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Abstract

The jasmonic acid (JA) and salicylic acid (SA) signalling pathways, which mediate induced plant defence responses,
can express negative crosstalk. Limited knowledge is available on the effects of this crosstalk on host-plant selection
behaviour of herbivores. We report on temporal and dosage effects of such crosstalk on host preference and oviposi-
tion-site selection behaviour of the herbivorous spider mite Tetranychus urticae towards Lima bean (Phaseolus luna-
tus) plants, including underlying mechanisms. Behavioural observations reveal a dynamic temporal response of mites
to single or combined applications of JA and SA to the plant, including attraction and repellence, and an antagonistic
interaction between SA- and JA-mediated plant responses. Dose-response experiments show that concentrations
of 0.001 mM and higher of one phytohormone can neutralize the repellent effect of a 1 mM application of the other
phytohormone on herbivore behaviour. Moreover, antagonism between the two signal-transduction pathways affects
phytohormone-induced volatile emission. Our multidisciplinary study reveals the dynamic plant phenotype that is
modulated by subtle changes in relative phytohormonal titres and consequences for the dynamic host-plant selection

by an herbivore. The longer-term effects on plant-herbivore interactions deserve further investigation.
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Introduction

Plants respond to herbivory with phenotypic changes such
as the production of digestibility reducers or the biosyn-
thesis of complex blends of volatiles (Kessler and Baldwin,
2002; Heil, 2008; Dicke et al., 2009). These plant responses
are regulated by signalling pathways such as the octadeca-
noid, the shikimic acid, and the ethylene signal-transduction
pathways (Dicke et al., 2009; Pieterse et al., 2009; Dicke and
Baldwin, 2010; Atkinson and Urwin, 2012; Pieterse et al.,
2012; Thaler et al., 2012). Crosstalk between signal-trans-
duction pathways allows for a complex signalling network
that mediates the fine-tuning of plant defences (Kessler
and Baldwin, 2002; Dicke et al., 2009; Pieterse et al., 2009;
Picterse et al., 2012; Thaler et al., 2012). Plant hormones

are major components of those pathways and regulate dif-
ferential defence responses to specific types of attackers
(Pieterse et al., 2009; Leon-Reyes et al., 2010; Thaler et al.,
2012). Generally, the phytohormones jasmonic acid (JA)
and ethylene (ET) are responsible for elicitation of defences
against herbivores and necrotrophic pathogens (Kessler and
Baldwin, 2002; Schmelz et al., 2003; von Dahl and Baldwin,
2007; Pieterse et al., 2009; Wei et al., 2011; Thaler et al.,
2012), whereas salicylic acid (SA) is predominantly involved
in defence against phloem-sap-sucking insects and bio-
trophic pathogens (Spoel et al., 2007; Pieterse et al., 2009;
Zhang et al., 2009; Thaler et al., 2010; Thaler et al., 2012).
Moreover, it is becoming clear that many attackers induce
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more than one phytohormonal pathway (e.g. De Vos et al.,
2005).

The SA- and JA-pathways can exhibit negative crosstalk
that has been elucidated especially at the transcriptional level.
Reported effects of SA on JA-dependent signalling are con-
siderable (Spoel et al., 2007; Koornneef et al., 2008; Pieterse
et al.,2009; Thaler ez al., 2012). For instance, silverleaf white-
flies use SA—JA crosstalk to activate the SA pathway and con-
sequently suppress JA-mediated defence, which accelerates
their development (Zarate ez al. 2007). In contrast, interfer-
ence with SA-dependent signalling by JA was less pronounced
(Kunkel and Brooks, 2002; Beckers and Spoel, 2006; Mur
et al., 2006). The consequences of SA-JA crosstalk for plant—
herbivore interactions have been mostly investigated in terms
of their effects on induced resistance (reviewed by Thaler
etal.,2012). However, the phytohormones JA and SA are also
known to regulate the production of plant volatiles (Dicke
et al., 1999; Ozawa et al., 2000; Lou et al., 2005). Herbivory-
induced plant volatiles (HIPVs) play vital roles in enabling
herbivores and their natural enemies to locate their food from
a distance (Dicke er al., 1990; Turlings et al., 1995; Bruce
et al., 2005; Wei et al., 2007; Dicke and Baldwin, 2010; Bruce
and Pickett, 2011). Although a few studies have explored such
negative SA-JA crosstalk in plant-herbivore—natural enemy
interactions (Zhang et al., 2009; Thaler et al., 2010), to date
it is largely unknown how SA-JA negative crosstalk affects
host-plant selection behaviour of herbivores. Moreover, the
extent to which this SA-JA crosstalk is reciprocal and how
this affects herbivore host-plant selection has received limited
attention (Dicke et al., 2009; Thaler et al., 2012).

