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Plant defenses inducible by herbivorous arthropods can de-
termine performance of subsequent feeding herbivores. We
investigated how infestation of tomato (Solanum lycopersi-
cum) plants with the Western flower thrips (Frankliniella
occidentalis) alters host plant suitability and foraging deci-
sions of their conspecifics. We explored the role of delayed-
induced jasmonic acid (JA)-mediated plant defense re-
sponses in thrips preference by using the tomato mutant
def-1, impaired in JA biosynthesis. In particular, we investi-
gated the effect of thrips infestation on trichome-associated
tomato defenses. The results showed that when offered a
choice, thrips preferred non-infested plants over infested
wild-type plants, while no differences were observed in
def-1. Exogenous application of methyl jasmonate restored
the repellency effect in def-1. Gene expression analysis
showed induction of the JA defense signaling pathway in
wild-type plants, while activating the ethylene signaling
pathway in both genotypes. Activation of JA defenses led
to increases in type-VI leaf glandular trichome densities in
the wild type, augmenting the production of trichome-asso-
ciated volatiles, i.e. terpenes. Our study revealed that plant-
mediated intraspecific interactions between thrips are
determined by JA-mediated defenses in tomato. We report
that insects can alter not only trichome densities but also
the allelochemicals produced therein, and that this response
might depend on the magnitude and/or type of the
induction.
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Abbreviations: ANOVA, analysis of variance; CV-ANOVA,
ANOVA of the cross-validated residuals; ET, ethylene; GLM,
generalized linear model; IRF, internal response factor; IS, in-
ternal standard; JA, jasmonic acid; LSD, least significant dif-
ference; MeJA, methyl jasmonate; NE, normalized expression;
PAR, photosynthetically active radiation; PC, principal com-
ponent; PCA, principal component analysis; PLS-DA, partial
least square discriminant analysis; PR-P6, pathogenesis-related
protein 6; qRT–PCR, quantitative reverse transcription–PCR;
RH, relative humidity; SA, salicylic acid; SC, specific com-
pound; SlERF1b, Solanum lycopersicum ethylene-responsive
factor; VOC, volatile organic compound; WIPI-II, wound indu-
cible proteinase inhibitor II.

Introduction

Herbivore feeding can cause extensive damage to plants and
induce dramatic physiological, biochemical and physical
changes. Many of these changes are associated with defense
against herbivores and are characterized by the production of
defensive compounds and morphological structures that hin-
der the attackers (Karban and Myers 1989, Kessler and Baldwin
2001, Howe and Jander 2008). Induction of these defenses can
occur within a few hours or days, i.e. rapid induced response,
affecting development of early colonizing herbivores, or within
weeks or months, i.e. delayed induced response, thus altering
the establishment of herbivores that subsequently feed on
wounded plants (Karban and Baldwin 1997, Denno and
Kaplan 2007). Plant-induced defenses can, therefore, play a cen-
tral role in modulating intra- or interspecific interactions
among herbivores (Dalin and Björkman 2003, Poelman et al.
2008, Erb et al. 2011). These plant defense responses are mainly
regulated by three phytohormones: jasmonic acid (JA), salicylic
acid (SA) and ethylene (ET). JA and ET are generally associated
with plant defense responses against necrotrophic pathogens
and herbivorous arthropods. In particular, activation of the JA
signaling pathway is characterized by the induction of defensive
compounds in vegetative tissues such as secondary metabolites
(e.g. polyamines, quinones, terpenoids, alkaloids, phenylpropa-
noids, glucosinolates and antioxidants) (van der Fits and
Memelink 2000, Keinänen et al. 2001, Chen et al. 2006), proteins
(e.g. polyphenol oxidases and proteinase inhibitors) (Farmer
and Ryan 1990, Thaler et al. 1996) and leaf trichomes
(Boughton et al. 2005). While some of these plant responses
are displayed within 30 min to 24 h after herbivore attack
(Fowler et al. 2009, Wu and Baldwin 2009), trichome induction
in newly formed leaves constitutes a more delayed defense re-
sponse, i.e. detected several weeks after the initial induction
(Boughton et al. 2005, Peiffer et al. 2009). Plant trichomes are
hairy leaf structures developed from epidermal cells that can be
classified as non-glandular or glandular. The latter are respon-
sible for the production of plant secondary metabolites that are
stored and/or secreted onto the leaf surface (Glas et al. 2012).
Induction of trichome densities after herbivore attack has been
described for different plant species such as willox (Salix
cinerea), black mustard (Brassica nigra) and tomato (Solanum
lycopersicum) (Dalin et al. 2008, Tian et al. 2012a), among
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others, and has been proved to be herbivore species specific
(Traw and Dawson 2002). Though numerous studies have
documented the herbivore-mediated induction of plant trich-
ome densities, to the best of our knowledge no effect on the
allelochemicals produced in the glandular-type trichomes has
been described so far.

Western flower thrips Frankliniella occidentalis [Pergande] is
a plant cell content feeder that severely affects vegetable and
ornamental production worldwide (Reitz 2009). Thrips feeding
can induce JA signaling in plants, and this response is required
for mounting the effective plant defenses against this insect in
Arabidopsis (De Vos et al. 2005, Abe et al. 2008, Abe et al. 2009)
and tomato (Li et al. 2002, Kawazu et al. 2012). Moreover, arti-
ficial induction of JA-mediated defenses was reported to in-
crease resistance to thrips in cotton (Aphis gossypii) (Omer
et al. 2001) and Chinese cabbage (Brassica rapa) (Abe et al.
2009). To date, characterization of plant defense responses to
thrips has focused on early events, i.e. 0–96 h, after infestation.
Among these events, thrips feeding has been reported to
induce the release of an array of volatile organic compounds
(VOCs) in Nicotiana tabacum plants (Delphia et al. 2007).
Induced VOCs play an important role in plant defense. They
are mediators of indirect defenses forming part of the plant’s
arsenal to repel herbivores, increase plant toxicity (Kessler and
Baldwin 2001, De Moraes et al. 2001) or attract herbivore nat-
ural enemies (Dicke and van Loon 2000, Robert et al. 2012). In
this sense, Agrawal and Colfer (2000) described that thrips-in-
fested cotton plants were less preferred by subsequent coloniz-
ing conspecifics. Odor cues emanating from infested plants
were suggested to affect thrips choice, but no further studies
on the mechanisms operating in these plant–thrips inter-
actions have been described. Some studies have demonstrated
that activation of plant defenses by other arthropod herbivores
can affect thrips preference and survival (Delphia et al. 2007),
highlighting the central role of induced defenses in shaping the
community of herbivores (Poelman et al. 2008, Erb et al. 2011,
Glas et al. 2014).

