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Abstract

To study whether natural variation in Arabidopsis thaliana could be used to dissect the genetic basis of responses to
herbivory in terms of induced volatile emissions, nine accessions were characterized upon herbivory by biting-
chewing Pieris rapae caterpillars or after treatment with the phytohormone jasmonic acid (JA). Analysis of
73 compounds in the headspace showed quantitative differences in the emission rates of several individual
compounds among the accessions. Moreover, variation in the emission of volatile compounds after JA treatment
was reflected in the behaviour of the parasitoid Diadegma semiclausum when they were offered the headspace
volatiles of several combinations of accessions in two-choice experiments. Accessions also differ in transcript levels
of genes that are associated with the emission of plant volatiles. The genes BSMT1 and Cyp72A13 could be
connected to the emission of methyl salicylate and (E,E)-4,8,12-trimethyltrideca-1,3,7,11-tetraene (TMTT), re-
spectively. Overall, Arabidopsis showed interesting phenotypic variations with respect to the volatile blend emitted
in response to herbivory that can be exploited to identify genes and alleles that underlie this important plant trait.
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Introduction

A central issue in ecology is to understand how inter-
actions among individual organisms influence food webs
and community dynamics. Therefore, evolutionary ecol-
ogists aim to understand how genetic variation affects
the fitness of individuals in plant-insect communities.
Plants exhibit variation in these traits, which comprises
both intra-individual phenotypic plasticity, and genetic
polymorphisms among individuals and populations. For
example, polymorphism in traits for resistance against
herbivory may result from varying selection pressures
among populations (Meyers et al, 2005). Induced
responses allow plants to be cost-effective and also to
diminish the risk that herbivores adapt to plant defences

(Agrawal and Karban, 1999; Heil, 2008; Steppuhn and
Baldwin, 2008).

In nature, plants are challenged by a wide range of
herbivorous insects. Herbivory can severely reduce survivor-
ship and reproduction of native plants, and, in crops, insect
herbivore infestation can result in severe yield losses
(Schoonhoven et al., 2005). Plants have developed a multi-
tude of defence strategies, including pre-existing physical
and chemical barriers, induced defences that are activated
upon attack, and tolerance mechanisms. Herbivore-induced
plant defence can be subdivided into direct defence and
indirect defence. Induced direct defence encompasses the
production of anti-digestive proteins or toxic secondary
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metabolites, such as glucosinolate derivatives, that influence
the performance and behaviour of the herbivore (Karban
and Baldwin, 1997; Walling, 2000; Schoonhoven et al.,
2005). Induced indirect defence comprises the production
of, for instance, herbivore-induced plant volatiles (HIPV)
that attract natural enemies of the herbivore (Dicke and
Hilker, 2003; Dicke and Baldwin, 2010).

Herbivore-induced plant volatiles have been studied in
a wide range of plant species and with respect to different
questions. This includes the behavioural ecology of plant—
herbivore—carnivore interactions, as well as molecular
genetics and analytical chemistry of HIPVs (D’Alessandro
and Turlings, 2006; Snoeren et al., 2007; Dicke, 2009).
Herbivore-induced plant defences are orchestrated by at
least three interconnecting signal-transduction pathways,
the jasmonic acid (JA), the salicylic acid (SA), and the
ethylene pathways (Pieterse and Dicke, 2007; Kazan and
Manners, 2008). The induction of HIPVs also depends upon
these three signalling pathways (Horiuchi et al, 2001;
Kessler and Baldwin, 2002; Van Poecke and Dicke, 2002).
The signalling pathways underlying HIPV production have
been studied for several plant species, for example, Arabi-
dopsis thaliana, tomato, Lima bean, and tobacco (Dicke
et al., 1999; Dicke and Van Poecke, 2002; Kessler and
Baldwin, 2002; Ament et al, 2004). Recent molecular
genetic tools have been used to generate transgenic geno-
types that are altered in certain steps of these signalling
pathways leading to HIPVs, which are then studied in the
context of the attraction of carnivorous arthropods (Van
Poecke and Dicke, 2002; Halitschke and Baldwin, 2003;
Kessler et al, 2004; Snoeren et al, 2009). In addition,
molecular insight into the biosynthesis of HIPVs has
allowed the genetic modification of the emission of these
volatile compounds. These modified plants were successfully
used to study the behaviour of carnivorous arthropods
(Bouwmeester et al., 2003; Kappers et al., 2005; Tholl et al.,
2005; Schnee et al, 2006; Loivamidki et al, 2008). In
several studies, mutants have been used to unravel signal-
transduction and biosynthetic pathways in indirect defence
(Van Poecke and Dicke, 2002; Aharoni et al., 2003; Ament
et al., 2004; Shiojiri et al., 2006; Snoeren et al, 2009).
However, in order to be able to use newly available marker
technologies that allow the characterization and positioning
of loci that control these types of traits (Lambrix et al., 2001;
Kliebenstein et al., 2002), exploring the range of genetic
variation for HIPVs is a prerequisite since it defines the
boundaries of characterization and positioning these loci.

Arabidopsis is an important model plant to study
herbivore-induced plant defence responses (Mitchell-Olds,
2001; Van Poecke and Dicke, 2004; Snoeren et al., 2007).
However, to date, functional analysis of genes and the
dissection of traits are mostly limited to three Arabidopsis
accessions, i.e. the accessions Columbia (Col), Landsberg
erecta (Ler), and Wassilewskija (WS). A range of screening
techniques have resulted in the functional analysis of many
genes, including genes involved in HIPV-production. How-
ever, so far, only limited numbers of accessions have been
screened, narrowing the explored range of variation in

which gene functions can be found. Furthermore, exploring
genetic variation among accessions has been limited because
most attention has been given to mutants that express
qualitative variation and less to quantitative variation as
seen more among accessions (Alonso-Blanco et al., 2009).

