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Original Article

Dual herbivore attack and herbivore density affect metabolic
profiles of Brassica nigra leaves

Camille Ponzio1† , Stefano Papazian2†, Benedicte R. Albrectsen2 , Marcel Dicke1 & Rieta Gols1

1Laboratory of Entomology, Wageningen University, PO Box 16, 6700 AAWageningen, The Netherlands and 2Umeå Plant Science
Centre, Department of Plant Physiology, Umeå University, 90187 Umeå, Sweden

ABSTRACT

Plant responses to dual herbivore attack are increasingly stud-
ied, but effects on themetabolome have largely been restricted
to volatile metabolites and defence-related non-volatile metab-
olites. However, plants subjected to stress, such as herbivory,
undergomajor changes in both primary and secondarymetabo-
lism. Using a naturally occurring system, we investigated
metabolome-wideeffectsof singleordualherbivoryonBrassica
nigra plants by Brevicoryne brassicae aphids and Pieris
brassicae caterpillars, while also considering the effect of aphid
density.Metabolomicanalysisof leafmaterialshowedthatsingle
and dual herbivory had strong effects on the plantmetabolome,
withcaterpillar feedinghavingthestrongest influence.Addition-
ally, aphid-density-dependent effectswere found inboth thesin-
gleanddual infestationscenarios.Multivariateanalysis revealed
treatment-specificmetabolomicprofiles,andeffectswere largely
driven by alterations in the glucosinolate and sugar pools. Our
work shows that analysing the plant metabolome as a single
entity rather than as individual metabolites provides new
insights into the subcellular processes underlying plant defence
against multiple herbivore attackers. These processes appear
to be importantly influenced by insect density.

Key-words: Brevicoryne brassicae; dual herbivory; induced de-
fence; metabolomics; Pieris brassicae.

INTRODUCTION

In nature, plants must cope with a large number of attackers,
such as insect herbivores and plant pathogens. In response,
plants defend themselves via an array of defence strategies,
which include both mechanical and chemical defences, such
as the production of secondary plant metabolites
(Schoonhoven et al. 2005). Research on plant–insect interac-
tions has largely focused on the effects of a single herbivore
attacker, providing a wealth of information on how this interac-
tion will change the plant’s phenotype (Kessler & Baldwin
2002; Mithöfer& Boland 2012; Mumm&Dicke 2010), and this
at several levels of biological organization (Keurentjes et al.
2011). However, plants are members of complex communities

and can be attacked by a multitude of insect herbivores, often
simultaneously or sequentially. Research has increasingly
shifted from studying the effects of single to multiple herbivore
attack on plant defencemechanisms. Increasing the complexity
of the studied interactions can have strong and unpredictable
consequences for plant–insect interactions (Dicke et al. 2009),
and it is clear that our knowledge of how insect species interact
individually with a plant is insufficient to predict the effects of
combined herbivore attack at the transcriptional level all the
way up to the community level, particularly when the herbi-
vores are of different feeding guilds (de Rijk et al. 2013; Kroes
et al. in press; Mathur et al. 2013; Stam et al. 2014; Voelckel &
Baldwin 2004).

Plant defences against insects are regulated by three key
signal-transduction pathways each involving a major phytohor-
mone, that is, jasmonic acid (JA), salicylic acid (SA) and ethyl-
ene. Chewing herbivores commonly activate the JA-dependent
signal-transduction pathway, which often acts synergistically
with ethylene, while the SA pathway is more commonly
induced by phloem-feeding insects (Glazebrook 2005; Pieterse
& Dicke 2007). These signalling pathways are the backbone of
a complex regulatory network, and they can interact with each
other (Pieterse et al. 2009). Interactions between the SA and
JA pathways in particular are often mutually antagonistic,
although they can act synergistically or additively as well
(Koornneef & Pieterse 2008; Thaler et al. 2012). While there
is a growing pool of studies investigating the effects of multiple
herbivory, we still lack in-depth knowledge of the subcellular
processes underpinning these more complex interactions. In-
duction of the defence signalling pathways results in down-
stream changes in the transcriptome, proteome and
metabolome (Jansen et al. 2009; Kessler & Baldwin 2002;
Keurentjes et al. 2011; Schweiger et al. 2014); however, numer-
ous studies in these fields have mainly taken a highly targeted
approach, focusing on specific groups of genes, proteins or me-
tabolites, because of their important defensive functions
(Arany et al. 2008; Mathur et al. 2013; Mithöfer & Boland
2008; Textor & Gershenzon 2009). Although literature on this
topic is limited, both caterpillar and aphid herbivory are known
to induce changes in the plant metabolome related to both pri-
mary and secondary metabolism. Caterpillar herbivory often
leads to large-scale changes in metabolic profiles (Kersten
et al. 2013), although these effects can vary according to the
species (Steinbrenner et al. 2011), specialization (generalist
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versus specialist) (Sutter & Müller 2011), or larval instar
(Widarto et al. 2006). In contrast, aphid infestation triggers me-
tabolome changes on a smaller scale (Kutyniok&Müller 2012;
Sutter & Müller 2011), which may be a result of the minimal
damage caused by the piercing/sucking feeding mode (Will
et al. 2007). Moreover, induction of plant responses has been
shown to occur locally at the site of damage, as well as system-
ically, in undamaged leaves (Heidel & Baldwin 2004; Marti
et al. 2013;Widarto et al. 2006). Studies on the effects of dual at-
tack or herbivore density on global transcriptome changes have
recently been initiated (e.g. Davila Olivas et al. 2016; Coolen
et al. 2016, Kroes et al. 2017), but the effects on metabolome
changes are scarce (Jansen et al. 2009; Maag et al. 2015).
In the present study, we used a comprehensive metabolomic

