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Abstract Hybridization between plant species can have a
number of biological consequences; interspecific hybrid-
ization has been tied to speciation events, biological
invasions, and diversification at the level of genes,
metabolites, and phenotypes. This study aims to provide
evidence of transgressive segregation in the expression of
primary and secondary metabolites in hybrids between
Jacobaea vulgaris and J. aquaticus using an NMR-based
metabolomic profiling approach. A number of F, hybrid
genotypes exhibited metabolomic profiles that were outside
the range encompassed by parental species. Expression of a
number of primary and secondary metabolites, including
jacaronone analogues, chlorogenic acid, sucrose, glucose,
malic acid, and two amino acids was extreme in some F,
hybrid genotypes compared to parental genotypes, and
citric acid was expressed in highest concentrations in
J. vulgaris. Metabolomic profiling based on NMR is a
useful tool for quantifying genetically controlled differ-
ences between major primary and secondary metabolites
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among plant genotypes. Interspecific plant hybrids in
general, and specifically hybrids between J. vulgaris and
J. aquatica, will be useful for disentangling the ecological
role of suites of primary and secondary metabolites in
plants, because interspecific hybridization generates
extreme metabolomic diversity compared to that normally
observed between parental genotypes.
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Jacaronone - Hybridization

1 Introduction

Hybridization between plant species can have a host of
both immediate and long-term consequences for plant
metabolism. On one hand, interspecific hybridization can
sometimes lead to the expression of novel secondary
metabolites in hybrid lines (Orians 2000). For example,
novel sesquiterpene lactones were generated in hybrids
between two Helianthus species, resulting from novel
combinations of basic structural skeletons from one species
with side chains from the other (Buschmann and Spring
1995). On the other hand, primary and secondary metab-
olites can be expressed in extreme concentrations within
interspecific hybrid genotypes (Orians 2000), and these
extremes can translate into novel plant phenotypes. For
instance when secondary metabolites involved in plant-
herbivore defense are expressed in extremely high or low
concentrations, interspecific hybrids can be more or less
resistant than parents to attack by herbivores (Strauss
1994). Interspecific hybrids can often be clearly distin-
guished from parental species based on their biochemical
phenotypes. For example, natural Jacobaea hybrids can be
identified based on unique profiles of pyrrolizidine
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alkaloids (Kirk et al. 2004), interspecific eucalypt hybrids
can be distinguished from parents based on intermediacy in
concentrations of foliar metabolites (Nahrung et al. 2009),
and interspecific Solanum hybrids can be distinguished
from parents based on the presence of two novel glycoal-
kaloids (Savarese et al. 2009).

The additional variation in plant metabolism generated
by interspecific hybridization is interesting for several
reasons. First, new variation can provide the basis for new
ecological interactions and novel evolutionary trajectories
as a result of selection. In oaks for example, interspecific
hybridization affects biological and ontogenic variation in
the expression of secondary metabolites, and this variation
correlates to the community structure of leaf-miners in the
hybrid oak population (Yarnes et al. 2008). Second, vari-
ation in metabolism within natural interspecific hybrids can
have consequences with regard to biodiversity of plant
communities and the other species that they support. For
instance, biodiversity of arthropods associated with hybrids
of Eucalyptus spp. (Whitham et al. 1994; Dungey et al.
2000) and oak spp. (Nakamura et al. 2010) was found to be
higher than that associated with parental species. Last,
interspecific hybridization creates novel variation that
biologists can use to study the effects of primary and
secondary metabolites on plant growth and on interactions
between plants and their environment (Hochwender et al.
2000; Orians et al. 2010).

In recent years, both natural and artificial interspecific
hybrids have been used increasingly for the latter purpose.
Because segregation occurs in F, and later generation
hybrids, these can be used to look for tradeoffs, correla-
tions, and other genetic relationships between different
traits. Segregation in F, and later generation interspecific
hybrids can lead to a decoupling of traits that are correlated
within single species as a result of genetic linkage
(Hochwender et al. 2000; Lexer et al. 2003; Orians et al.
2010). Also, interspecific hybrids often exhibit much
greater variation than parental species as a result of trans-
gressive segregation (Rieseberg et al. 1999), and this var-
iation is useful for ecologists and evolutionary biologists.
For example, Orians et al. (2010) were able to use high
levels of variation in plant growth and expression of
defense compounds within F, families of interspecific
hybrid willow seedlings to show transient tradeoffs
between growth and the expression of defense compounds.
These tradeoffs are often difficult to show within single
species, where variation in growth and defense traits is
lower (Orians et al. 2003).

