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Glycyrrhiza glabra, commonly known as licorice, is a popular herbal supplement used for the treatment of
chronic inflammatory conditions and possesses anticancer and antiviral activities. This species contains a
plethora of phytochemicals including terpenoids, saponins, flavonoids, polyamines and polysaccharides.
The full complement of bioactive compounds has yet to be elucidated, a step necessary in order to explain
its medicinal use. There are over 30 species in the Glycyrrhiza genus world-wide, most of which have been
little characterized in terms of phytochemical or pharmacological properties. Here, large scale multi-tar-
geted metabolic profiling and fingerprinting techniques were utilized to help gain a broader insight into
Glycyrrhiza species chemical composition. UV, MS and NMR spectra of extracted components were con-
nected with NMR, MS, and multivariate analyses data from Glycyrrhiza glabra, Glycyrrhiza uralensis, Glyc-
yrrhiza inflata and Glycyrrhiza echinata. Major peaks in 1H NMR and MS spectra contributing to the
discrimination among species were assigned as those of glycyrrhizin, 4-hydroxyphenyl acetic acid, and
glycosidic conjugates of liquiritigenin/isoliquiritigenin. Primary metabolites profiling using GC–MS
revealed the presence of cadaverine, an amino acid, exclusively found in G. inflata roots. Both LC–MS
and NMR were found effective techniques in sample classification based on genetic and or geographical
origin as revealed from derived PCA analysis.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Licorice is the dried root of Glycyrrhiza glabra, a member of le-
gumes endogenous to Asia and Southern Europe. Licorice is widely
used as flavoring and sweetening agent, but has also been pro-
posed for various clinical applications (Fiore et al., 2005). Tradi-
tions from ancient Assyrian, Egyptian, Chinese and Indian
cultures have documented its extensive medicinal use as demul-
cent, expectorant and in ulcer healing (Armanini et al., 2002). Phar-
macological effects of licorice including inhibition of gastric acid
secretion, anti-inflammatory, antiviral and anti-atherogenic prop-
erties have been well verified (Fiore et al., 2008; Tanaka et al.,
ll rights reserved.
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2008). An anti-carcinogenic effect of licorice has also recently been
demonstrated (Csuk et al., 2010; Kobayashi et al., 2002; Lee et al.,
2007). These biological effects are attributed to a variety of biolog-
ically active constituents: terpenoids, alkaloids, polysaccharides,
polyamines, saponins and flavonoids (Fenwick et al., 1990; Simons
et al., 2009; Zhang and Ye, 2009). The most important constituent
of licorice is glycyrrhizin (G) reported in quantities of 3.63–13.06%
from dried roots. G is a saponin of the pentacyclic triterpene deriv-
ative of the oleanane type (Maatooq et al., 2010). Following hydro-
lysis, it releases two molecules of D-glucuronic acid and the
aglycone 18 b-glycyrrhetinic acid (GA), also called glycyrrhetic acid
(Fig. 1). G exhibits potent hydrocortisone-like anti-inflammatory,
antiulcer, antiviral and antihepatotoxic activities (Cinatl et al.,
2003; Sasaki et al., 2002) whereas glycyrrhetinic acid is a potent
antibiotic against ulcer causing Helicobacter pylori (Krausse et al.,
2004). Also GA and its derivatives have cytotoxic and apoptosis
inducing effects (Csuk et al., 2010). In addition to triterpene sapo-
nins, numerous polyphenols in quantities of 1–5% have been iso-
lated from Glycyrrhiza species including phenolic acids, flavones,
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Fig. 1. Major classes of natural products; glycyrrhizin (A), flavonoids (B) and sucrose (C) detected in licorice. Selected compound(s) are discussed in the manuscript. Note that
the carbon numbering system for each compound is used throughout the manuscript for NMR assignment, and thus is based on analogy rather than IUPAC rules.
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flavans, chalcones, and isoflavonoids (Vaya et al., 1997). The main
phenolic compounds are liquiritin and liquiritigenin and their chal-
cone-type derivatives isoliquiritigenin and isoliquiritin (Fig. 1). Lic-
orice polyphenols are mostly responsible for its antioxidant and
antitumor activities (Wang and Nixon, 2001). Glabridin, an isopre-
nylated flavonoid, inhibits P450 enzyme activities in tumor cells
whereas licochalcone A, another flavonoid, induces autophagy by
suppression of Bcl-2 expression in prostate cancer cells (Tamir
et al., 2000; Yo et al., 2009).

Despite licorice widespread medicinal and culinary uses, the
authentication of ground licorice samples and standardization of
its extracts poses a problem due to heterogeneity of the plant
material and contamination or purposeful adulteration with other
Glycyrrhiza species. Glycyrrhiza species can be differentiated based
on the morphologic features of their aerial part, i.e. leaf and fruit
morphologies, but not on their root morphology, even though that
is the medicinal part. Chemical investigation in Glycyrrhiza has
mostly focused on G. glabra and G. uralensis with little information
on other species’ chemical composition (Montoro et al., 2011;
Tanaka et al., 2010; Zhang and Ye, 2009).

