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Abstract Western flower thrips (Frankliniella occidentalis)
has become a key insect pest of agricultural and horticul-
tural crops worldwide. Little is known about host plant
resistance to thrips. In this study, we investigated thrips
resistance in F2 hybrids of Senecio jacobaea and Senecio
aquaticus. We identified thrips-resistant hybrids applying
three different bioassays. Subsequently, we compared the
metabolomic profiles of these hybrids applying nuclear
magnetic resonance spectroscopy (NMR). The new devel-
opments of NMR facilitate a wide range coverage of the
metabolome. This makes NMR especially suitable if there
is no a priori knowledge of the compounds related to
herbivore resistance and allows a holistic approach analyz-
ing different chemical compounds simultaneously. We show
that the metabolomes of thrips-resistant and -susceptible
hybrids differed considerably. Thrips-resistant hybrids
contained higher amounts of the pyrrolizidine alkaloids
(PA), jacobine, and jaconine, especially in younger leaves.

Also, a flavanoid, kaempferol glucoside, accumulated in the
resistant plants. Both PAs and kaempferol are known for
their inhibitory effect on herbivores. In resistant and
susceptible F2 hybrids, young leaves showed less thrips
damage than old leaves. Consistent with the optimal plant
defense theory, young leaves contained increased levels of
primary metabolites such as sucrose, raffinose, and
stachyose, but also accumulated jacaranone as a secondary
plant defense compound. Our results prove NMR as a
promising tool to identify different metabolites involved in
herbivore resistance. It constitutes a significant advance in
the study of plant–insect relationships, providing key
information on the implementation of herbivore resistance
breeding strategies in plants.
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Introduction

Over the last few decades, western flower thrips (Frankliniella
occidentalis) has spread worldwide to become a key insect
pest of agricultural and horticultural crops (Kirk and Terry
2003). There has been a massive increase in the international
movement of plant material leading to the accidental
transport of thrips. Thrips have many traits that predispose
them to be successful invaders: small size, affinity for
enclosed spaces, and high reproductive potential (Lawton
and Brown 1986). In addition, western flower thrips is
highly polyphagous infesting a wide range of about 200 wild
and cultivated host species (Mantel and van de Vrie 1988).
Thrips have piercing-sucking mouthparts, which enable them
to feed on different types of plant cells (Hunter and Ullman
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1989). Feeding on actively growing tissue leads to distortion,
reduction in plant growth, and eventually yields loss, while
feeding on expanded tissue results in the characteristic silver
leaf scars, which affect product appearance and reduce
market quality (de Jager et al. 1995a). Western flower thrips
causes indirect damage as the primary vector of tospoviruses
(Maris et al. 2002).

Occurrence of host plant resistance to thrips is sparse
and little is known about the underlying mechanisms.
Morphological plant traits were not involved in resistance
to western flower thrips in chrysanthemum (de Jager et al.
1995a). Instead, resistance was influenced by the chemical
composition of host plants (de Jager et al. 1995b, 1996).
Thrips preferentially feed on the older chrysanthemum
leaves (de Jager et al. 1995a). No specific metabolites
directly related to the resistance have yet been identified.
Lately, a novel isobutylamide was suggested to be
associated with host plant resistance to western flower
thrips in chrysanthemum (Tsao et al. 2005). Overexpression
of cysteine protease inhibitors in transgenic chrysanthemum
was not related to thrips resistance (Annadana et al. 2002). In
contrast, transgenic potato multidomain cysteine protease
inhibitors were affiliated with thrips resistance (Outchkourov
et al. 2004a, b).

Plant hybridization may drive the evolution of novel
secondary plant metabolites (Rieseberg and Ellstrand 1993;
Orians 2000) leading to enhanced resistance to herbivores
and pathogens (Fritz 1999). In an earlier study of our group
the metabolic profiles of Senecio jacobaea and Senecio
aquaticus and their F1 hybrids revealed multiple putative
defense compounds (Kirk et al. 2005). This plant material
was used to establish a F2 hybrid generation to obtain
independent segregation of defense characters. In this study,
we investigated the differences in metabolites among
thrips-resistant and -susceptible hybrids of the F2 hybrid
generation of S. jacobaea and S. aquaticus. We especially
looked at metabolic differences among young and old
leaves.