HIPVs are important mediators of plant-herbivore inter-
actions (Dicke and Baldwin, 2010), such as the well-studied
interaction between Lima bean plants (Phaseolus lunatus L.)
and spider mites (7etranychus urticae Koch). For instance,
T urticae avoided the odours of conspecific-infested bean
plants compared with uninfested control plants (Dicke, 1986;
Harrison and Karban, 1986). Olfactometer experiments with
cucumber plants showed that 7. urticae preferred the odours
of plants infested with conspecifics (7. urticae), but strongly
avoided plants infested by thrips (Frankliniella occidentalis)
(Pallini et al., 1997). These differential behavioural responses
might be caused by differences in duration of infestation
until the behavioural tests (temporal effects), or differences
in herbivore species or density (dose effects), or plant spe-
cies. Because plant responses to herbivory include JA- and
SA-mediated responses and these phytohormones crosstalk
(Thaler et al., 2012), we here address the effects of these phy-
tohormones, singly or combined, on plant-mediated host
selection by the spider mite 7. urticae as affected by different
doses and temporal patterns.

We explore the reciprocal interactions between JA- and
SA-signal-transduction pathways in Lima bean plants for
their effects on feeding-site selection by the spider mite
T urticae as well as the consequences for spider-mite ovipo-
sition site selection. We show that reciprocally antagonistic
crosstalk between the JA- and SA-signalling pathways modu-
lates spider-mite preference and we connect this to volatile
biosynthesis of Lima bean plants and the transcription of

a few selected genes. Our data provide strong evidence that
reciprocal antagonism between SA- and JA-signalling path-
ways affects plant volatile emission and herbivore host-selec-
tion behaviour.

Materials and methods

Rearing plants and mites

Lima bean plants, Phaseolus lunatus L. cv. Sieva, were grown in a
greenhouse compartment at 25+ 5 °C, 50-70% R.H., and a photo-
period of 16L:8D. Lima bean plants were used in experiments when
their two primary leaves had fully expanded, i.e. 10-15 d after sow-
ing. The two-spotted spider mite, Tetranychus urticae Koch (Acari:
Tetranychidae), was reared on Lima bean plants in a greenhouse
compartment under the same conditions as those for plant growth.
Adult female 7! urticae, which had hatched from the same cohort of
eggs 10 d before and were observed to lay eggs (Zhang ez al., 2009),
were used in all experiments.

Behavioural bioassay

To investigate whether spider-mite behaviour was affected by the
odours from different sources, two-choice experiments were carried
out. To this end, a trapezoid-shaped bridge (length long side: 3cm,
pillar: 1cm, width: 0.5cm, thickness: 1 mm) was positioned such that
it connected two Lima bean leaf sections, lying on a wet cotton-wool
disk in an open Petri dish (see Supplementary Fig. S1 available at
JXB online). A spider mite was individually placed at the middle of
the bridge and allowed to walk to either side, where it had to make a
choice by mounting either leaf disk (2cm in diameter) cut from leaves
from an intact Lima bean plant just before the experiment. Once the
mite entered one of the leaf sections, its choice was recorded as “first
choice”. The observation lasted maximally 15min for each female
mite. The positions of the two odour sources (leaf disks) were alter-
nated among replicates. On every experimental day, 20 individual
mites were observed for each odour source combination (see section
on JA and SA treatment below). After observation of the first choice,
these set-ups were kept in a growth chamber at 22+2 °C, 50-60%
R.H. and a photoperiod of 16L:8D. After 24 h post inoculation (hpi),
the position of mites and number of eggs deposited on each leaf disk
were recorded. In total, each test was replicated on three different
days and 60 mites were used for each odour-source combination.