Quality control analyses in licorice mostly target single com-
pound examination, of which glycyrrhizin appears the most-fre-
quently examined compound (Montoro et al., 2011; Ong and Len,
2003). Simultaneous LC–UV analysis of flavonoids such as liquir-
itin, isoliquiritigenin and liquiritigenin has also been recently em-
ployed for quality control assessment (Ma et al., 2005). Several
specific compounds responsible for licorice pharmacological use
have yet to be fully elucidated. Also, not all pharmacological prop-
erties could yet be attributed to defined phytoconstituents of lico-
rice. With an increasing demand for accuracy and consistency of
phytomedicine bioactivity, and the knowledge that a pharmaco-
logical effect may originate from more than one sole constituent,
these targeted techniques become insufficient tools for standardi-
zation and request better means to profile plant extracts in a multi-
targeted or even a holistic untargeted manner (Liang et al., 2010;
Wang et al., 2004; Wolfender et al., 2010).

Metabolic profiling techniques are established to help us gain a
broader insight into the biochemical composition of (living) organ-
isms at a certain time in a semi-automated and essentially, untar-
geted manner. Metabolomic studies make use mostly of
hyphenated techniques which rely on chromatographic separation
of metabolites using either gas chromatography (GC) or liquid chro-
matography (LC) coupled to mass spectrometry (MS) to analyze
complex mixtures of extracted metabolites. While nuclear
magnetic resonance spectroscopy (NMR) metabolite fingerprinting
approaches provide a valuable metabolite signature of complex
plant extracts combined with unbiased quantitative accuracy,
LC–MS metabolic profiling resolves individual chemical compo-
nents into separate peaks, enhancing the opportunity to uncover
novel or minor metabolites. The profiling of secondary metabolites
of Arabidopsis thaliana into the metabolomics approach (Roepe-
nack-Lahaye et al., 2004) preceded applications in food and medic-
inal plants that include authentication of medicinal ginger (Jiang
et al., 2006) quality control analysis of chamomile flowers (Wang
et al., 2004) green tea (Pongsuwan et al., 2007), Ginko biloba
(Agnolet et al., 2010) and hops (Farag et al., 2012). Contemporary
with our work, possible effects of the geographical location on G.
glabra (Montoro et al., 2011) and G. uralensis (Tanaka et al., 2010)
saponins and flavonoids composition using LC–MS was investigated.

The major goal of the current study was to further investigate
licorice global bioactive secondary and primary metabolism in
the context of both environmental and genetic diversity repre-
sented by four different Glycyrrhiza species (Glycyrrhiza glabra,
Glycyrrhiza uralensis, Glycyrrhiza inflata and Glycyrrhiza echinata)
from different localities (see Table 1) so as to set a framework for
its quality control. The adopted approaches focused on evaluating
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Table 1
The origin of Glycyrrhiza root samples used in this analysis.

Accession Species Original source Collected year

GI G. inflata China, Xinjiang 2005
GG1 G. glabra Sekem Commercial product, Egypt 2009
GG2 G. glabra Afghanistan 2008
GG3 G. glabra Botanical garden, Cairo University, Egypt 2009
GG4 G. glabra Syria 2008
GU1 G. uralensis China, eastern Inner Mongolia 2000
GU2 G. uralensis China, Gansu 2002
GU3 G. uralensis Commercial, Dongbei-Gancao, Vietnam 2009
GE1 G. echinata Botanical garden, Universität Bonn, Germany 2010
GE2 G. echinata Botanical garden, Universität Bayreuth, Germany 2010
GE3 G. echinata Botanical garden, Christian Albrechts Universität, Kiel, Germany 2010
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the capability of developing fast and effective analytical methods
for metabolomic fingerprinting of licorice extracts by direct analy-
sis of extract solutions using 1H NMR and 2D NMR techniques, ide-
ally without any preliminary chromatographic separation step in
parallel with chromatographic hyphenated GC and LC–MS tech-
niques. Owing to the complexity of acquired data, as reflected in
the complexity of spectral data, multivariate analyses e.g. hierar-
chical cluster analysis (HCA) and principal component analysis
(PCA) were performed to ensure good analytical reliability and to
define both similarities and differences.
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Fig. 2. Comparison of LC–MS base peak intensity chromatograms of G. glabra (A), G.
uralensis (B), G. inflata (C) and G. echinata (D) with assigned peaks: 31, glycyrrhizin
(G); 37, glycocoumarin; 42, licochlacone A; 44, glabridin. The asterisk (⁄) denotes
glycyrrhizin peaks used for alignment between chromatograms of different
extracts. Peak numbers follow those used for metabolite identification based on
LC–MS as listed in Table 2.
2. Results and discussion

