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The genus Ilex to which mate (Ilex paraguariensis) belongs, consists of more than 500 species. A wide
range of metabolites including saponins and phenylpropanoids has been reported from Ilex species. How-
ever, despite the previous works on the Ilex metabolites, the metabolic similarities between species
which can be used for chemotaxonomy of the species are not clear yet. In this study, nuclear magnetic
resonance (NMR) spectroscopy-based metabolomics was applied to the classification of 11 South Amer-

ﬁey words: ican Ilex species, namely, llex argentina, Ilex brasiliensis, llex brevicuspis, Ilex dumosa var. dumosa, I. dumosa
I\/T:tabolomics var. guaranina, Ilex integerrima, Ilex microdonta, I. paraguariensis var. paraguariensis, Illex pseudobuxus, Ilex
14 NMR taubertiana, and Ilex theezans. "TH NMR combined with principal component analysis (PCA), partial least
J-resolved square-discriminant analysis (PLS-DA) and hierarchical cluster analysis (HCA) showed a clear separation

HSQC between species and resulted in four groups based on metabolomic similarities. The signal congestion of
Chemotaxonomic classification "H NMR spectra was overcome by the implementation of two-dimensional (2D)-J-resolved and heteronu-
clear single quantum coherence (HSQC). From the results obtained by 1D- and 2D-NMR-based metabolo-
mics it was concluded that species included in group A (I. paraguariensis) were metabolically
characterized by a higher amount of xanthines, and phenolics including phenylpropanoids and flavo-
noids; group B (I. dumosa var. dumosa and I. dumosa var. guaranina) with oleanane type saponins; group
C (I brasiliensis, I. integerrima, I. pseudobuxus and I. theezans) with arbutin and dicaffeoylquinic acids, and
group D (I. argentina, I. brevicuspis, I. microdonta and I. taubertiana) with the highest level of ursane-type
saponins. Clear metabolomic discrimination of Ilex species and varieties in this study makes the chemo-
taxonomic classification of Ilex species possible.
© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The genus Ilex comprises more than 500 species of dioecious
trees and shrubs distributed throughout temperate and tropical re-
gions of the world (Galle, 1997). It is one of the main genera of the
Aquifoliaceae family together with the monospecific genus Nemo-
panthus of eastern North America (Noud et al., 2000). Many species
of Ilex are ornamental (holly plant). However, one of these species,
llex paraguariensis, has been used since pre-Columbian times and
later grown as a domesticated crop in the northeastern region of
Argentina and South-east of Brazil where its leaves are processed
to produce yerba mate (Maria et al., 1997). Mate is massively con-
sumed in this region either as a decoction or a type of concentrated
infusion, much the same as tea or coffee in other parts of the world.

* Corresponding author. Tel.: +31 (0)71 527 4510; fax: +31 (0)71 527 4511.
E-mail address: y.choi@chem.leidenuniv.nl (Y.H. Choi).
1 These authors equally contributed to the article.
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Similarly to these, it contains significant amounts of the stimulant
xanthine, caffeine.

A number of therapeutic applications have been claimed for
mate infusions, such as, choleretic (Gorzalczany et al., 2001),
anti-inflammatory (Peluso et al., 1995) anti-ageing; anti-obesity
(Anderson and Fogh, 2001), anti-oxidant (Filip et al., 2000), diuretic
(Gonzalez et al., 1993), anti-thrombotic (Gugliucci and Menini,
2002), and endothelium-dependent vasorelaxing activity (Mucil-
lo-Baisch et al., 1998). It has also recently begun to be used to re-
duce fatigue and as an appetite suppressant (Cardozo et al., 2007).

Among the several hundreds of existing Ilex species, a few of
them such as Ilex brevicuspis and Ilex theezans grow in the same
habitat of I. paraguariensis. Others, as in the case of Ilex argentina
Lillo known as ‘arbol de la yerba’ or ‘palo de yerba’, are native to
the northwestern Argentine region. All of these are considered to
be potential substitutes or adulterants of I. paraguariensis (Giberti,
1989) in the commercial production of yerba mate. The possibility
of detecting the presence of these adulterants is therefore an
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important issue in the quality control of yerba mate for which
there is no satisfactory solution to date.

The chemical composition of Ilex species growing in this region
has been extensively studied. A wide range of primary and second-
ary metabolites have been described, among which phenolics,
including flavonoids and phenylpropanoids have been reported
in all species (Filip et al., 2001). Phenylpropanoids and caffeic acid
analogues have been isolated from I. paraguariensis (Clifford and
Ramirez-Martinez, 1990). Apart from these, as mentioned above,
the xanthine caffeine has also been detected in I. paraguariensis (Fi-
lip et al., 1998, 2001; Athayde et al., 2000; Cardozo et al., 2007).
These authors also reported the presence of lower amounts of an-
other xanthine - theobromine - while the presence of theophyl-