analysis involving gas chromatography (GC) for general me-
tabolism and liquid chromatography (LC) for mainly glucosin-
olates (GS) and phenolic compounds. We studied GS in more
detail as they are an important group of defence compounds
characteristic of theBrassicaceae thatmediate interactionswith
other organisms including insects (Gols & Harvey 2009;
Hopkins et al. 2009).Glucosinolates, especially indolicGS, have
been shown to be highly inducible in response to caterpillar
feeding and exogenous JA application (van Dam et al. 2004;
Gols et al. 2008), whereas aphids and exogenous SAapplication
reduce or do not change concentrations of aliphatic GS, but
increase levels of indoleGS (vanDam et al. 2004; Kim&Jander
2007). We investigated the individual and combined effects of
feeding by two insect herbivores of different feeding guilds, that
is, phloem-feeding aphids and leaf-chewing caterpillars, on the
plant metabolome. Because these herbivores induce different
defence signalling pathways, differential changes in plant chem-
istry are expected. Herbivory by arthropods that belong to dif-
ferent feeding guilds may mediate chemical and morphological
changes in the host plant potentially resulting in a facilitative or
competitive advantage (Dicke et al. 2009; Kaplan & Denno
2007; Soler et al. 2012) and is most likely mediated by chemical
and/or morphological changes in response to herbivory.
Using the wild annual black mustard plant Brassica nigra

(L.) and two of its naturally occurring specialist herbivores:
Brevicoryne brassicae (L.) aphids and Pieris brassicae (L.)
caterpillars, we compared the effects of single and simulta-
neous attack by aphids and caterpillars on the plant metabo-
lome. Moreover, we determined if aphid density was an
additional contributing factor to any observed changes in the
plant’s metabolome. The metabolome of the infested leaves
as well as the uninfested adjacent leaves was characterized, in
order to determine if changes in the metabolome were present
in systemic tissues.

MATERIAL AND METHODS

Plants and insects

Brassica nigra plants originated from seeds collected from a
local population in Wageningen, the Netherlands, and were
grown under greenhouse conditions at 22±2 °C, relative
humidity of 60–70% and a light:dark regime of L16:D8. The
plants used in experiments were 4weeks old and still in the

vegetative stage. P. brassicae caterpillars and B. brassicae
aphids were reared on Brussels sprouts plants (Brassica
oleracea var. gemmifera cv. Cyrus) in a climate-controlled room
(21±1 °C, 50–70% relative humidity, L16:D8).

Experimental treatments

Plants were either undamaged, or subjected to herbivory by
either aphids, caterpillars or a combination of both restricted
to a single leaf. The following treatments were used: control un-
damaged plants (C) and plants infested with either 50 aphids
(50A), 100 aphids (100A), 30 caterpillars (P), 50 aphids and
30 caterpillars (50A+P), or 100 aphids and 30 caterpillars
(100A+P). For the aphid infestations, a combination of first
and second instar nymphs was placed on the youngest fully
expanded leaf of each plant. After 48h, the three caterpillar
treatments were infested with 30 early first-instar caterpillars,
on the same leaf as the aphids in the case of the dual-infestation
treatments, or on a comparable leaf for the treatment having
only caterpillars. All herbivores were left to feed for a further
24h before sampling. The induction of plant defences in
response to aphids generally takes longer than the induction
of defences in response to caterpillar feeding (Guerrieri &
Digilio 2008; Walling 2008; Will et al. 2007). This is why the
exposure to aphid feeding was extended. The same durations
of herbivore feeding have been applied in previous work on
this system (Ponzio et al. 2016; Ponzio et al. 2014). It was not
necessary to constrain the insects to the leaves, using, for exam-
ple, clip cages, as they did not move to adjacent leaves during
the applied infestation period.

The experiments were conducted in a greenhouse under
comparable climate conditions as for the plant culture. All
treatments were run simultaneously and were repeated six
times spread over a period of four weeks, constituting six bio-
logical replicates. A biological replicate consisted of nine plants
that were exposed to the same treatment of which the sampled
leaves were pooled. For each treatment, two samples were
taken from each plant: the ‘local’, infested leaf and a younger
‘systemic’ adjacent leaf. For the control treatment, only one
leaf per plant was sampled, at an intermediary position. Imme-
diately prior to sampling, all herbivores were removed from the
leaves, and their byproducts (frass or honeydew) removed with
a fine paint brush. Leaves were detached using a surgical blade,
and the nine leaves constituting one biological replicate, local
and systemic leaves separately were wrapped together in alu-
minium foil before being flash frozen in liquid nitrogen and
subsequently stored at�80 °C. Samples were then groundwith
a mortar and pestle in liquid nitrogen and were shipped to
Umeå University, Sweden, on dry ice for analysis.

Metabolomic

Extraction

Freeze-dried leaf samples of 10–12mg were extracted using
1mL of cold chloroform:methanol:H2O (20:60:20), which
contained 7.5 ngμL�1 SA-D6 as an isotope-labelled internal
standard for both GC–mass spectrometry (MS) and LC–MS.

Plant metabolome during dual insect attack 1357

© 2017 The Authors Plant, Cell & Environment Published by John Wiley & Sons Ltd, Plant, Cell and Environment, 40, 1356–1367



Other internal standards included in the extraction buffer for
quality control (GC–MS detection) were methyl stearate-13C4,
hexadecanoic acid 13C4, succinic acid-D4,α-ketoglutarate-13C4,
L-glutamic acid-13C5-15N, myristic acid-13C and putrescine-D4.
A 3mm tungsten carbide bead was introduced in each vial, and
sampleswereagitated for3minat30HzinanMM301Vibration
Mill (Retsch GmbH and Co. KG, Haan, Germany). Extracts
werecentrifugedat20800g for10minat4 °Cinorder to remove
tissue debris from themixture and to avoid contamination. Two
hundredmicrolitresof the supernatantwasevaporateduntil dry
using a SpeedVac™. For LC–MS analysis, dried samples were
re-dissolved in 10μL of cold methanol and diluted with 10μL
of cold water prior to being injected into the system. For
GC–MS analysis, samples were further derived using 30μL
of methoxyamine (15μgμL�1 in pyridine), agitated for
10min, allowed to react for 16h at 25 °C. Sylilation was done
with 30μL of N-methyl-N-[trimethylsilyl]trifluoroacetamide
(MSTFA) and reacted for 1 h at 25 °C. Last, GC–MS samples
were diluted in 30μL of heptane which contained 15ngμL�1

of methyl stearate (internal standard) and then injected into
the system.