JA and SA treatment

Plants were treated with a JA or SA solution. In all cases 1.25ml was
sprayed per leaf. (i) Time course of the effect of JA or SA on mite
choice behaviour. Solutions of 1mM JA ((%)-jasmonic acid, Sigma-
Aldrich, purity > 97%, dissolved in tap water by vigorously shaking)
or SA (salicylic acid, Sigma-Aldrich, purity > 98%, diluted in 1 ml
ethanol (99%), then further diluted in tap water) were sprayed on
the Lima bean leaves, and incubated for 24, 48, 72, 96, and 120h
before behavioural experiments. At the same time, on control plants,
tap water or a 1% ethanol solution in tap water, were sprayed on the
Lima bean plants and incubated for the same time as the respective
treatments. (i) Time course of the effect of combined JA and SA
applications on mite choice behaviour. A solution of 1mM JA was
sprayed on the Lima bean plants and allowed to dry for 30 min, fol-
lowed by spraying of a I mM SA solution and then the plants were
incubated for 24, 48, and 72 h before being used in the experiments.
On control plants, tap water and a solution of 1% ethanol in tap
water were sprayed and these plants were incubated for the same
time as those of the combined JA / SA treatment. (iii) Reciprocal
antagonism between SA and JA signalling pathways in Lima bean.
To assess the effect of SA on plants treated with 1 mM JA, solutions
of 1 mM JA were sprayed on the Lima bean leaves and these leaves
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were subsequently sprayed with a solution of 0, 0.0001, 0.001, 0.01,
0.1, or I mM SA and all treated plants were incubated for 24 h before
experiments. Tap water and solutions of 0.0001%, 0.001% 0.01%,
0.1%, or 1% ethanol in tap water were sprayed on plants that served
as controls and the plants were then incubated for 24h. For the
experiments on the effect of JA application on plants treated with
SA, plants were sprayed with a solution of 1 mM SA or 1% etha-
nol (control). All treated plants were incubated for 24 h. After that,
solutions of 0, 0.0001, 0.001, 0.01, 0.1, or 1 mM JA were sprayed on
SA-treated plants; water was sprayed on the ethanol-treated con-
trol plants. All treated plants were incubated for another 24 h before
being used in the experiments. The difference in timing to study the
effect of SA on JA-induction versus the effect of JA or SA induc-
tion were instigated by the results of the first experiment and will be
explained in the Results section. (iv) Persistence of the SA-mediated
antagonism to the repellent effect of 1mM JA treatment. Solutions
of ImM SA or 0.00lmM SA were sprayed on Lima bean leaves
and the treated plants were incubated for 24 h, 48 h, or 72h. Control
plants were sprayed with solutions of 0.001% or 1% ethanol and
were incubated for the same time period. Then the SA-treated plants
were sprayed with I mM JA and the control plants with tap water
and all plants were incubated for another 24 h before being used in
the experiments. As negative control, plants were sprayed with solu-
tions of 0.001% or 1% ethanol and they were incubated for 24h.
Half of these plants were sprayed with 1 mM JA and were incubated
for another 24 h. The other half of the plants were sprayed with tap
water (control plants) and they were incubated for 24 h before behav-
ioural experiments.

In volatile collection experiments we investigated the two extremes
of SA-JA crosstalk that were recorded in the behavioural experi-
ments. We investigated: (i) The effect of SA on JA-induced vola-
tile emission. A solution of 0.001mM SA or 0.001% ethanol was
sprayed on leaves of Lima bean plants and these plants were incu-
bated for 24 h. Then 1.0mM JA was applied and headspace volatiles
of treatment and control plants were collected 24h later. (i) The
effect of JA on SA-induced volatile production. Lima bean plants
were sprayed with a solution of 1 mM SA and then they were incu-
bated for 24 h. Half of these plants were sprayed with 0.001 mM JA
and were incubated for another 24h. Another half were sprayed
with tap water and served as control plants; the plants were incu-
bated for 24 h before volatile collection.

For gene expression experiments the Lima bean plants were
treated with 1 mM JA for 24 h, or they were treated with 0.001 mM
SA for 24h and were then treated with I mM JA for another 24h
before RNA extraction. Control plants relative to JA treatment were
sprayed with water and control plants relative to SA treatment were
treated with 0.001% ethanol for 24h plus water for another 24h
before RNA extraction.

Headspace volatile collection

Volatiles emitted by Lima bean plants were collected with a dynamic
headspace collection system (Loivamaki ez al., 2008). For details see
the online Supplementary data (available at JXB online).

Chemical analysis of headspace volatiles

Headspace samples were analysed as described previously (Zhang
et al., 2009). For details see the online Supplementary data.

Quantitative real-time PCR

Total RNA extraction and purification were done as described in
the handbook of RNeasy Plant Mini Kit (Qiagen Group, Valencia,
CA, USA). cDNA synthesis was performed as reported previously
(Zheng et al., 2007). To quantify lipoxygenase (LOX), P lunatus
Ocimene Synthase (PlOS), and pathogenesis-related protein 2 (PR-2
(B-1,3-glucanase)) transcript levels, real-time quantitative RT-PCR
was performed in a Rotor-Gene 6000 machine (Corbett Research)

with a 72-well rotor (Zhang et al., 2009). For details see the online
Supplementary data.

Statistical analysis

A y? test was used to analyse mite preference behaviour. A paired
two-tailed ¢-test was employed to assess the significance of differ-
ences in average number of eggs deposited on treatment and control
leaf disks at each time point. The gene expression levels relative to
PIACTI (fold changes) were log-transformed and statistically ana-
lysed by ANOVA following Tukey’s honestly significant difference
(HSD) test. Principal component analysis was used to reveal which
volatile compounds are important for the separation of volatile
blends emitted by plants treated with JA alone or a combination
of JA and SA. Similarly, we analysed the volatiles emitted by plants
treated with SA alone and those treated with SA followed by JA.
We used the PLS-DA (Projection to Latent Structures Discriminant
Analysis) extension of the SIMCA P+ 12.0 software program,
(Umetrics AB, Umed, Sweden). For more details see the online
Supplementary data.

