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Chapter 4 Investigation of the chemomarkers correlated with flower color

Abstract

Flower color is a complex phenomenon involving a wide range of
secondary metabolites, e.g. phenolics and carotenoids as well as co-pigments.
Biosynthesis of those metabolites occurs through complex pathways and is
finally expressed mostly in flowers. It was of interest, thus, to investigate the
correlation between flower color and the metabolic profiles of the plant to find
chemomarkers in other organs (leaf, stem, and root), which might facilitate
prediction of the flower color of a plant. To investigate the metabolic profiles of
leaves, stems, roots and flowers of Catharanthus roseus (Pacific cherry red)
with four flower colors (orange, pink, purple, and red), 'H-NMR and
multivariate data analysis were used to characterize the metabolites in the
organs. The results showed that flower color is characterized by a special
pattern of metabolites such as anthocyanins, flavonoids, organic acids, and
sugars; the leaves, stems, and roots also presented metabolic differences
according to the flower color. Plants with orange flowers featured a relatively
high level of kaempferol analogues in all organs except roots; those flowering
red showed a high level of malic acid, fumaric acid and asparagine in both
flowers and leaves; those flowering purple and pink presented a high level of
sucrose, glucose and 2,3-dihydroxybenzoic acid. Quercetin analogues are
highest in the flowers and leaves of purple flower plants. Compounds in
different plant parts related to specific flower colors must be a result of similar
biosynthetic pathways and interactions between these pathways. Most
importantly it seems possible to predict the flower color through profiling the
metabolites in leaves, stems, or roots, which may be a helpful tool for plant
breeding.
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Introduction

Flowers, as reproductive organs, have developed a great diversity of colors.
The chemistry of color is particularly associated to the presence of a wide range
of metabolites. Flower pigments fall into three major categories: flavonoids,
carotenoids, and betalains. It is possible to find both flavonoids and carotenoids
in the same flower (Miller et al. 2011). Flavonoids derive from the
phenylpropanoid biosynthetic pathway (Mustafa and Verpoorte, 2007) and are
responsible for the widest variety of flower colors. They include flavonols,
flavones, isoflavonoids and anthocyanins. Anthocyanins are responsible for the
red, pink, mauve, purple, violet, and blue color of most flowers. Anthocyanins
can adopt different resonance structures depending on the pH, their bonding to
co-pigments, such as organic acids or phenylpropanoids, and molecular stacking
with metals, all of which result in the wide range of colors in flowers (Robinson
et al., 1938; Yoshida et al., 2003; 2009; Malien-Aubert et al., 2001;
Mulder-Krieger and Verpoorte, 1994).

The flower is an important phenotype of plants and its color may be
correlated with the metabolic activities in the whole plant, as exemplified by the
color change of Brunfelsia calycina flowers from purple to white with increased
levels of 19 volatiles, and a further 17 primary and secondary metabolites
(Bar-Akiva et al., 2010). Moreover, precursors of pigments, such as flavonols
(quercetin and kaempferol), are known to accumulate not only in flowers but
also in other organs, including leaves, stems and seeds (Pereira et al., 2009;
Ferreres et al., 2008). Recent research on the modification of flower color has
focused mostly on the genetic engineering of the flavonoid and carotenoid
biosynthetic pathways. However, due to the complexity of pigment chemistry
and metabolism in plants, the new colors generated in cultivars did not result in
stable phenotypes (Tanaka et al.,, 2010). It is thus clear, that a more
comprehensive insight into the metabolome of different plant parts is necessary
to understand how pigment chemistry correlates with biosynthetic pathway in
other plant parts.

In this study, we used Catharanthus roseus with four different flower
colors (orange, pink, purple and red) as a model plant because it has a quite
broad range of metabolites e.g. terpenoids, indole alkaloids, flavonoids, and
phenylpropanoids. Catharanthus roseus is grown as an ornamental plant for
gardens and parks due to its rich variety of colors and a long-blooming season.
Each cultivar of C. roseus can give a variety of flower colors. Chemical analysis
of the flower pigments revealed that petunidin, malvidin and hirsutidin are all
present in two different glycosidic forms and that the total and relative amounts
of the pigments varies between the different colored flowers (Milo et al., 1985).

