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Abstract Insect herbivores by necessity have to deal with

a large arsenal of plant defence metabolites. The levels of

defence compounds may be increased by insect damage.

These induced plant responses may also affect the metab-

olism and performance of successive insect herbivores. As

the chemical nature of induced responses is largely

unknown, global metabolomic analyses are a valuable tool

to gain more insight into the metabolites possibly involved

in such interactions. This study analyzed the interaction

between feral cabbage (Brassica oleracea) and small cab-

bage white caterpillars (Pieris rapae) and how previous

attacks to the plant affect the caterpillar metabolism.

Because plants may be induced by shoot and root herbiv-

ory, we compared shoot and root induction by treating the

plants on either plant part with jasmonic acid. Extracts of

the plants and the caterpillars were chemically analysed

using Ultra Performance Liquid Chromatography/Time of

Flight Mass Spectrometry (UPLCT/MS). The study

revealed that the levels of three structurally related cou-

maroylquinic acids were elevated in plants treated on the

shoot. The levels of these compounds in plants and cater-

pillars were highly correlated: these compounds were

defined as the ‘metabolic interface’. The role of these

metabolites could only be discovered using simultaneous

analysis of the plant and caterpillar metabolomes. We

conclude that a metabolomics approach is useful in dis-

covering unexpected bioactive compounds involved in

ecological interactions between plants and their herbivores

and higher trophic levels.
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1 Introduction

Plants possess a wealth of structural and chemical mech-

anisms to defend themselves against a wide range of

attackers (Bennett and Wallsgrove 1994; Hanley et al.

2007). It is estimated that plants may produce 200,000

metabolites, of which only *10% has been identified to

date (Bino et al. 2004). Many of the ‘secondary metabo-

lites’, defined as the metabolites not required for growth,

development or reproduction of the plant, have been found

to have a defensive function. The secondary plant metab-

olism may therefore be a rich source of novel bio-active

compounds, such as insecticides, fungicides and plant-

derived medicines (Isman and Akhtar 2007; Rai and Mares

2003; Ulrich-Merzenich et al. 2007).

Insect herbivores closely depend on plants for their sur-

vival and they may possess physiological mechanisms to

deal with such plant defensive metabolites. Specialist insect

herbivores feed on a limited number of plant species and are

therefore adapted to the chemical defences of their host

plant species (Schoonhoven et al. 2006; Zangerl and Ber-

enbaum 1993). These adaptations, however, do not preclude

that even specialist insect herbivores show reduced growth
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on diets with high levels of secondary defensive compounds

(Agrawal and Kurashige 2003). In some cases, adapted

herbivores may sequester plant compounds for their own

defence (Aliabadi et al. 2002; Müller et al. 2001; Nishida

2002; Schoonhoven et al. 2006; Zangerl and Berenbaum

1993). This may also result in lower performance of the

carnivorous insects feeding on herbivores, such as parasitoid

wasps (Harvey et al. 2003; Soler et al. 2005). Because such

wasps usually feed exclusively on herbivore biomass, the

effects of plant chemical changes on higher trophic levels

likely are conveyed via chemical and/or physiological

changes in the herbivore.

The types and amounts of secondary metabolites a plant

contains may be genetically determined (Marak et al.

2000; van Leur et al. 2006). In addition, plant defence

levels may change upon above- or belowground herbivore

feeding, referred to as induced defence responses (Agrawal

et al. 1999; Bezemer and van Dam 2005; Creelman and

Mullet 1995; Karban and Baldwin 1997). It is thought that

plants employ induced responses because it may be ener-

getically favourable to produce defensive metabolites only

when needed (Herms and Mattson 1992) and because it

allows the plant to tailor its response to the specific attacker

(Reymond and Farmer 1998). Therefore the plant syn-

thesises a range of regularory plant hormones such as

jasmonic (JA) and salicylic acid (SA). JA levels increase

significantly in response to herbivory, whereas SA

responses are mainly associated with pathogen infection

(Staswick and Lehman 1999). Even though the increases in

JA levels after herbivory may be transient (Schittko et al.

2000), they may result in long-lasting chemical changes in

the plant, that may last from days to weeks and even years

(Agrawal et al. 1999; Karban and Baldwin 1997). More-

over, many induced responses are not only localized at the

damage site, but expressed in other undamaged plant parts,

referred to as the systemic plant response (Choi et al. 2006;

Martin and Muller 2007; Soler et al. 2005; Soler et al.