Phenotypic variation between Arabidopsis accessions is
abundant for various traits and enables almost every
Arabidopsis accession to be distinguished from others
when they are grown together under similar environmen-
tal conditions (Alonso-Blanco and Koornneef, 2000;
Kliebenstein er al., 2001; Kover and Schaal, 2002;
Koornneef et al., 2004). Genetic variation has increasingly
been associated with gene transcription in early defence
signalling and secondary metabolism (Gao e al., 2008;
Steppuhn et al., 2008; Wu et al., 2008), and has been
reported for resistance to herbivores (Kusnierczyk et al.,
2007; Broekgaarden et al., 2008; Steppuhn et al., 2008). In
addition, variation in gene transcription was demon-
strated for Arabidopsis accessions treated with the phyto-
hormone methyl jasmonate (Matthes et al., 2008).

To our knowledge, exploring genetic variation in HIPV
emission with respect to their role in indirect defence has so
far primarily been explored for crop cultivars (Loughrin
et al., 1995; Krips et al., 2001; Scutareanu et al., 2003;
Hoballah et al, 2004; Bukovinszky et al, 2005; Nissinen
et al., 2005; Lou et al., 2006; Kappers et al., 2010). Studying
this kind of trait is particularly complex, as the defence
mechanism involves many different chemical compounds
(Dicke et al., 1990; Turlings et al., 1991; Mattiacci et al.,
1995; Dicke and van Loon, 2000; D’Alessandro and
Turlings, 2006). Here, the genetic variation in caterpillar-
induced indirect defence, i.e. HIPV emission, among nine
Arabidopsis accessions originating from different geographic
origins is addressed. The objectives of this study were (i) to
investigate the variation of volatile emission induced by
herbivore feeding or by treatment with jasmonic acid
among the accessions, (ii)) to study the variation in
transcription levels of genes putatively involved in volatile
production, and (iii) to assess the effects of genetic variation
on the attraction of parasitoid wasps to HIPVs.

Materials and methods

Plant and insect material

Nine Arabidopsis thaliana (L.) Heynh. accessions, either obtained
from the European Arabidopsis Stock Centre (http://nasc.nott
.ac.uk/) (An-1=N944, C-24=N906, Cvi=N8580, Kond=CS6175,
Ler=NW?20, the Sendai stock centre in Japan (Kyo-1=JW137) or
collected in Sweden by members of the Wageningen Genetics
Laboratory (Eri-1=CS22548) were used. Seeds from Col-0 and WS
were provided by P Reymond (Lausanne, Switzerland). Seeds were
germinated in sandy Arabidopsis soil (Lentse potgrond BV, Lent,
The Netherlands), and cultivated in a growth chamber at 212 °C,
50-60% relative humidity (RH), and a L8:D16 photoperiod with
80-110 pmol m 2 s~! photosynthetic photon flux density (PPFD).
The soil was heated to 90 °C for at least 2 h prior to sowing of the
plants. Two-week-old seedlings were transferred from seed trays to
plastic pots (5 cm in diameter) filled with similar soil. Plants were
watered twice a week. Six-to-eight-week-old full-grown vegetative
plants were used for the experiments. To prevent infestation by
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sciarid flies, the soil was treated weekly with entomopathogenic
nematodes (Steinernema feltiae; Koppert BV, Berkel en Rodenrijs,
The Netherlands).

The herbivorous small cabbage white Pieris rapae, was reared on
Brussels sprouts plants (Brassica oleracea var. gemmifera, cv.
Cyrus) in a growth chamber (16:8 L/D, 20=2 °C, and 70% RH).

The parasitoid wasp Diadegma semiclausum was reared as
described in detail by Bukovinszky et al. (2005). Emerging wasps
were provided ad libitum with water and honey, and are referred to
as ‘naive’ wasps as they had neither been exposed to plant material
nor had an oviposition experience. This parasitoid is known to be
attracted to the volatiles that are emitted by P. rapae-infested
Arabidopsis Col-0 plants (Loivaméki ez al., 2008).

Plant treatment

The emission of volatiles was induced by feeding of P. rapae
caterpillars for 24 h. Each plant was infested by placing 20 first-
instar P. rapae larvae equally over the fully expanded leaves. In
addition, a treatment that mimicked the effect of herbivory was
included by spraying with a JA solution in order to check whether
variation in induced volatiles is due to differences in leaf tissue
consumption by caterpillars. Plants were completely sprayed with
a total volume of 5 ml of 1.0 mM (=)-JA (Sigma-Aldrich) aqueous
solution containing 0.1% Tween 20 as surfactant.

Caterpillar-feeding

To assess the area of leaf tissue consumed by the caterpillars, five
plants of each accession were infested by dividing 20 first-instar
P. rapae larvae equally over the fully expanded leaves on three
experimental days. Twenty-four hours after infestation individual
leaves were cut, taped on paper, and scanned with a Hewlett-
Packard scan jet 3570c. Original leaf shapes were reconstructed
using drawing software Paint. NET v3.30, Microsoft Corporation.
Quantification of consumed leaf tissue area was performed using
Winfolia pro 2006a, Regent Instruments (Québec, Canada).
A one-way ANOVA with an LSD post-hoc test was used to test
whether the consumed leaf area differed between the accessions
(SPSS 15.0, Chicago, USA).

Headspace collection and volatile analysis

Dynamic headspace sampling was carried out in a climate room
(20x2 °C, 70% RH; L8:D16 photoperiod, and 90-110 pmol
photons m~2 s~! PPFD at canopy height). Twenty-four hours
before sampling, the pots were removed, roots and soil were
carefully wrapped in aluminium foil, and four plants were placed
together in a 2.5 1 glass jar. The glass jars were then covered with
insect-proof gauze. Just before headspace collection, the gauze was
removed and jars were closed with a Viton-lined glass lid having
an inlet and outlet. Inlet air was filtered by passing through
a stainless steel cartridge (Markes, Llantrisant, UK) filled with 200
mg Tenax TA (20/35 mesh; Grace-Alltech, Deerfield, USA).
Volatiles were trapped by sucking air out of the jar at a rate of
100 ml min~! through a similar cartridge filled with 200 mg Tenax
TA. Headspace volatiles for all treatments were collected for 3.5 h.
Fresh weights of all rosettes were determined immediately after the
experiments. On each experimental day, the headspaces of three or
four accessions of each treatment were collected simultaneously.
For each accession, 5 (An-1, C-24, Cvi, Eri-1, Kond, Kyo-1, Ler)
or 6 (Col-0, WS) replicates for each experimental treatment
(control, caterpillar-infested, or JA-treated) were analysed.
Headspace samples were analysed with a Thermo Trace GC
Ultra (Thermo Fisher Scientific, Waltham, USA) connected to
a Thermo Trace DSQ (Thermo Fisher Scientific, Waltham, USA)
quadrupole mass spectrometer. Before desorption of the volatiles,
the Tenax cartridges were dry-purged with nitrogen at 30 ml min~"
for 20 min at ambient temperature to remove moisture. Volatiles
were desorbed from the cartridges using a thermal desorption