In the present study, we investigated whether JA-associated
defense responses induced by thrips affected host plant accept-
ance by its conspecifics in tomato (S. lycopersicum) using the
tomato mutant def-1, impaired in JA-induced defense re-
sponses (Lightner et al. 1993, Howe et al. 1996). Among the
induced defenses, we analyzed changes in the gene expression
of JA-, SA- and ET-responsive markers, type-VI leaf glandular
trichome densities and their main associated volatile allelo-
chemicals, terpenes (Wagner 1991, Besser et al. 2009,
McDowell et al. 2011). Type-VI glandular trichomes are con-
trolled by the JA pathway (Li et al. 2004, Boughton et al. 2005,
Yoshiba et al. 2009, Maes and Goossens 2010) and can act as
physical barriers, but also as chemical factories for production
of toxic and repellent substances against arthropod herbivores
and pathogens (Kang et al. 2010a, Kang et al. 2010b). This trich-
ome type constitutes the main glandular trichome in
Castlemart and def-1 tomato leaves (Peiffer et al. 2009).
Alterations in type-VI glandular trichome density and asso-
ciated allelochemicals might, therefore, influence tomato–
thrips interactions. To determine whether thrips-mediated

induced responses were similar to those activated by artificially
induced JA signaling, we compared these plant defense re-
sponses with those triggered by the exogenous application of
the JA derivate phytohormone methyl jasmonate (MeJA). In
addition, we further addressed whether type-VI trichome in-
duction and production of their associated volatiles were posi-
tively correlated to the silver damage symptoms caused by
thrips feeding.

Results

Induced JA defenses play a key role in tomato-
mediated intraspecific interactions for thrips

Thrips-infested def-1 plants showed significantly higher silver
damage symptoms than wild-type plants (Student’s t-test,
t = 2.77, P = 0.017) (Fig. 1). Similar results were observed in a
replicated experiment (Supplementary Fig. S1).

To determine whether induction of JA-associated defenses
by thrips infestation or MeJA affects thrips preference in wild-
type and def-1 plants, leaf disc dual-choice assays were per-
formed in two replicated experiments (Fig. 2). Thrips showed
higher preference for leaf discs taken from non-infested over
infested wild-type plants (P� 0.05) (Fig. 2A, B). No significant
differences were observed between leaf discs taken from non-
infested and infested def-1 plants. Exogenous MeJA application
significantly increased the repellency against thrips in wild-type
and def-1 plants (P� 0.05).

To test whether thrips infestation or MeJA treatment acti-
vate the JA, SA or ET signaling pathways, expression levels of the
responsive gene markers WIPI-II (wound inducible proteinase
inhibitor II), PR-P6 (pathogenesis-related protein 6) and
SlERF1b (Solanum lycopersicum ethylene-responsive factor), re-
spectively, were analyzed at 12 d after initial treatments (Fig. 3).
Expression of WIPI-II was up-regulated by thrips infestation in
wild-type plants, but not in def-1 [generalized linear model
(GLM): Wald �2= 12.66, P< 0.001 for infestation treatment;

Fig. 1 Effect of JA-mediated plant defense responses on tomato re-
sistance to Frankliniella occidentalis. Mean (± SEM, n = 6–7) plant
damage caused by thrips infestation was measured in wild-type (wt)
and def-1 plants 12 d after thrips release. Representative data from one
of the replicated experiments are shown. Asterisks denote a significant
difference between wt and def-1 plants compared by unpaired t-test at
P� 0.05.
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Wald �2= 1.25, P = 0.262 for plant genotype; Wald �2= 5.22,
P = 0.001 for the interaction] (Fig. 3A). Conversely, MeJA appli-
cation induced the expression of WIPI-II in both wild-type and
def-1 plants (GLM: Wald �2= 42.60, P< 0.001 for hormone
treatment; Wald �2= 0.468, P = 0.494 for plant genotype;
Wald �2= 0.99, P = 0.318 for the interaction). Expression levels
of the SA marker PR-P6 did not differ in thrips-infested wild-
type and def-1 plants when compared with their respective
controls (GLM: Wald �2= 0.590, P = 0.443 for infestation treat-
ment; Wald �2 = 0.304, P = 0.581 for plant genotype; Wald
�2= 2.82, P = 0.093 for the interaction) (Fig. 3B). Similarly,
MeJA treatment did not affect expression levels of PR-P6 in
wild-type and def-1 plants (GLM: Wald �2= 0.356, P = 0.06 for
hormone treatment; Wald �2= 3.122, P = 0.077 for plant geno-
type; Wald �2= 0.591, P = 0.015 for the interaction). However,
MeJA-treated def-1 plants showed lower levels of PR-P6 when
compared with mock-treated plants, resulting in a statistically
significant interaction between plant genotype and hormone
treatment. A stronger and negative JA–SA cross-talk in the JA-
defective mutant might explain the lower basal levels of this
gene marker (Koornneef and Pieterse 2008). The ET response
factor SlERF1b was induced after thrips infestation in def-1 and

wild-type plants, this induction being significantly stronger in
def-1 (GLM: Wald �2= 92.59, P< 0.001 for infestation treat-
ment; Wald �2= 2.00, P = 0.157 for plant genotype; Wald
�2= 7.33, P = 0.007 for the interaction) (Fig. 3C). Conversely,
SlERF1b expression levels in wild-type and def-1 plants were
not altered by MeJA (GLM: Wald �2= 0.118, P = 0.732 for hor-
mone treatment; Wald �2= 3.66, P = 0.545 for plant genotype;
Wald �2 = 2.289, P = 0.130 for the interaction).

Activation of JA-associated defenses mediates
induction of trichome densities upon thrips
infestation in tomato

To investigate further the delayed induced JA-associated de-
fenses that might determine host plant acceptance of thrips,

Fig. 3 Relative transcript levels of the JA-responsive gene WIPI-II (A),
the SA-responsive gene PRP-6 (B) and SlERF1b (C) were measured in
non-infested, thrips-infested, mock-treated and MeJA-treated wild-
type and def-1 plants at 12 d after initial treatment. Bars indicate
mean ± SEM fold induction of each treatment group (n = 3 biological
replicates, two technical replicates). Different letters above bars
denote significant differences among groups compared by Fisher’s
LSD test at P� 0.05.

