated leafminer
females were introduced into a nylon cage and allowed to
puncture and oviposit on a single plant for 3.5 h. All fe-

males were then removed. Four d later, we first observed
larva-bored mines, and we collected these plants which
had been fed on by larvae for 1 d (La1d-plants). To mon-
itor the time course of the larval feeding treatment, we
similarly obtained plants fed on by larvae for 2 to 4 d
on d 5 to 7 (La2d-plants, La3d-plants, and La4d-plants,
respectively). We cut off leaves of each plant for analy-
sis. Excised leaves of healthy plants the ages and sizes of
which were similar to treated plants but without any treat-
ments were used as a control. Each treatment had four
replicates.

Phytohormone treatments One mmol/L SA (dis-
solved in 1% ethanol), 1 mmol/L JA (dissolved in ultra-
pure water), or 1 mmol/L JA+SA (JA and SA dissolved
together in 1% ethanol) were separately sprayed on plant
leaves until dripping (approximately 8 mL). After 24 h,
we collected plants treated with 1 mmol/L SA for 24 h
(SA-plants), 1 mmol/L JA for 24 h (JA-plants), and 1
mmol/L JA+SA for 24 h (JA+SA-plants). We cut off
leaves of each plant for analysis. Excised leaves of plants
the ages and sizes of which were similar to treated plants
and sprayed with ultrapure water or 1% ethanol solution
were used as controls. Each treatment had five to seven
replicates.

To avoid interference among plants from different
treatments, each treatment was kept in a separate incu-
bator at 23 ± 2 °C under a 16 : 8 h (L : D) photope-
riod and 65% RH. Plants from each treatment were indi-
vidually maintained in a nylon cage (25 cm × 30 cm ×
35 cm). The plants from female adult puncturing treat-
ments and larval feeding treatments were used in subse-
quent analyses, including volatile compound quantifica-
tion, phytohormone quantification, and gene expression
analysis. Ad4h-plants and La1d-plants were also used for
parasitoid behavior assays. Plants subjected to phytohor-
mone treatments were used for volatile compound quan-
tification and parasitoid behavior assays.

Volatile collection and quantification

Fresh leaves from bean plants subjected to the treat-
ments described above were quickly cut off and placed
in a glass jar (6 cm height × 6 cm internal diame-
ter). Next, 20 ng 4-ME PAN and nonyl acetate were
dropped together on a piece of filter paper (1 cm × 2 cm)
and used as internal standards to quantify volatile com-
pounds in the leaf samples. A 65-μm polydimethylsilox-
ane/divinylbenzene solid phase micro-extraction (SPME)
fiber was introduced into the jar to absorb volatile com-
pounds for 30 min at room temperature. A SPME fiber
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placed in an empty glass jar was used as a blank control.
All leaves were weighed immediately after absorption. 4-
ME PAN and nonyl acetate were chosen because these
chemicals were not found on SPME fibers after absorp-
tion but were similar in structure and retention times to
some of the volatile compounds.

For volatile compound quantification, we used the
method described in our previous study (Wei et al., 2017).
A Bruker gas chromatograph (456-GC) connected to a
triple quadrupole (TQ) mass spectrometer (Scion TQ
MS/MS, Bruker Daltonics, Germany) equipped with a
nonpolar DB-1MS column (30 m × 0.25 mm i.d. × 0.25-
μm film thickness, Agilent Technologies, Santa Clara,
CA, USA) was used for analysis of volatile compounds.
The initial temperature of the GC oven on the DB-1MS
column was kept at 40 °C for 4 min, increased to 80 °C at
a rate of 5 °C/min and then 180 °C at a rate of 20 °C/min
and maintained at 180 °C for 1 min, with a final increase
to 320 °C at a rate of 100 °C/min and maintenance at
320 °C for 2 min. The SPME fiber was injected into the
front inlet in splitless injection mode and held for 50 s. A
Bruker chemical analysis MS workstation (MS Data Re-
view, Data Process, version 8.0) was used to analyze and
process the data. Volatile compounds were identified by
comparing their retention times with the synthetic stan-
dards on the same column.