Plants produce a wide array of metabolites which play a
significant role in their interactions with other organisms.
The study of chemical host plant resistance has so far, for
technical reasons, been limited to the identification of
single compounds. However, as is generally the case in
biological processes, it is very likely that not one but
several compounds are involved in plant resistance, the
identity of which is, a priori, unknown. One way to get
round this problem is to use an analytical tool which allows
the simultaneous detection of a wide range of metabolites,
providing an instantaneous image of the metabolome of the
resistant plant.

Nuclear magnetic resonance spectroscopy (NMR)-based
metabolomics may be one of the methods which most fit
this description, allowing the simultaneous detection of

many different compounds, thus contributing to a deeper
holistic approach (Verpoorte et al. 2007). So far, in the field
of plant metabolomics, NMR has been successfully applied
to study the effect of pathogen infection on host plants such
as phytoplasmas in Catharanthus roseus (Choi et al. 2004)
and tobacco mosaic virus in Nicotiana tabacum (Choi et al.
2006). The effect of herbivores on plants has been studied
with NMR spectroscopy for chewing insects such as the
caterpillars Plutella xylostella and Spodoptora exigua in
Brassica rapa (Widarto et al. 2006).

We present the results of three different bioassays
intended to identify thrips-resistant Senecio F2 hybrids on
which NMR-based metabolomics was subsequently applied
to study the metabolic basis of resistance. NMR data were
analyzed using diverse multivariate data analyses for
comparison. Classification of data was validated by
permutation tests.

Methods and Materials

Plant Materials Cuttings of 33 different F2 hybrids of S.
jacobaea and S. aquaticus derived from tissue culture were
transplanted into 11 cm diameter pots filled with equal parts
of dune sand and potting soil in spring 2005. Three clonal
replicates of each F2 hybrid were transferred to a growth
chamber (18:6 L/D, 20:15°C) and grown for 6 weeks. To
obtain resistant and susceptible genotypes, we subjected the
33 F2 hybrids to a thrips choice bioassay. We then selected
the F2 hybrids with the lowest and the highest thrips
damage and confirmed their difference in resistance con-
ducting a non-choice and a dual leaf disc bioassay. Plants of
the susceptible and resistant F2 hybrids for the bioassays as
well as for NMR metabolomics were generated from tissue
culture and grown as described above.

Thrips Bioassays—Whole Plant Choice Bioassay to Identify
the Most Resistant and the Most Susceptible F2 Hybrids In
a fully randomized design, three clonal replicates of each F2

hybrid were subjected to a thrips infestation with F.
occidentalis, reared on chrysanthemum. According to van
de Wetering et al. (1998), there are no significant differ-
ences in leaf area damaged between adult non-viruliferous
male and female F. occidentalis of different ages. Per plant,
ten adult thrips, two males and eight females, were used
and left on the plants for 3 weeks. Thrips were directly
released into the growth chamber by positioning a vial with
4×10 thrips on plant height in the center of four plants.
Thrips does not cause growth damage in Senecio; therefore,
only silver damage, expressed as the leaf area damaged in
square millimeter, was visually scored per plant. The average
of the three replicates was used to analyze differences in
silver damage among the F2 hybrids using a one-way
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ANOVA (Sokal and Rohlf 1995). Differences in silver
damage among the third youngest and the third oldest leaf
were tested with a paired samples t-test (Sokal and Rohlf
1995). Data of thrips damage were not normally distributed
and were, therefore, ln-transformed. To confirm the
identification of thrips-resistant F2 hybrids, we applied
two more bioassays: the whole plant non-choice and the
leaf disc dual choice bioassay.