2.1. LC–ESI-MS peak identification

LC–MS has been used for the qualitative and quantitative anal-
yses of licorice (Montoro et al., 2011; Tanaka et al., 2010; Zhang
and Ye, 2009). Licorice saponins and flavonoids are relatively polar
compounds with carboxyl or phenol groups in the molecules, and
thus could be readily ionized in the electrospray ionization (ESI)
source. Chemical constituents of G. uralensis were analyzed by
reversed-phase HPLC–MS, eluting with gradient mobile phase con-
sisting of methanol and 1% aqueous acetic acid. The reverse-phase
HPLC–MS method reported here was similar to that one previously
reported (Liu et al., 2006); however, the present method used
slightly different mobile phases and a steeper gradient of 0.1%
aqueous acetic acid and acetonitrile. This allowed for the elution
of all analytes within 60 min compared to the 100 min analysis
time previously reported. Simultaneously acquired LC–PDA and
LC–MS total ion chromatograms of G. glabra, G. uralensis, G. inflata
and G. echinata are presented in Fig. 2. The identities, retention
times, UV characteristics, and observed molecular and fragment
ions for individual components are presented in Table 2. Metabo-
lite assignments were made by comparing retention time, UV/Vis
spectra and MS data (accurate mass, isotopic distribution and frag-
mentation pattern in both positive and negative ion modes) of the
compounds detected with licorice compounds reported in the liter-
ature and searching in public on-line databases. Identifications
were confirmed with standard compounds whenever available
in-house. More than 60 compounds, including triterpene saponins,
flavonoids and coumarins, were resolved, of which 46 were identi-
fied; saponins accounted for the highest abundance among species
(Table 2). Monitoring MS data, the loss of 194 [glucuronic acid]�,
176 [glucuronic acid–H2O]� and or 351 [glucuro-glucuronic acid-
H]� were characteristic for saponins; m/z 351 appeared as strong
signal in most spectra likely due to an increased sensitivity for
the detection of the glucuronic acid fragment in negative ioniza-
tion mode. Except for G. echinata, glycyrrhizin was identified as
the major principal component in all Glycyrrhiza extracts and in
agreement with literature (Arraez-Roman et al., 2006). PDA detec-
tion provided an overview of the main flavonoid constituents in
Glycyrrhiza species. UV spectra (200–600 nm) were recorded for
compounds of different benzopyrane (flavonoid) sub-classes
including 11 flavanones, 10 chalcones, four isoflavan(ene)s, four
coumarins, two flavones, in addition to two dibenzoyl methane
derivatives and one pterocarpan (Table 2).

From LC–MS, the presence of the species specific markers gla-
bridin (C20H20O4, MW 324), licochalcone A (C21H22O4, MW 338)
and glycocoumarin (C21H20O6, MW 368) was confirmed for G. glab-
ra, G. inflata and G. uralensis (Stevens et al., 2000), respectively. Sev-
eral novel markers were also identified from the holistic approach
made in this work to distinguish between Glycyrrhiza species. For
example, rhamnose containing saponins, i.e. yunganoside G1 (26)
and G2 (27) were detected in G. echinata, but not from other spe-
cies (Table 2). Yunganosides are triterpene saponins containing
3,21,24-trihydroxy-12-oleanen-29-oic acid as aglycone, reported
previously from G. yunnanensis (Hu et al., 1995; Ohtani et al.,
1994). The position of sugar attachment in yunganosides could
not be confirmed from MS analysis. Inflacoumarin A (32), glyinfla-
nin A (51), licochalcone C (41) and D (35) were present exclusively
in G. inflata extracts (Table 2). Two aryl coumarins, glycyrin
isomers (43 and 47) were identified in G. uralensis in agreement
with previous isolation reports (Kinoshita et al., 1978). An indolyl
flavanone conjugate identified as licorice glycoside E (21) (Hatano
et al., 1998) was also found in G. uralensis. G. glabra showed two



Table 2
Compounds assigned in Glycyrrhiza species methanol extract by LC–MS.

No. rt (min) UV max Identification Aglycone class [M–H]� (m/z) Error(ppm) El. Comp. MSn ions GG GU GI GE