system at 250 °C for 3 min (Model Ultra Markes Llantrisant, UK)
with a helium flow of 30 ml min~'. Analytes were focused at 0 °C
on an electronically-cooled sorbent trap (Unity, Markes, Llantri-
sant, UK) and were then transferred in splitless mode to the
analytical column (Rtx-5Sms, 30 m, 0.25 mm id., 1.0 pm film
thickness, Restek, Bellefonte, USA) by rapid heating of the cold
trap to 250 °C. The GC was held at an initial temperature of 40 °C
for 3.5 min followed by a linear thermal gradient of 10 °C min~!
to 280 °C and held for 2.5 min with a column flow of 1 ml min~".
The column effluent was ionized by electron impact ionization at
70 eV. Mass spectra were acquired by scanning from 45-400 mi/z
with a scan rate of 3 scans s~'. Compounds were identified using
the deconvolution software AMDIS (version 2.64, NIST, USA) in
combination with NIST 98 and Wiley 7th edition spectral libraries,
and by comparing their retention indices with those from the
literature (Adams, 1995). For quantification, characteristic quanti-
fier ions were selected for 84 compounds (see Supplementary Table
S1 at JXB online). MetAlign software (PRI-Rikilt, Wageningen,
the Netherlands) was used to remove baseline noise, to align the
peaks of all chromatograms of the samples, and to integrate peak
areas of quantifier ions. The peak areas of all compounds were
corrected for the fresh weight of the leaf rosettes. To visualize
differences between accessions and the different treatments, the
total volatile profiles were analysed using principal component
analysis (PCA, GeneMath XT 2.0). Data were preprocessed by
a logjo transformation and subtracting the average value of all
treatments.

For a more detailed analysis, emitted quantities of individual
volatiles were tested for significant changes between plant treat-
ments using a ¢ test. Individual volatiles were analysed for
significant differences between accessions within each of the
treatments, using one-way ANOVA followed by a Dunnett T3
post-hoc analysis (SPSS 15.0). Differences in emission of volatile
compounds between treatments for each accession were analysed
for significance using a one-way ANOVA.

Quantitative RT-PCR analysis

A qRT-PCR analysis was used to screen for differences in
expression of JA- or P. rapae-inducible genes involved in volatile
production in Arabidopsis. After 24 h of herbivory, leaf material
was collected by selecting two almost fully expanded leaves with
feeding damage. Caterpillars and their products were removed
prior to the collection. For JA- and non-treated plants, similar
leaves were collected. Five plants, i.e. ten leaves, were used per
replicate. Collected leaf material was immediately flash frozen in
liquid nitrogen and stored at —80 °C. As control plants, uninfested
plants were used that were sprayed with water and that were
otherwise treated in a similar way to the infested plants.

Pooled leaf samples were ground in liquid nitrogen and total
RNA was isolated using the RNeasy Plant Mini Kit (Qiagen,
Valencia, CA, USA). One pg of total RNA was treated with
DNasel (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. DNA-free total RNA was subse-
quently converted into cDNA using the iScript cDNA synthesis
kit (Bio-Rad, Hercules, CA, USA). Gene-specific primers were
designed using Beacon Designer 7.0 (Premier Biosoft Int) for seven
Arabidopsis genes based on sequences obtained from the TIGR
Arabidopsis database. Primer sequences are shown in Supplemen-
tary Table S2 at JXB online. Primers were tested for gene
specificity by performing melt curve analysis on a MyIQ Single-
Color Real-Time PCR Detection System (Bio-Rad, Hercules, CA,
USA). PCR products were sequenced to confirm the amplification
of the gene of interest. Sequence results were checked by a BLAST
search in the Arabidopsis TIGR database (data not shown).

Quantitative RT-PCR analysis was carried out in optical 96-well
plates with a MyIQ Single-Color Real-Time PCR Detection
System (Bio-Rad, Hercules, CA, USA), using SYBR Green to
monitor dsDNA presence. Each reaction contained 10 pl 2x
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SYBR Green Supermix Reagent (Bio-Rad, Hercules, CA, USA),
10 ng cDNA and 300 nM of the gene-specific primers in a final
volume of 20 pl. All qRT-PCR experiments were performed in
duplicate. The following PCR program was used for all PCR
analyses: 95 °C for 3 min, 40 cycles of 95 °C for 30 s and 60 °C for
45 s. Threshold cycle (Ct) values were calculated using the MyIQ
Optical System software (version 2.0, Bio-Rad, Hercules, CA,
USA). Subsequently, Cr values were normalized for differences in
cDNA synthesis by subtracting the Ct value of the constitutively
expressed gene f-actin from the Ct value of the gene of interest.
p-Actin is widely used as a reference gene in expression studies and
its absolute expression level was not influenced by P. rapae-
infestation nor by JA-application in our study (data not shown).
Experiments were repeated four times and the differences in
normalized gene expression (2°Y) between treatments were
statistically analysed using a one-way ANOVA with an LSD post-
hoc test (SPSS 15.0).

Behavioural assays using parasitoid wasps

The effect of JA-induced volatile production on parasitoid
behaviour was compared for different accessions in a closed-
system Y-tube olfactometer as described by Bukovinszky ez al.
(2005). In short, filtered air was led through activated charcoal and
split into two air streams (4.0 1 min~') that were led through
5.0 1 glass jars containing the odour sources, each consisting of
four plants. The olfactometer was illuminated with artificial light
from above at an intensity of 60%35 pmol m 2 s~' PPFD. All
experiments were conducted in a climatized room (20+2 °C).
Naive, 3-7-d-old Diadegma semiclausum females were individually
transferred from a cage into the Y-tube olfactometer using a glass
tube. Upon release in the olfactometer, parasitoid behaviour and
parasitoid choice for one of the two odour sources was observed.
Parasitoids that did not make a choice within 10 min after release
or did not choose one of the two arms of the olfactometer within
5 min were considered as non-responding individuals, and were
excluded from the statistical analysis. After every three parasitoids
tested, the odour sources were interchanged to compensate for any
unforeseen asymmetry in the set-up. Parasitoid preference for
accessions treated with JA was statistically analysed using a
Chi-square test, with the null-hypothesis that parasitoids did not
have a preference for any of the two odour sources.