Whole Plant Non-choice Bioassay One plant of each of the
four most resistant and the four most susceptible F2 hybrids
were placed into individual thrips proof cages, consisting of
plastic cylinders (80 cm height, 20 cm diameter), closed on
both ends with displaceable rings of thrips proof gauze. The
plants were arranged in a fully randomized design and to
each cage ten adult western flower thrips were added and
left for 3 weeks. Thereafter, silver damage, expressed as
the leaf area damaged in square millimeter, was visually
scored for each leaf. In order to investigate morphological
and mechanical resistance, leaf age, hairiness, toughness,
and dry weight were measured. Leaf age was counted in
days, twice a week. Leaf hairiness and toughness were
measured at the time of scoring for thrips damage. At two
locations of each leaf the hairs per square centimeter were
counted and the toughness was measured with a pene-
trometer. Averages per leaf were calculated. Plants were
dried for 3 days in an oven at 50°C whereupon plant dry
weight was measured for each leaf. Silver damage was not
normally distributed. Silver damage per leaf was added up
to analyze differences among resistant and susceptible
hybrid plants with a Kruskall–Wallis test (Sokal and Rohlf
1995). To study the relationship between silver damage per
leaf and leaf age, hairiness, toughness, and dry weight,
correlations, using the non-parametric Kendall's tau b
correlation coefficient, were applied (Sokal and Rohlf 1995).

Leaf Disc Dual Choice Bioassay Dual choice assays were
used to test the thrips preference of pairs of leaf discs from
resistant versus susceptible F2 hybrids as described by
Outchkourov et al. (2004a). Leaf discs deriving from three
different hybrid pairs were used. Pairs were matched at
random. For each pair, the bioassay was repeated five
times. Two leaf discs of 21 mm in diameter were punched
from mature leaves at a similar position and placed on a
thin layer of 1% water agar in a 9-cm diameter Petri dish. A
piece of filter paper (5×5 mm) was positioned between the
discs. Ten female F. occidentalis, which had been starved
for one night, were shortly anesthetized with CO2, and
placed on the filter paper. The Petri dishes were sealed with
parafilm and placed in a growth chamber (16:8, L/D,
20:20°C). The number of thrips on each leaf disc was
recorded at different time points after the start of the
experiment up to 26 h. As the repeated measurements were

not independent, multiple time point measurements were
averaged into an early (0–6 h after starting the experiment)
and a late period (21–26 h after starting the experiment).
Data were analyzed with a one-sided Wilcoxon signed rank
test on the absolute differences of average numbers of
thrips on the susceptible and resistant leaf discs (Sokal and
Rohlf 1995).

Metabolomics—Extraction of Plant Material Ten plants
each of the four most resistant and the four most susceptible
F2 hybrids, as identified in the three thrips bioassays, were
used for NMR metabolomics. Plants were grown under
standard conditions, described above, for 6 weeks. Each third
leaf from above (young leaf) and each third leaf from below
(old leaf) were taken for analysis. Each sample was ground
under liquid N2 and freeze-dried. Freeze-dried plant material
(50 mg) was transferred to a 2-ml microtube. Following a
previous method (Choi et al. 2006), 1.5 ml of a mixture of
KH2PO4 buffer (pH 6.0) in D2O and methanol-d4 (1:1) was
used for the extraction of the plant samples.

For pyrrolizidine alkaloids extraction, a previously
reported method was modified (Pieters et al. 1989). For
this extraction, the ten replicates of each of the four thrips-
resistant and -susceptible hybrids were combined. Three
replicates of this combination were analyzed for each
hybrid. An amount of 100 mg dried leaves was ultra-
sonicated for 30 min with dilute H2SO4 (0.5 M). After
filtration, the filtrate was adjusted pH 9–10 with 10%
ammonium water and fractionated two times with CHCl3.
The combined CHCl3 fractions were dried with Na2SO4

and evaporated to dryness. The dried extracts were
dissolved in CDCl3 containing 0.447 μmol/ml of hexame-
thyldisiloxane (HMDSO).

NMR Analysis NMR spectra were recorded at 25°C on a
600 MHz Bruker DMX-600 spectrometer (Bruker, Karls-
ruhe, Germany) operating at a proton NMR frequency of
600.13 MHz. MeOH-d4 was used as the internal lock. Each
1H-NMR spectrum consisted of 256 scans requiring 8 min
and 30 s acquisition time with the following parameters:
0.12 Hz/point, pulse width (PW) of 30 (11.3 μs), and
relaxation delay (RD) of 2 s. A pre-saturation sequence was
used to suppress the residual H2O signal with low power
selective irradiation at the H2O frequency during the
recycle delay. Free induction decay was Fourier-trans-
formed with a line broadening factor of 0.3 Hz. The
resulting spectra were manually phased and baseline
corrected, and calibrated to the internal standard trimethyl
silyl propionic acid sodium salt (TMSP) at 0.0 ppm using
XWIN NMR (version 3.5, Bruker). The parameters of 2D
NMR experiments such as J-resolved, COSY, HSQC, and
HMBC were the same as those of our previous reports
(Choi et al. 2006).
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For 1D and 2D NMR analysis of pyrrolizidine alkaloids,
the same parameters were used without pre-saturation of
water. Calibration was performed on residual CDCl3 signal
at δ 7.26.