1 5.58 275 Unknown 209.0453 +1.14 C10H9O5 165, 121 + + + +
2 9.22 270, 315 Glucoliquiritin Flavanone 579.1698 �1.5 C27H31O14 417, 255 � + + �
3 10.49 270, 335 Unknown 593.142 �3.76 C34H25O10 457, 439, 408 + + � +
4 11.66 270, 315 Rhamnoliquiritin Flavanone nd C27H31O13 503, 473, 443 + + + +
5 12.44 260, 360 Glucoisoliquiritin Chalcone 579.1694 �2.25 C27H31O14 417, 255 � + � �
6 12.49 328 Unknown 547.1443 �0.52 C26H27O13 415 + + + �
7 12.96 270, 330 Isoviolanthin Flavone 577.1498 �9.19 C27H29O14 559, 503, 415 + + + �
8 13.25 270, 315 Liquiritin apioside Flavanone 549.1556 �8.35 C26H29O13 429, 255, 135 + + + +
9 13.57 275, 310 Liquiritin Flavanone 417.1156 +5.9 C21H21O9 255, 135 + + + +
10 15.35 285, 330 Unknown 565.1554 +0.52 C26H29O14 433, 402 + + + �
11 15.61 290, 315 Choerospondin Flavanone nd C21H21O10 271 + + + tr.
12 16.4 365 Neolicuroside Chalcone 549.1608 +1.11 C26H29O13 255, 135 + + + +
13 16.68 370 Neolicuroside isomer Chalcone 549.1602 +0.02 C26H29O13 429, 255 + + + �
14 16.95 360 Isoliquiritin Chalcone 417.1199 +4.31 C21H21O9 255, 135 + + + �
15 17.11 365 Licochalcone B Chalcone 285.0785 +8.71 C16H13O5 270 + + + +
16 17.73 280, 310 5,7-Dihydroxyflavanone Flavanone 255.0667 +4.72 C15H11O4 nd + + + +
17 18.21 280, 312 Licorice glycoside D2/D1 Flavanone 695.1977 +1.24 C35H35O15 255 + + + tr.
18 18.56 320, 370 Licorice glycoside A Chalcone 725.2112 +5.30 C36H37O16 549, 531 + + + tr.
19 19.09 Licorice saponin K2/H2 Triterpene 821.3955 +1.14 C42H61O16 351 � + � �
20 19.3 270 Licorice saponin A3 Triterpene 983.4465 �0.67 C48H71O21 351 + + + �
21 19.35 280, 320 Licorice glycoside E Flavanone 692.199 +5.10 C35H34NO14 255 � + tr. �
22 19.86 260, 305, 370 Unknown 269.0821 +7.53 C16H13O4 nd + + + tr.
23 20.01 270 22-Acetoxyglycyrrhizin Triterpene 879.4019 +2.15 C44H63O18 383 + + � �
24 21.6 260 Licorice saponin G2 Triterpene 837.3861 �4.04 C42H61O17 351, 289 + + + +
25 21.83 260 Licorice saponin E2 Triterpene 819.3835 +5.54 C42H59O16 383, 352 � + � �
26 21.9 Yunganoside G1 Triterpene 985.4678 +5.10 C48H73O21 839, 469 � � � +
27 22.36 Yunganoside G2 Triterpene 839.4124 +7.53 C42H63O17 487, 469 � � � +
28 22.54 260 Unknown Triterpene 837.3861 �4.04 C42H6117 351, 288 + + + +
29 21.76 370 Isoliquiritigenin Chalcone 255.0655 +0.01 C15H11O4 255 + + + +
30 22.99 Unknown Triterpene 941.4805 +8.04 C47H73O19 795 � � � +
31 23.34 255 Glycyrrhizin Triterpene 821.3962 +1.99 C42H61O16 351, 193 + + + tr.
32 24.21 335 Inflacoumarin A Coumarin 321.1132 +2.80 C20H17O4 267 � � + �
33 24.36 Licorice saponin J2 Triterpene 823.4152 +6.12 C42H63O16 351 + + + +
34 24.46 255 Glycyrrhizin isomer Triterpene 821.3965 +2.35 C42H61O16 351, 193 + � + �
35 24.51 355 Licochalcone D Chalcone 353.1411 +7.58 C21H21O5 338, 297 � � + �
36 25.1 Licorice saponin C2 Triterpene 805.3996 �0.05 C42H61O15 351 + + + tr
37 25.58 350 Glycocoumarin Coumarin 367.1201 +6.42 C21H19O6 309, 265 � + � �
38 25.65 nd Unknown 353.1397 +3.62 C21H21O5 338, 285 + + + �
39 25.95 295 Yunganoside A1/C1/B1 Triterpene 955.4851 �3.58 C48H75O19 633, 497 � � � +
40 26.13 285, 320 Glabrene Isoflavene 321.1134 +3.42 C20H17�4 277 + � � tr.
41 26.38 315, 370 Licochalcone C Chalcone 337.1459 +7.11 C21H21O4 305, 297 � � + �
42 27.09 312, 380 Licochalcone A Chalcone 337.1439 +1.18 C21H21O4 339 � � + �
43 27.22 350 Glycyrin isomer Coumarin 381.1330 �0.89 C22H21O6 nd � + � �
44 28.67 280, 310 Glabridin Isoflavan 323.1270 �2.78 C20H19O4 305, 201, 135 + � � �
45 28.71 282, 312 shd 3-Hydroxyglabrol Flavanone 407.1853 +0.18 C25H27O5 nd + � � �
46 29.27 285, 330 licoleafol Flavanone 371.1472 �4.69 C21H23O6 nd � + � �
47 29,67 350 Glycyrin isomer Coumarin 381.1331 �0.63 C22H21O6 366, 351, 285 � + � �
48 29,74 390 Unknown 339.1216 �3.59 C20H19O5 245, 201 � � + �
49 30.04 335 Licoflavone B Flavone 389.1745 �0.52 C25H25O4 333 � � + �
50 30.47 285, 320 shd Glabrol Flavanone 391.1895 �2.05 C25H27O4 221, 203, 187 + � � �
51 31.09 285, 340, 385 Glyinflanin A Benzenoid 407.1851 �0.3 C25H27O5 245, 201 � � + �
52 31.16 280, 330 Kanzonol Y Dihydrochalcone 409.2003 �1.28 C25H29O5 nd + � � �
53 31.41 285, 325 shd Kanzonol F Pterocarpan 419.1857 +1.13 C26H27O5 257, 231 + + + +
54 31.7 nd Kanzonol H Isoflavan 423.2146 �4.31 C26H31O5 367, 311 � + � �
55 32.08 nd 11-Deoxoglycyrrhetinic Triterpene 455.3491 �5.03 C30H47O3 nd + + tr tr
56 32.73 285, 320, 338 Unknown 353.139 +1.64 C21H21O5 nd + + + +
57 32.78 230, 280 Unknown 337.1426 �2.67 C21H21O4 nd + + + �
58 33.0 Glycyrrhetic acid Triterpene 469.3307 �1.3 C30H45O4 nd + + tr. tr
59 34.7 Unknown 421.1994 �3.38 C26H29O5 nd � + + �
60 35.92 340, 385 Glyinflanin A isomer Benzenoid 407.1841 �2.76 C25H27O5 245, 201 � � + �
61 36.45 285 Licorisoflavan A Isoflavan 437.231 �2.35 C27H33O5 nd � + � �

GG = G. glabra, GU = G. uralensis, GI = G. inflata, GE = G. echinata, (+) and (�) indicate presence and absence of a metabolite, resp., tr. = traces.
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chemotaxonomic markers including the isoprenylated flavanone
derivatives glabrol (50) and 3-hydroxy glabrol (45).

2.2. Multivariate PCA analysis of LC–ESI-MS data

Extracts were analyzed in both positive and negative-ion elec-
trospray ionization HPLC–(ESI)MS modes as changes in ESI polarity
can often circumvent or significantly alter competitive ionization
and suppression effects revealing otherwise suppressed metabolite
signals (de Rijke et al., 2003). From the 11 samples, 772 and 610
mass signals were extracted by XCMS software from the LC–MS
data set, acquired in negative and positive ionization modes,
respectively. Similar PCA results were observed in positive and
negative mode and thus only the results derived from negative
mode are presented herein. The main principal component (PC)
to differentiate between samples, i.e. PC1, accounts for 62% of lic-
orice variance. The PC1/PC2 scores plot (Fig. 3A) shows that four
distinct clusters are formed, distributed over three opposing
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Fig. 3. Principal component analyses of different Glycyrrhiza species derived from negative ionization mode LC–MS data (m/z 100–1000). (A) Score Plot of PC1 and PC2 scores.
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Table 2 for metabolite identification using LC–MS.
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regions, corresponding to the four different species studied. The
scores plot shows that reproducibility of the triplicate licorice sam-
ples was good. It should be noted that within a species, separation
based on geographical regions could not be observed from PCA as,
e.g. values for G. glabra grown in Egypt, Syria and Afghanistan are
all clustering together. Most of the species, were placed on the
right side of the vertical line representing PC1, whereas G. echinata
samples were placed on the left side. Discrimination between G.
glabra from G. uralensis and G. inflata is also possible, with G. glabra
samples being placed on the lower right part of the scores plot. G.
uralensis and G. inflata are in the same quadrant, i.e. related in com-
position but still distinct. Examination of the loadings plot suggests
that the variables refer to the MS signals of neolicuraside (liquiri-
tigenin glycoside), glycyrrhizin, glycocoumarin and rhamnosyl
containing saponins, i.e. yunganoside G1 and G2 to contribute in
the discrimination of species (Fig. 3B).

Like PCA, cluster analysis (HCA) is an unsupervised data analy-
sis method, meaning that prior knowledge of the sample is not re-
quired. Such methods allow the clustering of the samples
according to intrinsic variance between them but without being
biased by desired outcomes. As compared to PCA, HCA allows
interpretation of the results in a fairly intuitive graphical way.
Cluster analysis of the different Glycyrrhiza samples, according to
their biochemical profile, was used as an additional exploratory
tool to assess the heterogeneity between different genotypes (Ta-
ble 1). HCA shows two clear clusters, of 1 and 3 genotypes
(Fig. 4), referred to as groups 1A and 1B, respectively. Inspection
of group 1B showed that G. inflata is more closely related to G. glab-
ra than towards G. uralensis. G. echinata was the most distant spe-
cies in comparison to other species, grouped in one separate group
1A.