2007; van Dam et al. 2003; van Dam and Oomen 2008; van

Dam and Raaijmakers 2006). As induced responses may

also be present for long periods of time they may affect not

only current, but also successive herbivores and herbivores

feeding on plant parts that were not damaged before

(Bodnaryk 1994; Broeckling et al. 2005). Induced plant

responses thus may mediate interactions between herbi-

vores that feed temporally or spatially separated on the

same plant (Englishloeb et al. 1993; Viswanathan et al.

2005).

In a previous study it was shown that in feral Cabbage

(Brassica oleracea) either root or shoot induction resulted

in different chemical plant responses, both in amounts and

types of the metabolites synthesised by the plant (van Dam

et al. 2004). In this earlier study plants were treated with

the aforementioned plant hormone JA, thereby mimicking

the response upon attack by a chewing herbivore (Karban

and Baldwin 1997). Moreover, it enables identical induc-

tion of roots and shoots, which is not possible with real

herbivores (Delano-Frier et al. 2004; Galletti et al. 2006;

Gols et al. 1999; Thaler 1999; van Dam and Oomen 2008).

Both root and shoot JA induction resulted in the detection

of significantly elevated secondary metabolite levels in

extracts prepared from the shoots. However, the leaves of

root induced plants were found to contain higher levels of

the (potentially more toxic) aliphatic glucosinolates, whilst

the leaves of shoot-induced plants contained more indole

glucosinolates (van Dam et al. 2004).

Glucosinolates are the most notorious chemical defences

produced by the Brassicacea (Bennett and Wallsgrove

1994; Chew 1988; Halkier and Du 1997; Mithen 2001).

Plant tissue disruption by herbivory results in the release of

the enzyme myrosinase, which converts glucosinolates into

highly toxic products such as isothiocyanates and nitriles

(Bones and Rossiter 1996; van Dam et al. 2004). The side

chain structure of the glucosinolate determines which

degradation products are formed upon contact with myro-

sinase: several such products may be toxic to generalist

herbivores, and to some extent even to specialist herbivores

(Agrawal and Kurashige 2003; Chew 1988). However,

caterpillars of the specialist herbivore Small Cabbage

White (P. rapae) have been found to possess enzymes that

interfere with the glucosinolate-myrosinase reaction, thus

reducing the toxicity of the formed products (Agerbirk

et al. 2006; Müller et al. 2003; Wittstock et al. 2004).

The different chemical profiles produced by root and

shoot-induced plants have been found to co-occur with

different growth rates of caterpillars of the small cabbage

white (Pieris rapae) feeding on these plants, as well as of

the related species P. brassicae. It was observed that both

Pieris species grow slower when fed on shoot induced

B. oleracea plants compared to when fed on root induced

or on control plants (van Dam and Oomen 2008). More-

over, when the larvae of the endoparasitoid wasp

Cotesia glomerata fed on either caterpillar species, they

were observed to develop more slowly on caterpillars that

fed on shoot-induced plants (B.L. Qui and N.M. van Dam,

unpublished results). These carnivorous insects feed inter-

nally on the fat bodies of the caterpillar: hence it is likely

that chemical changes in the caterpillar may determine the

performance of the wasp (Harvey et al. 2003).

Several studies have investigated the uptake of B. ol-

eracea compounds by Pieris caterpillars: both caterpillar

species do not take up dietary glucosinolates into their fat

bodies (Müller et al. 2003). Caterpillars of P. rapae do

take up pinoresinol from B. oleracea plants to excrete them

from their glandular hairs: whether it is present in the fat

body as well is unknown (Schroeder et al. 2006). A

different study showed P. brassica caterpillars take up
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flavonoids (Ferreres et al. 2007). In this study however, the

larvae were analysed after a period of starvation. Since this

does not remove all plant material from the gut, it cannot

be precluded that the analysed flavonoids were present in

the remaining gut contents.

The chemical changes in the caterpillar fat bodies

brought about by the earlier plant treatment with JA are

crucial to understand the multitrophic interactions the plant

and the caterpillar are involved in. However, a priori

knowledge about the chemical identity of the metabolites

involved is lacking. Therefore a study employing a global

metabolomics approach may provide novel insight into this

system, such that compounds hitherto unknown to be active

in this interaction may be discovered (Goodacre et al. 2004).