Results

Time course in the effect of phytohormone treatments
on mite choice behaviour

To investigate whether the preference of spider mites depends
on the time elapsed since application of JA or SA to Lima
bean leaves, the initial selection behaviour of spider mites, i.e.
their choice before contacting the leaf disks, was observed in
two-choice experiments. When offered a choice between leaf
disks taken from plants treated with 1.0mM JA and control
(treated with water) plants, the mites’ choice changed from
initial avoidance at 24 h post application (hpa) to attraction 72
hpa to no effect at 96 and 120 hpa (Fig. 1A). Similar temporal
dynamics were observed for the effects of SA treatment; how-
ever, avoidance was observed only at 48 hpa. The distribution
of mites over treatment and control at 24h post inoculation
(hpi) was similar to the first choice of the mites for both phy-
tohormones (Fig. 1B). The number of eggs deposited on disks
from phytohormone-treated and control plants correlated
with the distribution of mites over the two disks observed at
every time point (Fig. 1C and 1D). The application of 1 mM
JA or SA did not result in a differential choice of female spi-
der mites for phytohormone-treated disks over control leaf
disks within 1 hpa (see Supplementary Fig. S2). Therefore,
the effects of JA and SA treatment on the behaviour of the
spider mites are not due to the presence of JA or SA itself.
These results were used as reference for investigating possible
crosstalk between the JA- and SA-signal-transduction path-
ways and its effect on spider-mite host-selection behaviour.

Effects of combined JA and SA application on mite
choice behaviour

Combined JA+SA application (both at 1 mM) did not result
in a preference for treatment or control plants at 24 hpa or 48
hpa, but leaf disks from JA+SA-treated plants were preferred
over control plants at 72 hpa (Fig. 2). In addition, the distri-
butions of mites and their eggs on leaf disks of JA+SA treat-
ment versus control were consistent with initial preference of
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Fig. 1. Time course of the effect of JA- or SA-treatment on female mite choice behaviour and oviposition on leaf disks cut from Lima bean plants just
before the experiment. (A) Percentage of mites choosing leaf disks treated with 1mM JA or 1 mM SA as first choice within 15min. (B) Distribution of mites
over JA- or SA-treated leaf disks 24 h post-inoculation (hpi) in the arena. (C) Number of eggs laid by female spider mites on JA-treated Lima bean disk
versus that on control leaf disk (mean+SE) during 24 h. (D) Number of eggs laid by mites on SA-treated Lima bean disks versus that on control leaf disk
(mean+SE) during 24 h. These experiments were repeated three times at three different days, each with 20 mites. Thus, in total 60 mites were individually
studied for each treatment and time point (n=60; data of the individual replicates are provided in Table S1). In A and B data points located in areas

above or below dashed lines indicated by arrows designated ‘attraction’ or ‘avoidance’ indicate a choice distribution significantly different from a 50:50
distribution (a=0.05, y? test); (see Supplementary Table S1 for details of the statistical analyses). In C and D, data within a time point are analysed with a
paired two-tailed t-test, * P<0.05, ** P<0.01, *** P<0.001 (see Supplementary Table S2 for details of the statistical analyses). Before parametric analysis,
oviposition data were log (x+1) transformed to correct for heterogeneity of variances.

the mites (see Supplementary Fig. S3 available at JXB online).
The combined JA+SA application did not yield an avoidance
response and the response was different from the response to
single phytohormone application at 24 and 48 hpa (Fig. 1A
and 2), suggesting that there were antagonistic effects of SA
on JA and/or vice versa. The attraction at 72 hpa is similar
to the effect of single phytohormone treatments, suggesting
that there is no negative crosstalk but also no additive posi-
tive effect of an interaction between effects caused by SA and
JA at this time point.

Reciprocal antagonism between SA- and JA signalling
pathways in Lima bean modulates mite choice
behaviour

To investigate the effects of SA-dose on JA—SA crosstalk, SA
was applied to Lima bean leaves in 5 concentrations in combi-
nation with a 1.0mM JA treatment. After 24 h, leaf disks from
plants that had been exposed to these combined treatments as

well as the corresponding disks from control plants were used
in choice experiments to assess whether spider mite avoidance
of 1mM JA-induced leaf disks at 24 hpa was antagonized
by different dosages of SA. Treating plants with 0.0001 mM
SA had no antagonistic effect on the repellence induced by
ImM JA, but 0.00l mM and higher concentrations neutral-
ized JA-induced repellence (Fig. 3). Distribution of mites and
their eggs at 24 hpi were consistent with initial mite prefer-
ence (see Supplementary Fig. S4).