Data Analysis Spectral intensities of 1H-NMR spectra were
scaled to the intensity of the internal standard (TMSP,
0.05% w/v) and reduced to integrated regions of equal
width (0.04) corresponding to the region of δ 0.4–δ 10.0.
The regions of δ 4.8–δ 4.9 and δ 3.28–δ 3.40 were excluded
from the analysis because of the residual signal of water
and MeOH. Principal component analysis (PCA) and
partial least square-discrimination analysis (PLS-DA) were
performed with the SIMCA-P software (v. 11.0, Umetrics,
Umeå, Sweden). The scaling method for PCA was Pareto
and for PLS-DA the unit-variance method. ANOVA,
hierarchical clustering analysis, and t tests were performed
by MultiExperiment Viewer (v. 4.0; Saeed et al. 2003).

PLS-DA models were validated by using the permutation
method through 20 applications, which is a default
validation tool in the software package applied (SIMCA-
P). Variance (R2) and cross-validated variance values
(predictive ability of the model, Q2) of PLS-DA using five
components were calculated.

Results

Whole Plant Choice Bioassay The F2 hybrids differed
significantly in thrips damage (ANOVA, F=3.17, df=32,
P<0.001). In the most resistant hybrid, an 8 mm2 leaf area
was affected by silver damage compared to 349 mm2 in the
most susceptible hybrid. Young leaves had significantly
less silver damage compared to mature leaves (t-test, t=
5.87, df=32, P<0.001). Of these 33 F2 hybrids, the four
most resistant and the four most susceptible ones (Table 1)
were chosen for further testing in a whole plant non-choice
and a leaf disc dual choice bioassay.

Whole Plant Non-choice Bioassay The four thrips-resistant
F2 hybrids, described in the above whole plant choice
bioassay, had significantly (Kruskall–Wallis test, χ2=5.33,
df=1, P=0.029) less thrips damage per plant (94 mm2)
compared to the four susceptible hybrids (368 mm2). The
results of the plant choice and the non-choice bioassay were
thus completely compatible. Resistant F2 hybrids had on
average 15 and susceptible ones 13 leaves, respectively (t-
test, t=1.55, df=6, P=0.17). Silver damage was for all four
resistant and all four susceptible F2 hybrids significantly

Table 1 Silver damage (square millimeter) of the four most resistant
and the four most susceptible Senecio F2 hybrid lines

Hybrid Silver damage

Resistant 217 8±5
115 12±5
119 16±6
206 37±18

Susceptible 108 275±80
204 288±132
221 307±60
114 349±167

Data are means and standard errors of three replicates

Table 2 Correlations (Kendall's tau) between silver damage (square millimeter) per leaf and morphological (leaf age) as well as mechanical
(toughness, hairiness, and dry weight) resistance factors of four thrips-resistant and four thrips-susceptible Senecio F2 hybrid lines

Hybrid Leaf age Toughness Hairiness Dry weight

Resistant 217 0.734 −0.354 −0.743 0.559
N=13 P=0.003** P=0.167 P=0.003** P=0.022*
115 0.716 0.279 −0.750 0.716
N=10 P=0.007** P=0.321 P=0.005** P=0.007**
119 0.552 −0.327 −0.331 0.378
N=15 P=0.008** P=0.162 P=0.115 P=0.072
206 0.597 −0.166 −0.597 0.464
N=14 P=0.011* P=0.519 P=0.011* P=0.048*

Susceptible 114 0.671 −0.379 −0.739 0.648
N=14 P=0.001** P=0.075 P=0.000*** P=0.002**
221 0.726 0.322 −0.658 0.393
N=14 P=0.002** P=0.188 P=0.005** P=0.093
204 0.664 −0.252 −0.503 0.554
N=16 P=0.002** P=0.249 P=0.021* P=0.008**
108 0.486 −0.039 −0.299 0.505
N=15 P=0.014* P=0.854 P=0.132 P=0.011*

N indicates the number of leaves the correlation is based on
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positively correlated to leaf age (Table 2). None of the
morphological and mechanical factors was related to thrips
resistance.