Catharantus roseus plants produce a great diversity of valuable-bioactive
terpenoid indole alkaloids (TIAs), phenolic compounds, such as flavonoid
glucosides (Chung et al., 2009; Brun et al., 1999; Pereira et al., 2009; Ferreres
et al., 2008) and anthocyanins (Filippini et al., 2003; Toki et al., 2008) via the
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shikimate pathway. After the intermediate chorismate, the pathways separate,
and alkaloids follow the tryptophan route, whereas the flavonoids and
anthocyanins follow the phenylpropanoid pathway (Mustafa and Verpoorte,
2007). Both groups of secondary metabolites are stored in vacuoles.
Interestingly, a higher yield of ajmalicine was found in roots of C. roseus plants
with red-eyed flowers than those with pink and white flowers (Weissenberg,
1988). However, no further studies were made of the correlation between flower
color and metabolites profiles in C. roseus.

In this context a comprehensive profiling method is required to investigate
the metabolic networks related to plant flower color. Metabolomics
undoubtedly is such a method, since it is a powerful tool that provides
quantitative and qualitative information of a wide range of primary and
secondary metabolites in plants, and may help to reveal the biochemical status
of an organism. NMR-based metabolomics, in particular, has been widely used
in metabolomic studies in diverse fields of plant physiology and classification
(Choi et al., 2004; Kim et al., 2010a).

In this study, NMR profiling techniques followed by multivariate data
analysis were applied to investigate the metabolic difference of C. roseus with
four flower colors to find marker metabolites in non-flower organs
characteristic for each flower color. This metabolomics study was also
implemented to obtain a comprehensive insight of the total metabolic network
in C. roseus plants and the interrelationships between the occurrences of diverse
metabolites in different organs of C. roseus.

Methods and materials

Plant materials

Four different flower-colored Catharanthus roseus purchased from
Intratuin Pijnacker (Postbus 1016, 1700BA, Heerhugowaard, The Netherlands),
belonging to the Pacific series i.e. Pacifica XP Apricot (orange, 1), Pacifica
cherry red (red, 2), Pacifica XP Blush (pink, 3), and Pacifica Orchid Halo
(purple, 4) were used in this study (Supplementary Fig. 1). At least five
biological replicates of each cultivar were collected in September 2009 during
the blooming season of C. roseus. Flowers, leaves, stems, and roots of the
plants were collected separately as independent samples. Two types of leaf
samples were collected according to their position in the plants: young leaves in
the upper 3 layers from the top and other leaves from the lower 3 layer from the
bottom. Samples of fresh root, leaf, flower and stem were ground into powder
with liquid nitrogen and freeze-dried in 2 days.
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Extraction and NMR measurements

The methods of extraction and NMR analysis used in this study were those
described previously (Kim et al., 2010b). A dried sample of 50 mg was
transferred to a 2 ml-micro tube to which 1.5 ml of methanol-d, (750 pL) and
D,O (750 uL) (KH,PO, buffer, pH 6.0), containing 0.01% (w/w) TMSP-d,
(trimethylsilyl propionic acid sodium salt), were added. The mixture was
vortexed for 1 minute, ultrasonicated for 30 minutes, and centrifuged for 20
minutes at 13,000 rpm at room temperature. An aliquot of 800 uL of the
supernatant from the mixture was transferred to a new Eppendorf tube for a
second centrifugation at 13,000 rpm for 5 minutes, after which 750 Fl of the
supernatant was transferred to a 5 mm-NMR tube and used for the "H-NMR
analysis. Both deuterated methanol and water were purchased from Cambridge
Isotope (Andover, MA, USA).

The 'H-NMR spectra were recorded using a Bruker DMX 600
spectrometer (Bruker, Karlsruhe, Germany). For each sample, 128 scans were
recorded with the following parameters: 0.167 Hz/point, pulse width (PW) = 4.0
us, acquisition time (AQ) = 3.17 s, demiscans (DS) = 4, and relaxation delay
(RD) = 1.5 s. Free induction decays (FIDs) were Fourier transformed with line
broadening (LB) = 0.3 Hz. Manual phase adjustment and baseline correction
were applied prior to integration of target regions for quantitative analysis. The
parameters for two-dimensional NMR spectra such as J-resolved, correlated
spectroscopy (COSY), heteronuclear single quantum coherence (HSQC), and
heteronuclear multiple bond correlation (HMBC) were those described
previously (Kim et al., 2010b).