Results
Leaf damage by Pieris rapae

To detect whether there is variation in direct defence
between accessions that might explain variation in HIPV-
emission, the leaf tissue consumption of P. rapae caterpil-
lars was determined. P. rapae caterpillars consumed
3.520.2% (WS) to 7.4£0.5% (C-24) of the total leaf area
within 24 h (Table 1). The accessions differed substantially
in leaf area (varying from 1935+98 mm?” for C-24 to
4427+179 mm? for WS; mean +SE) and therefore the
percentage of consumed leaf size was not used but rather
the absolute amount of leaf area consumed per plant, which
varied from 88+7.5 mm? (An-1) to 195+10.2 mm? (Eri-1)
(mean *£SE; Table 1). Accession An-1 had the lowest area
of leaf tissue consumed per plant compared with all other
accessions (ANOVA LSD: P <0.001). Caterpillars con-
sumed significantly more leaf tissue from accessions Eri-1
and Kond compared with accessions An-1, C-24, Col-0,
Cvi, Kyo-1, Ler, and WS (Table 1). To take into account
that variation of induced volatile emission may be due to

Table 1. Leaf damage by Pieris rapae-feeding on plants from nine
accessions of Arabidopsis thaliana

Data show the percentage of leaf that remained after 24 h of
infestation, and the leaf area that was consumed by the caterpillars.
Mean leaf areas consumed per plant were statistically analysed using
a one-way ANOVA followed by LSD post-hoc. Accessions followed
by different letters indicate a significant difference (P <0.05).

Accession Mean Mean leaf area

area consumed

remaining

per per

plant plant

(%) +SE (mm?) =SE
An-1 96.4*0.5 88+7.5 a
C-24 92.6x0.5 139+5.2 ce
Col-0 94.2+0.4 165+7.9
Cvi 95.2+0.5 135+8.5
Eri 94.8+0.3 195+10.2 b
Kond 93.6+0.5 190+6.9 b
Kyo-1 94.8+0.4 158+8.6 de
Ler 94.0£0.4 157+6.7 de
WS 96.5+0.2 1562+5.3 cde

the differences in feeding damage, the damage-independent
JA-treatment was also included in subsequent experiments.

Analysis of headspace volatiles in different accessions

A total of 73 compounds was recorded in the headspace
analysis of the nine accessions. First, a principal component
analysis (PCA) using the complete data set of 73 volatile
compounds was conducted. The first three principal compo-
nents (PCs) explain 60% of the observed variation. Among
all accessions the overall volatile profile clearly changed
when plants were induced by P. rapae feeding or by JA
treatment compared with non-treated plants (Fig. 1). After
omitting batch variation due to different days of headspace
sampling, five PCs were extracted that explain 52.5% of the
variation for Pieris-treated plants (Fig. 2A), whereas six
PCs explain 59.3% of the variation found in JA-treated
plants (Fig. 2B). The PCA analysis in both treatments
shows that individual samples of each accession cluster
together. The relative position of the accessions differed
between the P. rapae infestation and JA treatment. For
example, after P. rapae feeding, accessions C-24 and Col-0
cluster together (Fig. 2A), which implies that they have
a similar HIPV profile, whereas after JA treatment they
have a different HIPV profile and hence they are separated
in the PCA plot (Fig. 2B). This implies that P. rapae
herbivory and JA treatment have different effects on
individual volatile compounds. This is also supported by
the ANOVA evaluation (a=0.05) for differences in the
induction of individual compounds between both treat-
ments (see Supplementary Table S3 at JXB online).

To identify differences in the emission of volatile
compounds between different accessions after P. rapae
feeding or JA treatment, a one-way ANOVA was carried
out for each individual compound, followed by a Dunnett
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PC2

PC1

Fig. 1. Score plot of Principal Component Analysis (PCA) of volatiles
emitted by nine Arabidopsis thaliana accessions infested with Pieris
rapae (filed squares), treated with JA (filled triangles),or left untreated
(control, open circles). The PCA shows the first and second PC.

T3 post-hoc test. Twenty-eight out of 73 compounds
differed significantly between at least two accessions after
either treatment (see Supplementary Table S4, and Supple-
mentary Table S5 at JXB online) indicating the presence of
natural variation. Compounds belong to various chemical
classes, including green leaf volatiles (GLVs) [(E)-2-hexenal,
(E)-3-hexenal, (Z)-3-hexenyl acetate, (Z)-2-penten-1-ol,
(Z2)-3-hexen-1-0l, pentan-2-ol], monoterpenes [(E)-B-oci-
mene, (Z)-B-ocimene, 3-carene, [-myrcene, o-pinene,
a-phellandrene], sesquiterpenes [(E)-nerolidol, B-sesquiphel-
landrene, p-acoradiene, [-bisabolene, (E)-B-farnesene,
(E, E)-a-farnesene, o-humulene], homoterpenes [(E)-4,8-
dimethyl-1,3,7-nonatriene (DMNT), (E, E)-4,8,12-trimethyl-
trideca-1,3,7,11-tetraene ~ (TMTT)], phenylpropanoids/
benzenoids [methyl salicylate (MeSA), ethyl salicylate,
indole, benzaldehyde], hexanoic acid, decanal, and geranyl
acetone (see Supplementary Table S4 at JXB online).

The treatment with JA or caterpillar feeding resulted in
a l.1-fold (P. rapae-infested C-24) to 4.6-fold (JA-treated
Kond) increase in the emission rate of volatiles compared
with non-treated controls. The composition of the volatile
blends, i.e. the relative contribution of compounds that
belong to different chemical classes, differed substantially
between different accessions (Fig. 3A-D).