Leaf Disc Dual Choice Bioassay In all three pairs of leaf
discs of resistant versus susceptible F2 hybrids, the number
of thrips in the early (0–6 h after start of the experiment)
period was significantly lower on the leaf disc of the
resistant hybrid (Wilcoxon signed rank test, P=0.028;
0.042; 0.018). For two out of the three leaf pairs, this was
true for the late period (21–26 h after starting the
experiment) as well (Wilcoxon signed rank test, P=0.043;
0.046; 0.715).

Application of the 1D and 2D NMR Spectroscopy
for Elucidation of Metabolites The 1H-NMR spectra of
plant extracts always give congested signals. In our
previous work, 2D J-resolved spectra were successfully
applied to overcome the signal overlapping (Choi et al.
2006). Indeed, by applying J-resolved spectra in this
study, the signals of flavanoid glycosides, raffinose,
stachyose, and sucrose were clearly resolved (Fig. 1a). In
the aromatic region, two isomeric phenylpropanoids, 3-O-
caffeoyl quinic acid and 5-O-caffeoyl quinic acid (chloro-
genic acid), as well as feruloyl quinic acid, were identified
using 2D NMR spectra including COSY, HSQC, and
HMBC. These metabolites were confirmed by comparison
with reference compounds and reported data (Choi et al.
2006). In addition to phenylpropanoids, there were two
major signals at δ 6.25 and δ 7.15, which correlated with
each other in the COSY spectrum. Using HMBC and
HSQC–TOCSY spectra, those two signals at δ 6.25 and δ
7.15 were assigned as H-2 and H-6, and H-3 and H-5 of
jacaranone, respectively (Fig. 1b, c). The characteristic
chemical shifts and the structures of the metabolites of
Senecio F2 hybrid leaves detected in the 1H-NMR spectra
are shown in Fig. 2 and Table S1.

Principal Component Analysis and Partial Least Square
Regression-Discriminant Analysis of 1H-NMR Data
Among multivariate data analyses, the most common
unsupervised method is principal component analysis
(PCA). Thus, as the first step of multivariate data analysis
PCAwas performed on the bucketed dataset to discriminate
the samples. For the dataset obtained from the 1H-NMR
analysis, a 22-component model explained 98.5% of the
variance, with the first two components explaining 70.7%.
However, as shown in Fig. 3a, there was no separation
among resistant and susceptible Senecio F2 hybrids.
Instead, developmental stage was a key separating factor
that led to a clear discrimination among young and old
leaves. According to the loading plot, the levels of citric
and malic acid were higher in old leaves whereas those of

Fig. 1 Typical 2D J-resolved NMR spectrum (a), HMBC (b), and
HSQC–TOCSY (c) of Senecio F2 hybrids. 1, H-3 of feruloyl quinic
acid; 2, H-1′ of kaempferol glucoside; 3 H-1′ of stachynose; 4, H-1′ of
raffinose; 5, H-1 of sucrose; 6, H-3 of 3-O-caffeoyl quinic acid; 7, H-5
of chlorogenic acid; 8, H-1 of α-glucose; 9, H-1 of trehalose; 10, H-7
of chlorogenic acid; 11, H-3 and H-5 of jacaranone; 12, H-2′ of
chlorogenic acid; 13, H-6′ of chlorogenic acid; 14, H-5′ of chlorogenic
acid; 15, H-8′ of chlorogenic acid; 16, H-2 and H-6 of jacaranone; 17,
H-5 of chlorogenic acid; 18, correlation between H-3, H-5, and C-4 of
jacaranone; 19, correlation between H-2, H-3, H-5, H-6, and C-1 of
jacaranone
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sucrose, raffinose, and stachyose as well as jacaranone
accumulated more in young leaves (Fig. 3b).