Gas chromatography–mass spectrometry (GC–MS)

One microlitre of the derived sample was injected splitless (or
split 1:20) by a CTC Combi Pal Xt Duo (CTC Analytics AG,
Switzerland) auto-sampler/robot into an Agilent 7890A gas
chromatograph equipped with a 30m×0.25mm i.d. fused-silica
capillary column with a chemically bonded 0.25μm DB 5-MS
UI stationary phase (J&W Scientific, Folsom, CA). The injec-
tor temperature was 260 °C, the purge flow rate was
20mLmin�1 and the purge was activated after 75 s. The gas
flow rate through the column was 1mLmin�1, and the column
temperature was held at 70 °C for 2min, followed by an
increase of 20 °Cmin�1 to 320 °C, and this temperature was
held for 8min. The column effluent was added into the ion
source of a Pegasus HT time-of-flight mass spectrometer,
GC/TOF-MS (Leco Corp., St Joseph, MI). The transfer line
was at a temperature of 250 °C, and the ion source temperature
was at 200 °C. Ions were generated by a 70-eVelectron beam at
an ionization current of 2.0mA, and 20 spectra s�1 were
recorded in themass range 50� 800m/z. The acceleration volt-
age was turned on after a solvent delay of 290 s. The detector
voltage was 1500–2000V.

Liquid chromatography–mass spectrometry (LC–
MS)

Chromatographic separation was done on an Agilent 1290
Infinity UHPLC system (Agilent Technologies, Waldbronn,
Germany). Two microlitres of extracted leaf samples (re-
suspended aliquots) was injected onto an Acquity UPLC
HSS T3, 2.1× 50mm, 1.8μm C18 column combined with a
2.1mm×5mm, 1.8μm VanGuard precolumn (Waters
Corporation, Milford, MA, USA) held at 40 °C. The gradient
elution buffers used were A (H2O, 0.1% formic acid) and B
(75/25 acetonitrile:2-propanol, 0.1% formic acid), and the flow

rate was 0.5mLmin�1. The compounds were eluted with a
linear gradient consisting of 0.1–10% B over 2min, and B
was increased to 99% over 5min and held at 99% for 2min;
B was decreased to 0.1% for 0.3min, and the flow rate was
increased to 0.8mLmin�1 for 0.5min; these conditions were
held for 0.9min, after which the flow rate was reduced to
0.5mLmin�1 for 0.1min before the next injection.

The compounds were detected with an Agilent 6540 Q-TOF
mass spectrometer equipped with a jet stream electrospray ion
source operating in negative ionization mode. A reference
interface was connected for accurate mass measurements; the
reference ions purine (4μM) and HP-0921 (Hexakis(1H, 1H,
3H-tetrafluoropropoxy)phosphazine) (1μM) both purchased
from Agilent Technologies (Santa Clara, CA, USA) were
infused directly into the MS at a flow rate of 0.05mLmin�1

for internal calibration, and the monitored ions were purine
(m/z 119.03632); HP-0921 (m/z 966.000725). The gas tempera-
ture was set to 300 °C, the drying gas flow to 8Lmin�1 and
the nebulizer pressure 40 psig. The sheath gas temp was set
to 350 °C and the sheath gas flow 11Lmin�1. The capillary
voltage was set to 4000V in positive ion mode, and to 4000V
in negative ion mode. The nozzle voltage was 0V. The
fragmentor voltage was 100V, the skimmer 45V and the
OCT 1RFVpp 750V. The collision energywas set to 0V, while
the m/z range was 70 – 1700. Data were collected in centroid
mode with an acquisition rate of 4 scans s�1.

Orbitrap tandem mass spectrometry (MS–MS)

In order to verify the data acquired by the ultra-high
performance liquid chromatography–electrospray ionization
(UHPLC–ESI)/TOF-MS, samples were re-analysed by
UHPLC–MS–MS using linear ion trap (LTQ-Orbitrap).
Separation was performed on a Thermo Accela LC system,
equipped with a column oven (held at 40 °C) and a Hypersil
C18GOLD™ column (2.1× 50mm, 1.9μm;mobile phase as for
theUHPLC–ESI/TOFMS) and analysed by tandemmass spec-
trometry using a LTQ/Orbitrap mass spectrometer (Thermo
Fisher Scientific, Bremen,Germany).Externalmass calibration
was performed according to themanufacturer’s guidelines.

Compound identification and data processing

For GC–MS, identification of compounds was based on com-
parison of retention indices and mass spectra libraries with
the Swedish Metabolomics Centre in-house database and the
public Golm Metabolome Database of the Max Planck
Institute. Retention indices were calculated relatively to the
C8-C40 alkane series which was included in the analysis.
Feature extraction and peak integration from the raw data
were performed in Matlab® environment. Samples were
normalized by PCA UVN scores of the values integrated for
the internal standards (methyl stearate, SA-D6, methyl
stearate-13C4, hexadecanoic acid 13C4, succinic acid-D4,
α-ketoglutarate-13C4, L-glutamic acid-13C5-15N, myristic
acid-13C and putrescine-D4).