The effect of 1.0mM SA is that the spider mites are repelled
after 48h of incubation. To investigate the dose effect of JA
on this SA-mediated effect, 1.0mM SA was applied to Lima
bean leaves and incubated for 24 h. Then, JA was applied to
these SA-treated Lima bean plants in one of five different
concentrations and incubated for another 24 h. Spider mites
were subsequently offered a choice between leaf disks taken
from treated and control plants to assess whether SA-induced
repellence to spider mites at 48 h after 1.0 mM SA application
was antagonized by different doses of JA. Concentrations of
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JA below 0.001 mM had no effect on the repellence induced
by ImM SA, whereas all higher doses resulted in either
attraction or no preference (Fig. 3). Distribution of mites
and eggs at 24 hpi was consistent with initial preference (see
Supplementary Fig. S4 available at JXB online). In conclu-
sion, very low doses of SA or JA can antagonize the repellent
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Fig. 2. Time course of effects of combined 1 mM JA + 1mM SA
application versus control on the preference of female spider mites for
leaf disks cut from Lima bean plants just before the experiment. These
experiments were repeated three times at three different days, each with
20 mites; thus, a total of 60 mites were individually used in each treatment
(n=60; data of the individual replicates are provided in Table S1). Data
points located in areas above or below dashed lines indicated by arrows
designated ‘attraction’ or ‘avoidance’ indicate a choice distribution
significantly different from 50:50 (a=0.05, y? test) (see Supplementary
Table S1 for details of the statistical analyses).
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and SA at five different concentrations (open symbols) and SA (1 mM)
and JA at 5 different concentrations (filled symbols) versus control disks.
These experiments were repeated three times at three different days,
each with 20 mites. Thus, in total 60 mites were individually studied for
each treatment and time point (n=60; data of the individual replicates are
provided in Table S1). Data points located in areas above or below stippled
lines indicated by arrows designated ‘attraction’ or ‘avoidance’ indicate a
choice distribution significantly different from 50:50 (=0.05, ° test) (see
Supplementary Table S1 for details of the statistical analyses).

effects on spider mites that are induced by treatment with the
other phytohormone.

Duration of antagonistic effect of SA on JA-induced
avoidance by mites

To investigate the persistence of the SA-mediated antagonism
to the repellent effect resulting from I mM JA treatment, we
applied the lowest effective dose of SA (0.00l mM) or I mM
SA to Lima bean leaves at several time points preceding
1.0mM JA application. The negative control experiments
were done by applying 0.001% ethanol (see methods section)
or 1% ethanol on Lima bean leaves 24h before 1.0mM JA
application. Antagonism by SA on JA-induced repellency
was observed when either SA-dose was applied up to 48h
before JA treatment (Fig. 4). When the time interval between
the SA and JA application exceeded 48 h, no antagonism by
SA was observed (Fig. 4). The observed persistence of the
effect of SA on JA-treatment was similar for the 0.001 mM
and 1mM SA doses (Fig. 4). The distribution of mites and
eggs at 24 hpi was consistent with initial preference of the
mites (see Supplementary Fig. S5).

Reciprocal antagonism between SA and JA signalling
pathways in Lima bean affects phytohormone-induced
volatile production

Based on the observed shifts in behavioural preferences, we
hypothesized that crosstalk between the JA and SA signalling
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Fig. 4. Persistence of the SA-mediated antagonistic effect on JA-induced
repellency to spider mites: first choice of female spider mites in 15 min-
two-choice behavioural assays offering leaf disks cut from Lima bean
plants just before the experiment. These experiments were repeated three
times at three different days, each with 20 mites; thus, a total of 60 mites
were individually used in each treatment (n=60; data of the individual
replicates are provided in Table S1). Ctrl: the plants were sprayed with

the solutions of either 0.001% or 1% ethanol as negative controls for
0.001mM SA- and 1 mM SA-treatments respectively. Data points located
in areas above or below dashed lines indicated by arrows designated
‘attraction’ or ‘avoidance’ indicate a choice distribution significantly
different from 50:50 (a=0.05, %? test) (see Supplementary Table S1 for
details of the statistical analyses).
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pathways affects the amount and/or composition of volatile
emissions in Lima bean plants. To investigate the effect of SA
on JA-induced volatile production, we addressed the effect
of the lowest effective SA dose. We applied 0.001 mM SA or
0.001% ethanol (control) to Lima bean plants and incubated
them for 24 h. Subsequently, 1.0mM JA was applied and the
headspace volatiles of treatment and control plants were col-
lected 24 h later. The headspace analyses show a significant
difference in the total amount of volatiles released between
treatment and control plants (two-tailed paired ¢-test:
t=3.021, df=14, P=0.0092; see Supplementary Table S3 at
JXB online for details on headspace composition). PLS-DA
resulted in a model with 5 significant principal components
(PCs; model statistics: R*X=0.77, R*Y=0.99 and 0’=0.88)
of which the first two explained 48.5% of the variance and
clearly separated the data points for the two treatments into
two groups according to treatment (Fig 5A). SA treatment
antagonized the emission of volatiles by JA-treated plants
(see Supplementary Table S1) and most of the compounds
in the loading plot are located on the right side of the figure
(Fig. 5B). Also the total emission was included in the analy-
sis and this variable also strongly contributes to the separa-
tion of the samples according to plant treatment (being in the
top right corner of the loading plot). These data show that
a very low dose of SA is able to down-regulate most of the
JA-induced volatile emission by Lima bean plants.
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Conversely, to investigate the effect of JA on SA-induced
volatile production, we also addressed the lowest effective JA
dose. We collected the headspace volatiles from plants that
had been treated with 1mM SA for 24h plus a subsequent
exposure to 0.001 mM JA for another 24 h; as controls we col-
lected the headspace from plants that had been treated with
ImM SA for 24h, plus a subsequent exposure to water for
another 24h. The SA-induced volatile blend is character-
ized by a significantly lower number of compounds than the
JA-induced volatile blend and the compounds common to
both blends occurred in significantly lower amounts in the
former blend (see Supplementary Tables S4 and S5). PLS-DA
resulted in a model with two significant PCs (model statistics:
R>X=0.48, R*Y=0.76, and 0*=0.23), which explained 48% of
the variance (Fig. 5C). Also here, the majority of the com-
pounds, as well as the total emission, contribute to the sep-
aration of the samples according to treatment. Thus, a low
dose of JA down-regulated the SA-induced volatile emission
by Lima bean plants. Control untreated plants emitted minor
amounts of volatiles (see Supplementary Table S6).