Kond showed the strongest increase in the emission of
monoterpenes of all accessions after JA treatment and
P. rapae infestation (68% and 54%, respectively). Although
P. rapae infestation and JA treatment increased the absolute
emission rate of monoterpenes, the contribution of this class
of compounds to the total blend was lowest in C-24 and
Kyo-1 (11% and 10%, respectively, after JA treatment, 11%
and 7%, respectively, after P. rapae infestation; Fig. 3A).
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Fig. 2. Score plot of Principal Component Analysis (PCA) of
volatiles emitted by nine Arabidopsis thaliana accessions infested
with Pieris rapae (A) or treated with JA (B). The PCA shows the first
and second PC. Open circles, An1; filled circles, C24; open
squares, Cvi; filled squares, ColO; open diamonds, Eri; filled
diamonds, Kond; open triangles, Ler; filled triangles, Kyo-1; open
arrowheads, WS.

Herbivory increased the absolute emission of sesquiter-
penes in most accessions, except for P. rapae-infested C-24
and Col-0 and JA-treated Cvi plants. About one-fifth of the
volatile blend of JA-treated plants of accessions Eri-1 (24%)
and Kyo-1 (21%) consisted of sesquiterpenes, which is the
highest proportion of sesquiterpenes found in the accessions
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Kond Eri

Proportion in non-infested plants

- Proportion in P. rapae infested plants

A Proportion in JA treated plants

Kond Eri

Fig. 3. Proportion of monoterpenoids (A), sesquiterpenoids (B), Green Leaf Volatiles (C), and phenylpropanoids/benzenoids (D) in the
total volatile blend of nine Arabidopsis ecotypes infested with Pieris rapae (filled squares) or treated with jasmonic acid (filled triangles).

Numbers indicate % of the total blend.

included in this study. By contrast, P. rapae infestation
resulted in only 3% (Eri-1) and 9% (Kyo-1) of sesquiter-
penes in the total volatile blend. Remarkably, JA treatment
failed to increase sesquiterpene emission in the blend of Cvi,
whereas P. rapae feeding did increase sesquiterpene emis-
sion in Cvi (10%) (Fig. 3B).

P. rapae infestation increased the proportion of GLVs in
the total blend in all accessions compared with their respective
non-induced controls, except for Kond and WS, although the
absolute amount of GLVs did increase in these accessions as
well. JA treatment increased GLV emission in all accessions,
except An-1, C-24, and Kond, resulting in a relatively lower
amount of GLVs emitted by JA-treated plants of these
accessions. All accessions showed a higher contribution of
GLVs in the blend of P. rapae-infested plants than in
JA-treated plants (Fig. 3C), with An-1, Kyo, and Ler as the
highest emitters. The highest proportion of GLVs in the blend
of JA-treated plants was found in Kyo-1 plants, amounting to
more than 25% of the total amount of volatile compounds.

Six volatile compounds that may be related to the genes
for which expression levels were analysed in this study are
discussed in more detail (Fig. 4). Several GLVs were
emitted in larger amounts from P. rapae-infested plants
than from non-treated plants (Fig. 4A; see Supplementary
Table S6 at JXB online). (Z)-3-hexen-1-o0l contributed most
to the observed variation in GLVs among the accessions
(Fig. 3C). In particular accessions, Kond, that had the
highest emission rate of (Z£)-3-hexen-1-ol, and Col-0, that
showed the lowest emission, contributed to the observed
variation among accessions after herbivory (Fig. 4A).

All accessions, except Cvi, showed significantly higher
MeSA emission after P. rapae-infestation than from unin-
fested plants (Fig. 4B; see Supplementary Table S6 at JXB
online), and after JA treatment all accessions except for An-
1, Cvi, and Eri-1 emitted MeSA in significantly higher
amounts than non-treated plants (Fig. 4B; see Supplemen-
tary Table S6 at JXB online). Accessions varied significantly
in the emission rates of MeSA after herbivore damage,
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Fig. 4. Volatile emission [Logi (peak area units FW ™" h™")+6+SE)(5-6 replicates) of nine Arabidopsis thaliana accessions infested with
Pieris rapae (Pr.) (black bars), treated with JA (grey bars), or left untreated (control bars). Behind bars that represent P. rapae and JA-
induced emission of volatiles, P values are given for the induction (t test). Volatile emissions of different accessions followed by different
letters, given for both treatments separately, differ significantly (P <0.05) (determined by post-hoc analysis).
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Fig. 5. Expression changes of six Arabidopsis thaliana genes in untreated (white bars), Pieris rapae infested (black bars) or JA-treated
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replicates (mean +SE). Note that scales on the x-axes are not identical. Behind bars that represent P. rapae and JA-induced transcript
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followed by post-hoc analysis, given for each treatment separately.

nn
[=)=]
o
o
g

ni
oo




Natural variation in herbivore-induced volatiles in Arabidopsis thaliana | 3049

particularly accession An-1 emitted more and accession Cvi
less than the others (Fig. 4B). After JA treatment, the
largest amount of MeSA was emitted by Ler plants while
the lowest amount was emitted by accession Cvi (Fig. 4B).

Emission of B-myrcene and (Z)-f-ocimene varied between
accessions after P. rapae infestation and JA treatment.
Infestation with P. rapae induced an increase in the
B-myrcene emission in accessions C-24, Cvi, and Kond,
while JA treatment did so in Cvi, Kond, and WS. The
emission of (Z)-B-ocimene was induced in most accessions
by P. rapae infestation and JA treatment, except in Kyo-1
and in Col-0 after JA treatment (Fig. 4D).

The emission rates of the homoterpene TMTT were
significantly higher in P. rapae-infested Col-0, Eri-1, and
WS plants and JA-treated An-1, Col-0, and Eri-1 plants
than in non-treated plants (Fig. 4E; see Supplementary
Table S6 at JXB online). The accessions differed in the
emission of TMTT after either treatment (Fig. 4E). After
herbivory, Col-0 plants emitted the largest amount of
TMTT and Cvi the lowest. Treatment of plants with JA
resulted in highest TMTT emission rates in Ler and lowest
in Cvi (Fig. 4E).