Extraction and quantification of endogenous JA and SA

Fresh leaves from different treatments were quickly
cut with a blade and ground to power in liquid nitrogen
using a mortar. JA and SA were extracted according to
the method of Pan et al. (2008). Briefly, each sample
consisting of approximately 240 mg power was extracted
with 1 mL extraction buffer (2 : 1 : 0.005 [v/v/v] iso-
propanol : ultrapure water : HCl) supplemented with 40
ng d4-SA and 20 ng d5-JA (CDN Isotopes, Alfa Aesar,
MA, USA) as internal standards. The collected lower
layer (approximately 1.5 mL) was dried in a Concentrator
Plus concentrator (Eppendorf, Hamburg, Germany) and
re-solubilized in 60% MeOH solution. The extracted
samples were stored at −20 °C for future analysis.

For JA and SA quantification, we used a method sim-
ilar to that described in our previous study (Ge et al.,
2019). Samples were analyzed using an Agilent 1200
high-performance liquid chromatography system (Ag-
ilent Technologies) coupled to an Agilent quadrupole
time-of-flight 6250 mass spectrometer equipped with an
electrospray ionization source. The column was main-
tained at 40 °C with a gradient. MS analysis was per-
formed in negative ion mode. The injection volume of

all extractions was 5 μL. Data from each sample and
standard were further processed and quantified with
Masshunter Data Analysis software (Agilent Technolo-
gies) along with the calculated m/z ([M+1] +) of each
phytohormone.

Quantitative real-time PCR (qRT-PCR)

Excised leaves were ground into powder with liquid
nitrogen and subjected to total RNA extraction with
Trizol reagent. Complementary DNA (cDNA) was re-
verse transcribed from 1 μg of total RNA extracted from
each sample and used as a template for quantification.
qRT-PCR was used to quantify LOX, OPR3, PAL3, and
PR-2 expression levels in different treatments. RT-PCR
amplifications were carried out on a LightCycler 480
system (Roche, Mannheim, Germany) equipped with a
384-well plate. All reactions were run in duplicate, and
average values were used in subsequent calculations. The
gene-specific primers used for qRT-PCR were designed
using Primer-Basic Local Alignment Search Tool (Na-
tional Center for Biotechnology Information) (https://
www.ncbi.nlm.nih.gov/tools/primer-blast/) and are listed
in Supporting Information Table S1. Actin1 and elonga-
tion factor 1-α (EF1α) were used as housekeeping genes
to normalize cDNA concentrations based on the equation
2−��Ct.

Parasitoid behavioral bioassay

A Y-tube olfactometer was used to examine the behav-
ioral responses of naïve female Opius sp. parasitoids. The
olfactometer (stem, 10 cm; arms, 12 cm at a 60° angle;
internal diameter 1.2 cm) was placed in an observation
chamber maintained at 25 °C (95 cm × 60 cm × 45 cm).
Four LED tubes on top of the chamber provided stable
lighting. Using the flowmeter, the purified, humidified
airflow through each arm of the Y-tube was kept at 220
mL/min. Individual parasitoids were released into the Y-
tube for 5 min. When a parasitoid moved more than 6 cm
into either arm, this was designated as the “first choice”.
If the parasitoid remained still or moved less than 6 cm
within 5 min, this was recorded as “no choice”. After five
parasitoids were examined, the position of the arms was
reversed to avoid position bias. After examination of 10
parasitoids, the Y-tube was replaced.

Four experiments were performed. In the first experi-
ment, parasitoids were able to choose between synthetic
TMTT (10 ng/μL or 100 ng/μL) and either healthy or
leafminer-infested plants (Ad4h-plants or La1d-plants).
TMTT (10 μL) was applied to a piece of filter paper
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(1 cm × 2 cm), which was then placed inside one arm of
the Y-tube. Glass jars containing a plant were placed out-
side the chamber and connected to the other arm with a
rubber tube. In the second experiment, naïve female para-
sitoids were offered a choice between leafminer-infested
plants (Ad4h-plants or La1d-plants) and control plants.
In the third experiment, naïve female parasitoids were of-
fered a choice between phytohormone-treated plants (SA-
plants, JA-plants, or JA+SA-plants) and control plants.
Glass jars containing either a treated plant or a control
plant were placed outside the chamber and connected sep-
arately to Y-tubes with rubber tubes. In the fourth ex-
periment, naïve female parasitoids had a choice between
synthetic TMTT (10 ng/μL or 100 ng/μL) and hexane
(solvent control). TMTT (10 μL) was applied to a piece
of filter paper (1 cm × 2 cm) and placed inside one arm;
10 μL of hexane was applied to a filter paper of the same
size, which was placed in the other arm. Plants of very
similar ages and sizes were used in the behavioral assays.
Each parasitoid was used only once. A minimum of 30
females that made a choice were examined in each assay.