H.K. Kim et al./ Phytochemistry 71 (2010) 773-784

line, reported in very small quantities in some papers (Mazzafera,
1994), is a matter of controversy, as several researchers were un-
able to detect this substance (Baltassat et al., 1984; Clifford and
Ramirez-Martinez, 1990; Ashihara, 1993; Filip et al., 1998). The
xanthine content of I. paraguariensis preparations such as decoc-
tions has also been studied together with that of other South Amer-
ican Ilex species. Among these, I. paraguariensis exhibited the
highest levels of caffeine and theobromine, while no xanthines
were detected in I brevicuspis. I. theezans was reported to contain
traces of caffeine and theophylline and I. argentina traces of theo-
bromine (Filip et al., 1998). Apart from these aromatic compounds,
pentacyclic triterpenoids such as o- and B-amyrin, and ursolic and
oleanolic acids have also been found in Ilex species (Niemann and
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Fig. 1. 2D 'H-"H J-resolved spectrum of I. paraguariensis (number of voucher specimen: 28) (A) and I. theezans (number of voucher specimen: 16) (B) extracts in the range of &
5.8-8.2. (1) H-8 of caffeine, (2) H-2' of rutin, (3) H-6’ of rutin, (4) H-7 of trans-phenylpropanoids, (5) H-2 of trans-phenylpropanoids, (6) H-6 of trans-phenylpropanoids, (7) H-
5" of rutin, (8) H-5 of trans-phenylpropanoids, (9) H-8 of rutin, (10) H-8 of trans-phenylpropanoids, (11) H-6 of rutin, (12) H-8 of cis-phenylpropanoid, (13) H-1’ and H-6' of

arbutin, (14) H-3’ and H-5’ of arbutin.
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Baas, 1985). A number of papers have been published reporting the
saponin content of South American Ilex species (Schenkel et al.,
1997), or more specifically of characteristic saponins, such as
matesaponins in I. paraguariensis, (Gosmann et al.,, 1989, 1995;
Kraemer et al., 1996) and in Ilex dumosa (Heinzmann and Schenkel,
1995), or brevicuspisaponins from I brevicuspis (Taketa et al., 2000)
among others.

In our previous reports, a possible chemical marker of species of
the Ilex species, namely I argentina, Ilex brasiliensis, I. brevicuspis,
llex integerrima, Ilex microdonta, llex pseudobuxus, Ilex taubertiana,
and I. theezans was identified. All of these species were found to
contain arbutin as a major metabolite, while it is not present in I
paraguariensis. Among the 11 Ilex species and varieties that were
analyzed, I brasiliensis, I. pseudobuxus and I theezans showed
exceptionally high amounts of arbutin (ca. 100 mg/g) as compared
to other species (Choi et al., 2005). Although there are many Illex
species present in nature, the classification of which might be intri-
cate in terms of taxonomy, there are only few reports on the sys-
tematic metabolic characterization of Ilex species. Moreover, an
explicit characterization could be employed in the separation of I.
paraguariensis, unique among Ilex plants for its human consump-
tion, and its adulterants.

Metabolomics is the systematic identification and quantifica-
tion of all metabolites in a given organism or biological sample.
Naturally, the analytical platform for the acquisition of data on
metabolite content is critical for the success of the studies. Among
the several candidates, nuclear magnetic resonance (NMR) spec-
troscopy has proved to allow the detection of a wide range of
metabolites with high robustness and requiring only a very simple
sample preparation. Even one of the major drawbacks for NMR
application, low sensitivity, can eventually be in part overcome
by recently developed cryo (cold)-probe technology. The enhanced
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resolution and sensitivity provided by NMR spectroscopy along
with powerful chemometric tools, allows metabolomics to be ap-
plied to diverse fields of plant science.

Metabolomic profiling through 'H NMR spectroscopy based on
classification and characterization has been profusely used for
plants and plant-derived preparations. Some good examples of this
are the differentiation of Cannabis sativa cultivars (Choi et al.,
2004), the classification of Ephedra species and commercial Ephe-
dra herbs (Kim et al.,, 2005), the discrimination of commercial
feverfew preparations (Bailey et al., 2002) and commercial samples
of catuaba (Daolio et al., 2008). In a previous article we reported
the metabolomic analysis of 11 Ilex species including two varieties,
using an NMR spectroscopic method coupled to principal compo-
nent analysis (PCA) and soft independent modeling class analogy
(SIMCA) (Choi et al., 2005). On the basis of this data, the Ilex species
employed in the study were well characterized metabolically.
However, the application of NMR posed some problems such as
the tedious time-consuming sample preparation step and overlap-
ping of '"H NMR signals that hinder robust metabolite identifica-
tion. Additionally, the use of PCA and SIMCA limited the
detection of metabolic resemblance between two species. As a re-
sult, the classification of all analyzed samples was not achieved in
previous studies.

In order to avoid these problems, two changes were made. In
the first place, deuterated NMR solvents were used to extract the
Ilex samples thereby reducing sample preparation time. Secondly,
two-dimensional (2D)-'H-'H J-resolved and heteronuclear single
quantum coherence (HSQC) spectroscopy were applied with the
purpose of identifying as many metabolites as possible from the
overlapped 'H NMR signals. In addition to these analytical
improvements, hierarchical cluster analysis as a successive
chemometric approach was applied to the generated principal

caffeoyl moiety

R, = caffeoyl, R, = R; = H, 3-O-caffeoyl quinic acid

R, =R; =H, R, = caffeoyl, 4-O-caffeoyl quinic acid

R, =R, = H, R; = caffeoyl, 5-O-caffeoyl quinic acid (chlorogenic acid)
R, =R, = caffeoyl, R, = Ry = H, 3,4-O-dicaffeoyl quinic acid

R, =R, = caffeoyl, R, = H, 3,5-O-dicaffeoyl quinic acid

R, =H, R, =R, = caffeoyl, 4,5-O-dicaffeoyl quinic acid

OH
4165 » 3
H9% 1 O@OH

5 2 OH 4

6' 5

arbutin

R, =H, R, =CHj, oleanolic acid
R, = CH;, R, =H, ursolic acid

Fig. 2. Chemical structures of phenylpropanoids, arbutin and triterpenoidal moieties of saponins identified by NMR spectra in Ilex species.
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components (PCs) and partial least square (PLS) components ob-
tained from PCA and PLS-discriminant analysis thus increasing
the reliability of the metabolic characterization and contributing
to the determination of the degree of metabolic closeness between
species.