This approach has been successfully applied to study

JA-induced responses in Brassicaceae: many responding

metabolites were unexpectedly conjugated with malate,

such that they could not have been found by targeted anal-

yses (Kim et al. 2007; Liang et al. 2006a, b; Widarto et al.

2006). It also receives increasing interest in the field of

plant–host interactions (Allwood et al. 2006, 2008; Choi

et al. 2004, 2006). In both the aforementioned studies into

the uptake of pinoresinol and of flavonoids by Pieris cat-

erpillars a broad-spectrum metabolomics-type analysis was

essential to discover the compounds (Ferreres et al. 2007;

Schroeder et al. 2006).

To determine the metabolic differences between P.

rapae caterpillars that fed on feral B. oleracea plants with

different attack histories, a metabolomic analysis of the

plants and the caterpillars was performed. Plants were

treated with JA, either on the roots or on the shoots. After

this treatment, P. rapae caterpillars fed on these plants,

after which the plant leaves and caterpillar fat bodies were

extracted. These extracts were analysed by Ultra Perfor-

mance Liquid Chromatography/Time-of-Flight Mass

Spectrometry (UPLCT/MS).

The caterpillar metabolomes were expected to differ

depending on the JA treatment of their host plant. Such

changes may be revealed by two patterns in the data. The

plant metabolic differences between induced and control

plants may lead to system-wide differences in the metab-

olism of the feeding caterpillars: in that case, multivariate

analyses will show a considerable shift in levels of a wide

range of caterpillar metabolites (i.e. the metabolic profile)

when the insects are challenged by differently induced

plants.

Moreover, specific plant metabolites may be incorpo-

rated intactly into the caterpillar fat bodies. The uptake of

such ‘caterpillar xenobiotics’ that are equal to metabolites

found in the plants, would then result in changes in the

levels of these specific xenobiotics in the caterpillar me-

tabolome. Because such incorporation does not necessarily

result in changes of caterpillar metabolic pathways, this

would not result in changes of entire metabolic profiles

observable by multivariate data analysis.

For both patterns, specifically the metabolic differences

between caterpillars feeding on shoot-induced plants and

feeding on control plants are of interest: these differences

may relate to the poorer caterpillar performance observed

before, as well as to the effects on higher trophic levels

(van Dam and Oomen 2008).

2 Materials and methods

2.1 Plant rearing and induction

Seeds of feral Brassica oleracea were collected in a

roadside population near Heteren in 2000. A sub-set of

these seeds were used to grow 10 plants in the common

garden at NIOO-KNAW in Heteren for seed production in

2004. Seeds from this batch were germinated on glass

beads and tap water for 7 days, after which the seedlings

were transplanted to 1.3L pots containing plain sand. The

pots were placed on tables in a greenhouse at 21�C (day)

and 16�C (night), r.h. 60% and watered and supplied with

Hoagland nutrient solution as needed. Every 2–3 days, five

randomly chosen pots were weighed to determine the

volume of solution needed to maintain the water content in

the pots at 17%. Earlier studies showed that these feral

B. oleracea plants suffer from phosphorus deficiency when

grown on plain sand and 0.5 Hoagland solution. Therefore

we doubled the concentration of KH2PO4 in the 0.5

Hoagland solution. Natural daylight was supplemented

with sodium lamps to maintain the minimum PAR at

225 lmol m-2 s-1 with a photoperiod of 16:8 (L:D).

After 29 days the plants were randomly subdivided into

four treatment groups: control, root induction and shoot

induction, each containing 15 plants. The fourth, blank

group contained six plants. An amount of 500 lg jasmonic

acid (JA; Sigma, St Louis, MO, USA) was applied per

plant, because this amount has been shown to significantly

increase and differentially induce glucosinolates in B. ol-

eracea shoots 3–14 days after induction (van Dam et al.

2004). In the ‘root induction’ group, 500 lg JA per plant

was applied in 10 ml 0.1% Triton and 0.5% EtOH in water

(pH = 4) by injecting the solution with a plastic syringe

(without a needle) in the soil surrounding the root-shoot

interface. Plants in the ‘shoot induction’ group were treated

by gently rubbing 0.25 ml of a 2 mg/ml JA solution in

0.1% Triton and 0.5% EtOH (pH = 3.3) in water onto two

fully expanded leaves, usually the oldest two leaves. To

control for the effects of acid application, the plant organs

that were not treated with JA solution and both parts of the

control plants received similar amounts of 0.1% Triton and

0.5% EtOH in acidic water (pH = 3.7 with HCl) on leaves
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and shoots. The plants in the blank group were treated on

both plants by a solution of 0.1% Triton and 0.5% EtOH

in water. Immediately after JA application, each plant

received extra nutrients (50 ml Hoagland solution).