For LC–MS, mass feature extraction (MFE) for the data ac-
quired was performed using the MassHunter™ Qualitative
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Analysis software package, version B06.00 (Agilent Technolo-
gies Inc., Santa Clara, CA, USA). Extracted features were
aligned and matched between samples using Mass Profiler
Professional™ 12.5 (Agilent Technologies Inc., Santa Clara,
CA, USA). Compound identities were then compared to
pure GS standards (Phytoplan, Diehm & Neuberger
#,32] GmbH,Heidelberg, Germany) (sinigrin= 2-propenyl GS,
glucoiberin= 3-methylsulfinylpropyl GS, glucobrassicin= 3-
indolylmethyl GS, gluconapin= 3-butenyl GS, glucobrass-
icanapin=4-pentenyl GS, glucotropaeolin=benzyl GS,
gluconasturtin= 2-phenylethyl GS, progoitrin= 2(R)-2-hy-
droxy-3-butenyl GS), METLIN mass spectra depository and
additional literature references for GS (Clarke 2010), and for
flavonol glucosides and hydroxycinnamic acid derivatives
(Lin et al. 2011). Additional tandem mass data analysis by
Orbitrap was used to compare the MSn profiles and confirm
the list of identifications.RawdatawereprocessedusingSieve®
and Matlab® software for peak alignment and integration.
Normalization was performed for the integrated area of the
labelled internal standards (SA-D6, m/z [M�H�] 141.046).
Metabolite amounts were based on integrated chromatogram
peak areas divided by the fresh weight of the tissues used in the
analysis. This is a standard procedure for high-throughput
metabolite screening.

Statistical analysis

The metabolic profiles were analysed through multivariate
data analysis using orthogonal projection to latent structures
discriminant analysis (OPLS-DA) (Eriksson et al. 2006), exe-
cuted with the SIMCA-14 software program (Umetrics AB,
Umeå, Sweden). This projection method determines whether
samples can be separated based on differences in the overall
metabolite profiles. Orthogonal projection to latent structures
discriminant analysis computes the part of variation of X
(matrix with metabolites) which is predictive (correlated to Y,
with Y being a data matrix of dummy variables assigning a

sample to it respective class, here treatment) and the variation
which is orthogonal (unrelated) to Y (Trygg & Wold 2002), as
removal of non-correlated variation from the PLS model
enhances its interpretability. The results of the analysis are then
visualized in score plots, which show the sample structure
according to latent variables (LVs), and loading plots, which
display the contribution of the variables to these LVs as well
as the relationships among the variables. For the pairwise com-
parisons presented in Table 1, the number of orthogonal LVs
was standardized to a maximum of three LVs, in order to facil-
itate comparisons across the different pairwise models and to
minimize the risk of overfitting the models. In order to identify
the most highly influential metabolites in the different models,
the variable importance in the projection (VIP) of each
variable (in this case, the different compounds) was used, with
variables having VIP values greater than 1 being most influen-
tial in themodel (Eriksson et al. 2006).Data weremean centred
and scaled to unit variance before they were subjected to the
analysis. All unknown metabolites were included in the analy-
sis, but subsequently masked in the loading plots in order to in-
crease the interpretability of the plots. Individual metabolites
and total GS were analysed in SPPS 22 (IBM, Armonk, NY,
USA) by one-way analysis of variance (ANOVA) followed
by Tukey’s posthoc test. Following inspection of the residuals,
data that did not follow a normal distribution were log or
square root transformed. If only the assumption of equal vari-
ances was violated, then a one-way Welch ANOVAwas done,
followed by Games–Howell post-hoc test, which is suited to
data with unequal variances.

RESULTS

The metabolomic analysis resulted in the detection of 221 met-
abolic features, 110 of which could be fully identified, covering
both primary and secondary metabolism. The major classes of
identified compounds were amino acids, sugars, acids, GS,
hydroxycinnamic acid derivatives and flavonol glucosides

Table 1. Overview of pairwise comparisons using multivariate data analysis [orthogonal projection to latent structures discriminant analysis (OPLS-
DA)] in the local and systemic leaf samples, with orthogonal variation standardized at maximum three latent variables. Model parameters were in-
cluded for all comparisons where a separation between treatments was possible

Model parameters

Model number Treatment A Treatment B Latent variables R2X(cum) R2Y(cum) Q2(cum)

Local leaf samples
1 50A 100A 1+ 3 + 0 0.625 0.998 0.515
2 50A+P 100A+P 1 + 0 + 0 0.306 0.576 0.192
3 P 50A+P — — — —
4 P 100A+P 1 + 3 + 0 0.676 0.991 0.137
5 50A 50A+P 1 + 3 + 0 0.524 0.984 0.365
6 100A 100A+P 1 + 2 + 0 0.521 0.985 0.391
Systemic leaf samples
7 50A 100A — — — —
8 50A+P 100A+P 1 + 3 + 0 0.645 0.997 0.378
9 P 50A+P 1 + 1 + 0 0.687 0.998 0.560
10 P 100A+P — — — —
11 50A 50A+P — — — —
12 100A 100A+P — — — —
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(Tables S1 and S2). In general, insect herbivory altered the
plants’ metabolome, with the strongest differences seen
between control and treated plants (Fig. 1), and smaller differ-
ences between the infestation treatments.