Statistical analysis

Data were analyzed using the SPSS statistical program
(version 18.0; SPSS Inc., Chicago, IL, USA). Student’s t-
test was used to compare volatile emissions, endogenous
levels of JA and SA, and LOX, OPR3, PR-2, and PAL3
expression levels between treatments and controls. A χ2

test was used to determine the significance of differences
between the number of naïve parasitoids choosing either
arm of the Y-tube olfactometer.

Results

Volatile emissions of plants infested by female flies and
larvae

To analyze differences in volatile compounds between
plants 4 h after puncturing by female adults (Ad4h-
plants) and plants fed on by larvae for 1 d (La1d-plants),
we measured the amounts of the seven main volatiles
emitted from the plants according to our previous re-
port (Wei et al., 2006). Both Z-3-hexenol and Z-DMNT
were released at significantly higher levels from Ad4h-
plants than from the controls (Fig. 1A, D). Levels of Z-3-
hexenyl acetate, E-DMNT, and β-caryophyllene were not
significantly different between the treatment and control
groups (Fig. 1B, C, E). MeSA was released at a compara-
ble level between Ad4h-plants and the control (Fig. 1G),

but we failed to detect TMTT from either Ad4h-plants or
the control (Fig. 1F).

Compared with female adult puncturing, leafminer
larval feeding resulted in significantly different emis-
sions of volatile compounds. Emissions of Z-3-hexenol
and Z-3-hexenyl acetate from La1d-plants were simi-
lar to the control (Fig. 2A, B), whereas those of E-
DMNT, β-caryophyllene, and TMTT were significantly
higher (Fig. 2C, E, F). Compared with the control,
MeSA was emitted at slightly higher levels from La1d-
plants (Fig. 2G). Although both Ad4h-plants and La1d-
plants released Z-DMNT, La1d-plants released signifi-
cantly more (Fig. 2D).

To further confirm these results, we examined time
courses of volatile emissions from plants subjected to
larval feeding. The emissions of these compounds over
time were consistent with the releases seen from La1d-
plants. Releases of Z-3-hexenol and Z-3-hexenyl acetate
were similar between La1d-plants and controls (Fig. 3A,
B). Compared with the control, emission levels of E-
DMNT, Z-DMNT, and MeSA from La2d-plants and
La3d-plants were significantly higher (Fig. 3C, D, G).
Moreover, La2d-plants and La4d-plants released signif-
icantly higher amounts of TMTT (Fig. 3F). The release
of β-caryophyllene from La4d-plants was significantly
higher than that of the control (Fig. 3E). To summa-
rize the most important result, significantly higher levels
of MeSA and TMTT were only released from larva-fed
plants, which suggests that MeSA and TMTT are spe-
cially emitted compounds related to larval feeding.

Endogenous JA and SA in plants infested by leafminers

To examine whether leafminer infestation can induce
endogenous levels of JA and SA, we quantified JA and
SA levels in plants after infestation by female adults and
larvae. Compared with the control, Ad4h-plants produced
significantly higher amounts of JA, whereas no differ-
ence in SA was detected between Ad4h-plants and con-
trol plants (Fig. 4A, D). However, no difference in JA and
SA levels was observed between La1d-plants and control
plants (Fig. 4B, E).

To further test the effect of larval feeding on endoge-
nous levels of JA and SA, we measured the amounts of
JA and SA in plants fed on by larvae for 2 to 4 d. Levels
of both compounds were significantly higher in larva-fed
plants than in the control on d 2 to 4 (Fig. 4C, F). This
result indicates that larval feeding can simultaneously ac-
tivate endogenous synthesis of JA and SA.