Fig. 2 Effect of a prior thrips infestation or exogenous application of
MeJA in wild-type (wt) and def-1 plants on thrips preference, 12 d
after the initial treatment, as tested in a dual-choice leaf disc assay.
Percentage (± SEM, n = 25–35) of thrips settled on leaf discs taken
from non-infested vs. thrips-infested wt plants, non-infested vs. thrips-
infested def-1 plants, mock-treated vs. MeJA-treated wt plants and
mock-treated vs. MeJA-treated def-1 plants in two replicated experi-
ments (A, B). Averaged preference data recorded at 0.5, 1, 2, 3 and 4 h
after thrips release are shown. Data were analyzed by Wilcoxon
matched-pairs signed-rank test. Asterisks denote significant differ-
ences at P� 0.05.
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changes in leaf type-VI glandular trichome-associated defenses
were analyzed.

Wild-type plants infested with F. occidentalis showed
increased type-VI glandular trichome densities on adaxial leaf
sides of young leaves at 12 d after the initial treatment when
compared with uninfested plants (GLM: Wald �2= 5.021,
P = 0.025 for infestation treatment; Wald �2= 22.28, P< 0.001
for plant genotype; Wald �2= 3.97, P = 0.046 for the interaction)
(Fig. 4A). No significant differences were observed between
thrips-infested and non-infested def-1 plants, yet lower trich-
ome densities were observed in non-infested def-1 plants com-
pared with the wild-type. The total number of type-VI
trichomes on adaxial leaf sides of thrips-infested wild-type
plants was also higher than in non-infested plants (GLM:
Wald �2= 15.99, P< 0.001 for infestation treatment; Wald
�2= 16.32, P< 0.001 for plant genotype; Wald �2= 6.90,
P = 0.009 for the interaction) (Fig. 4B). No differences were
observed for def-1, but non-infested def-1 plants displayed
lower trichome number compared with the wild type. Thrips
infestation significantly increased type-VI trichome densities on
abaxial leaf sides of wild-type and def-1 plants (GLM: Wald
�2= 13.29, P< 0.001 for infestation treatment; Wald
�2= 14.96, P< 0.001 for plant genotype; Wald �2= 0.000,
P = 0.986 for the interaction) (Fig. 4A). However, when the

total number of trichomes per leaflet was determined on ab-
axial leaf sides, no significant differences were observed be-
tween thrips-infested and non-infested wild-type or def-1
plants (GLM: Wald �2= 1.41, P = 0.235 for infestation treat-
ment; Wald �2= 1.16, P = 0.280 for plant genotype; Wald
�2= 0.713, P = 0.399 for the interaction) (Fig. 4B). MeJA treat-
ment significantly increased type-VI trichome densities on ad-
axial leaf sides of wild-type and def-1 plants (GLM: Wald
�2= 69.29, P< 0.001 for hormone treatment; Wald �2= 5.86,
P = 0.016 for plant genotype; Wald �2= 8.30, P = 0.004 for the
interaction) (Fig. 4C). Reduced type-VI trichome densities on
adaxial leaf sides were observed in mock-treated def-1 plants
when compared with the wild type. Although MeJA increased
trichome densities in both plant genotypes, greater differences
between mock-treated and MeJA-treated plants were observed
for def-1, as shown by the significant interaction between plant
genotype and hormone treatment. Similarly, the total number
of trichomes on adaxial leaf sides was higher in MeJA-treated
wild-type and def-1 plants (GLM: Wald �2= 114.10, P< 0.001
for hormone treatment; Wald �2= 17.7, P< 0.001 for plant
genotype; Wald �2= 5.13, P< 0.001 for the interaction) (Fig
4D). As mock-treated def-1 plants displayed lower trichome
number compared with the wild type, signficant differences
in the magnitude of the induction were observed for this

Fig. 4 Type-VI glandular trichome density and total number per leaflet were evaluated in adaxial and abaxial leaf sides of leaflets taken from the
third/fourth youngest leaf at 12 d after the initial treatments. Data show the mean (±SEM, n = 6–7) of type-VI leaf glandular trichome densities
and total number of trichomes per leaflet in non-infested and thrips-infested wild-type (wt) and def-1 plants (A, B) and mock-treated and MeJA-
treated wt and def-1 plants (C, D). Different letters above bars denote significant differences among groups within adaxial or abaxial data
compared by Fisher’s LSD test at P� 0.05.
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genotype. Type-VI trichome densities on abaxial leaf sides of
wild-type and def-1 plants were not induced by MeJA, but
mock-treated def-1 plants showed lower trichome densities
than the wild type (GLM: Wald �2= 0.123, P = 0.726 for hor-
mone treatment; Wald �2= 30.241, P< 0.001 for plant geno-
type; Wald �2= 0.219, P = 0.640 for the interaction) (Fig. 4C).
Trichome number on abaxial leaf sides of wild-type and def-1
plants was not affected by MeJA treatment either, but mock-
treated def-1 plants showed fewer trichomes when compared
with the wild-type (GLM: Wald �2= 1.58, P = 0.208 for hormone
treatment; Wald �2= 10.208, P< 0.001 for plant genotype;
Wald �2= 0.039, P = 0.843 for the interaction) (Fig. 4D).

To investigate further whether increases in trichome densi-
ties and number per leaflet were explained by changes in epi-
dermal cell number, epidermal cell densities were determined.
No significant differences in epidermal cell densities were
observed between non-infested and thrips-infested wild-type
and def-1 plants (GLM: Wald �22 = 0.27, P = 0.602 for infestation
treatment; Wald �2= 0.64, P = 0.424 for plant genotype; Wald
�2= 0.604, P = 0.437 for the interaction) (Supplementary Fig.
S2A). A significant reduction in epidermal cell densities was
detected in MeJA-treated wild-type and def-1 plants when
compared with their controls (GLM: Wald �2= 23, P< 0.001
for hormone treatment; Wald �2= 8.07, P = 0.004 for plant
genotype; Wald �2= 2.5, P = 0.114 for the interaction)
(Supplementary Fig. S2B). Hence, a larger size of epidermal
cells was observed in young leaves of MeJA-treated wild-type
and def-1 plants (Supplementary Fig. S2F, J). Although lower
epidermal cell density was observed in mock-treated def-1
plants when compared with mock-treated wild-type plants,
reduction of epidermal cell density by MeJA treatment was
similar in both plant genotypes.

Thrips infestation alters leaf trichome-associated
volatile production

Thirteen major compounds were detected in the leaf exudates
of wild-type and def-1 tomato plants under the different treat-
ments (Table 1; Supplementary Fig. S3). Among these, we
identified the monoterpenes a-pinene, p-cymene, myrcene,
d-carene, a-phellandrene, a-terpinene, limonene, b-phellan-
drene, trans-b-ocimene, g-terpinene, terpinolene and the ses-
quiterpene a-caryophyllene. These volatile compounds
coincided with those commonly detected in tomato type-VI
glandular trichomes (Kang et al. 2014).