Data Analysis

'H-NMR spectra were automatically binned by AMIX software (v.3.7,
Biospin, Bruker). Spectral intensities were scaled to total intensity and the
region of & 0.30 - & 10.00 was reduced to integrated regions of 0.04 ppm each.
The regions of 6 4.7 - 8 5.0 and 6 3.28 - 5 3.34 were excluded from the analysis
because of the residual water and methanol signal, respectively. SIMCA-P*
software (v.12.0, Umetrics, Ume& Sweden) was used for principal component
analysis (PCA) and partial least square (PLS) modeling with Pareto-scaled data
of binned 'H-NMR. All experiments were conducted with five replicates.
Statistical analysis was performed using one way analysis of variance (ANOVA)
followed by Duncan’s Multiple Range (DMRT) test. The values are mean + SD
for three samples in each group. P values < 0.05 were considered as significant.
The ANOVA for all the data was performed by SPSS (version 14.0, Chicago,
IL, USA).
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Results and Discussion

Assignment of the signals in *H-NMR spectra

'H-NMR spectra of the organs of C. roseus such as root, stem, upper leaf,
lower leaf, and flower show very different signals (Fig. 1). Even upper and
lower leaves are found to have quite different metabolites both in the aliphatic
and aromatic regions of the 'H-NMR. Catharanthus roseus plants with the
flowers of the four colors, i.e. orange, red, pink and purple exhibited obvious
differences in the proton spectra (Fig. 2). '"H-NMR has been widely used in
metabolomics and related fields of plant science. Nevertheless, limitations in
resolution and signal overlapping in *H-NMR spectra require the combination
of different NMR technologies, such as J-resolved, COSY, HSQC, or HMBC
etc. Thus, the use of 2D NMR extends the capability of NMR for use in
metabolomics. This allowed a number of primary and secondary metabolites to
be identified based on information from the *H-NMR, J-resolved, COSY and
HSQC, and HMBC spectra and from previous publications (Table 1) (Choi et
al., 2004; Yang et al., 2009; Kim et al., 2010a).

Signals were assigned to metabolites with clear difference in the area of
amino acids and aliphatic compounds (6 0.5 - 8 3.1), the area of sugars (6 3.5 -
5.5), and the area of aromatic/phenolic compounds (3 6.0 — 6 8.5) (Fig. 1 and 2).
The signals of the main aromatic compounds in the flower and leaf extracts
were assigned to quercetin-3-O-glucoside, chlorogenic acid, 4-O-caffeoylquinic
acid, secologanin, and vindoline but they were not detected in the spectra of
stem and root extracts. The *H-NMR spectra of flowers showed more signals of
phenolic compounds, especially those of flavonoids. The signals of H-2* and
H-6" from two kaempferol analogues were observed at 8 8.04 (d, J = 7.9 Hz)
and 6 8.08 (d, J = 7.9 Hz), respectively in the spectrum of the orange flowers,
both of which were correlated with the signals at & 7.00 (d, J = 7.9 Hz) of H-3’
and H-5" in the *H-"H COSY spectrum. Another signal at & 6.50 of H-8 (d, J =
2.1 Hz) was correlated with one at & 6.30 of H-6 (d, J = 2.1 Hz). In the NMR
spectra of other organs, however, one of the kaempferol resonances at & 8.04
was found at very low intensity, almost undetectable. In the *H-NMR spectrum
of flowers, the quercetin signal at & 7.65 of H-6" correlated with a signal at &
6.99 of H-5" and a signal at 3 7.88 of H-2" in the *H-"H COSY spectrum. Three
aromatic protons at 6 7.52 (dd), 6 7.26 (dd), and & 6.83 (t) which were observed
in the spectra of purple and pink flowers correspond to H-6, H-4, and H-5 of the
aromatic ring of 2,3-dihydroxybenzoic acid (DHBA). The spectra of stems and
roots show two additional signals at & 7.08 and & 5.30 that did not appear in
flowers and leaves spectra. Based on reference compounds, these signals were
assigned to the H-3 and H-1 of loganic acid (Choi, et al., 2004). The signals
corresponding to vindolinine and catharanthine were detected in the spectra of
all organs (Table 1).
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Fig. 1 '"H-NMR spectra of extracts of different organs of red-colored Catharanthus
roseus with the assigned metabolites: 1: root; 2: stem; 3 lower leaf; 4 upper leaf; 5
flower. A: aliphatic amino acids in the range of & 0.5 — §3.1. B: aromatic
metabolites in the range of 6 6.0 — 5 8.5.