In the dataset employed, the difference among
resistant and susceptible leaves seemed to be smaller
than among developmental stages. The large metabolic
difference in developmental stages compared to the
difference among resistant and susceptible plants was
confirmed by hierarchical analysis (HCA, Fig. S1). Prior
to HCA, the statistically significant signals were selected
applying ANOVA. From 239 1H-NMR signals 161 were
significant (P<0.05). The ANOVA was based on one
factor containing four groups: resistant young leaves,
susceptible young leaves, resistant old leaves, and suscep-
tible old leaves. Two additional sets of t tests, one for
young and one for old leaves comparing resistant and
susceptible plants were conducted (P<0.05). These tests
showed that for young leaves, 56 signals out of 239, and
for old leaves, 25 signals out of 239, were related to thrips

resistance. In HCA, the leaves of the same age were
closely clustered but the metabolic resemblance within
resistant or susceptible plants was scattered. In order to
distinguish resistant leaves from susceptible ones, analysis
was extended to PLS-DA, a supervised multivariate data
technique.

PLS-DA uses a discrete class matrix (0 and 1) as an
additional matrix. In contrast to PCA that only uses the
information of the metabolomic matrix, PLS-DA also takes
into account the resistance matrix. The separation of PLS-
DA is achieved by the covariance of the two datasets.
When PLS-DA was applied the separation of thrips-
resistant and -susceptible plants considerably improved
(Fig. 4a). Validation of the PLS-DA model by permutation
tests resulted in a variance R2 of 0.74 and a cross-validated
variance Q2 of 0.61. All Q2 values of the permuted Y
vectors were lower than the original ones and the regression
of Q2 lines intersected at below zero (Fig. 4c, d).

Fig. 2 Chemical structures of
some metabolites identified in
the NMR spectrum of Senecio
F2 hybrids
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Irrespective of leaf age, resistant and susceptible F2

hybrids were clearly clustered. The loading plot indicated
that methyl signals of pyrrolizidine alkaloids (PAs) at δ 1.12
(H-19), δ 1.24 (H-21), and δ 1.36 (H-18; Pieters et al. 1989)
were distinguishably higher in the resistant plants. Also, the
anomeric proton of kaempferol glucoside at δ 5.50–δ 5.60
together with H-6 and H-8 of the glycoside around at δ 6.30
increased in the Senecio F2 hybrids resistant to thrips
(Fig. 4b). Only total PA could be determined by the methyl
signals detected. Therefore, more evidence for the PAs, e.g.,
the signals of pyrrolizidine moiety, was required to identify
specific compounds. The characteristic H-2 signal of the
pryrrolizidine moiety is generally detected around at δ

6.0–δ 6.2. However, this region overlaps with the signals of
jacaranone and chlorogenic acid. For the confirmation and
quantification of individual PAs, we applied an acid–base
extraction followed by NMR metabolomic profiling. For
the acid–base extraction the ten replicates of each of the
four thrips-resistant and -susceptible hybrids were mixed
and three replicates of these used for the analysis.

Elucidation and Quantitation of Pyrrolizidine Alkaloids
Using Acid–Base Extraction Followed by Quantitative 1H-
NMR The 1H-NMR spectrum of the alkaloid extract,
obtained by the acid–base extraction, showed two major
PAs, jacobine and jaconine N-oxide. The N-oxides were
confirmed by the unambiguous down field shifts (0.4–
0.7 ppm) of the signals of H-3, H-5, and H-8 adjacent to the
N-oxide functional group when compared with the free
bases (Pieters et al. 1989; Witte et al. 1992). For the final
structure confirmation, COSY, TOCSY, HSQC, and HMBC
spectra were employed (Fig. S2).