Effect of SA on JA-induced gene expression

By using quantitative RT-PCR, we quantified the tran-
script levels of three genes involved in plant defence,
Lipoxygenase (LOX), P. lunatus Ocimene Synthase (PlOS),
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Fig. 5. Reciprocal antagonism between SA and JA signalling pathways in Lima bean affects induced volatile emission. Projection to latent structures-
discriminant analysis (PLS-DA) of volatile emissions. Score plot (A and C) and loading plot (B and D) of the first two principal components with the
explained variance in brackets. The ellipse defines the Hotelling’s T2 confidence region (95%). The triangles in the loading plots represent volatile emission
of individual compounds where numbers refer to compound numbers as indicated in Supplementary Table S3. (A, B) Comparison of volatile emission

by Lima bean plants treated with 0.001 mM SA plus 1.0mM JA and from plants treated with EtOH (0.001% ethanol) plus 1.0mM JA (n=8). (C, D)
Comparison volatile emission by plants treated with TmM SA plus 0.001 mM JA and from plants treated with 1 mM SA plus water (n=7). For details on
volatile profiles, see Supplementary Tables S3 and S4 (available at JXB online). ‘Total’ is total emission of all compounds together.
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and Pathogenesis-Related protein 2 (PR-2 (B-1,3-glucanase)),
in plants treated with I mM JA or ImM JA + 0.00l mM SA,
compared with control plants. LOX is a major JA-inducible
gene in the octadecanoid signalling pathway. The JA-induced
LOX-transcript levels were similar for both plant groups (two-
tailed sample z-test: 1=0.789, df=10, P=0.449; Supplementary
Fig. S8A available at JXB online), whereas the P/OS-
transcript level gene was significantly down-regulated by SA
treatment (r=2.232, df=10, P=0.049; Supplementary Fig.
S8B). This correlates well with the observed effects of SA on
the emission of (E)-B-ocimene (see Supplementary Table S1),
whose biosynthesis is regulated by P/OS. Moreover the PR-2
transcript level was up-regulated by JA treatment and mar-
ginally significantly even further by additional SA treatment
(¢=1.949, df=10, P=0.079; Supplementary Fig. S8C).

Discussion

JA and SA are two of the most important phytohormones
involved in the induction of plant defence against herbivores
and pathogens (Heil and Walters, 2009; Pieterse et al., 2009;
Thaler et al, 2012). The temporal dynamics and level of
induction of JA and SA vary with the attacker that damages
the plant (De Vos et al, 2005). Individual attackers induce
different combinations of phytohormones with different tem-
poral and dosage patterns (Ozawa et al., 2000; Engelberth
et al., 2001; Kessler and Baldwin, 2002; Pieterse et al., 2012).
Moreover, plants are seldom infested by a single attacker and
multiple attack may add to the complexity of the dynamics
of phytohormonal patterns. Multiple attack and the result-
ing interplay between phytohormones may alter plant-medi-
ated interactions between attackers as well as their natural
enemies (Bostock, 1999; Voelckel and Baldwin, 2004; Zhang
et al., 2009; Rodriguez-Saona et al., 2010; Erb et al., 2011;
Bukovinszky et al., 2012; Ponzio et al., 2013; Stam et al. 2014).