Local versus systemic responses to herbivory

Treatment-specific effects were much stronger in the local
leaves of insect-damaged plants (Fig. 1a) than for the systemic
leaf samples (Fig. 1b), which resulted in a weak and unreliable
model where control plants could not be adequately separated
from the ‘systemic’ samples from treated plants. When the
metabolomes of herbivore-infested plants were compared to
each other in a pairwise fashion for the local and systemic sam-
ples separately (Table 1), five out of six OPLS-DA compari-
sons resulted in statistically significant separation of the
treatments for the local tissue samples, while for the systemic
samples, this was only the case for two out of six comparisons.
Examination of the loading plots (Fig. S1) and associated VIP
value lists of the ‘local’ models showed that it was rarely the
same individual compound or set of compounds that contrib-
uted to the pairwise differences across the different compari-
sons. For instance, when comparing the 50 and 100 aphids
density conditions, with and without caterpillars – that is, 50A
versus 50AP (model 5) and 100A versus 100AP (model 6) –
the group of discriminant metabolites (VIP list) in each case
was highly divergent: indeed, while the effect of Pieris

caterpillars on plants treated with low-density infestation of
aphids (50 aphids) mainly resulted in changes in sugars and
phenolic compounds (flavonol glucosides and
hydroxycinnamic acid derivatives), the effect of Pieris feeding
on plants with a high-density aphid infestation (100 aphids)
was explained by GS (mainly glucobrassicin and glucoiberin)
and many unknown compounds (Fig. S1). On the other hand,
comparison of the two systemic treatment pairs showed a
strong overlap in the highly discriminant metabolites, particu-
larly reduced glutathione (GSH), phenylalanine, three flavonol
glucosides and several unknown compounds (Fig. S1).

The weak response in adjacent leavesmotivated the decision
to perform further statistical analyses exclusively on the local
leaf samples in the remainder of this section.

Response to aphids versus caterpillars

More subtle effects of the aphid treatments on local leaves
were detected by excluding aphid density from the explanatory
variables. In this way, differences could be detected based on
the binary absence or presence of aphids or caterpillars. In this
model, the projection showed a separation on the first LVas an
effect of caterpillar herbivory, separating plants infested only
with aphids from caterpillar-infested plants (Fig. 2a). Plants
that were simultaneously damaged by both herbivores could
not be separated from plants which were infested with only
caterpillars, indicating that caterpillar herbivory overrode the

Figure 1. Multivariate analysis [orthogonal projection to latent structures discriminant analysis (OPLS-DA), score plot] of Brassica nigra leaf
metabolic profiles, describing the effect of aphid and caterpillar herbivory and aphid density in (a) the local, infested leaf and (b) the adjacent, younger
uninfested leaf. Statistics for (a); OPLS-DA: 3 + 2 + 0 latent variables, with R2X= 0.572 R2Y= 0.519 Q2 = 0.213 and (b); OPLS-DA:2 + 1 + 0 latent
variables, withR2X= 0.504,R2Y = 0.276,Q2 = 0.081. Symbols in the score plot refer to healthy plants (C), plants infested with 50Brevicoryne brassicae
aphids (50A), 100 aphids (100A), 30 Pieris brassicae caterpillars (P), 50 aphids plus caterpillars (50A+P) or 100 aphids plus caterpillars (100A+P).
The ellipse defines Hotelling’s T2 confidence region (95%).
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effect of aphid infestation on the plant metabolome (Fig. 2a).
The corresponding loading plot (Fig. 2b) andVIP plots showed
that aphid-only-infested plants generally contained more
sugars, particularly fructose, trehalose, maltose/cellobiose,
ribitol, glucose and sorbose, as well as GSH, α-tocopherol,
p-coumaric-acid and Qn-3-coumaroylsophoroside-7-glucoside.
The caterpillar-infested treatments were primarily character-
ized by higher levels of many GS, namely glucoiberin,
gluconapin, glucobrassicin, neoglucobrassicin, sinigrin and
gluconasturtin.

Effect of aphid density on the response to
caterpillars

After dividing the dataset into the two aphid density subsets
(50 and 100 aphids) and modelling the effects separately for
each aphid density, the overall picture of aphid-induced
effects could be further refined (Fig. 3a). At the higher aphid
density, a strong separation was visible between the 100
aphids-, caterpillar- and dual infestation treatments, with the
first LV corresponding to the effect of the caterpillars on
the plant metabolome. Metabolites which contributed
strongly to the separation were eight GS (with only

4-methoxy-glucobrassicin primarily associated to the dual
infestation treatment), glycolic acid, phosphoric acid, GSH
and two sugars (fructose and trehalose). However, a signifi-
cant overlap among the treatments was found when the same
analysis was performed on the lower aphid density infestation
(50 aphids), and hence no model could be created, indicating
that the effects of aphid infestation on caterpillar induction
was density dependent. Thus, aphid infestation had an effect
on the plant metabolomic response to herbivory by caterpil-
lars, but only at the higher density.

Minor effects were better visualized when the number of
treatments compared was decreased. As the caterpillar herbiv-
ory treatment (P) had a strong influence on the models, it was
then omitted from the analyses in order to reveal potential
minor density-dependent effects of aphid infestation on the
single and dual stress treatments (Fig. 4). In this model, the pro-
jection showed an effect of both caterpillar herbivory and
aphid density (Fig. 4a). A first LV separated the treatments
according to aphid density, and a second LV separated plants
subjected to caterpillar herbivory separated from plants with-
out caterpillar herbivory. This approach confirmed the density
effects already observed in the previous comparison between
plants with 100 aphids, caterpillars or both (Fig. 3). One of
the main discriminatory groups of metabolites in this model

Figure 2. Multivariate analysis (OPLS-DA, scores (a) and loadings (b)) ofBrassica nigra leaf metabolic profiles, describing the cumulative effect of
aphid and caterpillar herbivory in the local, infested leaf. OPLS-DA: 1 + 1 + 0 latent variables, withR2X= 0.121R2Y= 0.494Q2 = 0.201. Symbols in the
score plot (a) refer to plants infested with Brevicoryne brassicae aphids, Pieris brassicae caterpillars or aphids plus caterpillars. The ellipse defines
Hotelling’s T2 confidence region (95%), and the second latent variable represents the orthogonal variation. (b) Loading plot of the first two
components of the OPLS-DA, showing the contribution of each of the individual metabolites towards the model, with only the known compounds
visualized. Numbers refer to the highly discriminatory metabolites: (1) fructose, (2) fructose/sorbose, (3) maltose/cellobiose, (4) ribitol, (5) glucose, (6)
trehalose, (7) sorbose, (8) p-coumaric-acid, (9) GSH, (10) α-tocopherol, (11) glucoiberin, (12) gluconapin, (13) glucobrassicin, (14) neoglucobrassicin,
(15) sinigrin, (16) gluconasturtin and (17) Qn-3-coumaroylsophoroside-7-glucoside.