Analysis of the total production of leaf trichome-associated
volatiles revealed that terpene content increased with thrips
infestation treatment in wild-type plants (GLM: Wald �2= 8.23,
P = 0.004 for infestation treatment; Wald �2= 24.27, P< 0.001
for plant genotype; Wald �2= 38.61, P = 0.312 for the inter-
action) (Fig. 5A). Though a small increase in terpene content
was also detected in thrips-infested def-1 plants, this was not
statistically significant when compared with non-infested
plants. Among the induced compounds in leaf exudates of
thrips-infested wild-type plants, a statistically significant in-
crease in levels of a-pinene, d-carene, a-phellandrene, a-terpi-
nene, limonene and b-phellandrene, as well as a non-identified

terpene compound, was detected [GLM followed by least sig-
nificant difference (LSD) post-hoc tests, P� 0.05] (Table 1).
Myrcene and another non-identified terpene were also slightly
induced in thrips-infested def-1 plants. To better differentiate
production of induced volatiles among treatments, a super-
vised multivariate partial least squares discriminant analysis
(PLS-DA) analysis was performed. The analysis resulted in a
model with one significant principal component (PC) [model
statistics: R2X = 0.55, R2Y = 0.28 and Q2 = 0.22; analysis of vari-
ance of the cross-validated residuals (CV-ANOVA), P = 0.006]
that explained 54% of the variance (Fig. 6A). This PC signifi-
cantly separated non-infested and infested def-1 plants from
non-infested and thrips-infested wild-type plants, showing that
production of practically all terpene compounds was reduced
in def-1 (Fig. 6B).

Exogenous application of MeJA significantly increased total
terpene production in leaf exudates of wild-type and def-1
plants (GLM: Wald �2= 494.5, P< 0.001 for hormone treat-
ment; Wald �2= 24.31, P< 0.001 for plant genotype; Wald
�2= 42.51, P< 0.001 for the interaction) (Fig. 5B). Total ter-
pene content in mock-treated def-1 plants was significantly
lower than in mock-treated wild-type plants. Hence, larger dif-
ferences in the induced production of terpenes were detected
between mock-treated and MeJA-treated def-1 plants com-
pared with the wild type, as shown by the significant interaction
between genotype and treatment. Overall, a 4.4- and 15-fold
increase in terpene content was detected in MeJA-treated wild-
type and def-1 leaf exudates, respectively. Based on a 2.5- and
8.5-fold increase in type-VI leaf glandular trichome densities
observed after MeJA treatment in wild-type and def-1 plants,
respectively, a 2-fold induction of terpene production per trich-
ome was estimated for both genotypes. In addition, some com-
pounds (i.e. g-terpinene and terpinolene) were only detected in
wild-type and def-1 plants after MeJA application (Table 1).
The PLS-DA analysis generated a model with one PC explaining
71% of the variance (model statistics: R2X = 0.71, R2Y = 0.321
and Q2 = 0.273; CV-ANOVA, P = 0.047), that clearly separated
volatile patterns of mock-treated and MeJA-treated plants (Fig.
6C). This model also highlighted differences between mock-
treated wild-type and def-1 plants, and between MeJA-treated
wild-type and def-1 plants. The loading plot showed that nearly
all terpene compounds were highly induced in MeJA-treated
wild-type and def-1 plants (Fig. 6D).

Higher silver damage symptoms correlate
positively with increased trichome-associated
volatile accumulation in wild-type plants

To investigate further whether the magnitude of the thrips-
mediated induction of type-VI trichomes and their associated
volatiles is determined by the feeding damage thrips cause in
the plant, a positive gradient of silver damage symptoms was
generated by infesting wild-type tomato plants with 0, 20, 40
and 60 thrips (Fig. 7). There was a positive correlation, near to
statistically significant, between silver damage symptoms and
type-VI trichome density (one-tailed Pearson, r = 0.338, n = 24,
P = 0.053) (Fig. 7A). A significant and positive correlation
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between silver damage symptoms and the total volatile content
in leaf exudates was also observed (one-tailed Pearson, r = 0.537,
n = 24, P = 0.003) (Fig. 7B). Type-VI trichome densities and the
total volatile content in leaf exudates were also positively

correlated (one-tailed Pearson, r = 0.577, n = 24, P = 0.002)
(Fig. 7C). Production of most of the terpene compounds de-
tected in the leaf exudates correlated positively with silver
damage levels and type-VI trichome densities
(Supplementary Table S1).

Discussion

Our study showed that previous infestation of S. lycopersicum
tomato plants with F. occidentalis negatively affected host plant
acceptance by conspecifics. We demonstrated that these plant-
mediated intraspecific interactions for thrips can be deter-
mined by activation of JA defenses in tomato. Hence, in dual-
choice assays, thrips showed a clear preference for non-infested
over thrips-infested leaf discs taken from wild-type plants, while
they did not discriminate between leaf discs taken from non-
infested and thrips-infested JA-deficient def-1 plants. Moreover,
when JA-associated defenses were artificially induced in both
genotypes, by means of exogenous application of the JA volatile
methyl ester MeJA, thrips showed a stronger preference for
non-induced leaf discs. This response is not exclusive for
thrips, and many lepidopteran species also avoid plants
damaged by conspecifics (Sato et al. 1999, De Moraes et al.
2001, Kessler and Baldwin 2001). Previous studies have
described the negative impact of induction of plant defenses
on host-plant selection, feeding and survival of F. occidentalis
(Agrawal et al. 1999, Agrawal and Corfel 2000, Delphia et al.
2007, Abe et al. 2009, De Puysseleyr et al. 2011, Kammerhofer
et al. 2015). However, until now, characterization of the role of
JA defenses induced directly by thrips in the subsequent col-
onization by conspecifics had not been investigated. We
showed that the JA-associated marker WIPI-II was induced
after thrips infestation in wild-type plants but not in def-1.