The effects of crosstalk between JA and SA signal-trans-
duction pathways have been extensively explored at the molec-
ular level and in the context of plant resistance to attackers
(Cui et al., 2005; Beckers and Spoel, 2006; Koornneef et al.,
2008; Thaler ez al., 2010; Thaler et al., 2012). However, so far
investigations on the effects of multiple attackers in the con-
text of temporal dynamics and different doses of the induced
phytohormonal patterns on herbivore host-plant selection as
well as the consequences for their reproduction have received
virtually no attention (Thaler ez al., 2012). Here, we addressed
the effects of JA and SA singly and in combination with dif-
ferent temporal patterns and doses to understand the effects
of the interaction between JA and SA in Lima bean plants
on host selection behaviour of the spider mite 7. urticae on
plant volatile emission. Our data show that the application
of a single phytohormone has a temporally dynamic effect
on host selection by 7. urticae. More importantly, SA nega-
tively crosstalks to JA and vice versa, and this was observed
for relatively low doses of the interfering phytohormone. For
the behavioural experiments with the small mites (ca 0.7 mm
in length) we have used an often-employed two-choice setup
consisting of leaf disks that were freshly cut from the treated

and control plants (Gols et al., 2003; Leon-Reyes et al., 2009;
Zhang et al., 2009). Headspace analysis of leaf disks showed
that cutting of leaf disks results in a short-lasting transient
emission of a few green leaf volatiles, but this treatment did
not result in JA or SA-induced volatile compounds in leaf
disks from control plants (see Supplementary Figs S6 and
S7), supporting the conclusion that the mite choices in our
studies are due to the phytohormonal treatments and not to
punching the leaf disks, which was done for both treatment
and control alike.

A large body of research has shown that host-plant pref-
erence by herbivores is affected either negatively or posi-
tively by exogenous application of JA or methyl jasmonate
(MeJA). For instance, a | mM JA treatment of Brassica olera-
cea plants resulted in avoidance by Pieris rapae and P. bras-
sicae butterflies at 24 hpa (Bruinsma et al., 2007), whereas
JA-treated B. oleracea plants were preferred for oviposition
over controls by the diamondback moth, Plutella xylostella
(Lu et al., 2004). The abundance of herbivores was signifi-
cantly reduced by one or two early-season treatments of
field-grown wild tobacco or tomato plants with MeJA or JA
(Kessler and Baldwin, 2001; Thaler ez al, 2001), indicating
that the effect of exogenous application of JA can persist for
weeks. However, how a single application of different dosages
of JA affects herbivore food selection, how the effect of appli-
cation develops over time, and what interaction occurs with
SA application had thus far not been studied. Here, we found
that JA-induced host-plant selection by spider mites changes
markedly over a 72 h-time period. The choice behaviour of
the mites was affected by cues that they perceived before mak-
ing contact with the leaf disks. Because JA application results
in the emission of HIPVs that function as attractant or repel-
lent to adult herbivores (Dicke et al., 1999; Ozawa et al., 2000;
van Dam et al., 2000; Gols et al., 2003; Halitschke et al.,
2008), the temporal dynamics of HIPV-emission probably
caused the shifts in female spider-mite host-plant preference.

SA application to plants is known to elicit direct-defence
responses (Ozawa et al., 2000; Thaler et al., 2002). We pre-
viously showed that spider mites prefer to feed on and
have higher oviposition rates on 1mM SA-treated Lima
bean plants as compared with uninfested plants at 6 d after
SA-application (144 hpa), suggesting that SA application
did not interfere with foraging behaviour and reproduction
(Zhang et al., 2009). In the present study, application of
ImM SA on Lima bean leaves did not result in preference at
earlier time points, i.e. 96 and 120 hpa. Moreover, we found
that the numbers of eggs deposited on treated and control
leaf disks are consistent with the preference observed after
15min showing that preference is linked to reproductive out-
put. The changes in the preference of mites over the 5-day
period following SA-treatment must therefore be sought in
the temporal dynamics of HIPV-emissions.

Abundant molecular evidence shows that the JA- and
SA-signalling pathways exhibit negative crosstalk (Pieterse
et al., 2009; Thaler et al., 2012). For instance, SA-mediated
suppression of JA-responsive gene expression has been shown
in Arabidopsis thaliana, Lima bean, tomato, and tobacco
plants (Thaler et al., 2002; Koornneef et al., 2008; Pieterse
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et al., 2009; Leon-Reyes et al., 2010). The transcription fac-
tor WRKY70 and the defence-regulating protein NPR1 were
shown to play dual roles in regulating SA-mediated activa-
tion of SA-dependent defences as well as SA-mediated sup-
pression of JA-dependent defences (Pieterse er al., 2009).
Moreover, SA and MeJA treatments applied at different con-
centrations and time intervals and using SA-inducible PR-
1 and MeJA-inducible PDFI.2 and VSP2 as marker genes,
revealed the molecular kinetics of SA-JA negative crosstalk
in Arabidopsis (Koornneef et al., 2008). A concentration as
low as 0.000lmM SA suppressed MeJA-induced PDFI.2
transcription in Arabidopsis plants and this suppression
was lost between 30 and 48 hpa (Koornneef ez al., 2008).
However, no suppressive effect of JA on transcription of the
SA-responsive gene PR-1 was found in 4. thaliana. Our study
is the first to take the temporal dynamics of SA-JA interac-
tion to the level of volatile biosynthesis and its consequences
for herbivore host-selection behaviour. We showed that the
application of both a high (ImM) and a low (0.001l mM)
dose of SA suppressed JA-induced repellence to spider mites
and JA-inducible PIOS gene transcription in Lima bean,
which corresponds to the recorded SA-mediated reduction in
JA-induced (E)-f-ocimene emission. These data further con-
firm the SA-mediated suppression of JA signalling.