In the aliphatic region, the high signal intensities facilitated the
identification of amino acids and organic acids. This part of the spectra showed
significant differences for the different plant parts. The signals of isoleucine at &
0.96, leucine at 6 0.97 and 6 0.99, valine at 6 1.01 and & 1.06, threonine at &
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1.34, glutamic acid at 6 2.39, asparagine at 6 2.82 and 6 2.96 were higher in the
spectra of flowers and leaves than that of stems and roots. Some organic acids,
such as quinic acid (6 1.88 and 6 1.92), malic acid (3 2.72) and ketoglutaric acid
(6 2.99), were also more intense in flower and leaf spectra. Stems exhibited a
strong signal corresponding to citric acid at & 2.52. Resonances of
2,3-butanediol observed at 8 1.15 correlated with the protons at & 3.51 in *H-'H
COSY spectra and the carbon at & 72.5 in HSQC spectra. In the sugar part,
flower spectra showed extremely strong signals of glucose at 6 5.19 and 6 4.58
as compared to the spectra of other organs. Signal of sucrose at & 5.41 were
observed in all parts of C. roseus.
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Fig. 2 '"H-NMR spectra of extracts of flowers of Catharanthus roseus with four
colors: 1: orange; 2: red; 3 pink; 4 purple. A: aliphatic amino acids in the range of &
0.5 -8 3.1. B: aromatic metabolites in the range of 6.0 — & 8.5.
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Table 1. *H-NMR chemical shift (d) and coupling constants (Hz) of identified
metabolites based on ‘H-NMR, J-resolved, COSY, HSQC, HMBC, and reference
compounds.

No Compounds Chemical shifts (6) (ppm)

1 Isoleucine 0.96 (t,J=7.4),1.03(d,J=6.8)

2 Leucine 0.97 (d, J=6.3),0.99 (d, J =6.3)

3 Valine 1.01(d,J=7.0),1.06 (d,J=7.0),2.28 (m)

4 Threonine 1.34(d, J=6.6)

5 Alanine 1.48(d,J=7.2)

6 Arginine 1.70 (m), 1.90 (m)

7 Glutamic acid 2.04 (m), 2.12 (m), 2.39 (m)

8 Glutamine 2.15 (m), 2.48 (m)

9 Aspartic acid 2.64 (dd), 3.83 (dd)

10 Asparagine 2.82 (dd, J=16.9, 8.2), 2.96 (dd, J = 16.9, 3.9)
11 Serine 3.78 (dd, J=6.2,3.7),3.92 (dd, J = 12, 6.2), 3.98 (dd, J = 12, 3.7)
12 2,3-butanediol 1.15(d, J=6.4), 3.50 (m)

13 EtOH 119 (t,J=7.1)

14 Quinic acid 1.88 (dd), 1.92 (m)

15 Lactic acid 1.37(d,J=7.2)

16 Acetic acid 1.94 (s)

17 Malic acid 2.45 (dd, J = 15.6, 7.2), 2.72 (dd, J = 15.6, 3.9)
18 Citric acid 2.44 (d,J=156),2.71 (d, J = 15.6)

19 Ketoglutaric acid  2.99 (t, J =7.5)

20 Succinic acid 2.51 (s)

21 Oxalaceticacid ~ 3.65 ()

22 Fumaric acid 6.55 ()

23 Sucrose 5.41(d, J=3.8)

24 a-glucose 5.19(d,J=3.7)

25 p-glucose 458(d,J=7.9)

26 Choline 3.21(s)

27 Chlorogenic acid ~ 7.61 (d, J=15.9), 7.14 (d, J = 2.1), 7.05 (dd, J = 8.4, 2.1) 6.36 (d, J = 15.9)
28 2,3-DHBA 6.83 (t,J=8.1),7.26 (dd, J=8.1, 1.5), 7.52 (dd, J = 8.1, 1.5)