Table 1 Terpene content in leaf exudates of non-infested and thrips-infested wild-type and def-1 plants, and mock-treated and MeJA-
treated wild-type and def-1 plants

No. Compound Treatments

Wild-type (mg g–1 FW) def-1 (mg g–1 FW) Wild-type (mg g–1 FW) def-1 (mg g–1 FW)

Control +Thrips Control +Thrips Mock MeJA Mock MeJA

1 a-Pinene 2.57 ± 0.28 a 3.32 ± 0.33 b 1.53 ± 0.16 c 1.90 ± 0.12 c 2.95 ± 0.22 a 9.97 ± 1.17 b 1.25 ± 0.10 c 13.13 ± 1.67 d

2 p-Cymene 0.46 ± 0.21 a 0.51 ± 0.15 ab 0.15 ± 0.15 bc 0.0 ± 0.0 c 0.59 ± 0.24 a 2.66 ± 0.28 b 0.0 ± 0.0 c 6.19 ± 1.06 b

3 Myrcene 0.31 ± 0.13 a 0.52 ± 0.09 a 0.0 ± 0.0 b 0.38 ± 0.12 a 0.45 ± 15 a 2.05 ± 0.24 ac 0.096 ± 0.09 b 2.9 ± 0.31 c

4 d-Carene 8.68 ± 0.96 a 11.13 ± 1.10 b 4.62 ± 0.72 c 6.26 ± 0.66 ac 9.71 ± 0.58 a 57.83 ± 5.61 b 3.77 ± 0.26 c 58.50 ± 6.18 b

5 a-Phellandrene 2.01 ± 0.24 a 2.94 ± 0.22 b 1.11 ± 0.14 c 1.48 ± 0.14 ac 2.48 ± 0.21 a 13.10 ± 1.26 b 0.87 ± 0.04 c 14.73 ± 1.69 b

6 a-Terpinene 0.57 ± 0.17 a 1.27 ± 0.32 b 0.087 ± 0.08 a 0.24 ± 0.13 a 0.63 ± 0.21 a 4.40 ± 0.40 b 0.08 ± 0.08 c 4.85 ± 0.5 b

7 Limonene 5.28 ± 0.63 a 7.55 ± 0.81 b 2.12 ± 0.73 c 4.02 ± 0.37 ac 6.94 ± 0.64 a 24.68 ± 8.45 b 2.38 ± 0.12 c 39.44 ± 4.91 b

8 b-Phellandrene 24.20 ± 6.22 a 38.80 ± 4.57 b 17.11 ± 3.66 a 20.56 ± 2.29 a 33.99 ± 2.22 a 183.66 ± 14.51 b 11.89 ± 0.71 c 209.78 ± 26.45 b

9 trans-b-Ocimene 0.73 ± 0.12 a 0.79 ± 0.077 a 0.0 ± 0.0 b 0.10 ± 0.10 b 0.71 ± 0.05 a 2.25 ± 0.26 a 0.0 ± 0.0 b 2.22 ± 0.81 a

10 g-Terpinene 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 a 0.73 ± 0.0 b 0.0 ± 0.0 a 0.84 ± 0.24 b

11 Terpinolene 0.0 ± 0.0 a 0.06 ± 0.06 a 0.0 ± 0.0 a 0.0 ± 0.0 a 0.0 ± 0.0 a 0.94 ± 0.10 b 0.0 ± 0.0 a 1.10 ± 0.15 b

12 Unknown 2.63 ± 0.27 a 3.37 ± 0.22 b 1.67 ± 0.14 c 2.87 ± 0.44 ab 0.408 ± 0.60 a 5.82 ± 1.11 ac 1.48 ± 0.33 b 9.27 ± 1.98 c

13 b-Caryophyllene 6.39 ± 0.72 a 5.90 ± 0.88 ab 3.11 ± 0.38 b 4.32 ± 1.12 ab 7.55 ± 1.14 a 2.17 ± 0.16 a 2.57 ± 0.98 a 2.56 ± 1.14 a

The mean and SEM (n = 4–7) of each volatile identified is shown.
Different letters denote significant differences among groups compared by LSD test at P� 0.05.

Fig. 5 Total terpene content (mean ± SEM, n = 4–6) in leaf exudates
of non-infested and thrips-infested wild-type (wt) and def-1 plants (A)
and mock-treated and MeJA-treated wt and def-1 plants (B). Samples
were taken from the third/fourth youngest leaf at 12 d after the initial
treatment. Different letters above bars denote significant differences
among groups compared by Fisher’s LSD test at P� 0.05.
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Conversely, no induction of the SA-associated marker, PR-P6,
was observed in both genotypes. Accordingly, JA has been re-
ported as the principal signaling pathway triggered by thrips in
Arabidopsis (De Vos et al. 2005, Abe et al. 2008) and tomato (Li
et al. 2002, Kawazu et al. 2012). Our results further suggest that
activation of the ET signaling pathway by thrips in wild-type
and def-1 plants might not be crucial for tomato resistance to
thrips. In line with this, Abe et al. (2008) suggested the possible
importance of JA, ET and SA signals in the response of
Arabidopsis to thrips feeding. However, the role of the ET sig-
naling pathway on thrips–tomato interactions needs further
research.

We demonstrated that JA-induced defenses after thrips in-
festation in wild-type tomato plants resulted in enhanced type-
VI leaf trichome-associated defenses, a response detected 12 d
after initial infestation. In tomato, JA has been proposed as a
central regulator of trichome density and biochemistry (Li et al.
2004, Boughton et al. 2005, van Schie et al. 2007). In accordance
with this, def-1 plants, impaired in JA-induced defense re-
sponses, did not increase trichomes upon thrips herbivory. In
contrast, exogenous application of MeJA increased type-VI
trichome densities and total number per leaflet in wild-type
and def-1 plants. Induction of leaf trichome densities is a
common phenotype described in distinct and unrelated plant
species when alterations in biotic and abiotic conditions take
place. In particular, changes in temperature or light conditions

(Kennedy 2003), mechanical damage (Dalin et al. 2008), herbiv-
ory (Traw and Dawson 2002, Dalin and Bjorkman 2003), de-
foliation (Abdala-Roberts et al. 2005), or treatment with larval
oral secretions (Tian et al. 2012a) all have been observed to give
rise to higher trichome densities on newly emerged leaves.
Different features of the plant leaf surface can determine the
success of herbivore colonization (Howe and Jander 2008).
Changes in physical and chemical leaf properties can, therefore,
provide valuable information about potential mechanisms re-
sponsible for increased resistance to subsequent herbivore
attack. In this sense, some studies have reported that herbi-
vore-induced plants with increased leaf trichome densities
showed less damage by insects than non-infested plants
(Baur et al. 1991, Agrawal 1999, Dalin and Björkman 2003).