2. Results and discussion
2.1. Identification of metabolites in the extracts using 2D-NMR

In our previous report, a two-phase extraction method using
chloroform-MeOH-water followed by evaporation and reconstitu-
tion with deuterium solvents was used for Ilex samples (Choi et al.,
2005). However, this method involved a long sample preparation
time, apart from the possibility of the loss of metabolites or

thermally induced degradation or alterations, e.g., isomerization
of phenylpropanoids. Thus, in this study we directly used deuter-
ated solvents for extraction — a CH3;0H-d, and KH,PO, buffer in
D,0 (1:1) - simplifying the tedious sample preparation step. These
extracts allowed the detection of a wide range of metabolites. For
example, using the previous two-phase extraction method, caf-
feine and chlorogenic acid were separately extracted in the chloro-
form and water fraction respectively, while in this case both
metabolites were well detected in the single extract.

In order to deal with the signal congestion, 2D-NMR spectra
were employed. Although '"H NMR has been considered a promis-
ing analytical tool for metabolomics research, a number of prob-
lems have yet to be solved. One of the most troublesome is
signal overlapping. In this case, signal congestion was solved
applying diverse 2D-NMR spectra to the deconvolution of
metabolites in the Ilex extracts. Among the spectra employed,
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Fig. 3. Score plot of principal component analysis (PCA) results obtained from 'H NMR using PC1, PC2 and PC3 (A) and loading plot of PC1 (B). Group A: I. paraguariensis var.
paraguariensis (8). Group B: I. dumosa var. dumosa (4) and I. dumosa var. guaranina (5). Group C: I. brasiliensis (2), I. integerrima (6), I. pseudobuxus (9) and I. theezans (11). Group
D: I argentina (1), I brevicuspis (3), I. microdonta (7) and I. taubertiana (10). (a) Arbutin signals, (b) methyl signals of saponin, (c) caffeine signals, (d) caffeoylquinic acids and

rutin signals.
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2D-'H-"H J-resolved spectrum has previously showed promising
results in terms of time efficiency and signal robustness in diverse
applications of metabolomics (Viant, 2003; Choi et al., 2006). In
this case, many overlapped '"H NMR resonances were clearly re-
solved alongside to F;-axis of coupling constants in jJ-resolved
spectrum (Fig. 1). In the aromatic region, the resonances of various
phenylpropanoids were well separated from xanthines and flavo-
noids. In the past, other research groups have reported that the
major phenolic compounds of Ilex species are chlorogenic acid,
3,4-, 3,5- and 4,5-0-dicaffeoylquinic acid as well as rutin (Clifford
and Ramirez-Martinez, 1990; Ricco et al., 1991; Filip et al., 2001).
All of these major phenolics were clearly detected in the 2D-J-re-
solved spectrum with high resolution, characterized particularly
by the signal corresponding to H-8 or H-8"” of phenylpropanoids
in the range of § 6.1-6.5 which shows the presence of a variety
of phenylpropanoids. The 'H resonances of phenylpropanoids, H-
8 or H-8” resonances (d, J=16.0 Hz) of phenylpropanoids are
clearly influenced by substitution and can thus be used for identi-
fication of individual phenylpropanoids. Based on the spectra of
isolated compounds, our in-house database and reference litera-
ture (Choi et al., 2006; Pauli et al., 1998), chlorogenic acid (5-O-caf-
feyoyl quinic acid) (H-8' at 6 6.36) as well as three dicaffeoylquinic
acids such as 3,4-0- (H-8 and H-8" at § 6.45 and 6 6.37), 3,5-0- (H-
8 and H-8" at § 6.47 and ¢ 6.39) and 4,5-O-dicaffeoylquinic acid
(H-8 and H-8" at § 6.30 and ¢ 6.21) were identified in I. paraguari-
ensis and I. theezans extracts (Fig. 2). In other species, instead of
dicaffeoylquinic acids, 3-0- and 4-0-caffeoylquinic acids were de-
tected as major phenylpropanoids as well as chlorogenic acid. In
addition to these mono- and dicaffeyol quinic acids, a major flavo-
noid, rutin was clearly detected in the aromatic region of Ilex ex-
tract due to its resonances at ¢ 6.31 (H-6, d, J=2.0 Hz), § 6.53 (H-
8, d, J=2.0Hz), 5 6.98 (H-5, d, J=8.5Hz), § 7.62 (H-6, dd,
J=8.5Hz,2.1 Hz)and 6 7.69 (H-2/, d, ] = 2.1 Hz) as well as anomeric
protons at § 5.01 (glucosyl H-1”, d, ] = 7.7 Hz) and ¢ 4.54 (rhamno-
syl H-1”, d, ] = 1.3 Hz). Characteristic arbutin '"H NMR resonances
were found at § 7.03 (d, J=9.0 Hz) and ¢ 6.81 (d, J= 9.0 Hz) in sev-
eral Ilex species such as I. argentina, I. brasiliensis, 1. brevicuspis, I
integerrima, I. microdonta, I. pseudobuxus, I. taubertiana and I. theez-
ans as described in our previous report (Choi et al., 2005). The com-
plex mixture of Ilex phenylpropanoids, flavonoids and arbutin are
well detected with high resolution in a single run of 2D-J-resolved
spectrum without the need of a chromatographic separation. In the
case of xanthines, only I paraguariensis showed detectable