2.2 Insect feeding

First instar larvae of Pieris rapae (L.) (Lepidoptera:

Pieridae) were obtained from a culture maintained at the

Laboratory of Entomology, Wageningen University, The

Netherlands, on Brussels sprouts (B. oleracea var. gem-

mifera. cv. Cyrus). Three days after the plants had been

induced by JA, six neonate larvae were placed on the

untreated leaves of each plant. The larvae were allowed to

move and feed freely on the shoot. Opaque PE sleeves open

at both ends and fixed with a rubber band were placed

around the pots, to prevent the larvae from migrating to

other plants. The initial mass per larva was assessed by

weighing 10 neonate larvae on a microbalance to the

nearest 0.1 mg. On day five the larvae were counted,

weighed and the three largest larvae per batch were placed

on plants that received the same treatment as the first plant,

also 3 days before. Thereby larvae always had access to

sufficient leaf material of plants that were JA- treated

between 3 and 8 days before. Final larval mass was

recorded at 13 days after start of the experiment, when the

first caterpillars started to pupate.

2.3 Sample preparation

After recording their masses, the caterpillars were flash

frozen in liquid nitrogen and freeze-dried, after removing

their guts and haemolymph, such that only their fat bodies

remained. The caterpillars that fed on the same host plant

were pooled into one sample. The leaves of the plants the

caterpillars were taken off were harvested and flash-frozen

in liquid nitrogen. Plant and caterpillar samples were kept

at -80�C until they were lyophilized (Labconco inc.,

Kansas City, MO). Plant samples were homogenized using

a ball mill (Retsch GmbH, Haan, Germany). For extraction,

49–51 mg of each homogenized plant sample was weighed

in a microcentrifuge tube. Caterpillar dry masses were

weighed and then homogenized in a ball mill in micro-

centrifuge tubes with the addition of a little purified and

calcined sea sand (Merck, Whitehouse Station, NJ).

Prior to chemical analysis, both plant and caterpillar

samples were extracted with a solution of 70% methanol in

water (both of HPLC grade, Sigma Aldrich, Gillingham,

UK) and 0.1% formic acid (98/100% Aristar grade, BDH-

Merck, Poole, UK). This extraction buffer was selected

because it had been shown experimentally to give best

metabolite coverage and reproducibility of the chroma-

tography, when compared with buffers with 70, 75 and

80% methanol. We adjusted the extraction volume for the

caterpillar samples to account for their dry weight using a

volume of 1 ml/25 mg sample and 2 ml of extraction

buffer was added to the plant sample aliquots. Thus

metabolite concentrations in the extracts represented those

in the original freeze-dried samples and were therefore

comparable between plants and caterpillars.

2.4 Chemical analysis

We analysed the chemical composition of the plant and

the caterpillar extracts using an Acquity UPLC system

hyphenated to an LCT mass spectrometer (Waters, Man-

chester, UK). Samples were injected onto a 2.1 9 100 mm

(1.8 lm) Waters HSS T3 column (Waters, Milford, MA,

USA). Sample and column temperatures were maintained

at 4 and 35�C, respectively. The samples were eluted using

a flow rate of 0.6 ml min-1 using a chromatographic gra-

dient of two mobile phases (water in 0.1% formic acid and

acetonitrile in 0.1% formic acid, Table 1). The sample

extraction and chromatography were developed by adapt-

ing a previously described method, but optimised for

UPLC and for the simultaneous analysis of both caterpil-

lars and plants extracts (De Vos et al. 2007).

An electrospray source was used; sample cone voltage

of 30 V capillary voltage was set at -2.4 kV, the source

and desolvation temperatures were 150 and 350�C,

respectively, and the desolvation and nebulizer gas flow

rates were 400 l h-1 and 50 l h-1, respectively. Spectra

were collected in the negative ionization W mode (ES-) at

a mass resolution of approximately 10,000 (full width half

maximum. Data were acquired over the m/z range 100–

1,000. The measurements were performed in triplicate, to

account for any analytical variability. As identical proce-

dures were employed for extraction and chemical analysis

of the plant and caterpillar samples, the metabolomes of the

two organisms could be compared directly.