In addition, we provide evidence that herbivorous arthro-
pods can not only induce trichome densities in infested plants,
but can also alter the overall content of the leaf trichome-
associated volatiles. Many studies have described the emission
of plant volatiles after herbivory in tomato (Wei et al. 2012).
However, the volatiles measured in the headspace of non-in-
fested or infested plants might differ from those measured in
leaf exudates. Though a great part of the emitted plant volatiles
in cultivated tomatoes are produced by glandular trichomes
(Kessler and Baldwin 2001, Kant et al. 2009, Kang et al.
2010a), other compounds such as methyl salicylate are pro-
duced by non-trichome tissues (van Schie et al. 2007). Kang

Fig. 6 PLS-DA of volatile compounds detected in leaf exudates of thrips-infested and non-infested wild-type (wt) and def-1 plants (A and B), and
mock-treated and MeJA-treated wild-type (wt) and def-1 plants (C and D) at 12 d from initial treatment. Score plot (A and C) and loading plot (B
and D) of the first two principal components (PCs) with the explained variance in parentheses. The second PC was not statistically significant and
is only shown for representational purposes. The ellipse in (A) and (C) defines the Hotelling’s T2 confidence region (95%). The numbers in (B)
and (D) represent: 1, a-pinene; 2, p-cymene; 3, myrcene; 4, d-carene; 5, a-phellandrene; 6, a-terpinene; 7, limonene; 8, b-phellandrene; 9, trans-
ocimene; 10, g-terpinene; 11, terpinolene; 12, unknown; and 13, b-caryophyllene.
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et al. (2010a) reported that in od-2 tomato mutants, defective
in trichome-derived volatiles, plant wounding induced the
emission of the green leaf volatiles hexanal and cis-3-hexanal.
In addition, differences in terpene composition and production
between leaf and stem trichomes were reported for tomato
(Tian et al. 2012b). Our data show that after thrips infestation
wild-type plants produced more leaf trichome-associated vola-
tiles, while damaged def-1 plants did not significantly increase
their overall production. In particular, thrips-infested wild-type
plants accumulated more a-pinene, d-carene, a-phellandrene,

a-terpinene, limonene, b-phellandrene and a non-identified
compound per leaflet than non-infested plants. Some of
these compounds (i.e. a-pinene, d-carene and b-phellandrene)
have been reported to be emitted by wild-type (Castlemart)
plants infested with Spodoptera exigua (Thaler et al. 2002), sug-
gesting a common response to that described for thrips here. A
slight but significant increase in the levels of myrcene and a
non-identified compound was also observed in thrips-infested
def-1 plants. Thaler et al. (2002) also described herbivore-
mediated induction of VOCs for the def-1 genotype.
According to those authors, an increase in emitted volatile
compounds was detected in S. exigua-infested def-1 plants,
but at a much lower magnitude (i.e. 34% less monoterpenes
and 51% less sesquiterpenes) when compared with infested
wild-type plants. Hence, even though def-1 is able to respond
slightly to herbivory, these responses were reported as insuffi-
cient to mount effective direct and indirect plant defenses
against different arthropod herbivores (Howe et al. 1996,
Thaler et al. 2002, Ament et al. 2004). Accordingly, our results
showed that the def-1 genotype was more susceptible to thrips
than the wild type. In this sense, we observed that not only
inducible but also constitutive trichome-associated chemical
defenses were diminished in def-1 plants. Total terpene content
in the leaf exudates of non-infested and mock-treated def-1
plants was significantly lower compared with the wild type.
This might be explained by a lower number of type-VI leaf
glandular trichomes in def-1 (Fig. 4). This observation agrees
with Peiffer et al. (2009) where nearly 65% lower type-VI glan-
dular trichome density in def-1 compared with the wild-type
genotype was observed. Levels of constitutive emitted volatiles
in def-1, however, were reported to be similar to those detected
in the wild type (Thaler et al. 2002), which might be explained
by the compensatory volatile emission from other plant tissues.

Application of exogenous MeJA on wild-type and def-1
plants triggered qualitatively and quantitatively different trich-
ome-associated defense responses when compared with those
observed in thrips-infested wild-type plants. Though thrips in-
festation altered trichome densities in the wild-type genotype,
we concluded that it might not influence the terpene produc-
tion per trichome, as the ratio of increased trichome densities
and volatile content was determined as 1 : 1. In contrast, in
addition to higher type-VI leaf glandular trichome densities,
higher terpene production per leaflet was observed in MeJA-
treated wild-type and def-1 plants, suggesting an increased pro-
duction per trichome. Moreover, some compounds (i.e. p-
cymene, g-terpinene and terpinolene) were only detected or
induced by MeJA. Differences in the chemical profiles and the
magnitude of the induction of trichome-associated defenses in
thrips-infested and MeJA-treated wild-type plants might rely
on different foliar JA levels, i.e. associated with variable thrips
damage intensities, produced in the plant after the infestation.
To test this, we generated a gradient in silver damage symp-
toms by infesting wild-type plants with different densities of
thrips. Our results indeed showed a positive correlation be-
tween the silver damage symptoms and type-VI trichome den-
sities, as well as with the content of terpene compounds in the
leaf exudates of wild-type plants. The volatile content in the leaf

Fig. 7 Scatter plots depicting the relationship between silver damage
symptoms [square root (x + 1)-transformed data] and type-VI trich-
ome density (log-transformed data) (A), silver damage symptoms
[square root (x + 1)-transformed data] and total terpene content
(mg g–1 FW) in leaf exudates (B), and type-VI trichome density (log-
transformed data) and total terpene content in leaf exudates (C). Data
were obtained from wild-type plants infested with 0, 20, 40 and 60
thrips (n = 6 plants per treatment) at 12 d after thrips infestation.
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exudates was also positively correlated with type-VI trichome
density. As thrips infestation activates JA signaling in tomato,
we hypothesize that higher thrips feeding damage might have
induced increased production of this phytohormone and, con-
sequently, also the production of type-VI trichomes and their
associated volatiles. For instance, a direct positive relationship
between endogenous JA levels and both sesquiterpene and
indole volatile emission has been demonstrated in maize (Zea
mays) (Schmelz et al. 2003). In the same study, Schmelz et al.
(2003) also showed that JA production was positively correlated
with infestation levels of maize plants with S. exigua caterpillars.
Similarly, Thaler et al. (2001) described that artificially JA-
mediated induction of defensive proteins in tomato can re-
spond in a positive dose-dependent manner. This might also
explain the differences in the induction of WIPI-II expression,
controlled by JA signaling (Constabel et al. 1995, Alba et al.
2015), between thrips-infested and hormone-treated wild-
type plants. Alternatively, induction of ET defense signaling in
thrips-infested plants might have influenced induced JA-asso-
ciated responses. Hence, ET can act antagonistically to suppress
JA-induced expression of nicotine biosynthesis in tobacco (Rojo
et al. 1999, Shoji et al. 2000).