i [P =

8 9 11 6 2% 4 5 27 1 3 10

Fig. 4. Dendrogram of HCA results based on 33 PCs obtained from PCA. (1) L
argentina, (2) I. brasiliensis, (3) I. brevicuspis, (4) I. dumosa var. dumosa, (5) I. dumosa
var. guaranina, (6) I integerrima, (7) I microdonta, (8) I paraguariensis var.
paraguariensis, (9) I. pseudobuxus, (10) L. taubertiana, (11) I theezans. =: not classified.

amounts of the H-8 of caffeine and theobromine although there
are some reports on the presence of minor amounts of xanthines
in other species (Filip et al., 1998). This 2D-J-resolved spectrum
can thus be used for the metabolic fingerprinting of Ilex species.

In our previous report, arbutin was described as a chemical
marker in I. argentina, I. brasiliensis, I. brevicuspis, I. integerrima, I.
microdonta, I. pseudobuxus, I. taubertiana, and I. theezans. However,
in 2004, Andrade et al. reported on the identification of arbutin-2-
sulfonyl from I. theezans leaves (Andrade et al., 2004). To confirm
the presence of this form of arbutin, diverse 2D-NMR spectra such
as COSY, HSQC and HMBC were used for the detection. However,
this sulfonyl was not detected in the extract of I. theezans. H-2 of
the sulfonyl gives shifts from 6 3.49 to § 4.30 (Andrade et al,,
2004). In the COSY spectrum of the I theezans extract, H-1 corre-
lates only with 6 3.49. Additionally, the 3C chemical shift of C-2
of arbutin-2-sulfonyl would be shifted downfield from § 75.9 to ¢
82.0. In this study, however, the HMBC spectrum of I. theezans ex-
tract showed the correlation of H-1 only with 6 75.9 (C-2 of arbu-
tin) and 6 152.2 (C-1’ of arbutin). Based on these results, it was
concluded that major form of arbutin is not as a sulfonyl but rather
as a free form.

2.2. Metabolomic classification of Ilex species using PCA, HCA and PLS-
DA

'H NMR data was reduced by principal component analysis in
order to obtain the maximum variation between the samples. A
33-component model explained 99.7% of the variance, with the
first three components explaining 70.4%. Using PC1, PC2 and PC3,
the 11 Ilex species and varieties employed in this study were found
to be clustered into four groups (Fig. 3A). I. paraguariensis (8, group
A) is clearly separated from other samples. The loading plot of PC1
(Fig. 3B) indicated that the amount of caffeoylquinic acids, rutin
and caffeine was higher in I paraguariensis, while the level of
saponins and arbutin were found to be relatively lower than in
the other species. The other groups were formed by two varieties
of I. dumosa (4 and 5, group B) in (Fig. 3A); L brasiliensis (2),
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Fig. 5. Score plot of partial least square-discriminant analysis (PLS-DA) results
obtained from 'H NMR using PLS1, PLS2 and PLS3. Group A: I. paraguariensis var.
paraguariensis (8). Group B: I. dumosa var. dumosa (4) and I. dumosa var. guaranina
(5). Group C: I integerrima (6), I. pseudobuxus (9) and I. theezans (11). Group D: L
argentina (1), I. brevicuspis (3), I. microdonta (7) and I. taubertiana (10).
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L. integerrima (6), I. pseudobuxus (9) and I. theezans (11) in another
group (group C) and lastly group D consisting of I. argentina (1), L
brevicuspis (3), I. microdonta (7) and 1. taubertiana (10). However,
the location of two of the species, I. brasiliensis (2) and I. pseud-
obuxus (9) was not clear, probably belonging to group C or D.
Although the PCA score plot provides some clues for grouping,
the available PCs are limited because only three PCs can be graph-
ically shown. Also, the score plot does not provide any information
on the closeness between groups. Applying hierarchical cluster
analysis (HCA) can help to obtain further information on these as-
pects. For the HCA, 33 PCs reduced from the original 'H NMR sig-
nals were used. As shown in Fig. 4 four groups were obtained
from HCA. The grouping in HCA is the similar as that of PCA. I. par-
aguariensis is clearly separated from other species. Among the
other Ilex species employed in this study, the metabolome of I
integerrima (6), I. pseudobuxus (9) and I. theezans (11) were found
to be the most similar to that of I. paraguariensis, while the furthest

species was found to be I taubertiana (10) in terms of their meta-
bolomes. In the case of I. brasiliensis, the classification based on
metabolomic analysis is not clear because there is a rather large
metabolomic variation between the samples as compared to the
other species.

The Ilex species used in this study were grown in the same con-
ditions after collecting the seeds from diverse places in South
America. Thus, it is expected that the metabolomic differences ob-
served could not be attributed to external factors such as climate,
soil condition or water stress but rather to the inherent character
of each species such as their genetic composition.