Product ion experiments were performed on the inter-

face metabolites using a UPLCT/Synapt High Definition

Table 1 Mobile phase gradient used for the UPLCT analysis of the

caterpillar and the plant extracts

Time (min) %

0.1% formic

acid in water

%

0.1% formic acid

in acetonitrile

0 95 5

9 70 30

13.5 5 95

13 5 95

15 5 95

15.1 95 5
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Mass Spectrometry system (Waters, Manchester, UK)

operated in TOF mode. The same chromatographic proto-

col as used in the metabolomic experiments was employed.

An electrospray source was used; sample cone voltage of

20 V capillary voltage was set at -2.8 kV, the source and

desolvation temperatures were 150 and 350�C, respec-

tively, and the desolvation and nebulizer gas flow rates

were 750 l h-1 and 20 l h-1, respectively. Spectra were

collected in the negative ionization V mode (ES-) at a mass

resolution of approximately 10,000 (full width half maxi-

mum. Data were acquired over an appropriate mass range.

CID was induced by ramping the trap collision energy from

0 to 20 V and applying a transfer-collision energy of 20 V.

2.5 Data preprocessing

Following accepted data reporting standards (Goodacre

et al. 2007) the raw data from the UPLCT/MS analysis were

transformed to peak tables using MarkerLynx, an applica-

tion manager of MassLynx v. 4.1 (Waters, Manchester,

UK). We averaged the triplicate measurements of every

peak identified at a unique combination of m/z and retention

time in the spectra. When only one of the three replicates

contained such a peak it was discarded. When the replicates

contained two peaks, it was deemed likely the third peak was

not measured and therefore we averaged the height of the

two peaks. If a peak occurred in less than half of the samples

of every treatment group, it was unlikely to be of interest (or

too low in abundance to measure reliably) and therefore

discarded from all samples. The peak heights in the spectra

measured of the plant samples were corrected for deviations

in aliquot weight from 50 mg.

2.6 Data analysis

All data analyses were performed using the Statistics

Toolbox for MATLAB (v.6.1) in MATLAB R2007b

(Natick, MA). To observe system-wide metabolic variation

between the different plant and caterpillar extracts we fitted

a Principal Component Analysis (PCA) model on their

UPLCT/MS data using the princomp routine. Significant

differences between the ion abundances in the caterpillar

extracts corresponding to the different treatment groups

were determined by Analysis of Variance (ANOVA) using

the anovan routine.

To search for caterpillar xenobiotics, the ions that were

measured both in the plant and in the caterpillar extracts

were selected: the correlations between the abundance of

each of these ions in the plant and in the caterpillar extracts

were determined. The nonparametric Spearman rank cor-

relation coefficient was calculated for this (using the corr

routine), because the ion abundances are not necessarily

normally distributed.

The ions for which this correlation coefficient was high

were tested for differences between treatment groups. To

describe the differences between the abundances in the

extracts of control and shoot-induced plants, ANOVA

models were fitted to the data of both groups. This was done

also for the root induced plants and for the extracts of the

feeding caterpillars. The data was transformed prior to fit-

ting these models using the transformation y ¼ log xþ 1ð Þ,
to fulfil requirements of normality of residuals and homo-

geneity of variances as much as possible: these were tested

using vartestn for a Levene test for homogeneity of vari-

ances and kstest for a Kolmogorov–Smirnov test for

normality of residuals. We used the boxplot routine to

generate Fig. 5.

3 Results and discussion

3.1 Host plant treatment does not modify caterpillar

metabolic profiles

The scores of a PCA model fitted on the UPLCT/MS data

of the plant extracts (Fig. 1, right) showed that JA treat-

ment induces system-wide changes in plant metabolism:

the control plants form a cluster that is separate from the

root and the shoot-induced plants. Furthermore, the control

(acid) treatment does not induce system-wide changes in

plant metabolism, as is shown by the overlap with the

blank group. The scores of the root and the shoot-induced

plants only partly overlap, which reveals that JA induced

both common responses as well as specific responses that

depended on where the plants were induced.