To investigate the effect of leafminer infestation on the
expressions of genes involved in JA and SA pathways,
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Fig. 1 Volatile compounds collected from plants 4 h after puncturing by female adults (Ad4h-plants). (A) Z-3-hexenol; (B) Z-3-hexenyl
acetate; (C). E-DMNT; (D) Z-DMNT; (E) β-caryophyllene; (F) TMTT; (G) MeSA. Asterisks indicate significant differences in average
amount from control plants (Student’s t-test, *P < 0.05). ND, not detected; FW, fresh weight; MeSA, methyl salicylate; TMTT, (E,E)-
4,8,12-trimethyl-1,3,7,11-tridecatetraene; DMNT, 4,8-dimethyl-1,3,7-nonatriene. The mean amounts are presented with the standard
error of the mean (±SEM).

we also quantified JA- and SA-related gene expression
by qRT-PCR when plants were infested by female adults
and larvae. The expression levels of two JA-related genes,
LOX and OPR3, were significantly higher in Ad4h-plants
(Fig. 4G, J), whereas two SA-related genes displayed dif-
ferent expression trends. No difference in the expression
level of PR-2 was observed between the treatment and the
control, while PAL3 expression was significantly lower
than in the control (Fig. 4M, P). Compared with the con-
trol, expression levels of LOX, OPR3, PR-2 and PAL3
were significantly higher in La1d-plants (Fig. 4H, K, N,
Q).

When plants were subjected to larval feeding for 2 to
4 d, LOX and OPR3 expression levels were significantly
higher than in the control; the exception was the level of

OPR3 in La3d-plants (Fig. 4I, L). In addition, PR-2 and
PAL3 expression levels, except for PAL3 expression in
La3d-plants, were significantly higher than in the control
(Fig. 4O, R). Leafminer adults can thus only induce the
JA pathway, whereas leafminer larvae can simultaneously
activate both JA and SA pathways.

Volatile emissions from JA- and SA-treated plants

To establish the relationship between JA and SA and
volatiles in plants, we analyzed the emissions of seven
volatile compounds when plants were treated with 1
mmol/L SA, 1 mmol/L JA, or 1 mmol/L JA+SA for 24 h
(SA-plants, JA-plants, and JA+SA-plants, respectively).

© 2020 Institute of Zoology, Chinese Academy of Sciences, 28, 811–824
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Fig. 2 Volatile compounds collected from plants fed on by larvae for 1 d (La1d-plants). (A) Z-3-hexenol; (B) Z-3-hexenyl acetate;
(C) E-DMNT; (D) Z-DMNT; (E) β-caryophyllene; (F) TMTT; (G) MeSA. Asterisks indicate significant differences in average amount
from control plants (Student’s t-test, *P < 0.05, **P < 0.01). FW, fresh weight; MeSA, methyl salicylate; TMTT, (E,E)-4,8,12-trimethyl-
1,3,7,11-tridecatetraene; DMNT, 4,8-dimethyl-1,3,7-nonatriene. The mean amounts are presented with the standard error of the mean
(±SEM).

After treatment with 1 mmol/L SA solution, emissions
of Z-3-hexenyl acetate and E-DMNT were significantly
lower than in the control (Fig. 5B, C). In addition, emis-
sions of Z-3-hexenol, Z-DMNT, β-caryophyllene, and
TMTT were the same between SA-plants and controls
(Fig. 5A, D–F). Conversely, SA-plants released signif-
icantly higher amounts of MeSA (Fig. 5G). Compared
with the control, releases of Z-3-hexenol, Z-3-hexenyl ac-
etate, Z-DMNT, and β-caryophyllene were significantly
higher in JA-plants (Fig. 5A, B, D, E), and the emission
level of E-DMNT was slightly higher than that of the con-
trol (Fig. 5C). However, emission levels of MeSA and
TMTT did not differ between JA-plants and control plants

(Fig. 5F, G). When plants were treated with 1 mmol/L
JA+SA solution, releases of the seven volatiles, except
for Z-3-hexenol, were significantly higher than from the
control (Fig. 5). Consequently, the first five volatiles were
JA-induced emissions; MeSA was a specifically SA-
induced volatile, with only the release of TMTT jointly
stimulated by JA and SA.