These conclusions coincide with the chemotaxonomical results
obtained by the application of molecular analysis with amplified
fragment length polymorphism to Ilex species (Gottleib et al.,
2005). For example, their results showed a very close relationship
between I. brasiliensis, I. integerrima and I. theezans, which was con-
sistently reflected in our metabolomic analysis (Fig. 4).
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Fig. 6. 2D-J-resolved (A) and HSQC spectra (B) of I. paraguariensis (number of voucher specimen: 28) and I. dumosa var. dumosa (number of voucher specimen: 7) in aromatic
range (6 6.1-6.6 for 'H and § 90-130 for '3C). Blue: . paraguariensis, red: I. dumosa var. dumosa. (1) H-8 of quercetin glycosides, (2) H-8': 3,5-O-dicaffeoylquinic acid, (3) H-8'
4-0-caffeoylquinic acid, (4) H-8': 3,4-O-dicaffeoylquinic acid, (5) H-8'": 3-O-caffeoylquinic acid, (6) H-8": 3,5-O-dicaffeoylquinic acid, (7) H-8": 3,4-O-dicaffeoylquinic acid, (8)
H-8': 5-0-caffeoylquinic (chlorogenic acid), (9) H-6 of quercetin glycosides, (10) H-8': 4,5-O-dicaffeoylquinic acid, (11) H-8": 4,5-O-dicaffeoylquinic acid. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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From the metabolomic similarity obtained from PCA and HCA,
these 11 Ilex species and varieties can thus be divided into four
groups. However, the PCA grouping can be only obtained from
arbitrary visual investigation because PCA aims at the separation
of each individual sample by maximum variation. Consequently,
a supervised method requiring additional Y-datasets is needed to
confirm the grouping of Ilex species. With the exception of I. brasil-
iensis which showed a large variation in PCA, four groups were ana-
lyzed by PLS-DA. Fig. 5 shows that quite a clear metabolomic
discrimination of each group was achieved. Also, PLS-DA provides
a correlation between metabolites and groups, so the detection
of the metabolites which act as chemical markers of each Ilex group
can be expected. The loading plot shows the correlation between
bucketed chemical shifts of 'TH NMR spectra and the group. Of
the correlated 'H NMR signals, significant values were selected

from the variable importance for projection (VIP) of each signal,
which is calculated by adding the squares of PLS-weights, weighted
by the amount of Y-explained in each model component. All of the
major known Ilex metabolites such as phenylpropanoids, flavo-
noids, saponins and arbutin are discriminating metabolites for
each group but the combination of differentiating metabolites var-
ies depending on the species. For example, I. paraguariensis was
found to contain more caffeine and phenylpropanoids whereas
for two varieties of I. dumosa the chemical markers were saponins
and phenylpropanoids.

However, despite the clear metabolic separation of Ilex species,
the identification of key metabolites contributing to the classifica-
tion was difficult to implement, due to the overlapping of signals of
the many similar analogues or glycosides of phenylpropanoids and
saponins. In this context, 2D-NMR spectrum is required for the
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Fig. 7. 2D-J-resolved (A) and HSQC spectra (B) of I. brevicuspis (number of voucher specimen: 4) and I. dumosa var. guaranina (number of voucher specimen: 222) in the range
of 5 0.5-1.5 for J-resolved, and ¢ 4.0-5.5 of 'H and 6 90-115 of '3C for HSQC. Blue: I. brevicuspis, red: I. dumosa var. guaranina. (1) H-27 of oleanane- or ursane-type saponins,
(2) rhamnosyl H-6 of saponins or rutinoside of flavonoid glycosides. (3) H-23 of oleanane- or ursane-type saponins, (4) H-29 or H-30 of ursane-type saponins, (5) H-26 of
oleanane- or ursane-type saponins, (6) H-25 of oleanane- or ursane-type saponins, (7) H-24 of oleanane- or ursane-type saponins, (8) HSQC correlation between anomeric
protons and carbons of sugars in saponins, (9) HSQC correlation between glucosyl H-1 and C-1 rutin, (10) HSQC correlation between H-1 and C-1 of arbutin, (11) HSQC
correlation between rhamnosyl H-1 and C-1 of rutin. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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identification of key distinguishing metabolites. Actually, groups
both B and D showed a higher accumulation of saponins as com-
pared to the other groups but the individual 'H NMR resonances,
particularly anomeric and methyl protons, differed between
groups. Thus, it may be assumed that the metabolites which were
shown to be increased were similar but not the same compounds.

2.3. Application of 2D-J-resolved and HSQC spectra to the Ilex species
metabolomics

To solve the congestion of '"H NMR, the use of 'H-'H 2D-J-re-
solved spectrum has been suggested because of its short measuring
time and good quantitative features compared to other 2D-NMR
experiments (Viant, 2003). In plant metabolomics it has been suc-
cessfully applied to diverse plants such as Nicotiana tabacum (Choi

et al., 2006), Arabidopsis thaliana (Hendrawati et al., 2006), Brassica
rapa (Widarto et al., 2006; Liang et al., 2006) and Panax ginseng
(Yang et al., 2006). In these applications, J-resolved spectra were
applied not only for the identification of metabolites but also to
improve spectral resolution by the projection to F-axis in which
all the splitted signals become singlets (Viant, 2003; Choi et al.,
2006; Hendrawati et al., 2006; Widarto et al., 2006; Liang et al.,
2006; Yang et al., 2006).