Plant metabolome during dual insect attack 1361

© 2017 The Authors Plant, Cell & Environment Published by John Wiley & Sons Ltd, Plant, Cell and Environment, 40, 1356–1367



was the GS (Fig. 4b). Seven of these were higher in both
caterpillar-infested treatments (in order of importance; gluco-
iberin, sinigrin, gluconapin, glucobrassicin, neoglucobrassicin,
4-hydroxy-glucobrassicin and gluconasturtin, bearing in mind
that sinigrin is themost dominant GS inB. nigra). On the other
hand, single infestation by aphids generally led to higher levels
of sugars. A density-dependent effect was observed on some of
these sugars, with the 100-aphid treatment leading to a higher
content of ribose, ribitol, trehalose, maltose and xylose, while
the 50-aphid treatment was characterized by increased levels
of fructose. Plants that were single or dual infested with
100 aphids also showed an increasing trend of the two fatty-
acid compounds, namely cis,cis-linoleic acid (octadecadienoic
acid, 9,12-[Z,Z]-) and α-linolenic acid (octadecatrienoic acid,
9,12,15-[Z,Z,Z]-), while plants with the lower aphid density
showed increased levels of glycolic acid in both single and dual
infestation treatments.

Effects of herbivory treatment on individual
compounds

The effects of compounds which appeared to have strong dis-
criminatory effects in several models were further investigated

with univariate analysis (Fig. 5). Although OPLS-DA loading
plots (Figs 2b and 4b) showed fewGS to be affected in a highly
treatment-specific manner, all GS combined tended to be af-
fected as a group. Analysis by ANOVA indicated that aliphatic
and indolic GS were affected in the same way when these two
GS groups were analysed separately, so only the effects on total
GS are reported here (Fig. 5a). While herbivory generally led
to an increase in total GS levels, aphid density did not affect
GS levels significantly in this study (Welch ANOVA, df =5,
F=11.382, P< 0.001). There was an interactive effect of cater-
pillar herbivory and aphid density in the dual treatments. Infes-
tation with 50 aphids, alone or in combination with caterpillars,
induced GS to similar levels as in leaves damaged by caterpil-
lars alone. However, in plants infested with 100 aphids, GS
were only induced in the presence of caterpillars. The sugar tre-
halose (Fig. 5b) was another important compound in separating
the different treatments. Levels of this compound did not in-
crease after caterpillar herbivory alone but showed a strong in-
crease in both the single and dual aphid-infestation treatments
(one-way ANOVA, df= 5, F=18.23, P< 0.001). Furthermore,
these effects were aphid-density dependent, with the highest
levels of trehalose found following infestation with 100 aphids.
Glutathione GSH (Fig. 5c) was also found to be strongly

Figure 3. Multivariate analysis (OPLS-DA, scores (a) and loadings (b)) of Brassica nigra leaf metabolic profiles, describing the effect of aphid and
caterpillar herbivory in the local, infested leaf, at the higher aphid density. OPLS-DA: 2 + 3 + 0 latent variables, withR2X= 0.643R2Y= 0.951Q2 = 0.4.
Symbols in the score plot (a) refer to plants infested with 100Brevicoryne brassicae aphids (100A), 30Pieris brassicae caterpillars (P) or 100 aphids plus
30 caterpillars (100A+P). The ellipse defines Hotelling’s T2 confidence region (95%), and a second latent variable was added for representational
purposes. (b) Loading plot of the first two components of the OPLS-DA, showing the contribution of each of the individual metabolites towards the
model, with only the known compounds visualized. Numbers refer to the highly discriminatory metabolites: (1) glucoiberin, (2) neoglucobrassicin, (3)
glucobrassicin, (4) sinigrin, (5) gluconapin, (6) gluconasturtin, (7) 4-hydroxy-glucobrassicin, (8) 4-methoxy-glucobrassicin, (9) glycolic acid, (10)
phosphoric acid, (11) GSH, (12) fructose and (13) trehalose.
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induced by aphid infestation (one-wayANOVA, df= 5, F=7.59
P< 0.001), whether alone or in co-infestation with caterpillars,
but not induced by caterpillar herbivory alone.

DISCUSSION

The metabolome of B. nigra plants was differentially affected
by feeding by B. brassicae aphids or P. brassicae caterpillars,
both in single infestations and when present simultaneously.
The effects of caterpillar herbivory were the strongest in terms
of changing the metabolome compared to the control and
largely overrode aphid-induced changes. Kutyniok & Müller
(2012) showed that while aphid infestation did change the A.
thaliana metabolic fingerprint, combined attack with root-
feeding nematodes did not result in measurable effects. The
difference in strength of effect by the two herbivore species in
our study may also account for the overriding effects of
caterpillar herbivory we found. This is most likely caused by
the difference in feeding mode, that is, indiscriminate tissue
removal by caterpillars versus stealthy sap-feeding by aphids.
Despite the strong influence of caterpillar herbivory, aphid

density-dependent effects on caterpillar induction were
detected as well. Aphids generally had a stronger effect on the

overall metabolite profile at the higher density both when pres-
ent alone or in combination with caterpillars. Herbivore-den-
sity-dependent effects on plant metabolome were previously
shown for geometrid caterpillars (Epirrita autumna) feeding on
mountain birch trees (Betula pubescens ssp. czerepanovii)
(Ossipov et al. 2014): increasing density was linked to important
biochemical changes, including an increase in secondary com-
pounds (phenolics), but notGSanddecreasedprimarymetabo-
lism (nutritivemetabolites). Herbivore density is a factor that is
not often included when studying herbivore-induced plant
responses. Recent studies have shown that herbivore density
canhaveanimportanteffectontheoutcomeof theinducedplant
response (e.g. Kroes et al. in 2017; Kroes et al. 2015; Ponzio et al.
2016).