Interestingly, our results also showed that when offered a
choice between leaf discs from mock-treated and MeJA-treated
wild-type or def-1 plants, a larger percentage of thrips preferred
non-induced leaf discs compared with the dual-choice assays
using leaf discs from control and thrips-infested wild-type
plants. A higher production of trichome-associated volatiles
in MeJA-treated plants might explain these differences.
Changes in amounts of VOCs produced by leaves can greatly
affect phytophagous insects, since they exploit these cues to
take foraging decisions prior to and after contact with potential
host plants (Bruce et al. 2005). In particular, terpenes, one of the
largest class of volatiles identified in plants (Pickersky et al.
2006), play an important role in trichome-mediated resistance
of tomato wild species to different arthropod herbivores
(Freitas et al. 2002, De Azevedo et al. 2003, Bleeker et al.
2012). In cultivated species, glandular leaf trichomes actively
produce mono- and sesquiterpenes, and their absence and/or
altered chemistry can result in higher susceptibilities to arthro-
pod herbivores (Kang et al. 2010a, Kang et al. 2010b, Tian et al.
2012b). Thrips are reported to perceive and react in response to
plant volatiles, that in turn can act as feeding and oviposition
deterrents or affect thrips post-landing behavior (Koschier et al.
2002, Koschier et al. 2007, Allsop et al. 2014). Changes in leaf
trichome-associated volatiles in thrips-infested and MeJA-trea-
ted wild-type plants might explain the changes in the host plant
acceptance by conspecifics described in our study. In this sense,
a-pinene and p-cymene, both compounds reported here as
induced after thrips or MeJA induction in wild-type plants,
are reported as toxic agents for F. occidentalis and Thrips
tabaci (Koshier et al. 2002, Janmaat et al. 2002). Interestingly,
p-cymene, a-terpinene and a-phellandrene, shown as induced
in the present work, have been described as potent repellent
agents against whiteflies (Bleeker et al. 2009). On the other
hand, repellence properties might be influenced by the com-
position and concentration of the overall terpene mixture

present (Bleeker et al. 2009). Whether the blend or levels of
individual compounds detected in thrips- or MeJA-induced
leaflets might exert repellent or toxic effects on F. occidentalis
will require further tests. Additional studies will also be needed
to determine the contribution of the induced trichome-asso-
ciated defenses to the emitted plant volatiles upon thrips in-
festation in tomato.

In conclusion, we demonstrated that thrips-mediated in-
duction of JA-associated defenses in tomato negatively affects
plant host acceptance by F. occidentalis conspecifics. These
plant-mediated intraspecific interactions might be in part ex-
plained by the induction of trichome-associated defenses, con-
trolled by the activation of the JA signaling pathway. We
describe here that trichome-derived leaf volatile production
can be modulated by thrips infestation in tomato. The magni-
tude and/or type of this induction, as shown by the stronger
plant response and different chemical profiles of leaf trichomes
after MeJA hormone treatment or increasing thrips infestation,
might influence plant attractiveness to herbivores.

Materials and Methods

Plant material and insects

Tomato seeds (Solanum lycopersicum Mill cv ‘Castlemart’ and the jasmonate-

deficient mutant def-1, kindly provided by Professor Gregg Howe, Michigan

State University) were sown in plastic trays filled with potting soil in a climate

room provided with 113.6 mmol m2 s–1 photosynthetically active radiation

(PAR), a photoperiod of 16 h light/8 h dark, 20�C and 70% relative humidity

(RH). Fifteen days after germination, plantlets were transplanted to 11 cm

diameter plastic pots. Western flower thrips were obtained from a colony

reared on chrysanthemum flowers maintained in a climate room at 25�C

and 70% RH.

Plant treatments

Four-week old Castlemart (wild-type) and def-1 plants were individually placed

into thrips-proof cages consisting of a plastic cylinder (80 cm height, 20 cm

diameter) closed at one end with a lid made of thrips-proof gauze (Leiss

et al. 2009). Seven plants per genotype were then subjected to the following

treatments: (i) thrips infestation; (ii) no thrips; (iii) MeJA; or (iv) mock treat-

ment. For thrips infestation, 20 adult thrips (18 females and two males) per

plant were released inside the cage. The hormone treatment consisted of

spraying plants with 7.5 mM MeJA (Sigma-Aldrich) in 0.8% ethanol aqueous

solution until the point of run-off as described by Boughton et al. (2005). Mock

treatment with 0.8% ethanol aqueous solution was used as control. All cages

were randomly placed in a climate room provided with 113.6 mmol m–2 s–1

PAR, a photoperiod of 16 h light/8 h dark, 25�C and 70% RH. After 12 d, plants

were sampled for measurements and chemical analysis. Thrips feeding damage

(i.e. silver damage) was evaluated for the whole plant and expressed as mm2 of

total damaged leaf area (Leiss et al. 2009). Silver damage, which thrips cause by

sucking the epidermal/mesophyll plant cell content, was visually scored under a

stereomicroscope by determining the area of the local necrosis, appearing as

scars, in the leaves. Leaflets from the third/fourth youngest and fully expanded

leaf were sampled for thrips preference bioassays, trichome density and total

trichome number per leaflets, terpene content in leaf exudates, epidermal cell

number and gene expression analyses. This leaf was chosen because it was

susceptible to trichome induction when the treatments were applied (Traw

and Dawson 2002). Because F. occidentalis preferentially feeds on old tomato

leaves (Mirnezhad et al. 2010), young leaves did not show silver damage symp-

toms, eggs or larvae at the time of sampling.

To determine whether differences in the magnitude of the induction of

type-VI trichome density and production of terpenes are influenced by distinct

levels of thrips damage, an additional experiment with the wild-type genotype
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was performed. Three different densities of thrips infestation, i.e. 20, 40 and 60

thrips, were applied per plant (i.e. six plants per treatment) using the same

thrips-proof cages described above. Silver damage symptoms, type-VI trichome

density in adaxial leaf sides and volatile content in leaf exudates were measured

at 12 d after thrips release. Non-infested plants were used as controls.

Leaf disc dual-choice assay

A dual-choice assay (Leiss et al. 2009) was used to test thrips preference for leaf

discs taken from non-infested vs. thrips-infested and mock-treated vs. MeJA-

treated wild-type or def-1 plants. This bioassay was repeated twice in two in-

dependent experiments. Silver damage symptoms were measured in thrips-

infested plants before sampling for the leaf disc bioassays in the two experi-

ments. Excised undamaged leaflets from the third/fourth youngest leaf were

used. Leaf discs, each corresponding to an individual plant, with a diameter of

20 mm were punched from tomato leaves and placed on a thin layer of 1%

water agar in a 90 mm diameter Petri dish. For each pairwise test, 5–7 replicates,

i.e. Petri dishes, were evaluated. Ten starved female F. occidentalis adults were

anesthetized briefly with CO2 and placed on a small filter paper positioned

between the discs. The Petri dishes were sealed with parafilm and placed in a

climate room at 25�C and 16 h light/8 h dark light regime. The number of thrips

on each leaf disc was recorded at 0.5, 1, 2, 3 and 4 h after thrips release. The

number of thrips recorded in each leaf disc at the different time points were

averaged and shown as the percentage of thrips that made a choice in that

period of time.