A few studies have documented the effect of nega-
tive SA-JA crosstalk on herbivore-induced plant vola-
tile (HIPV) emission. Simultaneous infestation of cotton
plants by JA-pathway-inducing beet armyworm caterpillars
(Spodoptera exigua) and SA-pathway-inducing whiteflies
(B. tabaci) resulted in lower emission rates of HIPVs than
from plants infested by beet armyworm caterpillars only
(Rodriguez-Saona et al., 2003). We previously showed that
the application of ImM SA to Lima bean can significantly
suppress the emission of major spider mite-induced volatiles,
such as (E)-p-ocimene and (Z)-f-ocimene, compared with
plants infested with 7. urticae only (Zhang et al., 2009). In
the present study, we further demonstrated that a 1000-times
lower dose of SA is sufficient to suppress the emission of
many JA-induced volatile compounds, suggesting that this
down-regulation is highly sensitive to SA. Moreover, a low
dose of JA (0.001 mM) significantly suppressed the emission
of SA-induced volatiles.

Although a number of studies showed that plant-mediated
effects of pathogen infection on herbivorous insects affect
the host-selection behaviour of herbivores (Stout er al.,
2006), up to date it is largely unknown whether these infes-
tations interfere with herbivore choice behaviour through
signalling crosstalk. In the present study, we mimicked the
multiple interactions between herbivore and pathogen spe-
cies with exogenous applications of JA and SA in differ-
ent temporal patterns and doses. Our behavioural results
not only demonstrate that there are antagonistic effects of
SA-mediated responses on JA-mediated responses and vice
versa, but also that dose and timing of combinations of phy-
tohormone treatments affect the behavioural responses of
an herbivore. Importantly, phytohormone-mediated effects
of negative crosstalk on preference of herbivore result in sig-
nificant consequences for spider-mite oviposition choices in

all cases suggesting that female spider mites have developed
behavioural strategies to use information of the plant defen-
sive signalling network for their own benefit. Therefore, the
biological and evolutionary significance of crosstalk between
SA- and JA-dependent defence responses deserves further
elucidation in response to actual feeding or infestation by
multiple herbivores and/or pathogens.

Understanding the ecological effects of phytohormonal
dynamics in response to multiple attack in terms of host-
plant selection by herbivores and their natural enemies may
be exploited to develop environmentally friendly ways to
increase resistance of agricultural crops to combinations of
pests and pathogens.

Supplementary data

Supplementary data are available at JXB online.

Figure S1. Two-choice set-up to investigate odour-based
attraction of female spider mites to leaf disks exposed to phy-
tohormone treatments.

Figure S2. Short-term effect of JA or SA treatments on
preference of female spider mites.

Figure S3. Time course of effects of JA + SA-treatment
versus control (1% ethanol) on distribution and oviposition
of female spider mites on Lima bean leaf disks.

Figure S4. Distribution and oviposition of female spider
mites on Lima bean leaf disks in a two-choice situation as
affected by combined application of JA (ImM) and SA at
5 different concentrations (open symbols) and SA (1 mM)
and JA at 5 different concentrations (filled symbols) vs.
control disks.

Figure S5. Persistence of the SA-mediated antagonistic
effect on JA-induced repellency to spider mites.

Figure S6. Green leaf volatiles collected from the head-
space of leaf disks taken from healthy bean plants.

Figure S7. Volatile compounds released from leaf disks
taken from healthy bean plant, plants treated with I mM JA
for 24h (A), and plants treated with 1 mM SA for 48h (B).

Figure S8. Transcript levels of LOX (A), PIOS (B), and PR-
2 (C) relative to control (water treated) plants in Lima bean
plants sprayed with ImM JA, or 0.001lmM SA plus ImM JA.

Table S1. Statistical analyses of odour-based preferences
of female spider mites to leaf disks of different treatments in
all experiments.

Table S 2. Statistical analyses of numbers of eggs laid by
female spider mites on JA-or/ and SA-treated Lima bean
disks versus that on control leaf disks.

Table S3. Absolute and relative (%) amount of volatiles
released from Lima bean plants treated with 0.00lmM SA
for 24h and then with 1.0mM JA application for another 24h
and from plants with control (0.001% ethanol treatment) and
ImM JA applications in same time interval.

Table S4. Absolute and relative (%) amount of volatiles
released from Lima bean plants treated with ImM SA for 24h
and then with 0.001 mM JA application for another 24h and
from plants with control (tap water treatment) and 0.00lmM
JA applications in same time interval.
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Table S5. Absolute and relative (%) amount of volatiles
released from Lima bean plants treated with controls (tap
water and 0.001% ethanol treatment).
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