Herbivory results in numerous changes affecting both
primary and secondary metabolism, and these may further
depend on the type of inflicted damage. For example,
leaf-chewing caterpillars and sap-sucking aphids differentially
activate hormone-regulated defence pathways, primarily con-
trolled by JA and SA, respectively, and antagonism between
or prioritization of these pathways may occur when they are
simultaneously or sequentially activated (Stam et al. 2014).
In addition, herbivory may result in mobilization of

Figure 4. Multivariate analysis (OPLS-DA, scores (a) and loadings (b)) of Brassica nigra leaf metabolic profiles, describing the effect of aphid
density. OPLS-DA: 1 + 4 + 0 latent variables, with R2X = 0.525 R2Y= 0.746 Q2 = 0.155. Symbols in the score plot (a) refer to plants infested with 50
Brevicoryne brassicae aphids (50A), 100 aphids (100A), 50 aphids plus 30 Pieris brassicae caterpillars (50A+P) or 100 aphids plus 30 caterpillars
(100A+P). The ellipse defines Hotelling’s T2 confidence region (95%), and a second latent variable was added for representational purposes. (b)
Loading plot of the first two components of the OPLS-DA, showing the contribution of each of the individual metabolites towards the model, with
only the known compounds visualized. Numbers refer to the highly discriminatory metabolites: (1) glucoiberin, (2) sinigrin, (3) gluconapin, (4)
glucobrassicin, (5) neoglucobrassicin, (6) 4-hydroxy-glucobrassicin, (7) gluconasturtin, (8) ribose, (9) ribitol, (10) trehalose, (11) maltose/cellobiose
(12) xylose, (13) fructose, (14) cis,cis-linoleic acid, (15) α-linolenic acid and (16) glycolic acid.
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metabolites. At the transcriptional level, significant differ-
ences have been reported for B. nigra responses to aphid
(B. brassicae) and caterpillar (P. rapae) feeding
(Broekgaarden et al. 2011). Both herbivore species induced
defence-related genes and suppressed transcription of genes
related to photosynthesis and plant development. However,
there was little overlap in the induction or repression of indi-
vidual genes including genes involved in GS biosynthesis, as
well as genes responsive to JA and SA (Broekgaarden et al.
2011). We expected the response of the plant to different
herbivore treatments to be detectable downstream in the
metabolome, especially for metabolites that are sensitive to
the activity of JA and SA (Schweiger et al. 2014). This clear
division in induction between leaf chewers and sap-sucking

herbivores has been demonstrated for the volatile metabo-
lome (Rowen & Kaplan 2016).

Effects on plant secondary metabolism

Oneof themost stronglyaffectedmetabolite classeswas theGS,
where we found that levels of both aliphatic and indolic GS
followed the same treatment-specific patterns of induction, that
is, higher GS levels in response to caterpillar feeding, whereas
changes in GS levels in response to aphid feeding were only
found at the lower density of 50 aphids. In plants infested with
aphids only or in combination with caterpillars, this resulted in
a slight but statistically not significant increase, and GS levels
were intermediate but not significantly different from levels in
controlplants or those infestedwith caterpillars alone.These re-
sults imply that interference of induction in response to feeding
byB.brassicaeandP. brassicaeonlyoccurs at relative lowdensi-
ties of the aphid.

Studies investigating GS concentrations during dual attack
found that there was no effect of dual caterpillar herbivory by
P. brassicae and B. brassicae on cultivated B. oleracea GS
content (Soler et al. 2012), and no effect of dual stress with P.
brassicae and ozone exposure in B. nigra except for the GS
glucoraphanin that increased (Khaling et al. 2015; Papazian
et al. 2016). Combined attack by flea beetles (Phyllotreta
nemorum) and an oomycete pathogen (Albugo sp.) had an
additive effect on GS induction in the brassicaceous plant
Barbarea vulgaris (van Mölken et al. 2014). However, in all
these studies, attacker density effects have not been consid-
ered, whereas our study has shown that in order to determine
the potential effects of dual attack on the plant’s metabolome
response, herbivore density must be considered as it may influ-
ence the strength and direction of plant responses (Soler et al.
2005; Sotelo et al. 2014). Generalizations based on studies using
single herbivore species should be done cautiously. For exam-
ple, even insects belonging to the same feeding guild do not al-
ways induce the same response in the plant (Kuśnierczyk et al.
2007; Li et al. 2016). Similarly, plant responses to exogenous
application of JA and SA do not necessarily fully mimic
responses to biting–chewing and piercing–sucking insect
herbivore, respectively (Heidel & Baldwin 2004).

Effects on plant primary metabolism

Along with the GS, sugars were another class of metabolites
which were strongly affected by herbivory. Feeding by B.
brassicae induced a strong accumulation of many sugars in B.
nigra plants, and fructose and trehalose were positively corre-
lated to aphid density. This was shown previously for trehalose
in Myzus persicae-infested Arabidopsis plants (Hodge et al.
2013), in both the infested and uninfested leaves, although it
can also be present only in the infested leaves (Singh et al.
2011). In our case, trehalose was present only in the aphid-
infested samples and was absent from the systemic samples.
Thus, it cannot be excluded that this metabolite was present
in the aphid honeydew rather than in the plant, although it
may be that aphids concentrate and excrete plant-derived

Figure 5. Integrated chromatogram peak areas (mean± SE,N= 6) of
(a) total glucosinolates, (b) trehalose and (c) glutathione GSH in
Brassica nigra (local) leaf tissues of plants exposed to different
herbivory treatments. Different letters over the bars indicate significant
differences. Treatment abbreviations: 50A, 50 Brevicoryne brassicae
aphids; 100A, 100 aphids; P, 30 Pieris brassicae caterpillars, 50A+P, 50
aphids plus 30 caterpillars, 100A+P, 100 aphids plus 30 caterpillars.