Trichome density and total number

Type-VI trichome density was measured on the adaxial and abaxial surfaces of

leaflets taken from the third/fourth youngest and fully expanded leaf. A stereo-

microscope Leica MZ16 (Leica Microsystems) equipped with a Leica DFC420

digital camera was used to take pictures of an area of 12 mm2 at both leaf sides

of the main vein to generate a mean of these two measurements. Type-VI

trichomes were counted using the ImageJ software (http://imagej.nih.gov/ij/)

and density was expressed as number of type-VI trichomes per mm2.

Thereafter, the leaflet area’s were determined by scanning and analysis of

scanned pictures using the ImageJ software. Estimations of the total number

of type-VI trichomes per leaflet were obtained by multiplying trichome density

(No. mm–2) per leaf area in mm2.

Terpene analysis

Terpene production by type-VI glandular trichomes was analyzed in leaf

exudates collected from two leaflets belonging to the same leaf used for

trichome density measurements. Before extraction, fresh weight was mea-

sured. Leaf exudates were obtained by dipping the leaf tissue in 2 ml of

pentane containing 10 mg of benzyl acetate as internal standard

(Schilmiller et al. 2009, Kang et al. 2010a, Kang et al. 2010b, Sallaud et al.

2012). Following an incubation period of 2 min with gentle shaking, the

leaflets were removed. A 1 ml aliquot from the resulting pentane leaf extract

was injected into an Agilent model 7890 gas chromatograph fitted with a

5975C inert XL MSD Triple Axis Detector using a split ratio of 20 : 1. Injector

temperature was 280�C. The initial column (30 m� 0.25 mm, 0.25 mm film

thickness, DB-5MS, Agilent Technologies) temperature was set at 40�C, then

ramped to 150�C at 15�C min–1 and finally to 280�C at 3�C min–1. The

helium carrier gas flow was 1.6 ml min–1. Terpenes were identified by com-

parison with authentic standards when possible or by comparison with re-

tention times and spectral information available in Agilent GC/MSD

ChemStation. Compounds were quantified on the basis of the internal

standard procedure. Calibration curves of known concentrations (five data

points in the range of 0.5–60 mg) of synthetic external standards were gen-

erated to calculate the internal response factor (IRF). For this, a-pinene

and b-caryophyllene (Sigma-Aldrich) were used as external standards to

determine the IRF of monoterpenes and sesquiterpenes, respectively.

Calculations of the terpene concentrations were based on the equation:

amount of specific compound = (amount IS� area SC� IRF)/area IS,

where IS corresponds to the internal standard, SC to the specific compound

of interest and IRF to the internal response factor. Terpene content was

expressed as mg g–1 FW.

Measurement of epidermal cell number

To determine whether changes in trichome density and number were related to

changes in cell size, epidermal cell density was determined in adaxial leaf sides

by using an imprint technique (Kirkham et al. 1972). First, leaflets were scanned

and leaf area was determined using the ImageJ software. Next, a clear nail polish

was applied to the adaxial leaflet surface and, after the polish had dried, strips

with cell impressions were peeled off and photographed on a light microscope

(B-350, OPTIKA) at� 400 magnification. Cell number was counted using the

ImageJ software and expressed as number of epidermal cells per mm2.

Gene expression analysis

Total RNA was isolated as described in Verdonk et al. (2003) and treated with

DNase (Ambion). cDNA was synthesized from 4mg of total RNA using M-MuLV

Reverse Transcriptase (Fermentas) in a 20 ml reaction. Quantitative reverse

transcription–PCR (qRT–PCR) was performed in CFX96
TM

Optics Module

(BIO-RAD) using iQ
TM

SYBR
�

Green Supermix (BIO-RAD). PCRs of 20 ml con-

tained 0.25mM of each primer and 1 ml of cDNA. The cycling program was set to

5 min at 50�C, 2 min at 95�C, 40 cycles of 15 s at 95�C and 1 min at 60�C,

followed by a melting curve analysis. Three biological replicates with two tech-

nical qRT–PCR replicates (i.e. individual plants) were analyzed per treatment.

Actin was used as a reference gene. The normalized expression (NE) data were

calculated with the 2���Ct method. NE values were scaled to the lowest aver-

age NE within the plot, which was set to 1. Transcript levels of the JA marker

gene WIPI-II, the SA marker gene PR-P6 (Alba et al. 2015) and the ET-responsive

marker gene SlERF1b (Nambeesan et al. 2012) were analyzed. The gene-specifc

primers used for the qRT–PCRs are shown in Supplementary Methods S1.

Statistical analysis

All data were first analyzed using Levene and Kolmogorov–Smirnov tests to

determine the heteroscedasticity of variance and normality, respectively.

Differences in silver damage between wild-type and def-1 thrips-infested

plants were analyzed by unpaired Student’s t-tests. Wilcoxon matched-pairs

signed-rank tests were used to assess significant differences in thrips preference

between leaf discs taken from infested vs. control plants, and between leaf discs

taken from MeJA-treated vs. mock-treated plants for each plant genotype. The

number of thrips settled on one of the two leaf discs at 0.5, 1, 2, 3 and 4 h after

release was pooled before analysis. Effect of treatment (thrips infestation or

hormone application), genotype and their interaction on trichome density,

number of trichomes per leaflet, epidermal cell density, total terpene produc-

tion per g of FW, and gene expression was analyzed by GLMs, using the linear

distribution and identity link function, followed by Fisher’s LSD post-hoc test.

Data from trichome densities, total terpene production and gene expression

analysis were log transformed prior to analysis when needed. Pearson tests were

performed to analyze correlation between silver damage symptoms, type-VI

trichome density and volatile content in wild-type non-infested plants and

plants infested with 20, 40 and 60 thrips. Pearson and Spearman tests were

used to analyze correlation between content of individual terpene compounds,

silver damage and type-VI trichome density. Statistical analyses were performed

by using the SPSS software package (version 21; SPSS Inc.). Patterns of volatiles

in thrips-infested or hormone-treated plants were subjected to principal com-

ponent analysis (PCA) and PLS-DA using the software SIMCA-P version 13

(Umetrics). Data were log transformed when needed (the constant 0.0001

was added to provide non-detectable components with a small non-zero

value), mean centered and scaled to unit variance prior to PCA and PLS-DA

(Eriksson et al. 2001). Statistical significance of PLS-DA models was tested by

using the CV-ANOVA method (Eriksson et al. 2008). Additionally, data from

identified volatiles were tested for significant differences among plant treat-

ments (thrips infestation or hormone treatments) by GLM and LSD post-hoc

tests. For this analysis, data from mock- and MeJA-treated plants were log

transformed.

Supplementary data

Supplementary data are available at PCP online.
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