The PCA scores of a model fitted on the UPLCT/MS data

of the caterpillar extracts did not reveal separate clusters,

neither for the first two principal components (Fig. 1, left)

nor for any other combination of components: the caterpil-

lars fed on the differently treated plants did not have

discernable metabolic profiles. This suggests that the met-

abolic system of these specialist caterpillars is buffered

against differences in host plant quality. This implies that

the caterpillars are able to maintain metabolic homeostasis,

despite the variable chemistry of their differently treated

host plants. This is further corroborated by metabolomic

analyses using Gas Chromatography coupled to Mass

Spectrometry (GC/MS), focusing on the base metabolism of

the caterpillars (data not shown). None of the measurable

caterpillar metabolites, e.g. organic acids, amino acids,

sugars, differed significantly in abundance between the

extracts of caterpillars that fed on differently treated host

plants.

The absence of system-wide metabolic differences

between the caterpillars fed on the differently treated host

plants does not imply that no such differences exist in any
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individual caterpillar metabolite. Using the MarkerLynx

processing method revealed 2,319 different ions in the cat-

erpillar extracts. However, the ANOVA models fitted for

each individual ion in the caterpillar extracts did not yield

any significant differences between the differently treated

host plants when corrected for the False Discovery Rate

(FDR); (Benjamini and Hochberg 1995). Therefore also

univariate analyses did not reveal metabolic differences

between the caterpillars on differently treated host plants.

3.2 A ‘metabolic interface’ emerges between plants

and caterpillars

Using the same Markerlynx processing method, 1,833 dif-

ferent ions were measured in the plant extracts. Of these

ions, 753 were measured in both the plant and the caterpillar

extracts. This intersect represents the subset of metabolites

that may have possibly been taken up from the plant into the

caterpillar and incorporated intactly into their fat bodies.

They are therefore putative caterpillar xenobiotics.

However, not all xenobiotics may be of equal interest to

this study. Only those plant compounds that significantly

affect the caterpillar metabolome are of interest. Such

effects would be indicated by high correlations between the

level of an ion in the plant extracts with that in the extract

of the feeding caterpillar. The subset of metabolites

exhibiting such high correlations between their abundance

in the plant and caterpillar are defined here as the

‘metabolic interface’ between the two organisms: the cat-

erpillar metabolome is possibly altered by the plant

metabolome via these metabolites.

A subset of seven ions had a moderate to high correla-

tion coefficient ([0.6) between their abundance in the plant

and in the caterpillar extracts (Weckwerth et al. 2004).

These coefficients were exceptionally high, compared to

those of the other ions measured in both the plant and the

caterpillar extracts (Fig. 2): the coefficients remained sig-

nificant after FDR correction on all 753 ions. The

abundance of the ion of m/z 337.092 at retention time (tR)

3.41 in the caterpillar extracts clearly depends on that in the

extracts of their host plant (Fig. 3, left).

The ions with a correlation coefficient between their

abundances in the plant and caterpillar extracts above the

threshold level eluted at three different retention times:

2.55, 3.41 and 3.76 min, which may indicate the presence

of three different metabolites, each of which detected as a

series of adduct ions (indicated in Table 2 by the labels A,

B and C). An ion with exact mass m/z 337.092 was the base

peak at each of the retention times: it is therefore proposed

that this is [M–H]- and that the three detected metabolites

are isomers.

The abundances of the three different isomers were

highly correlated within the caterpillar extracts. The

Spearman correlation coefficients between the base peaks

of metabolites A, B and C ranged from 0.944 to 0.957 (see

Fig. 3 for an example). These coefficients were even larger

−2 0 2

x 10
5

−1

0

2
x 10

5

pc 1 (60 %)

pc
 2

 (
20

 %
)

Caterpillars

control
root induction
shoot induction
blank

−2000 0 2000
−3000

0

2000

pc 1 (33 %)

pc
 2

 (
26

 %
)

Plants

Fig. 1 (left) PCA scores of a model fitted on the UPLCT/MS data

collected from the caterpillar extracts. (right) PCA scores of a model

fitted on the UPLCT/MS data collected from the plant extracts. The

score markers correspond to the treatment of the host plant. The

percentage of explained variation for the principal components of

both models is indicated on the axis labels. The model is fitted on the

data collected for the root induced, shoot induced and control plant

extracts (right) or on the data collected for the extracts of the

caterpillars that fed on these plants (left). The scores of the blank

plants (right) and their caterpillars (left) have been calculated by

projecting the data collected for the blank caterpillar extracts on these

PCA loadings
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when calculated for their abundances in the plant extracts:

this indicates the synthesis of all three compounds by the

plant is regulated simultaneously.