2.3. Differentiation of G. glabra grown in different regions

With the effective differentiation of samples from different ge-
netic origin, we tested if the multivariate statistical analysis can
also differentiate the cultivation sources within a single species.
Therefore, we analyzed G. glabra samples separately with multivar-
iate data analysis. The score plots show that the samples could be
differentiated without overlap. Most notably, commercial G. glabra
samples from Egypt clustered closely with botanical samples
grown in the same region (negative score values) along PC1 sug-
gesting that metabolomics can also predict origin of samples from
unknown sources. Samples from G. glabra grown in Afghanistan
and Syria were placed on the right side with positive score values
(Fig. 5). Egyptian G. glabra roots contained the highest levels of gly-
cyrrhizin and flavonoids, followed by those from Syria and Afghan-
istan as determined using 1H NMR (Table S1, Supporting
information). LC–MS profiling of G. glabra from Europe and Asia re-
vealed that Chinese G. glabra roots contained the highest levels of
glycyrrhizin (G), followed by those from Italy (Montoro et al.,
2011).
2.4. Visual inspection of 1H NMR spectra and assignments of
metabolites

The use of NMR has been previously reported in G. glabra, G.
uralensis and G. inflata extracts analysis, although targeting its
primary metabolites (Yang et al., 2010). We chose G. glabra to



Fig. 5. Negative ionization LC–MS based score plots for differentiation of regional G.
glabra samples modeled separately (n = 3). The model explains 76% of total
variation. The commercial samples of G. glabra from Egypt (GG1) cluster with
samples GG3 grown in the same region on the left side (negative side of PC1). GG1
(s), GG2 (4), GG3 (+), GG4 (�).

Table 3
NMR resonance assignments with chemical shifts of constituents identified
methanol-D4), Fig. 6.

Number Compound Assign

1 Glycyrrhizin CH3, 2
CH3, 2
CH3, 2
CH3, 2
CH3, 2
CH3, 2
CH, 1
CH, 1
CH, 1

2 Sucrose CH, 1
CH, 3
CH2

3 Liquiritin CH, 1
4 Isoliquiritin CH, 1
5 Liquiritigenin CH, 2

CH2, 3
CH2, 3
CH, 8
CH, 6
CH, 3
CH, 2
CH, 5

6 Isoliquiritigenin CH, 3
CH, 5
CH, 3
CH, 2
CH, b
CH, a
CH, 6

7 4-Hydroxyphenyl acetic acida CH, 3
CH, 2
CH2, 2

8 Fatty acids (CH2-
9 Licochalcone Ab CH, 2

CH, 2
CH, 3
CH,6
CH, a
CH, b
CH02 a

10 Rhamnose (glycosides)a CH3, 6

a Resonances assigned from G. echinata spectra.
b Resonances assigned from G. inflata spectra (Supplementary Figs. S3 a
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positively demonstrate the NMR spectroscopic characterization of
the metabolites investigated in this study. Peaks were assigned
on the basis of the comparison with the chemical shifts of standard
compounds and 2D NMR using 1H–1H COSY (correlation spectros-
copy), HMQC (heteronuclear multiple quantum coherence), HMBC
(heteronuclear multiple bond coherence) and in comparison with
spectra of reference standards. Chemical shifts of metabolites that
were identified are listed in Table 3.

Fig. 6 shows representative 1H NMR spectra from G. glabra. The
1H NMR spectrum is characterized by three main regions: a low-
field region between 5.5 and 8.0 ppm with signals principally
due to aromatic protons of chalcones and flavanones; a mid-low
field region between 4.0 and 5.5 ppm with high density signals
due to anomeric protons of sugar units, and a high-field region be-
tween 3.2 and 0.8 ppm with high density signals due to methyl,
methylene, and methine signals of glycyrrhizin, indicate that roots
contain a large amount of sugars and saponins. Glycyrrhizin shows
well resolved singlet signals at d 0.82 (Me-24), 0.85 (Me-28), 1.08
(Me-23), 1.13 (Me-25 and 26), 1.16 (Me-29) and 1.41 (Me-27),
(Fig. 6A). The aglycon of glycyrrhizin was found to exist in the b-
form (Fig. 1) using 2D (1H–1H) ROESY technique, and by that can
be distinguished from the a-isomer (data not shown). The large
in 600 MHz 1H and 1H-13C NMR spectra of G. glabra (solvent:

ment 1H (multiplicity) 13C

4 0.82 s 29.3
8 0.85 s 17.1
3 1.08 s 28.5
5 and 26 1.13 s 17.1
9 1.16 s 28.8
7 1.41 s 23.9
0 4.49 d (7.3 Hz) 105.2
00 4.67 d (7.7 Hz) 104.5
8 2.24 m 50.1
(glucose) 5.39 d (3.7 Hz) 93.7
(fructose) 4.09 d (8.4 Hz) 79.4

3.76 63.1
00 5.00 d (7.5 Hz) 100.9
00 5,06 d (7.7 Hz) 100.4

5.46 80.6
a 2.73 dt (16.9, 2.9 Hz) 45.0
b 3.03 dd (16.9, 12.8 Hz) 45.0

6.37 d (2.2 Hz) 103.9
6.50 dd (8.4, 2.2 Hz) 111.9

0 and 50 7.11 d (8.8 Hz) 117.8
0 and 60 7.44 d (8.8 Hz) 129.1

7.73 d (8.44 Hz) 130.3
0 6.3 dd (2.3 Hz) 104.1
0 6.42 dd (8.8, 2.3 Hz) 109.3
and 5 7.11 d (8.8 Hz) 117.8
and 6 7.72 d (8.8 Hz) 131.5