In this study, we used a metabolomics approach to
investigate the expression of a suite of primary and sec-
ondary metabolites in a family of F, hybrids resulting from
an interspecific cross between Jacobaea vulgaris (syn.
Senecio jacobaea) and J. aquatica (syn. Senecio aquaticus).
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These two species are differentiated in terms of both habitat
preferences and the suite of natural enemies that attacks
them (Kirk et al. 2005a). Natural interspecific hybrids
between J. vulgaris and J. aquatica occur in The Nether-
lands, and substantial backcrossing to J. vulgaris provides
potential for introgression of novel patterns of secondary
metabolite expression (Kirk et al. 2004). A previous study
found that F; interspecific hybrids were generally inter-
mediate to both parents or equal to one parent with regard to
the expression of the most variable compounds in the me-
tabolome (Kirk et al. 2005b). In this study, we aimed to
determine (i) whether F, interspecific hybrid genotypes
exhibit high levels of metabolomic variation, (ii) which
metabolites are responsible for most of this variation, and
(iii) whether there is evidence for transgressive segregation
in the expression of primary and secondary metabolites
responsible for most of the metabolomic variation. This is
one of the first studies of interspecific hybrid phytochem-
istry that incorporates a wide array of both primary and
secondary metabolites (but see Leiss et al. 2009a).

2 Materials and methods
2.1 Study system

Jacobaea vulgaris (Tansy ragwort or Common ragwort)
and J. aquaticus (marsh ragwort) are both native to Europe,
and are closely related but not sister species (Pelser et al.
2003). Jacobaea vulgaris mainly grows in disturbed dry,
sandy soils while J. aquatica grows in seasonally flooded
habitats with high soil organic matter (Kirk et al. 2005a).
Natural interspecific hybrids between J. vulgaris and
J. aquatica occur at The Zwanenwater nature reserve in
The Netherlands (Kirk et al. 2004). For this study, J. vul-
garis seeds were collected at Meijendel, a coastal dune area
in the North of The Hague (The Netherlands), and
J. aquatica seeds were collected at the Zwanenwater
Reserve (The Netherlands). Seeds of the two species were
germinated in petri dishes and transplanted to pots
(humidity 70%, temperature 20°C, light 16 h with sensi-
tivity of 11.3 & 1.6 SD pmol photons/m*/s, dark 8 h). One
J. vulgaris genotype was crossed with one J. aquatica
genotype by rubbing flower heads together (Kirk et al.
2005c). Parental genotypes were randomly selected from
natural populations of J. vulgaris and J. aquatica that
represent ecotypes found to hybridize in nature (Kirk et al.
2004). Two F; genotypes from the initial parental (P) cross
were crossed reciprocally which each other to produce an
F, generation (a number of F; crosses were made, and we
selected the family that produced the greatest number of
viable F, genotypes). 102 F, genotypes were used in this
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experiment, including 56 genotypes from one F; mother,
and 46 F, genotypes from the second F; mother. The P, F,
and F, genotypes were maintained in tissue culture
according to Kirk et al. (2010) and could be cloned to
perform experiments with replicate genotypes. We used ca.
2 cloned replicates per F, genotype and 4 cloned replicates
per P and F; genotype.

2.2 Plant growth and harvesting

Genotypes in tissue culture were maintained on multiply-
ing medium, and were transplanted to rooting medium two
weeks prior to potting (Kirk et al. 2010). Once roots had
developed, plants were potted in 1.3 liter pots filled with
95% sand collected from Meijendel, and 5% potting soil
(Slingerland Potgrond Company, Zoeterwoude, The Neth-
erlands) mixed with 1.5 g 17! Osmocote slow release fer-
tilizer (Scotts®, Marysville, USA; N:P:K = 15:9:11). The
plants were grown in a climate chamber for 6 weeks
(humidity 70%, light 16 h at 20°C, dark 8 h at 20°C).