1364 C. Ponzio et al.

© 2017 The Authors Plant, Cell & Environment Published by John Wiley & Sons Ltd, Plant, Cell and Environment, 40, 1356–1367



trehalose. This may also be the case for other sugars that were
significantly affected by aphid herbivory (fructose, sucrose), as
in Tuberculatus quercicola aphids, trehalose, glucose, fructose,
sucrose and melezitose together represented around 90% of
the honeydew’s total sugar content (Yao & Akimoto 2001).
Trehalose is called a ‘protective sugar’, because it is involved
in induced plant responses against (a)biotic stresses, conferring
tolerance to drought (Fernandez et al. 2010), and accumulating
in plant tissues in response to pathogen infection or infestation
by phloem-feeding insects (Fernandez et al. 2010; Singh&Shah
2012). Plants under (a)biotic stress produce reactive oxygen
species, and trehalose protects against oxidative damage
(Fernandez et al. 2010).
Interestingly, glutathione GSH followed a similar pattern of

induction: it is strongly induced by aphid herbivory but not by
caterpillar herbivory. Glutathione (both GSH and oxidized
glutathione (GSSG)) is referred to as the ‘master antioxidant’,
protecting cells from oxidative damage during biotic or abiotic
stress. It is known to be involved in defence responses against
phytopathogens via cross-communication with the salicylic-
acid signalling pathway (Ghanta et al. 2011; Mou et al. 2003),
although it can also be active against insect herbivory
(Liu et al. 2015).
Primary and secondary metabolism are connected and inter-

related (for example Papazian et al. 2016), and the changes to a
part of themetabolism are likely to have far reaching effects on
the entire metabolome. Elements of the primary metabolism
may also serve key roles in plant defence, and plant
tolerance/resistance to herbivory requires changes in both
primary and secondarymetabolism. Themore subtlemetabolic
changes that were found in this study were regarded ‘of minor
importance’, as samples were pooled to hide individualistic
behaviours and instead emphasize the main metabolic
responses to the stress conditions under test.
The herbivore-induced effects on the metabolome were

more pronounced in the leaf where the damage occurred than
in the adjacent younger leaf in which differences among her-
bivory treatments were no longer detectable. Systemic re-
sponses are the result of long-distance transport of signalling
molecules in phloem or xylem to distant leaves (Orians
2005). While herbivore species can elicit unique biochemical
responses in the leaf where the damaged occurred, our data
show that local feeding does not result in exactly the same
metabolic changes in adjacent sink leaves. Both vascular con-
nectivity and ontogenetic differences between leaves may
have further confounded herbivore-specific responses
(Ferrieri et al. 2015; Orians 2005; Viswanathan & Thaler
2004). Given that aphids are specifically feeding on the
phloem and are known to only transiently induce defence-
signalling pathways (Walling 2008), it would be interesting to
assess metabolite changes directly in the phloem. In response
to exogenous application of JA and SA, levels of amino acids
and sugars (sugars were only reduced in SA-treated plants)
were lower compared to those found in control phloem exu-
dates (Schweiger et al. 2014), suggesting that the induced plant
response can also be highly tissue specific.
To summarize, while caterpillar herbivory had the strongest

effect, there was an interactive effect of infestation by the two

herbivores, and this effect was aphid density dependent. Her-
bivory by P. brassicae caterpillars and B. brassicae aphids did
not exclusively change secondary plant metabolism; primary
metabolism underwent important changes as well, showing ef-
fects on the allocation of resources, and highlighting primary
metabolites which may even have defensive functions them-
selves or modulate defence signalling pathways (Schwachtje
& Baldwin 2008; Steinbrenner et al. 2011). As organisms
interacting with plants usually are affected by changes in me-
tabolite mixtures, and not only by variation in concentrations
of individual compounds, an untargeted or wide approach is
important to better understand the interaction between plants
and insects (Jansen et al. 2009; Schweiger et al. 2014). More-
over, many minor changes in a multitude of compounds which
may not be significantly affected individually, as seen here, may
have stronger effects on interacting organisms than limited
changes in only a few important targeted compounds, as was
found for the volatile metabolome of B. nigra (Ponzio et al.
2016; Ponzio et al. 2014). Consideration of a single compound
class provides important insight in plant modulation of defence
responses but fails to provide a clear picture of the global met-
abolic plant response to one or several attackers.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Figure S1.Multivariate analysis (with (a) OPLS-DA score plot
and (b) loading plot) of B. nigra leaf metabolic profiles of the
pairwise comparisons presented in Table 1 for which there
was a separation between the two treatments. Model numbers
refer to the numbers used in Table 1. Symbols in the score plot
refer to healthy plants (C) plants infested with 50 B. brassicae
aphids (50A), 100 aphids (100A), P. brassicae caterpillars (P),
50 aphids plus caterpillars (50A+P) or 100 aphids plus caterpil-
lars (100A+P). The ellipse defines Hotelling’s T2 confidence
region (95%).
Table S1. Identified and unknown metabolites from GC-
TOF-MS analysis. Compound class, retention index (RI) and
compound identity are reported.
Table S2. Identified and unknownmetabolites fromLC-qTOF-
MS analysis. Compound class, retention time (Rt), detected
mass charge ration (m/z, negative ionization mode [M�H]�)
and compound identity are reported. Flavonol glucoside
abbreviations: Is = Isorhamnetin, Km=Kaempferol,
Qn=Quercetin.
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