7.82 d (15.4 Hz) 145.2
7.70 (not resolved) 120.3

0 7.90 d (8.9 Hz) 130.0
0 and 50 6.64 d (8.4 Hz) 116.2
0 and 60 7.02 d (8.4 Hz) 131.2

3.13 s 36.3
)n 1.29 30.8
00 6.26 dd (17.9, 10.4 Hz) 149.3

6.4 s 128.9
0 and 50 6.88 d (8.6 Hz) 116.6

7.50 s 129.7
7.56 d (15.6 Hz) 120.1
7.92 (not resolved) 141.5

nd 60 7.94 d (8.6 Hz) 132.4
1.19 d (6.4 Hz) 21.2

nd S2, respectively).
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Fig. 6. Details of the 1H NMR spectrum of G. glabra root extract (GG3) demonstrate
both signal richness and dynamic range of NMR spectra. Expanded spectral region
from 0.60 to 1.8 ppm for glycyrrhizin (A), sugars (B), aromatics (C and D) with
assigned peaks: 1, glycyrrhizin (G); 2, sucrose; 3, liquiritin; 4, isoliquiritin; 5,
liquiritigenin; 6, isoliquiritigenin; 7,4-hydroxy phenyl acetic acid; 8, fatty acids. The
assignments were established using NMR spectra of standard samples. Signal
numbers follow those listed in Table 3 for metabolite identification using 1H NMR.

66 M.A. Farag et al. / Phytochemistry 76 (2012) 60–72
signal at d 1.29 ppm belonging to fatty acids (inner-chain CH2

groups) could not be assigned to individual fatty acids; GC–MS
was adopted for an individual assignment of fatty acids following
derivatization. In the sugar region (4–5.5 ppm), signals at d 4.49
d (7.3 Hz) and 4.67 d (7.7 Hz) were assigned to anomeric protons
of glucuronic acid moieties at 10 and 100 position in glycyrrhizin,
respectively (Fig. 6B). Sucrose, the most abundant sugar in all
examined extracts, was identified from signals at d 5.39 d
(3.7 Hz) and 4.09 d (8.4 Hz) for H-1 of glucose and H-4 of fructose
moieties, respectively.

In the aromatics region (5.5–9 ppm), flavonoids were detected,
though at low levels. Several aglycon resonances for liquiritigenin
and isoliquiritigenin were readily assigned due to their chemical
shifts in comparison with the spectra of the reference compounds,
together with their splitting and couplings patterns (Table 3,
Fig. 6C and D). Using HSQC and HMBC experiments, all aromatic
signals of liquiritigenin and isoliquiritigenin were also identified.
The proton doublet signals at d 5.00 (7.5 Hz) and 5.06 (7.7 Hz)
which show a correlation at 100.9 and 100.4 ppm in the HSQC
spectra, were attributed to the 10 proton and carbon of liquiritin
and isoliquiritin glycosides, respectively (Fig. 6C). Both liquiritin
and isoliquiritin were identified as major flavonoid glycosides in
most extracts as revealed from both NMR and MS analysis.

1H NMR analysis of G. inflata extract showed extra signals well
resolved in the aromatic region (5.5–9 ppm) and assigned for lic-
ochalcone A, a chemotaxonomic marker in G. inflata (Table 3 and
Fig. 2S, Supporting information). This data suggests that NMR met-
abolic fingerprinting is efficient for distinguishing G. inflata
from other species. The 1H NMR spectrum is in accordance with
licochalcone A, showing the characteristic signals due to the two
trans olefinic proton doublets at d 7.56 and 7.92 with a vicinal
coupling constant of 15.6 Hz, in addition to four aromatic proton
signals at d 6.88 (2H, d) and 7.94 (2H, d) in ring A; d 6.40 (1H, s)
and 7.50 (1H, s) in ring B.

4-Hydroxyphenyl acetic acid was the predominant aromatic
compound in G. echinata extracts (Table 3 and Fig. 3S, Supporting
information). The characteristic signals are well distinguishable
in the 1H NMR spectrum, showing signals due to four aromatic pro-
tons at d 6.64 (2H, d, J = 8.4 Hz) and d 7.02 (2H, d, J = 8.4 Hz) in
addition to a methylene proton at d 3.13 (2H, s). Analysis of the
2D HSQC and HMBC spectra confirmed the presence of 4-hydroxy-
phenyl acetic acid from a correlation of the methylene protons CH2

(d 3.13) with the carboxylic acid group at C1 position (d 178.6) and
with the phenyl signals C-20/C-60 (d 131.2). It should be noted that
signals for 4-hydroxyphenyl acetic acid were also found in other
examined species, though at much lower levels suggesting that
4-hydroxyphenyl acetic acid is a major phenolic constituent in G.
echinata root. Recently, the Choi group analyzed G. glabra, G. inflata,
and G. uralensis by 1H NMR-based metabolomics technique (Yang
et al., 2010). According to the extraction scheme used, mainly pri-
mary metabolites were taken into account. 4-Hydroxyphenyl ace-
tic acid was detected in all three species. However, G. echinata, the
species we found to show by far the highest content of 4-hydroxy-
phenyl acetic acid, was not investigated.