Also, recently '"H-'3C-heteronuclear single quantum coherence
(HSQC) spectra has been applied in metabolomics studies (Hyberts
et al., 2007; Lewis et al., 2007). Due to the inherent low sensitivity
of 13C, current metabolomics handling with mixtures could not use
the '3C derived metabolite information even though it is actually
reflects the chemical structures more directly than that of 'H
NMR. Among the '3C-related NMR techniques, HSQC shows rela-
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Fig. 8. Typical 'H-'3C HSQC spectrum of I. paraguariensis (number of voucher specimen: 28) (A) and F;-axis (*3C) projected 1D-HSQC spectrum (B).
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tively higher resolution and quantitation features in shorter mea-
suring time as compare to other !'3>C-related NMR techniques
(Hyberts et al., 2007; Lewis et al., 2007).

In this study J-resolved and HSQC were implemented for two
purposes. Firstly, they were used for the metabolic fingerprinting
of phenylpropanoids and saponins. In the metabolomic compari-
son of Ilex species and varieties, groups A and B showed a higher
level of phenylpropanoids but 'H NMR followed by multivariate
data analysis did not afford any information on the individual phe-
nylpropanoids. The same problem appeared in groups B and D with
the Ilex saponins in this case. In an attempt to solve this, the 2D
spectra of J-resolved and HSQC of these groups were compared.

Both I. paraguariensis and I. dumosa were found to contain high-
er levels of phenylpropanoids than other species in the PCA and
PLS-DA results. To investigate the phenylpropanoid profile in de-
tail, J-resolved and HSQC spectra were used for the 'H and '3C
resonances of H-8' and H-8” in the range of § 6.1-6.6 for 'H and
8 90-130 for '3C. In Fig. 6A, the J-resolved spectrum of I. dumosa
var. dumosa showed extremely low intensities of H-8 and H-8"
at § 6.30 and 6 6.21 as compared to those of I. paraguariensis. Also,
instead of the other two dicaffeoylquinic acids, isomers of chloro-
genic acids such as 3-0- and 4-O-caffeoylquinic acids were found
as major phenylpropanoids. In the HSQC spectrum, C-8" and C-8”
resonances at 6 116.5 were clearly detected in I paraguariensis
but only trace signals were identified in I. dumosa (Fig. 6B).

In order to compare the saponin content of groups B and D
which had showed to be high according to PCA results, the J-re-
solved and HSQC spectra of I. dumosa var. guaranina as a represen-
tative of group B and I brevicuspis for group D were compared.
Major Ilex saponins have been found to be mostly the ursane-type
triterpenoids (Gosmann et al., 1989, 1995). In the J-resolved spec-
trum, I. brevicuspis showed the characteristic resonance of H-29
and H-30 of ursolic acid moiety around 6 9.7 (d, J=7.2Hz)
(Fig. 7A). Interestingly, however, J-resolved spectrum of I. dumosa
var. guaranina exhibited the characteristic singlet of methyls of
the oleanane type saponins as major methyl resonances (Fig. 7A).
This is consistent with previous reports on the constituents of L
dumosa in which diverse saponins of an oleanolic acid moiety
rather than of ursolic acid present in other species have been re-
ported (Heinzmann and Schenkel, 1995). Apart from this, I. dumosa
was purported to have more diverse saponins than I. brevicuspis
according to their HSQC spectrum. In the anomeric region of the
HSQC spectrum, I. dumosa var. guaranina showed more varied ano-
meric sugar protons than I. brevicuspis (Fig. 7B).

As a further application of 2D-NMR spectra to metabolomics,
the projection on Fy-axis (HSQC) and F,-axis (J-resolved) were em-
ployed for further multivariate data analysis (Fig. 8), with the
expectation of gathering more information that could not be ob-
tained in 'H NMR metabolomics thanks to the new variables with
high resolution (J-resolved) and '*C-information (HSQC). The clas-
sification based on PCA results obtained both from projected J-re-
solved (Fig. 9A) and HSQC (Fig. 9B) were the same as that
obtained from 'H NMR spectra except that the metabolome of .
microdonta appeared to be closer to group C (I. integerrima, I. pseud-
obuxus and I. theezans), which is different from group D according
to the '"H NMR results. However, PCA of the projected HSQC results
showed exactly the same results as those obtained with 'H NMR
even for I. microdonta.

From the results of PCA, HCA, and PLS-DA based on 'H NMR, J-
resolved and HSQC spectra major metabolites for the chemical
classification of 11 Ilex species and varieties were found to be sec-
ondary metabolites, including xanthines, phenylpropanoids, flavo-
noids, and triterpene saponins. Using the information, the
metabolomic pattern of the key secondary metabolites of the Ilex
species and varieties was expressed in a percentage form [('H
NMR intensity of target resonance — mean value of the intensity
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Fig. 9. Score plot of principal component analysis (PCA) obtained from F,-axis-
projected J-resolved (A) and F;-axis-projected HSQC spectra (B). (1) I. argentina, (2)
I brasiliensis, (3) I. brevicuspis, (4) I. dumosa var. dumosa, (5) I. dumosa var. guaranina,
(6) L integerrima, (7) I. microdonta, (8) I. paraguariensis var. paraguariensis, (9) L
pseudobuxus, (10) I. taubertiana, (11) I. theezans.

in 11 Ilex species and verities) x 100] as can be observed in
Fig. 10. The pattern is definitely consistent with the PCA, HCA
and PLS-DA results. All 11 Ilex species and varieties are clearly di-
vided into four groups; Group A (I. paraguariensis) for higher level
of xanthines and phenolics including phenylpropanoids and flavo-
noids, group B (I. dumosa var. dumosa and I. dumosa var. guaranina)
for saponins of an oleanolic acid moiety, group C (I. integerrima, L.
pseudobuxus and I. theezans) for arbutin and phenylpropanoids
(mostly dicaffeoylquinic acids) and group D (I. argentina, I. brevicu-
spis, I. microdonta and I. taubertiana) for the highest level of ursane-
type saponins.