Olfactory responses of parasitoids

Because only treatment with JA and SA simultaneously
triggered higher release of TMTT, we tested whether the
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Fig. 3 Volatile compounds collected from bean plants fed on by leafminer larvae. (A) Z-3-hexenol; (B) Z-3-hexenyl acetate; (C) E-
DMNT; (D) Z-DMNT; (E) β-caryophyllene; (F) TMTT; (G) MeSA. Asterisks indicate significant differences in average amount from
control plants (Student’s t-test, *P < 0.05, **P < 0.01). ND, not detected; FW, fresh weight; MeSA, methyl salicylate; TMTT, (E,E)-
4,8,12-trimethyl-1,3,7,11-tridecatetraene; DMNT, 4,8-dimethyl-1,3,7-nonatriene. The mean amounts are presented with the standard
error of the mean (±SEM).

behavior of naïve parasitoids was affected by the emis-
sion of TMTT from plants. A Y-tube olfactometer was
used to examine the behavioral attractiveness of naïve fe-
male Opius sp. parasitoids to leafminer-infested plants,
phytohormone-treated plants, and synthetic TMTT. We
found that parasitoids significantly preferred two differ-
ent doses of TMTT (10 ng/μL or 100 ng/μL) over healthy
plants (Fig. 6A). However, when given a choice between
Ad4h-plants or La1d-plants and synthetic TMTT, the
parasitoids displayed a significant preference for Ad4h-
plants and La1d-plants (Fig. 6B, C). Moreover, naïve
parasitoids simultaneously exposed to leafminer-infested
plants (Ad4h-plants or La1d-plants) and control plants

displayed a significant preference for the leafminer-
infested ones (Fig. 6D). No preference was displayed for
SA-plants (Fig. 6E). Interestingly, the parasitoids signif-
icantly preferred JA-plants and JA+SA-plants (Fig. 6E).
In addition, naïve parasitoids significantly preferred 10
ng/μL TMTT and even more so 100 ng/μL TMTT, thus
indicating that the response of parasitoids to TMTT is
dosage-related (Fig. 6F). Taken together, our results sug-
gest that TMTT is a volatile chemical released by plants
for indirect defense that is more attractive to parasitoids
than other volatiles; however, its attractiveness to para-
sitoids is less than that of the overall odors of Ad4h-plants
and La1d-plants.

© 2020 Institute of Zoology, Chinese Academy of Sciences, 28, 811–824



Larval feeding activates JA and SA to emit TMTT 819

Fig. 4 Hormone accumulation: jasmonic acid (JA) and salicylic acid (SA) accumulations in response to 4 h after leafminer female
adult puncturing, larval feeding for 1 d or larval feeding for 2–4 d. (A)–(C) JA; (D)–(F) SA. Gene expression: expression levels of
marker genes of JA and SA induced by leafminer infestation. Lipoxygenase (LOX) and 12-Oxophytodienoate reductase 3 (OPR3) are
JA-related genes, and pathogen-related protein 2 (PR-2) and phenylalanine ammonia-lyase 3 (PAL3) are SA-related genes. (G)–(I)
LOX; (J)–(L) OPR3. (M)–(O) PR-2; (P)–(R) PAL3. Asterisks indicate significant differences in average amount from control plants
(Student’s t-test, *P < 0.05, **P < 0.01). ND, not detected. The mean amounts are presented with the standard error of the mean
(±SEM).

© 2020 Institute of Zoology, Chinese Academy of Sciences, 28, 811–824



820 J. N. Yang et al.

Fig. 5 Volatile compounds collected from plants treated by 1 mmol/L salicylic acid (SA), 1 mmol/L jasmonic acid (JA) or 1 mmol/L
JA+SA for 24 h. (A) Z-3-hexenol; (B) Z-3-hexenyl acetate; (C) E-DMNT; (D) Z-DMNT; (E) β-caryophyllene; (F) TMTT; (G) MeSA.
Asterisks indicate significant differences in average amount from control plants (Student’s t-test, *P < 0.05, **P < 0.01). ND, not
detected; FW, fresh weight; MeSA, methyl salicylate; TMTT, (E,E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene; DMNT, 4,8-dimethyl-
1,3,7-nonatriene. The mean amounts are presented with the standard error of the mean (±SEM).