After 6 weeks the plants were harvested; whole plants were
removed from the soil and shoots (all aerial parts) were
removed by cutting with scissors immediately above the root
crown. Shoots were immediately wrapped separately in alu-
minum foil and were stored in a Styrofoam box with liquid
nitrogen until harvesting (performed between 10:00 am and
11:00 am) was complete, after which they were stored for
approximately one month at —80°C. Before extractions were
carried out, shoots were freeze-dried for four days in a freeze
drier with a collector temperature of —55°C (Labconco Free
Zone® 12 liter Freeze Dry System, Kansas City, USA).
Shoots were then ground to a fine powder and were stored at
—20°C for one week until extraction.

2.3 Extraction of plant material

Dry material (30 mg) was a 2 ml-microtube to which 2 ml
of 50% CH;O0H-d, in buffer (90 mM KH,PO, in D,O)
containing 0.05% TMSP (trimethyl silyl propionic acid
sodium salt-d,, w/v) were added. The mixture was vortexed
at room temperature for 30 s, ultrasonicated for 1 min, and
centrifuged at 10,968 xg at 4°C for 20 min. 700 pl of the
supernatant was taken for NMR analysis, which was car-
ried out within 30-60 min. from extraction.

2.4 Nuclear magnetic resonance measurements

NMR simultaneously detects most groups of organic
compounds in a mixed sample, including carbohydrates,
organic and fatty acids, amino acids, and some secondary
metabolites (Schripsema 2010). Proton ('"H) NMR func-
tions by detecting protons attached to compounds in a
sample, such that one compound is typically represented by

multiple signals (protons) in the NMR spectrum. '"H NMR
displays proton signals based on the bonding of each pro-
ton to other atoms in compound. The details of our NMR
protocol are described in Appendix.

It is not possible to report the number of compounds
appearing in the NMR spectra because multiple peaks
represent each compound and identification of all com-
pounds is impractical. However, it is usually estimated that
NMR detects a range of 30-50 of the most highly accu-
mulated plant compounds (Kirk et al. 2005b; Leiss et al.
2009a). In our experience, metabolites occurring in con-
centrations less than =1 pmol mg~' are generally not
detectable using the methods described here. Also, the
sensitivity of the analysis depends on the nature of target
compounds. Some areas of the spectra, such as the region
where many carbohydrates are found, contain many sig-
nals, and metabolites occurring in this region may be dif-
ficult to detect if present in low concentrations. Conversely,
relatively few signals occur in the phenolic region of the
spectra, and even weak signals may be detected here.

The identification of compounds was based on com-
parison to compounds previously reported to occur in
NMR-spectra of J. aquatica, J. vulgaris, and their hybrids
(Kirk et al. 2005b; Leiss et al., 2009a). Also, two-dimen-
sional NMR spectra were applied for identification pur-
poses (Appendix), as well as our in-house database (700
individual metabolites). J-resolved spectra were used for
deconvolution of multiplicity, Proton—Proton couplings
were confirmed by 'H-'H-correlated spectroscopy
(COSY). Proton—"C couplings were obtained by Hetero-
nuclear Single Quantum Coherence (HSQC) for direct
coupling and Heteronuclear Multiple Bonds Correlation
(HMBC) for long-range coupling. Table 1 reports the
chemical shifts and coupling constants of compounds
reported in the results. No compounds were identified in
this study that were not identified in previous studies of
these species and their interspecific hybrids. In this study,
we do not discuss the expression of pyrrolizidine alkaloids
(PAs), which are a well known class of secondary metab-
olites in Jacobaea species, because it is difficult to detect
structural variations in PAs from a bulk extract using the
methods described here. We carried out a separate study of
PA expression using LC-MS, the results of which will be
published separately (Chen et al. in review).