The classification of I. brasiliensis was not clear from PCA and
HCA of NMR data. However, in the expression pattern of key
metabolites, the species is more likely to belong to group C because
of the higher amount of arbutin and lower amount of saponins.

3. Experimental
3.1. Plant materials

Dried plant leaves of 11 Ilex species were provided by the Esta-
ciéon Experimental Agraria of Cerro Azul (INTA) (Misiones, Argen-
tina). The leaves were harvested two months prior to their use,
dried for 3 min with a microwave (700 W), ground and preserved
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Species

1. paraguariensis

1. dumosa var. dumosa

1. dumosa var. guaranina

L integerrima

1. pseudobuxus”

1. theezans

L brasiliensis

1. argentina

L. brevicuspis

1. microdonta

L taubertiana

Metabolites

Group

group A

group B

group C

group D

0%

88.76% 144.99%

Fig. 10. Key metabolite expression (%) of 11 Ilex species and varieties. Expression percentage of metabolite = ("H NMR intensity of target resonance — mean value of the
intensity in 11 Ilex species and varities) x 100). (1) Xanthines (H-8 of caffeine at ¢ 7.89), (2) flavanoids (H-8 of rutin ¢ 6.53), (3) monocaffeoylquinic acids (H-8 of 5-caffoyl
quinic acid ¢ 6.36), (4) dicaffeoylquinic acids (H-8' of 5-4,5-O-dicaffoyl quinic acid ¢ 6.30), (5) arbutin (H-2 and H-6 at 6 6.81), (6) total saponins including oleanane- and
ursane-type triperpenes (H-26, at § 0.92), (7) ursane-type triperpenes (H-29 and H-30, at 6 0.97). x: xanthine content of I. pseudobuxus was overestimated because it does not
follow a normal distribution and only I. paraguariensis shows detectable amount of xanthines.

at —18 °C. Voucher specimens are preserved in the EEA Cerro Azul.
Specifications of the plant materials evaluated in this study were
reported in our previous study (Choi et al, 2005) (Table 1).
CH30H-d, (99.9%) and D,0 (99.9%) were purchased from Cam-
bridge Isotope Laboratories Inc. (Miami, FL, USA), and NaOD was
from Cortec (Paris, France). Arbutin was obtained from Sigma (St.
Louis, MO, USA).

3.2. Extraction of plant material

Each sample was freeze-dried. A sample of 50 mg of dry mate-
rial was transferred to a 2 ml-microtube to which 1.5 ml of 50%
CH30H-d,4 in buffer (90 mM KH,PO,4 in D,0) containing 0.05% tri-
methyl silyl propionic acid sodium salt (TMSP, w/v) were added.
The mixture was vortexed at room temperature for 30 s, ultrasoni-
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Ilex species evaluated in this study (Choi et al., 2005).
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Species

Region and year of seed-collection (number of
voucher specimen)

Ilex argentina Lillo

Ilex brasiliensis
(Spreng) Loes.

Ilex brevicuspis
Reissek

Ilex dumosa var.
dumosa Reissek

I. dumosa var.
guaranina Loes.

Ilex integerrima
(Vellozo)
Reissek

Ilex microdonta
Reissek

Ilex paraguariensis
var.
paraguariensis
St.-Hill.

Ilex pseudobuxus
Reissek

Ilex taubertiana
Loes.

Ilex theezans
Reissek

Cerro san Javier, Tucuman, Argentina, 1991 (109)
Acheral, Tucuman, Argentina, 1991 (111)

Conception, Tucuman, Argentina, 1991 (112)
Quebrada de San Lorenzo, Salta, Argentina, 1995 (207)
Rio Branco do Sul, Parand, Brazil, 1990 (59)

Pto. Esperanza, Misiones, Argentina, 1990 (221)
Reserva Biologica de Limoy, Paraguay, 1997 (226)
Nueva Esperanza, Paraguay, 1997 (230)

San Pedro, Misiones, Argentina, 1987 (4)

Canoinhas, Brazil, 1989 (15)

Clevelandia, Parand, Brazil, 1991 (94)

Veranopolis, Rio Grande do Sul, Brazil, 1992 (119)
Campo Viera, Misiones, Argentina, 1989 (7)
Canoinhas, Santa Catarina, Brazil, 1989 (13)

Tijucas do Sul, Parana, Brazil, 1990 (55)

Campo Bom, Rio Grande do Sul, Brazil, 1992 (113)

Pto. Esperanza, Misiones, Argentina, 1996 (222)
Reserva Biologica de Limoy, Paraguay, 1997 (227)
Hernandarias, Paraguay, 1998 (235)

Hernandarias, Paraguay, 1998 (243)

Tijucas do Sul, Parana, Brazil, 1990 (56)

San Mateo do sul, Parand, Brazil, 1990 (69)

Irati, Parand, Brazil, 1990 (72)