29  Quercetin analogues 7.88 (d, J=2.1), 7.65 (dd, J=8.5, 2.1), 6.99 (d, J = 9.3)

30 Kaempferol analogues 6.30 (d, J = 2.1), 6.51 (d, J = 2.1), 7.00 (d, J = 9.3), 8.04 (d, J = 9.3)

83



Chapter 4 Investigation of the chemomarkers correlated with flower color

31 Kaempferol analogues 6.30 (d, J =2.1), 6.51 (d, J = 2.1), 6.98 (d, J = 9.3), 8.08 (d, J = 9.3)

32 Loganic acid 7.06 (d, J =1.1), 5.30 (d, J = 3.2), 4.72 (d, J = 8.0), 1.07 (d, J = 6.9).

33 Secologanin 7.46 (d, J =0.9), 7.48 (d, J = 0.9), 7.56 (d, J = 1.5), 9.65 (q)

34 Catharanthine ~ 1.10 (t, J=7.3), 7.36 (d, J = 8), 7.55 (d, J = 8)

35 Vindoline 0.51 (t, J = 7.4), 2.00 (s), 2.66 (s), 5.93 (M), 6.22 (d, J = 2.3), 7.11 (d, J = 8)
1.08 (d, J = 5.6), 5.92 (m), 6.51 (dd, J = 9.9, 3.1), 6.82 (d, J = 7.9), 7.24 (d, J

36 Vindolinine
=7.3)

4-0-Caffeoyl quinic 7.67 (d, J = 15.9), 7.17 (d, J = 2.1), 7.08 (dd, J = 8.3, 2.1), 2.1), 6.44 (d, J =
¥ acid 15.9), 2.09 (m)

Multivariate data analysis to find the chemo-marker compounds

for different flower color

The 'H-NMR data of all flower samples were subjected to different
multivariate data analysis methods for the metabolic discrimination of different
colored flowers and the investigation of the metabolites associated to these
flower colors. Principal component analysis (PCA) is usually used first to
analyze data in an unbiased and unsupervised way, providing an insight into the
differences or similarities among the samples. The principal components (PC)
can be presented graphically as a score plot. The corresponding loading plot
shows the metabolites responsible for the separation on the score plot. To get
more specific information on the common or discriminating metabolites in
different groups of samples, a supervised multivariate analysis method such as
partial least square discriminant analysis (PLS-DA) can be further applied to the
separation. The PLS-DA model was validated by the permutation method
through 20 applications.

Based on 'H-NMR data, the PLS-DA score plot of flower samples showed
all four cultivars of different flower-colored plants to be separated into three
groups by PLS components 1 and 2: orange, red and pink/purple (Fig. 3A).
From the PLS-DA loadings scatter plot of PLS component 1 and 2 (Fig. 3B),
the intense signals of kaempferol analogues, 2,3-butanediol, leucine/isoleucine,
and ethanol indicated high levels of these compounds in the orange flower
group. Purple and pink flowers were characterized by the signals of quercetin (&
7.88), 2,3-DHBA, glucose, sucrose, and choline. In the case of red flowers,
signals of chlorogenic acid, 4-O-caffeoyl quinic acid, malic acid, citric acid,
fumaric acid, quinic acid, glutamine and vindoline were found to be higher than
for other colors.
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Flower color is determined by a combination of pigments and co-pigments,
which are all secondary metabolites, stored in cell vacuoles of floral tissues
(Tanaka et al., 2010). The accumulation of secondary metabolites, such as
flavonoids, carotenoids and betalains, is responsible for flower color
development (Tanaka et al., 2010). Flavones and/or flavonols can form a weak
complex with anthocyanidins (Seigler, 1995). The flavonols kaempferol and
quercetin have been identified in C. roseus flowers (Forsyth and Simmonds,
1957). The biosynthesis of these compounds is catalyzed by flavonol synthase
(FLS) from the dihydroflavonols substrate, which can also be reduced to the
precursors of anthocyanins through the action of dihydroflavonol 4-reductase
(DFR) (Nishihara and Nakatsuka, 2010). Competition between FLS and DFR
thus affects flower color (Tanaka et al., 2010).
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Fig. 3 PLS-DA results of flowers with four colors from C. roseus plants. 1: orange;
2: red; 3 pink; 4 purple. A: score plot. B: loadings plot. Numbers in loadings plot
are the same as those of Table 1 of metabolites.

Our data showed a high level of kaempferol in orange flowers but a low
level of quercetin, indicating that dihydroflavonols may be mainly converted
into kaempferol as a co-pigment in the orange color flowers (Fig. 4).
Conversely, quercetin was more abundant in purple, pink and red flowers.
Different pigment/co-pigment compositions have proved to be responsible for
the basic color differences between white, cream, pink, mauve and purple
flowers (Markham and Ofman, 1993). Except quercetin, purple flowers featured
a high level of 2,3-DHBA, which is the iron-binding component of enterobactin
(Devireddy et al., 2010).
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Chapter 4 Investigation of the chemomarkers correlated with flower color

Red flowers exhibited higher intensity signals of organic acids than other
colored flowers. It suggests that flower-colors vary because anthocyanins
change their color according to the pH (Willstatter, 1915): in acidic media, the
pigments are red, but turn blue in alkaline pH. Petal color changes in morning
glory (Ipomoea tricolor cv. Heavenly Blue) from red to blue during the
flower-opening period, is due to an unusual increase in vacuolar pH (pHv) from
6.6 to 7.7 in colored epidermal cells (Yoshida et al., 2009).