The emission of (FE,FE)-a-farnesene was significantly in-
duced after herbivory and JA-treatments in accessions An-
1, Col-0, Eri-1, and Kyo-1 (Fig. 4F; see Supplementary
Table S6 at JXB online). Herbivory induced the highest
emission rate of (E, E)-a-farnesene in An-1 plants while WS
plants had the lowest emission rate of (FE,FE)-o-farnesene
after herbivory. JA-treatment resulted in Eri-1 plants
emitting most (E, E)-a-farnesene and Cvi plants the lowest
amount (Fig. 4F).

Transcriptional changes in different accessions after
JA-treatment or P. rapae feeding

To investigate whether variation in emission of volatiles can
be explained by differences in transcription profiles, expres-
sion changes of six genes that are involved in the bio-
synthesis of Arabidopsis HIPVs were monitored for the nine
accessions after P. rapae-feeding or JA-treatment (Fig. 5).

For HPLI, which encodes a hydroperoxide lyase and is
a member of the CYP74B cytochrome P450 family (Bate
et al, 1998), transcript levels were induced after JA
treatment or herbivore feeding for most accessions. The
HPLI transcript levels did not significantly differ among the
accessions after herbivory, whereas JA-treatment resulted in
some significant differences in transcript levels between
accessions (Fig. 5A).

Transcript levels of BSMT that encode an enzyme that
methylates both salicylic acid and benzoic acid (Chen et al.,
2003), were significantly induced in all accessions after 24 h
of P. rapae feeding or treatment with JA. Significant
quantitative differences among the accessions were found
for BSMTI transcript levels after P. rapae treatment but
not after JA treatment (Fig. 5B).

The terpene synthase gene 7PS3 was selected for
transcriptional analysis as this gene is annotated to be an
(E)-B-ocimene, (Z)-B-ocimene, and B-myrcene synthase in

Arabidopsis (Faldt et al., 2003). Transcript levels of TPS3
were significantly higher in caterpillar-infested or JA-treated
plants compared to control plants in most accessions
(Fig. 5C). However, this was not the case for P. rapae-
damaged Kyo-1 and Ler as well as for JA-treated C-24, Cvi,
and Eri-1 plants. Irrespective of plant treatment, accessions
did not differ significantly in induced TPS3 transcript levels
(Fig. 5C).

Another terpene synthase, 7PS4, encodes a geranyl
linalool synthase that catalyses the formation of geranyl
linalool, the intermediate in the biosynthesis of TMTT
(Herde et al, 2008). TPS4 transcript levels significantly
increased after P. rapae infestation or JA treatment in most
of the accessions (Fig. 5D). Accessions differed in TPS4
transcript levels after P. rapae infestation or JA treatment.
The discrepancy between JA-treatment and P. rapae feeding
was highest in Cvi and WS, although the effects were
opposite (Fig. 5D).

In addition, two cytochrome P450 genes were included in
this analysis that have been postulated to be involved in the
conversion of geranyl linalool to TMTT, CYP72A413 (Bruce
et al, 2008) and CYP82GI, that both show high co-
expression with 7PS4 using the Correlated Gene Search
Tool (http://prime.psc.riken.jp/?action=coexpression_index)
of the RIKEN Plant Science Centre. CYP72A413 transcript
levels showed a significant increase after P. rapae infestation
in accessions Col-0, Kyo-1, Ler and a marginally insignifi-
cant increase in Eri-1, whereas JA treatment resulted in
a significant increase in transcript levels in accessions Kyo-1
and WS (Fig. 5E). Transcript levels of CYP82GI were
significantly induced after P. rapae infestation or JA
treatment for all of the accessions except for P. rapae-
infested An-1 and C-24, and JA-treated Eri-1 (Fig. 5F).
There was no significant variation among the accessions
after either treatment (Fig. 5F).

Consequences of variation in volatile profiles for
parasitoid attraction

To investigate whether induced volatile emission of the
different accessions affects the searching behaviour of the
parasitoid wasp D. semiclausum, Y-tube olfactometer
experiments were carried out. Due to logistic limitations,
six out of the nine accessions used in this study were
randomly selected for the behavioural assays. D. semi-
clausum is known to respond to P. rapae-induced Arabidop-
sis volatiles (Loivamaéki et al., 2008). To exclude variation in
herbivore-induced emission due to differences in leaf
damage, JA was chosen for volatile induction.

The volatiles emitted by accessions Cvi, Eri-1, Kond, Ler,
and WS plants treated with JA attracted more D. semi-
clausum wasps than volatiles from non-treated control
plants of the same accession (Fig. 6A). For Col-0, para-
sitoids did not discriminate between JA-treated and control
plants, although there was a tendency of attraction towards
the JA-treated plants (P=0.087; Fig. 6A); a recent study in
our laboratory shows that JA-treated Col-0 plants
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Fig. 6. Responses of naive Diadegma semiclausum females to the volatiles of two sets of Arabidopsis thaliana accessions, as assessed
in a Y-tube olfactometer. All plants were treated with 1 mM aqueous solution JA solution. Each bar represents the percentage of choices
for each of the two odour sources as determined in 3-4 replicate experiments; if JA-treated accessions were compared (B) 12
parasitoids were tested on each replicate day, and six parasitoids when JA and non-treated treated plants were compared (A): error bars
indicate SE. The higher part of the figure (A) depicts the percentage of choices for all tested wasps used as controls for the separate
JA-treated accession comparisons. Grey bars indicate the percentage of no choice in each experiment; total number of tested
parasitoids are given next to these bars (y° test, P values).

significantly attract the parasitoid D. semiclausum (Snoeren JA-induced volatile blend of accession Kond was more
et al., 2009). attractive than that of Col-0 and Eri-1, but it was as

In two-choice experiments, JA-treated plants from differ- attractive as the blend of JA-treated WS and Cvi plants.
ent accessions were tested against each other (Fig. 6B). The Parasitoids preferred JA-induced volatiles of Col-0 when
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tested against Cvi, but Col-0 volatiles were less preferred
than volatiles of JA-treated Ler plants (Fig. 6B). Parasitoids
tended to prefer volatiles of Col-0 plants to Eri-1 plants
(P=0.077; Fig. 6B). Volatiles of JA-treated WS plants were
as attractive as volatiles from JA-treated Kond, Cvi, Col-0,
and Eri-1 plants. JA-induced Cvi volatiles were also as
attractive as JA-induced Eri-1 and Kond volatiles (Fig. 6B).