2.5 Data analysis

2.5.1 Initial data handling

The 'H-NMR spectra were automatically exported as a
spreadsheet using AMIX software (ver. 3.7, Bruker Bio-

spin, Karlsruhe, Germany). The spectra, which were mea-
sured in chemical shift (ppm), were binned (bucketed) into
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Table 1 Characteristics of "H chemical shifts of metabolites in Jacobaea aquatica, J. vulgaris and their interspecific hybrids detected by one-

and two-dimensional NMR spectra

Metabolites (chemical
identification numbers®)

"H-Chemical shifts (ppm) and coupling constants (Hz)

Alanine (5950)
Aspartic acid (5960)
Chlorogenic acid (1794427)

Citric acid (311)
Fructose (3426)
Glucose (5793)
Glutamic acid (611)
Glutamine (5961)
Inositol (892)

Jacaranone (73307) analogues
Malic acid (525)

Mannitol (6251)
Stachyose (439531)
Succinic acid
Sucrose (5988)
Threonine (6288)

51.48° (H-3,d,J = 7.2 Hz)
5 2.80 (H-p, dd, J = 8.0 Hz, 3.2 Hz), 6 2.65 (H-B, dd, J = 8.0 Hz, 6.0 Hz)

§5.33 (H-5,ddd, J = 10.8 Hz, 9.8 Hz, 5.6 Hz), § 7.15 (H-2', d, J = 2.1 Hz), § 6.89 (H-5', d, J = 8.4 Hz),
§7.05 (H-6/, dd, ] = 8.4 Hz, 2.1 Hz), § 7.61° (H-7', d, J = 16.0 Hz), 6 6.36 (H-8', d, J = 16.0 Hz)

5274 (H-B,d, T = 17.6 Hz), 6 2.56° (H-f, d, ] = 17.6 Hz)
54.09 (H-1, d, J = 3.5 Hz)

55.20° (H-1o, d, J = 3.8 Hz), § 4.60 (H-18, d, J = 7.9 Hz)
5 2.42 (H-3, m), & 2.10 (H-4, m)

5 2.39 (H-3, m), 6 2.10 (H-4, m)

54.00 (H-2, t, J = 2.8 Hz), § 3.44 (H-1 and H-3, dd, ] = 9.9 Hz, 2.9 Hz)
5324 (H-5,t, ] = 9.3 Hz)

5 6.25 (H-2 and H-6, m), 6 7.15° (H-3 and H-5, m)

5 4.29° (H-0, dd, J = 10.0 Hz, 4.0 Hz),

5 2.72 (H-p, dd, J = 16.6 Hz, 4.0 Hz),

5 2.55 (H-p, dd, J = 16.6 Hz, 10.0 Hz)

53.86 (H-1, d, J = 3.0 Hz)

5545 (H-1,d, J = 3.8 Hz)

52.54 (s)

5 5.40° (H-1, d, J = 3.8 Hz), 6 4.17 (H-1, d, ] = 8.5 Hz)

5 1.32° (H-5, d, ] = 6.6 Hz)

Only compounds responsible for a large proportion of differentiation between genotypes are described here. Other metabolites found in this study

system are reported in Kirk et al. (2005b) and Leiss et al. (2009a). No previously unreported compounds were found in this study

# CID listed in PubChem Compound of the NCBI database

® Indicates that a particular signal was used for relative quantification of the individual compound

bins of equal width (0.04 ppm; 243 bins total), and the
peaks represented within each bin were integrated (the area
under the spectra was calculated). Integrated signals were
scaled (standardized) to the internal standard TMSP, so that
peak intensities represent intensity relative to the internal
standard. Integrated and standardized signals were used for
all further quantitative analysis of the data. The region
from 6 — 0.4 to 10.0 was included in the analysis, and the
region from 6 4.7 to 5.0 was excluded from the analysis
because the water signal masked all other signals in this
region.

2.6 Principal component analysis

Principal component analysis (PCA) is a visual method that
facilitates separation of plant groups according to overall
metabolic fingerprints, and is based on unsupervised clus-
tering requiring no knowledge of the data set; PCA acts to
reduce the dimensionality of multivariate data while pre-
serving most of the variance within it (Eriksson et al.
2001). The principal components can be displayed graph-
ically as a ‘scores’ plot (Fig. 1). This plot is useful for
observing any groupings in the data set. PCA models are
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constructed using all the samples in the study. Coefficients
by which the original variables must be multiplied to obtain
the PC are called loadings. The numerical value of a
loading of a given variable on a PC shows how much the
variable has in common with that component (Massart
et al. 1988). Thus for NMR data, loading plots can be used
to detect the spectral regions and their corresponding
metabolites responsible for the separation in the data.
Principal component analysis (PCA) was performed with
SIMCA-P (ver. 12.0, Umetrics, Umed, Sweden).