Teixeira Soares, Parana, Brazil, 1990 (73)

Sao Francisco de Paula, Rio Grande do Sul, Brazil, 1992
(121)

Sao Francisco de Paula, Rio Grande do Sul, Brazil, 1992
(121a)

Sao Francisco de Paula, Rio Grande do Sul, Brazil, 1992
(121b)

Parque Nacional Aparados da Serra, Rio Grande do Sul,
Brazil, 1992 (126)

Chapecé, Santa Catarina, Brazil, 1989 (28)

San Antonio, Misiones, Argentina, 1989 (45)

Teixeira Soares, Parand, Brazil, 1990 (74)

ljui, Rio Grande do Sul, Brazil, 1993 (133)

Pontal do Sul, Paran4, Brazil, 1990 (67)

Campo Bom, Rio Grande do Sul, Brazil, 1992 (114)
Torres, Rio Grande do Sul, Brazil, 1992 (131)
Tramandai, Rio Grande do Sul, Brazil, 1992 (132)

Sao Francisco de Paula, Rio Grande do Sul, Brazil, 1992
(124)

Sao Francisco de Paula, Rio Grande do Sul, Brazil, 1992
(124a)

Sao Francisco de Paula, Rio Grande do Sul, Brazil, 1992
(124b)

Sao Francisco de Paula, Rio Grande do Sul, Brazil, 1992
(124c¢)

Major Viera, Rio Grande do Sul, Brazil, 1989 (16)

San Antonio, Misiones, Argentina, 1989 (46)

Tijucas do Sul, Parana, Brazil, 1990 (54)

Veranopolis, Rio Grande do Sul, Brazil, 1992 (118)

cated for 1 min, and centrifuged at 30,000 rpm at 4 °C for 20 min.
The supernatant (700 pl) was taken for NMR analysis.

3.3. NMR analysis

1D-'H NMR spectra, 2D-J-resolved spectra as well as 'H-'H
homonuclear and inverse detected 'H-'3C correlation experiments
were recorded at 25 °C on a Bruker 600 MHz AVANCE Il NMR spec-
trometer (600.13 MHz proton frequency) equipped with TCI cryo-
probe and Z-gradient system. CD30D was used for internal lock
purposes. For 1D-'H NMR spectra a total of 32,768 data points
were recorded covering a spectral window of 9615 Hz. One-hun-
dred and twenty-eight 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 suppres-
sion of the residual H,O signal was employed (Price, 1999). Data

was zero-filled to 65,536 points and an exponential window func-
tion with a line broadening factor of 0.3 Hz was applied prior to
Fourier transformation. The resulting spectra were manually
phased and baseline corrected, and referenced to internal TMSP
at 0.0 ppm. For 2D-J-resolved NMR spectra (Aue et al., 1976) a data
matrix of 62 x 16,384 data points covering 50 x 7739.4 Hz were
acquired using 16 scans for each increment in F;. Presaturation
was applied during a relaxation delay of 1.5 s with an effective field
of yB; = 50 Hz. Data were zero-filled to 512 x 32,768 points prior
to magnitude mode Fourier transformation with a sine shape win-
dow functions in both dimensions. The resulting frequency domain
data were tilted by 45°, and then symmetrized along the F, dimen-
sion (F; = 0 Hz) and referenced according to internal TMSP. From
the resulting 2D-J-resolved spectra 1D-projection along the F,
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 (Der-
ome and Williamson, 1990) were acquired with presaturation
(yB1 =50Hz) 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 eight scans for each increment. Data was zero-filled to
2048 x 2048 points prior to States-TPPI type 2D Fourier transfor-
mation and a sine bell shaped window function was applied in
both dimensions. Coherence order selective gradient heteronuclear
single quantum coherence (HSQC) spectra (Kay et al., 1992) 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 in F; to 512 x 2048 using 32 coefficients and then zero-
filled to 2048 x 2048 points prior to echo-anti echo type 2D Fou-
rier transformation and a sine bell shaped window function shifted
by 7/2 in both dimensions was applied. 1D projection along the F;-
axis was extracted using the build-in positive projection tool of
Topspin (version 2.1, Bruker Biospin). For heteronuclear multiple
bond correlation (HMBC) spectra (Bax and Summers, 1986) a data
matrix of 300 x 2048 points covering 33201.9 x 6265.6 Hz was re-
corded with 256 scans for each increment. A relaxation delay of
1.5s 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 F; dimension and 7/6 in the F,
dimension was applied. The final spectrum was obtained by mag-
nitude calculation along the F, dimension.

3.4. Data analysis

The 'H NMR and the J-resolved projection spectra were auto-
matically reduced to ASCII files using AMIX (version 3.7, Bruker
Biospin). Spectral intensities were scaled to TMSP and reduced to
integrated regions of equal width (0.04 ppm for 'H- and projected
J-resolved spectra, 0.5 ppm for projected HSQC spectra) corre-
sponding to the region of 6 0.3-10.0. The region of § 4.7-5.0 and
was 6 3.28-3.34 excluded from the analysis because of the residual
signal of H,O and CH3O0H-d,4, respectively. Principal component
analysis (PCA), partial least square-discriminant analysis (PLS-
DA), and hierarchical cluster analysis (HCA) were performed with
the SIMCA-P software (version 12.0, Umetrics, Umead, Sweden).
Both Pareto and unit variance (UV) scaling methods were applied
to PCA and PLS-DA.
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