Multivariate data analysis to find the specific metabolites

correlated with flower color in different organs

In order to explore the correlation between expressed colors and metabolic
profiles of other organs, *H-NMR spectrum of young leaf, old leaf, stem, and
root sample were also investigated by multivariate data analysis. The PLS-DA
score plot showed that the separation of young (upper) leaf samples was
consistent with that of flower samples. The young leaves of red and orange
flowers were clearly separated while those of pink and purple flowers were still
overlapping (Fig. 5A). Also, the samples of old (lower) leaves showed the
similar pattern as young leaves and flowers in the PLS-DA score plot (Fig. 5B).
In the case of stems, samples from all four flower-color plants were better
separated than other organs (Fig. 5C). Root samples were analyzed by PLS-DA
and classified into four groups as in the case of stem samples (Fig. 5D).

From the loadings scatter plot, characteristic signals were found
responsible for the separation and assigned to certain compounds (Fig. 6).
Based on "H-NMR spectra, the mean peak areas of the identified compounds
were quantified relative to the signal of TMSP as internal standard. The
compounds were thus relatively quantified in flowers, leaves, stems and roots of
the different flower-colored C. roseus. These data were then subjected to
ANOVA to confirm the participation of different metabolites in the
discrimination of organs of the different flower-colored plants. Results obtained
with a statistical significance (Alpha < 0.05) were in agreement with those
obtained from multivariate data analysis. Table 2 shows that each organ has its
own specific metabolic characteristics.

Each of the flower color groups was dominated by a series of specific
metabolites. Orange colored-flowers C. roseus plants exhibited a relatively high
level of kaempferol in all organs except roots. Its stems, young and old leaves
also showed a significantly higher level of secologanin and threonine as
compared to the other three flower-colored plants. A relatively higher level of
malic acid and fumaric acid occurred in the flowers and young leaves of
red-colored C. roseus but no difference was observed for old leaves, stems and
roots. The flowers, young leaves, old leaves and stems of orange and red
flower-colored plants had significantly higher levels of several amino acids,
such as leucine, isoleucine, threonine and asparagine if compared to purple and
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Chapter 4 Investigation of the chemomarkers correlated with flower color

pink flower-colored plants. The latter are characterized by a significantly higher
level of glucose, sucrose and 2,3-DHBA not only in their flowers but also in
their young leaves, old leaves and stems. Quercetin content was significantly
higher in the purple flowers of C. roseus, but showed no difference in leaves
and stems of all flower color plants. Red and purple flower-color plants also
exhibited a higher level of vindoline in their flowers and young leaves. Roots of
purple and pink-colored flower plants had a higher content of loganic acid than
orange and red samples.
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Fig. 5 PLS-DA score plots of young leaf (upper leaf, A), old leaf (lower leaf, B),
stem (C), root (D). 1: orange; 2: red; 3 pink; 4 purple.
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Fig. 6 PLS-DA loading plots of young leaf (upper leaf, A), old leaf (lower leaf, B),
stem (C), root (D). 1: orange; 2: red; 3 pink; 4 purple.

The metabolic correlation among the different organs of different
flower-colored plants showed that, as suspected, grouping was not limited to the
flowers themselves but also extended to their leaves, stems and roots. A young
leaf is physically the closest organ to the flower. Kaempferol derivatives are the
markers which are high not only in the flowers but also in the young leaves of
orange flower-bearing C. roseus plants. Purple and pink-flowered plants were
characterized by the presence of 2,3-DHBA and this was also found in their
leaves and stems. Red-flowered plants accumulated more acidic metabolites in
both flowers and young leaves. The stem, which connects all organs, had no
clear markers related to flower colors. Though the root is furthest away from
flowers in fact there is a difference in the metabolomes of roots of the different
flower-colored plants. For example, roots showed a relatively higher level of
loganic acid, which was particularly significant in purple and pink-flower plants.
In leaves and stems a significantly higher level of secologanin was detected in
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orange-flowering plants but in the case of roots highest levels were detected in
purple and pink-flowered plants. Secologanin, a monoterpenoid, derives from
the plastidial MEP pathway and acts as a precursor of terpenoid indole alkaloids
in C. roseus. The MEP pathway also leads to the biosynthesis of carotenoids,
which are important compounds in orange and yellow color in flowers (Zhu et
al., 2010).