The 1H-NMR signals are always proportional to the
molar concentrations. In the crude alkaloid extract, H-2 was
detected in a non-crowded region, separated from other
ones. These signals were used for quantification comparing
them to the intensity of the internal standard, HMDSO
(0.48 μmol/ml). As confirmed by the PLS-DA results,
young and old leaves of thrips-resistant F2 hybrids
accumulated more PA N-oxide (Fig. 5). Old (t-test, df=22,
P<0.001) and young (t-test, df=22, P<0.001) leaves of
thrips-resistant hybrids contained significantly more jaco-
bine N-oxide. Younger leaves of thrips-resistant hybrids
also accumulated significantly more jaconine N-oxide (t-
test, df=22, P=0.005). The difference of jaconine N-oxide
in old leaves was close to significance (t-test, df=22, P=
0.008). Young leaves in both resistant and susceptible
hybrids accumulated more jacobine N-oxide (resistant
hybrids: t-test, df=22, P<0.001; susceptible hybrids: t-test,
df=22, P<0.001) and more jaconine N-oxide (resistant
hybrids: t-test, df=22, P<0.001; susceptible hybrids: t-test,
df=22, P<0.001).

Discussion

NMR proved to be successful in the simultaneous detection
of different metabolites potentially involved in thrips
resistance. The metabolomic profiles of thrips-resistant
and -susceptible hybrids differed considerably. Thrips-
resistant F2 hybrids showed significantly higher amounts
of the PAs, jaconine and jacobine N-oxide, and a flavanoid,
kaempferol glucoside.

PAs have been well studied in the Senecio species and
are regarded as constitutive defense against generalist

Fig. 3 Score (a) and loading plot (b) of principal component analysis
based on 1H-NMR spectra of Senecio F2 hybrid genotypes. Filled red
circle, old leaves of thrips-resistant genotypes (n=40); filled blue circle,
young leaves thrips-resistant genotypes (n=40); empty red circle, old
leaves of thrips-susceptible genotypes (n=40); empty blue circle, young
leaves of thrips-susceptible genotypes (n=40). The ellipse represents the
Hotelling T2 with 95% confidence in score plots
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herbivores. They deter chewing insects such as caterpillars
(Bentley et al. 1984; van Dam et al. 1995), locusts (Macel
et al. 2005), and beetles (Hägele and Rowell-Rahier 2000).
PAs also have a negative effect on sucking insects such as
aphids (Vrieling et al. 1991; Macel et al. 2005). So far, no
inhibitory influences of PAs on thrips have been detected.
Plants of S. jacobaea with and without Haplothrips
senecionis, a specialist on Senecio species, did not yield
any difference in total PA concentration (Vrieling et al.
1991). In vitro tests studying the effect of different PAs on
the development of first instar larvae of the generalist F.
occidentalis showed a significantly reduced larval survival
at 10 × plant concentrations but not at 1 × plant concen-
trations (Macel et al. 2005). Neither jaconine nor jacobine
were included in these in vitro tests. However, a signifi-
cantly lower amount of thrips damage on the jacobine
compared to the erucifoline chemotype of S. jacobaea
(Macel 2003) confirms our results. Furthermore, PAs are
stored in the cell vacuoles (Ehmke et al. 1988), which are

ingested by the thrips being cell feeders. Both PAs, jaconine
and jacobine, were present in higher concentrations in
young leaves compared to the old ones. Concurrently,
young leaves showed significantly less thrips damage. This
is in accordance with the finding that in Senecio species,
young leaves have relatively high concentrations of PAs
compared to old leaves (Hartmann and Zimmer 1986; de
Boer 1999). The more valuable plant parts are better
defended against generalist herbivores than less important
organs as is predicted by the optimal defense theory
(Zangerl and Bazzaz 1992; van Dam et al. 1996).

Flavanoids are generally involved in plant resistance to
herbivores (Bennett and Wallsgrove 1994). The presence of
kaempferol in the Senecio F2 hybrids confirms the findings
of Kirk et al. (2005) reporting kaempferol for the first time in
Senecio species. Kaempferol is known to convey a deterrent
effect on generalist caterpillars (Onyilagha et al. 2004).
Aphid resistant cow pea lines contained significantly higher
amounts of flavanoids, including kaempferol, compared to

Fig. 4 Score (a), loading plot (b), and permutation validation plot of
resistant (c) and susceptible group (d) of partial least square
regression-discriminant analysis based on 1H-NMR spectra of Senecio
F2 hybrid genotypes. Filled red circle, old and young leaves of thrips-

resistant genotypes (n=80); filled blue circle, old and young leaves
thrips-susceptible genotypes (n=80). The ellipse represents the Hotel-
ling T2 with 95% confidence in score plots
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susceptible lines (Lattanzio et al. 2000). Recently, kaemp-
ferol has been identified to confer resistance to onion thrips
(Thrips palmi) in golden rod (Solidago altissima; Wu et al.
2007). Like western flower thrips, onion thrips is a
polyphagous worldwide pest, which causes significant
economic losses (Kirk and Terry 2003).