Discussion

Although adults and larvae of pea leafminer can damage
plants, only MeSA and TMTT, among the seven HIPVs,
were released in significantly higher amounts by larva-
fed plants. The parasitoids displayed an obvious prefer-
ence for plants subjected to female adult puncturing and
larval feeding. In particular, larval feeding resulted in the
emission of TMTT, which strongly attracted parasitoids.
Independent application of synthetic TMTT had an at-
tractive efficiency similar to JA+SA-treated and La1d-
plants but not surpassing that of the overall odors of
Ad4h-plants and La1d-plants. Our results thus clearly

confirm that larval feeding can stimulate plants to re-
lease TMTT through activation of JA and SA. Moreover,
TMTT is one of the volatile chemicals released by plants
for indirect defense.

In our study, we found that plants can employ two
different indirect defense strategies in response to fe-
male adult and larval infections. When adults puncture
leaves, plants release Z-3-hexenol, whereas plants emit
TMTT and other volatiles only when fed on by larvae.
Z-3-hexenol and TMTT can strongly attract parasitoids
(Wei & Kang, 2006; Wei et al., 2006). In fact, herbi-
vore infestation-related volatiles are variable among host
plants and herbivore species. For example, cotton infested
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Fig. 6 Behavioral responses of naïve female Opius sp. in a Y-
tube olfactometer to volatile sources versus control. (A) The
choice of parasitoids between TMTT (10 ng/μL or 100 ng/μL)
and healthy plants. (B). The choice of parasitoids between
TMTT (10 ng/μL or 100 ng/μL) and Ad4h-plants. (C). The
choice of parasitoids between TMTT (10 ng/μL or 100 ng/μL)
and La1d-plants. (D) The responses of naïve parasitoids to
leafminer-infested plants, with intact plants being used as con-
trol. (E) The responses of naïve parasitoids to phytohormone-
treated plants, with plants treated with ultrapure water or 1%
ethanol being used as a control. (F) The responses of naïve par-
asitoids to a single volatile compound, TMTT (10 ng/μL or 100
ng/μL), with hexane being used as a control. χ 2 test for signif-
icant differences between numbers of parasitoids in each arm.
*P < 0.05, **P < 0.01, ***P < 0.001. More than 30 (≥ 30)
females made choices in each arm. C/NC, Choice/No choice;
Ad4h-plants, plants 4 h after puncturing by female adults; La1d-
plants, plants fed on by larvae for 1 d; SA-plants, plants treated
with 1 mmol/L SA for 24 h; JA-plants, plants treated with
1 mmol/L JA for 24 h; JA+SA-plants: plants treated with
1 mmol/L JA+SA for 24 h; TMTT, (E,E)-4,8,12-trimethyl-
1,3,7,11-tridecatetraene.

by aphids emits higher amounts of MeSA and TMTT,
which are related to herbivory (Hegde et al., 2011).
In contrast, black poplar uses N-containing volatiles,
such as 3-methylbutyraldoxime, as an indirect defense
when infested by gypsy moth caterpillars (Clavijo Mc-
Cormick et al., 2014). In nature, herbivore infestation
causes plants to emit various volatiles; however, only
some of these compounds are related to herbivory (Bru-
insma et al., 2009; Kugimiya et al., 2010; Qiao et al.,
2018), as mechanical damage also causes plants to re-
lease volatiles, similar to the induction of volatiles by her-
bivores (Mithofer et al., 2005; Qiao et al., 2018). Only
those HIPVs related to herbivore infestation may help
natural enemies accurately locate their host and possi-
bly play an important role in plant indirect defense. Such
differentially accumulated volatiles should be useful for
the development of new control methods to manage pests.
The two different defense strategies uncovered in our re-
search can also provide a certain theoretical basis for
adult and larval leafminer defense.