Discussion

Functional analysis of Arabidopsis genes is largely based on
mutants that are selected in forward and reverse genetic
studies. Alternatively, a complementary source of genetic
variation is available, i.e. the naturally occurring variation
among different accessions. The use of genetic methods
developed to map quantitative trait loci, in combination
with the resources available for molecular biology in
Arabidopsis, allow this natural variation to be exploited up
to the molecular level. Thus, the systematic exploitation of
naturally occurring variation provides a valuable comple-
mentary resource for the functional analysis of the Arabi-
dopsis genome (Atwell et al., 2010). The results presented
here represent an extensive study of the genetic variation in
an indirect defence mechanism, i.e. HIPV emission, of nine
Arabidopsis accessions originating from different geographic
origins.

Indirect plant defence has been studied in many plant
species (Arimura et al, 2005; Dicke, 2009). To date,
intraspecific variation of HIPV emission has primarily been
explored for crop varieties. In some of the systems it was
demonstrated that variation in emission of HIPVs among
cultivars also influences the behaviour of carnivorous
arthropods (Krips et al, 2001; Hoballah et al, 2002;
Bukovinszky et al, 2005; Lou et al, 2006). It is demon-
strated here that the nine different Arabidopsis accessions
(An-1, C-24, Col-0, Cvi, Eri-1, Kond, Kyo-1, Ler, and WS)
emit different odour blends in response to feeding damage
by P. rapae caterpillars or JA treatment. Furthermore, the
parasitoid D. semiclausum discriminated between the
JA-induced volatile blends of some of the accessions.

The first line of defence that herbivores encounter upon
contact with the plant, i.e. epicuticular wax loads, trichomes
or glucosinolate levels, was already proven to be subject to
genetic variation in Arabidopsis (Larkin et al, 1996;
Rashotte et al, 1997; Luo and Oppenheimer, 1999;
Lambrix et al, 2001; Kliebenstein et al., 2002; Reymond
et al., 2004). These direct lines of defence might explain the
observed variation in leaf consumption of Arabidopsis by
insect herbivores (Mauricio, 1998; Agrawal et al, 2002;
Mewis et al, 2005), and this may correspond with our
findings of variation in leaf consumption. To exclude that
the variation in volatile induction was caused by this
variation in leaf tissue consumption, a herbivory-mimicking
treatment was included. Given that P. rapae caterpillars
mainly induce the jasmonate pathway in Arabidopsis
(De Vos et al., 2005), JA was applied to induce plant
volatile emission.

Variation in HIPV emission occurred for various com-
pounds of different chemical classes, including GLVs,
terpenoids, and phenolic compounds. The HIPV blends of
some accessions strongly varied, particularly those of An-1,
Col-0, C-24, and Cvi, after P. rapae feeding. By contrast,
the HIPV blends emitted by Eri-1, Kyo-1, Ler, and WS
plants were more similar, and the number of compounds
that were significantly induced after herbivory or JA
treatment among these accessions was relatively small (see
Supplementary Table S7 at JXB online). Most of the
variation between the accessions is quantitative, i.e. all
accessions emit the same compounds, but in various
amounts, resulting in different compositions of the volatile
blend. By contrast, the HIPV blend of accession Cvi was
quite distinct compared with the blends of other accessions
as it had a low emission of sequiterpenes and some of the
sesquiterpenes, such as a-cuparene and [-bisabolene, were
not detectable or only present in very small amounts. In
addition to the findings of Tholl et al. (2005), who reported
that the transcript levels of At5g23960 in inflorescences was
comparable in both Cvi and Col-0, sesquiterpenes were
detected that have been reported as products of the terpene
synthase encoded by At5g23960 (Tholl et al., 2005) such as
o-humulene and (FE)-B-caryophyllene in the headspace of
P. rapae-infested or JA-treated leaves of Cvi.

Up to now, most studies investigating herbivore-
induced defence traits such as volatile production in
Arabidopsis were done with one of the three laboratory
accessions Col-0, Ler, or WS. Significant differences were
observed in HIPV emission between the accessions Col-0,
Ler, and WS after P. rapae herbivory or JA treatment.
Nevertheless, variation in HIPV emission between these
three accessions is rather moderate when compared with
the variation that is present among all nine accessions
studied (Fig. 2). Thus, when comparing these three
accessions, with respect to the behaviour of parasitoids,
for example, it should be noted that these accessions do not
completely represent the width of genetic variation in
induced volatile formation existing in Arabidopsis thaliana.
Therefore, the study presented here for nine Arabidopsis
accessions is a considerable contribution, as it compares
the HIPV emission of the three above-mentioned acces-
sions together with six other accessions and its effects on
the behaviour of carnivorous natural enemies.

The variation found between the induced headspace
volatiles of, for example, Col-0 and WS plants suggests that
foraging behaviour of carnivorous arthropods may be
influenced by these differences. However, naive D. semi-
clausum females did not discriminate between JA-treated
Col-0 and WS plants. This suggests that (E)-B-ocimene,
(Z)-B-ocimene, and DMNT, which represent the main
differences between the two accessions, are not of high
importance for this parasitoid during the host location
process (see Supplementary Table S5 at JXB online). An
attempt was made to identify which individual compounds
in the headspace of JA-treated plants influence the attrac-
tion of parasitoid wasps while searching for hosts. Despite
the observed differences between accessions, it was not
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possible to allocate individual compounds to explain
parasitoid behaviour. The complex variation in odour
blends is likely to interfere with drawing conclusions about
the contribution of individual compounds. It is more likely
that the contribution of individual compounds to the total
headspace composition of the plant after induction is
crucial for the parasitoid (De Boer et al., 2004; Mumm and
Hilker, 2005). For instance, TMTT is not attractive to the
predatory mite Phytoseiulus persimilis when offered as
a single compound but when added to a complex herbi-
vore-induced volatile blend it does affect the predator’s
behaviour (De Boer et al., 2004). Moreover, quantitative
aspects have not been included. Possibly, the discrimination
between blends is affected by absolute emission rates rather
than only the relative emission rates.