Besides the PAs and flavanoids, specifically involved in
thrips resistance, three other phenolic compounds involved
in plant–herbivore interactions, 3-O-caffeoyl acid and 5-O-
caffeoyl quinic acid (chlorogenic acid, CGA), and feruloyl
quinic acid (FQA), were identified to be present in the
metabolome of the Senecio F2 hybrids. CGA has been
described as an anti-feedant and digestibility reducer in

different caterpillar species (Mallikarjuna et al. 2004;
Johnson and Felton 2001; Simmonds and Stevenson
2001) and sucking insects such as aphids (Miles and Oertli
1993). FQA has been implicated in the resistance of
sucking herbivores such as cereal aphids (Cabrera et al.
1995; Havlickova et al. 1996) and cereal midges (Ding et al.
2000; Abdel-Aal et al. 2001). FQA is a precursor of lignin
conferring rigidity to cell walls (Bennett and Wallsgrove
1994). As such, it is linked to the resistance against stem
borers in maize (Santiago et al. 2006; Mao et al. 2007) and
cotton (Wang et al. 2006).

As expected, the young leaves of the Senecio F2 hybrids,
being photosynthetically more active, contained more
primary metabolites such as sugars, compared to older
leaves. They are, therefore, more attractive to herbivores
and pathogens. To defend these valuable plant parts, they
do contain more secondary metabolites related to plant
defense. Next to the increased amount of PAs in the young
leaves of the thrips-resistant Senecio F2 hybrids, young
leaves in general contained more jacaranone. Analogues of
jacaranone are known to occur in different Senecio species
(Lajide et al. 1996; Xu et al. 2003; Kirk et al. 2005). They
have shown insecticidal activity against houseflies (Xu et al.
2003) and inhibited growth in the generalist herbivore
Spodoptera litturalis (Lajide et al. 1996).

Our approach to apply NMR as a technique to identify
metabolites differing between thrips-resistant and -susceptible
plants proved to be very successful. NMR indicated three
different metabolites as potential candidates for thrips
resistance. While the PAs due their toxic effect on mammals
(Cheeke 1988) may be interesting in developing thrips
resistance in ornamentals, kaempferol and jacaranone are
very promising candidates to develop host plant resistance to
thrips in crops. Not only do they inhibit thrips but they also
produce positive effects on human health. Jacaranone has
been investigated as a potential anti-cancer agent (Loizzo et
al. 2007). Flavanoids in general caused a significant
extension of life span in cancer-susceptible mice (Butelli et
al. 2008), while kaempferol in particular demonstrated a
cytotoxic activity on human cancer cell lines (Daniela et al.
2007; Li et al. 2007). A tomato with increased amounts of
flavanoids, whereby kaempferol glycoside accounted for
60% of this increase, has already been engineered (Le Gall et
al. 2003).

Applying NMR to the study of herbivore resistance
constitutes a significant advance in the study of plant–
insect relationships, providing key information on the
implementation of herbivore resistance breeding strategies
in plants.
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Fig. 5 Yields (mol/g) of jacobine N-oxide (a) and jaconine N-oxide
(b) for young and old leaves of thrips-resistant and -susceptible
Senecio F2 hybrids obtained by quantitative 1H-NMR analysis. Data
are based on the combination of the ten replicates of each of four
thrips-resistant and -susceptible hybrids, of which three replicates
were analyzed per hybrid. Means and their standard deviation are
presented. Data were analyzed by t tests. Significant differences in
PAs between thrips-resistant and -susceptible hybrids are designated
by ***P<0.001 and **P<0.01. Young leaves contained significantly
higher amounts of both PAs in resistant and susceptible hybrids (all t
tests df=22, P<0.001)
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