The identity of these three metabolites could be tenta-

tively assigned as coumaroylquinic acids (CoQA, C16H18O8,

Dm/z \ ? 0.3 mDa), based on their exact mass (http://

www.genome.jp/dbget-bin/www_bget?cpd?C10441?-s).

These compounds may be any of a range of esters between

coumaric and quinic acid. This identity was further

corroborated by product ion experiments performed on a

UPLC/SYNAPT HDMS system (Waters, Manchester)

operating in TOF mode, The product ion spectrum for the ion

with m/z 337.092 of interface metabolite A in the (Fig. 4) is

shown. Product ions with exact masses consistent with that

of coumaric acid (m/z 163.0399, Dm/z ? 0.4 mDa) and

quinic acid (m/z 191.057, Dm/z ? 1.4 mDa) were detected,

along with several other ions that could be attributed to

putative CoQA product ions with the MassFragment module

of MassLynx (Waters, Manchester). Analysis of the ions

with m/z 337.092 eluting at the other retention times resulted

in the formation of the same fragment ions.

This subsequent analysis also showed that the ions with

m/z 405.08 measured at the three retention times are

adducts of the CoQAs with sodium and formic acid. The

identity of the ion with m/z 535.036 is unknown: due to its

low intensity only one product ion was observed of m/z

337.092. Thus it is proposed that this ion is related to the

CoQA with tR 2.55. Moreover, it should be noted that the

abundance of this ion was extremely low compared to that

of the other ions of the CoQA with tR 2.55.

Coumaroylquinic acids belong to the phenylpropanoids,

a compound class which may be involved in the induced

response to exogenous attacks of many plant species (Dixon

and Paiva 1995). Several CoQAs, specifically 3, 4 and 5-p-

coumaroylquinic acid, have been identified in B. oleracea

cultivars (Clifford 1999). To the best of our knowledge, no

biological function of these compounds in the interaction

between plants and caterpillars or on higher trophic levels is

known. However, the CoQAs are closely related to
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Fig. 3 (left) Relationship between the abundance of the m/z 337 ion

of the metabolite with retention time 3.41 (see Table 2) in the

caterpillar extracts and in that of their host plants. Points have been

marked according to the treatment of their host plant, the bars indicate

the standard deviation between the replicate measurements of this ion

in every sample. (right) Relationship between the abundance of the

m/z 337 ion of the metabolite with retention time 3.41 in the

caterpillar extracts with the ion of m/z 337 with retention time 2.55 in

the caterpillars. Points have been marked according to the treatment

of their host plant, the bars indicate the standard deviation between

the replicate measurements of this ion in every sample
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chlorogenic acids (caffeoylquinic acids), known to act as

antifeedants to P. rapae (Huang and Renwick 1995).

The abundance of each interface metabolite has the

same order of magnitude in the plants and in the caterpil-

lars. This indicates that P. rapae does not actively

sequester (intact) CoQAs into its fat body. If that were the

case, the abundance of these metabolites would have been

considerably higher in the caterpillar extracts than in those

of the plants (Müller et al. 2001). Caterpillars of the spe-

cies Epirrita autumnata, which is unrelated to P. rapae,

isomerise p-CoQAs and chlorogenic acids (Salminen et al.

2004). However, because we did not measure any ions with

m/z 337.092 in the caterpillar extracts that were absent in

the plant extracts it is unlikely that P. rapae has similar

capacities. To experimentally assess whether P. rapae

caterpillars are able to metabolise CoQAs, they could be

fed on an artificial diet spiked with isotope-labeled CoQAs

(Webb and Shelton 1988). A subsequent chemical analysis

of their metabolism, analogous to that performed in the

current experiment, would reveal any breakdown products

as isotope patterns in the resulting data (Hood-Nowotny

and Knols 2007; Webb and Shelton 1988).