Table 2. Difference of marker metabolites among orange (1), red (2), pink (3), and
purple (4) colors in different organs based on 'H-NMR intensities.

Upper Lower
Compounds Flower I'ng leaf Stem Root
1 2 3 4({1 2 3 4|1 2 3 4(1 2 3 4|1 2 3 4
Let;g&r;?rfélso + + + + +| + + + +
Threonine + + + + +
Alanine + + + + + +
Asparagine + + + + + + +
2,3- +
butanediol
Quinic acid
Lactic acid + + + + + +
Malic acid + + + + +
Fumaric acid + + + +
Sucrose + + + + + + + +
Glucose + 4+ + + + + + + +
2,3-DHBA + + + + + +
Quercetin-3- + +
O-glucoside
Kaempferol | + + + + + +
Loganic acid + +
Secologanin + + + + + +
Vindoline + + + + +| + +

L+: significantly high (Alpha<0.05 by ANOVA).

Pigments and nectar are produced in flowers as signals to attract
pollinating organisms as a strategy of increasing seed dispersion for survival
(Miller et al., 2011). Our data showed that flowers contain a higher level of
defense-related compounds, such as 2,3-DHBA and 2,3-butanediol as compared
to other organs. According to previous studies, 2,3-DHBA is formed through
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the isochorismate pathway in C. roseus after elicitation (Budi Muljono et al.,
2002) and a recent report revealed that the accumulation of 2,3-DHBA depends
on EDS1 (Enhanced Disease Susceptibility) in resistance responses and during
the ageing of plants (Bartsch et al., 2010). This compound has been reported to
cause induced systemic resistance (ISR) of plants, which might play a role in
the triggering of the production of other metabolites (Ryu et al., 2004). As the
location for plant communication with other organisms, flowers may contain
more compounds related to the defense system to protect itself.

Chorismic acid Iridodial

— [ T

Phenylalanine . horismic  Anthranilic acid Loganic acid
acid ’

Coumaric acid : W

€

*, Tryptamine Secologanin
Chalcones %,
i | ) : ,
Flavonoids Caffeic acid 2,3-DHBA Vindoline, !

catharanthine<’
H B B H .

mEE -

Stem & root

Fig. 7 Scheme of the phenylalanine pathway, isochorismic pathway, indole pathway
and iridoid pathway with their intermediates. The levels of intermediates were
determined by the signals integration based on 'H-NMR spectra and tested by
ANOVA as in table 2 (m high level; m low level; m very low level; o undetectable).
Solid arrows represent one-step reactions; broken arrows represent multiple or
uncharacterized reactions.

This study also shows the distribution of metabolites in different pathways
in four organs. Three pathway branches from the chorismic acid (isochorismic
pathway, phenylalanine pathway and indole pathway) and iridoid pathway are
clearly involved in the different metabolic patterns observed in the four types of
plants studied. The plants also differed in their primary metabolism. The data
from NMR showed that the metabolites related to the phenylalanine pathway
(caffeoylquinic acid, flavonols and anthocyanins) and the isochorismic pathway
(2,3-DHBA) were present in higher levels while the metabolites related to the
terpenoid indole alkaloid (secologanin, vindoline and catharanthine) were
present in lower amounts in flowers. The situation in leaves was opposite (Fig.
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7). This indicates that the phenylalanine and isochorismic pathways are
competitive with the indole alkaloid pathway for various physiological
functions of C. roseus plants.

Conclusion

This study provides the first comprehensive comparative analysis of the
primary and secondary metabolite composition of flowers, leaves, stems and
roots of the Pacific series of C. roseus with four flower colors (orange, red,
purple and pink). The results revealed clear differences in the metabolome of all
four organs of the different flower colored C. roseus. The four organs also
showed specific metabolic profiles that correlate with their flower color, which
might be used to predict the color the flower already in small plantlets long
before flowering. NMR-based metabolomics could thus be a very useful tool for
plant breeding, but first further studies wih other genotypes with different colors
are needed to confirm this conclusion
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