2.7 Quantification of individual metabolites

We quantified a number of individual metabolites based on
one individual signal from each metabolite that was
selected from a non-crowded region of the 'H NMR spectra
(indicated in Table 1). Only a subset of metabolites could
be individually quantified because for some metabolites, all
signals overlapped with those from other metabolites.
Quantities of metabolites are expressed in relative intensity
(based on integration under spectral peaks, and relative to
the internal standard TMSP), because NMR intensities are
proportional to the absolute molar concentration.
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3 Results and discussion

In this study, we characterized metabolomic variation
among genotypes from a family of interspecific hybrids of
J. vulgaris and J. aquatica. Two parental individuals (one
genotype of each species, number of replicates of each
genotype (n) = 3 and 4 respectively for J. vulgaris and
J. aquatica), two F; genotypes (n = 4), and 102 F, geno-
types (n = 2) were analysed. Obvious quantitative differ-
ences were observed among the 'H NMR spectra of
different genotypes (Fig. 1). PCA provided a global over-
view of the differences between genotypes, and facilitated
the identification of spectral regions and associated
metabolites that discriminate between genotypes. The first
four principal components (PCs) explained 64.1% of the
variance in the metabolomic dataset. This is lower than the
amount of variance explained by the first three axes in a
previous study that incorporated only the parental species
and the F; hybrids (Kirk et al. 2005b). The two F; geno-
types appeared to be intermediate to J. vulgaris and
J. aquatica based on all PC axes. Score plots (Fig. 2)
showed that many F, genotypes exhibited scores outside of
those observed for both the P genotypes and the F; geno-
types based on PC 2 (Fig. 2a) and 3 (Fig. 2b). Compounds
that explained variation in these axes included glutamine
and glutamic acid, chlorogenic acid and jacaronone ana-
logues, sucrose, glucose and aspartic acid (Fig. 3). Based
on PCs 1 (Fig. 2a) and 4 (Fig. 2b), most F, genotypes were
intermediate to both parents or similar to one parent.
Compounds that explained variation in these axes include
fructose, mannitol, stachyose, citric acid, malic acid, and
succinic acid (Fig. 3). There was substantial variation
among F, genotypes, and many of these exhibited variation

Fig. 1 Quantitative variation in

the "H NMR spectra from an

interspecific hybrid Jacobaea J
family. Spectra are derived from
ethanol-water extracts of

individual samples of one F; A
hybrid genotype (F;), three F,
hybrid genotypes (genotypes
70146, 60202, 60179), one
Jacobaea aquatica genotype
(A), and one J. vulgaris

in metabolomic profiles outside the range found in their
parents and grandparents (Figs. 1, 2).

It was not possible to quantify all compounds identified
in this study due to some overlap in the signals of com-
pounds within the spectra. However, we quantified a
number of primary and secondary metabolites (Fig. 4) that
showed distinct and non-overlapping signals in non-crow-
ded regions of the spectra, including phenylpropanoids
(chlorogenic acid), quinones (jacaronone analogues), sug-
ars (sucrose and glucose), organic acids (malic acid and
citric acid), and amino acids (alanine and threonine). We
found evidence that transgressive segregation occurred in
both directions with regard to all compounds except for
citric acid. In other words, a considerable number of F,
genotypes exhibited extremely high and extremely low
expression of all quantified compounds except for citric
acid. In the latter case, J. vulgaris genotypes expressed the
highest relative concentration of citric acid, and relative
concentration of citric acid in all other genotypes was
lower. Some F, genotypes expressed extremely low con-
centrations of citric acid relative to the P and F; genera-
tions. We also found that one F; genotype expressed a
relatively low concentration of glucose compared to
parental species (Fig. 4).