3.3 Shoot induction leads to an increase in levels

of the metabolic interface metabolites

The levels of all three interface ions with m/z 337.092 are

significantly higher in the shoot induced than in the control

plants (Fig. 5 and Table 2), as well as in the caterpillar

extracts. After root induction, only the abundance of the

ion belonging to metabolite A is significantly increased in

the plants compared to the control plants. However, the

data of the root induced and control plants for interface

metabolites A and C could not be transformed such that the

homogeneity of variances criterion required for ANOVAs

was fulfilled: therefore these P-values are considered with

caution. No other significant differences in the levels of the

interface ions with m/z 337.092 could be found between the

extracts of the root induced and control plants, or of the

caterpillars that fed on them.

Table 2 Metabolic interface ions: the Spearman correlation describes

the correlation between the plant and the caterpillar ions, Pplant is the

significance of the difference in abundance between shoot induced

and control plants and between root induced and control plants.

Because of the high correlation between the abundances of the

different CoQAs in the plant and in the caterpillar, a correction for

FDR was not necessary

Metabolite ID m/z Retention

time (min)

Spearman correlation

coefficient

Shoot induction Root induction

Pplant Pcaterpillar Pplant Pcaterpillar

A 535.036 2.5492 0.68

A 337.092 2.5502 0.65 0.0011* 0.018* 0.0159*,# 0.6851

A 405.08 2.547 0.63

B 337.092 3.4146 0.70 0.031* 0.0082* 0.0876# 0.8966

B 405.08 3.4159 0.63

C 337.092 3.757 0.65 0.013* 0.016* 0.0786 0.7499

C 405.08 3.7563 0.71

Significant P-values (P \ 0.05) are indicated by *. When the data could not be transformed to fulfill the Homogeneity of Variances criterion, the

P-value is flagged by #
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Fig. 4 UPLC/SYNAPT HDMS product ion spectrum of the ion of

m/z 337.092 at tR 2.55 min. The fragments assigned to different

product peaks are indicated in the figure based on the structure of

2-coumaroylquinic acid. The peak heights have been normalised to

that of the largest peak (m/z 163.0398)
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The concentrations of the three CoQA isomers in the plant

significantly increase after shoot treatment with JA. This also

leads to increased levels of these compounds in the cater-

pillar via the metabolic interface. Such transfer of xenobiotic

compounds into the caterpillar may not only affect herbivore

performance, but also that of parasitoid wasps and of higher

trophic levels associated with the plant. Such compound-

associated effects could be revealed by feeding the cater-

pillars on artificial diets spiked with different levels of

CoQAs and offering them to parasitoid wasps.

The current study dealt with the effects of earlier

(simulated) herbivory on the caterpillar metabolome.

However, changes in plant metabolites are not exclusively

triggered by biotic interactions. For example, in birch trees

the levels of 5-p-coumaroylquinic acid are increased by

metal pollution (Loponen et al. 2001). If B. oleracea

would also respond to such perturbations by producing

CoQAs, then not only ecological but also anthropogenic

factors may modify caterpillar metabolism through the

induced plant response.

Furthermore, the effect of CoQAs on the metabolome of

other caterpillar species may be of interest. An earlier study

on the growth of the generalist herbivore Mamestra

brassicae that fed on JA-treated B. oleracea plants

revealed that M. brassicae caterpillars performed worst on

shoot-induced plants, but unlike P. rapae caterpillars also

perform worse on root-induced plants than on control

plants (van Dam and Oomen 2008). This indicates the

CoQAs could not (fully) explain the performance differ-

ences between M. brassicae feeding on differently treated

plants. The approach described in this paper could also be

applied to this specific plant–insect interaction.

4 Conclusions

This study is the first in which both participating organisms

in a plant–insect herbivore interaction are chemically

analysed using a global metabolomic approach. Although

system-wide differences in the caterpillar metabolic pro-

files when they feed on differently treated B. oleracea

plants were lacking, the attack history of B. oleracea plants

is shown to affect a specific part of the P. rapae metabo-

lome. Extracts of plants that were shoot induced contained

significantly higher levels of coumaroylquinic acids. These

metabolites are shown to enter the caterpillar via the

metabolic interface as it was defined here. The plant

responses induced earlier by JA treatment of the plant

leaves therefore metabolically affect later feeding cater-

pillars, although both are temporally separated.

The importance of these metabolites in the interaction

between both organisms was hitherto unknown and could

not have been found without a global metabolomics

approach. The metabolomics approach, together with the

‘metabolic interface’ concept may form a useful tool to

observe ecological interactions using metabolomics and

discover hitherto unknown bioactive compounds.
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