Emissions of HIPVs are mainly regulated by JA and SA
pathways. Because pea leafminer adult and larval stages
have different modes of feeding, our system provides a
convenient means for studying interactions between JA
and SA. In this study, female adult puncturing induced
significantly higher levels of JA, but not SA, after 4 h, and
up-regulated the expression levels of JA-related genes.
Interestingly, larval feeding increased both JA and SA
levels and up-regulated expression levels of both JA- and
SA-related genes. Both adults and larvae can thus induce
plant indirect defense; puncturing of leaves by female
adults can activate the JA pathway, whereas larval feeding
can simultaneously activate both JA and SA pathways.
Similarly, Bemisia tabaci adults and nymphs both damage
plants, but they all induce the SA pathway by suppressing
the JA pathway (Zhang et al., 2013; Zhang et al., 2015;
Zhang et al., 2018a). In addition, only caterpillar larvae of
Cnaphalocrocis medinalis and Chilo suppressalis cause
damage to plants; these larvae activate the JA pathway
but reduce or have no effect on the SA pathway (Zhang
et al., 2020). We hypothesize that this difference is due to
different crosstalk interactions between JA and SA, with a
positive crosstalk interaction between JA and SA possibly
occurring in leafminer larva-fed plants. Indeed, JA and
SA are closely related to plant defense, which indicates
that plant defense against damage from leafminer larvae
may require the promotion of both JA and SA pathways.
Various explanations exist for these findings, including
factors involving the larvae themselves or aspects of the
mining tunnels created by the leafminer larvae. The un-
derlying mechanisms of how larvae activate JA and SA
pathways warrant further research.
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In our study, exogenous applications of SA and JA af-
fected the emissions of volatile compounds. In particu-
lar, only the JA+SA treatment stimulated the emission
of TMTT, a well-known chemical related to larval in-
festation. Our results indicate that positive crosstalk be-
tween JA and SA has an effect on TMTT emission. How-
ever, other studies have demonstrated that the release of
TMTT is enhanced by JA treatment (Ament et al., 2004;
Lou et al., 2005). A potential explanation for these dif-
fering results is that a synthase involved in precursor
biosynthesis of TMTT, GGPPS1, is dependent on both
JA and SA, whereas the regulation of TMTT biosynthe-
sis downstream of GGPP is dependent on JA (Ament
et al., 2006). This difference suggests that the evolution
of various plants has resulted in distinct patterns, with
the induction of pathways requiring specific conditions.
Our results supplement knowledge of the relationship be-
tween phytohormones and TMTT. Nevertheless, further
experiments are required for in-depth understanding of
the process by which TMTT is affected by both JA and
SA. Such information would be helpful for the applica-
tion of TMTT.

In this study, parasitoids exhibited significant pref-
erences for La1d-plants, JA+SA-plants, and synthetic
TMTT. In addition, parasitoids also displayed a pref-
erence for Ad4h-plants and JA-plants, but not SA-
plants. We speculate that La1d-plants and JA+SA-plants
strongly attract parasitoids because of the emission of
TMTT and Z-3-hexenol; at the same time, Ad4h-plants
and JA-plants attract parasitoids mainly as a consequence
of their higher release of Z-3-hexenol. These two volatiles
have been previously confirmed to be attractive to para-
sitoids (Wei & Kang, 2006; Wei et al., 2007). Z-3-hexenol
is speculated to act as a high-volatility wounding signal
allowing parasitoids to locate host plants, whereas TMTT
is a larva-specific signal. Nevertheless, the attractiveness
of TMTT does not surpass that of overall odors from
Ad4h-plants and La1d-plants. Most likely, the volatiles
responsible for the overall odors from Ad4h-plants and
La1d-plants include Z-3-hexenol and TMTT, which are
much more strongly attractive to parasitoids than TMTT
alone. The behavioral responses of parasitoids observed
in the present study are in agreement with the results
of our previous investigations (Wei & Kang, 2006; Wei
et al., 2007), which suggest that TMTT is one of several
volatile compounds that help attract natural enemies of
herbivores and act as an indirect defense in different sys-
tems (Tamiru et al., 2011; Tamiru et al., 2015). In push–
pull practices of pest management approaches, the syn-
ergy of several key chemicals for enhancing indirect de-
fense is thus more important.
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