We set out to test whether extreme expression of both
primary and secondary metabolites occurs in the interspe-
cific F, hybrids of J. vulgaris and J. aquaticus. Of the eight
metabolites that we quantified, seven showed extreme
concentrations in some F, hybrid genotypes relative to both
F, hybrid genotypes and to parental species. Extreme
concentrations were expressed in regard to both primary
metabolites, such as amino acids (alanine and threonine),
malic acid, glucose, and sucrose, and to secondary

TMSP

(J) genotype. TMSP: internal Genotype 60179
standard. F, genotypes shown
are extreme compared to A and
J with regard to one or more PC Genotype 60202
axis (illustrated in Fig. 2)

Genotype 70146

O

80 75 70 65

60 55 50 45 40 35 30 25 20 15 10 05 00 -05

Chemicalshift (ppm)
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PCI (30.8%)
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© : <l XIS '.:Q. Genotype 70146
6 o e . .
&
-0.2
-0.4

0.5 04 -0.3 -0.2 0.1 0.0 0.1 0.2 0.3 04 05 0.6
PC3 (11.6%)

Fig. 2 PCA analysis of "H NMR spectra of extract from the shoots
of one Jacobaea vulgaris genotype (n = 3; large blue dots), one
J. aquaticus genotype (n = 4; large red dots), two interspecific F;
hybrid genotypes (n = 4 for each genotype; large black dots), and
102 F, hybrid genotypes (n = 2 for each genotype; small grey dots).
Score plots of PC1 against PC2 (a), and PC3 against PC4 (b) are
shown. The large central ellipse represents Hotelling T2 with 95%
confidence in score plots. The "H NMR spectra of the three extreme
(relative to parents) F, genotypes indicated in this figure are shown in
Fig. 1 (Color figure online)

metabolites including chlorogenic acid and jacaronone
analogues. It is sometimes argued that variation in primary
metabolism should be constrained by the physiological
demands of the plant, and variation in secondary metabo-
lism should be greater due to varying degrees and direction
of selection pressures through time and space. Citric acid
was found to be an exception in that no hybrid genotypes
contained higher concentrations of citric acid than the
J. vulgaris genotype. Citric acid is an important interme-
diary in the Krebs cycle, and it is possible that it has
already reached a physiological maximum in J. vulgaris. In
any case, this finding suggests that all genes that have a
positive effect on the concentration of citric acid are
present in J. vulgaris.

With regard to the other seven metabolites that were
quantified, the continuous distribution of F, phenotypes
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Fig. 3 Scatter plots of loadings of PC1 plotted against PC2 (a), and
of PC3 plotted against PC4 (b). Dots on the scatter plot represent the
magnitude of the correlation between each PC and the signal in
individual bins (n = 243) relative to the internal standard TMSP.
Each compound is generally represented by multiple signals, and
signals from the same compound tend to co-vary within the PCA
space. Signals were assigned to their associated metabolites, and these
are circled and labeled in the scatter plot

and the presence of extreme F, phenotypes suggests that
their expression is controlled by several genes. Also, it is
likely that both J. vulgaris and J. aquaticus possess genes
of opposite effect on the expression of these metabolites (in
other words, distinct genes that up- and down-regulate their
production and/or accumulation), which is the basis for
transgressive segregation (Rieseberg et al. 1999). High
variation in F, hybrid provides a promising future avenue
for further ecological and evolutionary studies. For exam-
ple, phenylpropanoids including chlorogenic acid and
quinones (jacaronone analogues) are thought to play a
variety of roles in interactions between plants and their
environments. Leiss et al. (2009b) recently used a meta-
bolomics approach to show that chlorogenic acid concen-
trations are correlated with thrips resistance in
chrysanthemum. Jacaronone analogues have been shown to
have insecticidal activity against houseflies (Xu et al. 2003)
and can inhibit growth of the generalist herbivore
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Fig. 4 Histograms representing
the distributions of genotypes
according to relative
concentration of chlorogenic
acid (a), jacaronone analogues
(b), citric acid (¢), malic acid
(d), sucrose (e), glucose (f),
alanine (g), and threonine (h).
Arrows above figures indicate
relative concentrations of given
compounds in F; hybrids (f),
Jacobaea aquaticus (a), and

J. vulgaris (J) AF
20 T !
C
15 +
10 +
5 4

30 T L

25 T
20 +
15 +
10 +

b 2]
L e P F

Spodoptera litturalis (Lajide et al. 1996). Variation in
concentrations of primary metabolites such as sugars may
also play an important role in interactions with herbivores
and pathogens (Zangerl and Berenbaum 2004), since high
concentrations of energy-rich compounds are attractive to
natural enemies.