To study the underlying molecular level of volatile
emission, transcriptional changes of genes involved in
volatile biosynthesis were examined. At present, only a few
genes have been functionally associated with the production
of specific volatile compounds in Arabidopsis (Bate et al.,
1998; Chen et al., 2003; Féldt et al., 2003). For several other
genes a function has been proposed in volatile production,
such as TPS4 and CYP72A413 (Bruce et al., 2008; Herde
et al, 2008). Variation in transcript levels of genes
potentially involved in the biosynthesis of herbivore-
inducible volatiles has already been demonstrated (Arimura
et al., 2004; De Vos et al., 2005; Gomez et al., 2005). These
studies used a single hybrid or plant line. However,
variation was looked for in stress-induced transcript levels
of six genes that are putatively involved in the biosynthesis
of volatile compounds among nine Arabidopsis accessions.
Differences in transcript levels among the accessions were
found for BSMTI, TPS4, CYP72A13, and HPLI after
herbivory and/or JA-treatment. By contrast, transcript
levels of TPS3 and CYP82Gl did not vary among
accessions after caterpillar feeding or JA treatment.

All accessions, except Cvi, showed an induced emission of
MeSA after P. rapae feeding, and also transcript levels of
BSMTI were significantly higher in all accessions including
Cvi after induction when compared with control plants.
Overall, the data show that the emission of MeSA is
reflected in the BSMT1 transcript levels.

Accessions An-1, Col-0, Eri-1, and Kond showed an
induced emission of (Z£)-3-hexen-1-ol after herbivore feed-
ing. The GLV (Z)-3-hexen-1-ol is one of the compounds
shown to result from HPLI activity (Bate er al, 1998).
Transcript levels of HPLI were induced by P. rapae feeding
in most accessions compared with non-treated controls. By
contrast, HPLI transcript levels were not induced in An-1
and Ler after herbivory, whereas the emission of (Z)-3-
hexen-1-ol significantly increased in these accessions after
P. rapae feeding (Fig. 4A). Therefore, our study does not
fully support the earlier findings that only HPLI transcript
abundance correlates with the emission of GLVs (Duan
et al., 2005). Moreover, since HPLI expression and (Z)-3-
hexen-1-ol emission were observed in Col-0 plants, our data
do not confirm the study by Duan et al (2005) who
reported that a 10-nucleotide deletion in HPLI results in

a loss of function in Col-0 plants. Interestingly, the in-
volvement of HPLI in the biosynthesis of GLVs was
originally shown for the accession ‘Columbia’ (Bate and
Rothstein, 1998), which in fact was Col-0 (S Rothstein,
personal communication).

Herbivory induced the emission of TMTT in Col-0, Eri-1,
and WS, but not in the other accessions. Yet, none of the
three accessions had significantly higher TPS4 transcript
levels after either treatment than the other accessions. TPS4
has been shown to encode a geranyl linalool synthase.
Geranyl linalool is an intermediate in the formation of
TMTT (Herde et al., 2008). Furthermore, for accessions
with a high TPS4 transcript level after herbivore feeding or
JA-treatment, like Cvi and Kond, no significantly induced
TMTT emission was observed. The results suggest that
TPS4 is not the only regulatory step in TMTT formation or
that TMTT emission is not directly correlated with 7PS4
transcript level, which is in contrast to Herde et al. (2008).
So far it is not known which enzymes convert geranyl
linalool into TMTT. Using the co-expression database from
RIKEN, it was found that TPS4 expression correlates with
the expression of CYP82GI (r=0.639). As Bruce et al
(2008) postulated a possible involvement of CYP72A413 in
TMTT formation, transcript levels of this gene were also
monitored after herbivory and JA-application. Indeed, Col-
0 and WS, which exhibited a higher emission rate of TMTT
compared with other accessions, also showed higher tran-
script levels of CYP72A413. This finding supports an in-
volvement of CYP72A413 in the conversion of geranyl
linalool into TMTT. The other cytochrome P450 gene,
CYP82G1, also showed a high correlation with TPS4
transcript levels and was previously shown to be induced in
Arabidopsis by several micro-organisms and insects, in-
cluding P. rapae (De Vos et al., 2005). In most accessions
CYP82G1 was induced by P. rapae infestation and JA
treatment, but no differences were found between acces-
sions. Thus, although TMTT emission could not be linked
directly to either CYP72A413 or CYPS82GI transcription, the
results suggest that it is worthwhile to study this in more
depth, for example, by analysing the (induced) TMTT
emission of knock-out mutants of these genes.

TPS3 has been shown to encode a terpene synthase
involved in the biosynthesis of (FE)-B-ocimene, (Z£)-B-oci-
mene, and B-myrcene in Arabidopsis (Féldt et al., 2003).
Although TPS3 transcript levels showed no variation
between accessions, the herbivore-induced amounts of
B-myrcene, (E)-B-ocimene, and (Z)-p-ocimene significantly
varied among the accessions. This discrepancy may be
explained by differences in substrate availability among the
accessions or the presence of another 7PS involved in the
biosynthesis of one of these monoterpenes.

Chemical ecology addresses the effects of chemical in-
formation on interactions within a plant-insect community.
The natural variation in herbivore-induced plant volatiles
has been explored here between nine accessions of Arabi-
dopsis thaliana obtained from different geographical origins.
In addition, it has been investigated whether this variation
is also reflected in the transcript levels of the genes that are
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associated with the formation of some of these volatiles.
Genotypic variation has been demonstrated in indirect
defence traits, both at the metabolomic level and the
transcriptomic level. This enables the use of newly available
marker technologies that allow the characterization and
positioning of loci that control these types of traits. It
would be very interesting to screen recombinant inbred line
(RIL) populations of those accessions that have very
distinct volatile patterns for their individual volatile com-
pounds and subsequently to perform (expression) quantita-
tive trait locus (eQTL) analysis. These RIL-populations
would allow clarification of genetic regulation of HIPV-
formation. Finally, it was shown that the genetic variation
in induced volatile blends also has consequences for the
interactions with members of the third trophic level, i.e. the
attraction of carnivorous parasitoids.
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