4 Concluding remarks

Based on this study, we can identify interspecific hybrid
ragwort genotypes that express high and low concentration
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of compounds including phenylpropanoids and sugars, and
we can use them for future experiments incorporating
herbivores and pathogens, in order to elucidate that role of
these compounds on susceptibility of plants to attack by
natural enemies. Also, using metabolomic analysis of
interspecific hybrids combined with genetic analysis is a
promising avenue for elucidating the genetic architecture
of metabolomic expression. Such analyses may provide a
more detailed understanding of the physiological and
evolutionary constraints associated with the production and
accumulation of primary and secondary metabolites in
plants. NMR-based metabolomic profiling is a useful tool
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for identifying genotypic differences in major plant
metabolites, and can yield major advances in chemo-eco-
logical studies (Macel et al. 2010; Prince and Pohnert
2010).

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.

Appendix: Technical description of NMR
measurements

NMR experiments were carried out according to previously
reported protocols from out lab (Kim et al. 2010a, b).
ID-'"H NMR spectra, 2D J-resolved spectra as well as
"H-"H homonuclear and inverse detected 'H-'">C correla-
tion experiments were recorded at 25°C on a Bruker
600 MHz AVANCE II NMR spectrometer (600.13 MHz
proton frequency) equipped with TCI cryoprobe and
Z-gradient system. CD;0D was used for internal lock
purposes. For 1D-'H NMR spectra a total of 32768 data
points were recorded covering a spectral window of
9615 Hz. 128 scans of a standard one-pulse sequence with
30° flip angle for excitation and presaturation during 2.0 s
relaxation delay with an effective field of yB; = 50 Hz for
suppression of the residual H,O signal was employed. An
exponential window function with a line broadening factor
of 0.3 Hz was applied prior to Fourier transformation. The
resulting spectra were manually phased and baseline cor-
rected, and referenced to internal TMSP at 0.0 ppm. For
2D-J-resolved NMR spectra a data matrix of 62 x 16384
data points covering 50 x 7739.4 Hz were acquired using
16 scans for each increment in F1. Presaturation was
applied during a relaxation delay of 1.5 s with an effective
field of yB; =50Hz. Data were zero-filled to
512 x 32768 points prior to magnitude mode Fourier
transformation with a sine shape window functions in both
dimensions. The resulting frequency domain data were
tilted by 45°, and then symmetrized along the F2 dimen-
sion (F1 = 0 Hz) and referenced according to internal
TMSP. From the resulting 2D J-resolved spectra 1D-pro-
jection along the F2 dimension were extracted using the
build-in positive projection routine in Topspin (version 2.1,
Bruker Biospin). 'H-'"H double-quantum filter correlation
spectroscopy (DQF-COSY) spectra were acquired with
presaturation (yB; = 50 Hz) during a relaxation delay of
1.5s. A data matrix of 1024 x 2048 points covering
7739.4 x 7739.4 Hz was recorded with 8 scans for each
increment. Data was zero filled to 2048 x 2048 points
prior to States-TPPI type 2D Fourier transformation and a
sine bell shaped window function was applied in both
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dimensions. Coherence order selective gradient heteronu-
clear single quantum coherence (HSQC) spectra were
recorded for a data matrix of 256 x 2048 points covering
30182.7 x 7812.5 Hz with 64 scans for each increment.
INEPT transfer delays were optimized for a heteronuclear
coupling of 145 Hz and a relaxation delay of 1.5 s. was
applied. Data was linear predicted to 512 x 2048 using 32
coefficients and then zero filled to 2048 x 2048 points
prior to echo-anti echo type 2D Fourier transformation and
a sine bell shaped window function shifted by n/2 in both
dimensions was applied. 1D projection along the F1 axis
was extracted using the build-in positive projection tool of
Topspin (version 2.1, Bruker Biospin). For heteronuclear
multiple bond correlation (HMBC) spectra a data matrix of
300 x 2048 points covering 33201.9 x 6265.6 Hz was
recorded with 256 scans for each increment. A relaxation
delay of 1.5 s and a coherence transfer delay optimized for
a long range coupling of 8 Hz were applied. Data was
linear predicted to 600 x 2048 points using 32 coefficients
prior to echo-anti echo type 2D Fourier transformation and
a sine bell shaped window function shifted by 7/2 in the F1
dimension and 7/6 in the F2 dimension was applied. The
final spectrum was obtained by magnitude calculation
along the F2 dimension.
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