2.5. Multivariate PCA analysis of 1H NMR data

PCA was also performed for all samples within the 1H NMR re-
gion of d 11.4 to �0.4 ppm (Fig. 7). With 1H NMR based PCA, G.
glabra data in the plot are spread from right to left side (positive
and negative PC1 values); a similar scattering pattern was ob-
served for G. uralensis samples (Fig. 7A). Examination of the 1H
NMR loadings plot suggested that variables referred to the reso-
nances of sucrose (3–4 ppm) contributed the most to the discrim-
ination among samples and suggest that sucrose is present at
higher levels mostly in G. echinata versus other species (Fig. 7B).
Sucrose evaded detection by LC–MS in our analysis, as it is not
appropriate for elution or ionization and further detection. In a sec-
ond step, PCA was performed for all samples, with the sugar region
of 1H NMR spectra (d 3.0–4.0) excluded from analysis (Fig. 8). PCA
loading and score plots derived from this reduced (biased) NMR
dataset were now in general agreement with MS derived data con-
cerning the differences in saponins, i.e. glycyrrhizin and flavonoids
composition among species and accounting for its segregation. It is
also apparent that PCA from selected NMR shift range data resulted
in tighter clustering. The NMR PC1/PC2 scores plot (Fig. 8A) shows
three major distinct clusters formed corresponding to the four dif-
ferent species studied. On the right side of the plot, samples for G.
glabra, G. uralensis and G. inflata are positioned (positive PC1 val-
ues), whereas G. echinata samples are located on the far left side
(negative PC1 values).

The loading plot for PC1 (Fig. 8B) exposes the signals that had
the greatest effect on this component. Two major groups stand
out in this plot. The first one corresponds to the chemical shifts
of methyl group resonances in glycyrrhizin appearing at d 1.13,



Fig. 7. 1H NMR (0.4–11.0) peak based principal component analyses of different Glycyrrhiza samples. (A) Score Plot of PC1 and PC2 scores (n = 3). GE1 (s), GE2 (4), GE3 ( ),
GG1 (�), GG2 (}), GG3 ( ), GG4 ( ), GI ( ), GU1 ( ), GU2 ( ), GU3 ( ). (B) Loading plot for PC1 components: 2, sucrose. Group discrimination in samples is related to
quantitative differences in sucrose. Signal numbers follow that listed in Table 3 for metabolites identification using 1H NMR.

Fig. 8. 1H NMR (0.4–11.0) peak based principal component analyses of different Glycyrrhiza samples with the sugar region (d 3.0–4.0) excluded from analysis. (A) Score Plot of
PC1 and PC2 scores. Group discrimination in samples is related to qualitative and quantitative differences in the saponin and flavonoid patterns. GE1 (s), GE2 (4), GE3 ( ),
GG1 (�), GG2 (}), GG3 ( ), GG4 ( ), GI ( ), GU1 ( ), GU2 ( ), GU3 ( ). (B) Loading plot for PC1 components: 1, glycyrrhizin; 2, sucrose; 5, liquiritigenin; 6, isoliquiritgenin;
7,4-hydroxyphenyl acetic acid; 10, rhamnose moiety. Signal numbers follow that listed in Table 3 for metabolites identification using 1H NMR.
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1.16 and 1.41 ppm, and aromatic proton signals in liquiritgenin
and isoliquiritigenin conjugates at d 7.11, 7.44 and 7.73 ppm, both
contributing positively to PC1. The second group has a negative ef-
fect on PC1, mostly from a doublet signal at d 1.19 assigned to the
CH3 group of rhamnose and the aromatic protons at d 6.64 (2H, d,
J = 8.4 Hz) and d 7.02 (2H, d, J = 8.4 Hz) assigned to 4-hydroxyphe-
nylacetic acid. Visual inspection of 1H and 2D-NMR spectra con-
firmed the presence of the CH3-group resonance for rhamnose in
G. echinata samples, and coinciding with LC–MS analysis, highlight
the presence of rhamnose containing saponins in G. echinata
(Table 2, Fig. 1S, Supporting information). These results confirm
that segregation in PCA is mostly influenced by enrichment of
sucrose, 4-hydroxyphenyl acetic acid and rhamnosyl containing
saponins among G. echinata samples versus flavonoids and glycyr-
rhizin enrichment in other species.

We also explored for the possible application of NMR for the re-
gional discrimination of G. glabra samples similar to the LC–MS re-
sults, with four samples for G. glabra modeled separately. The NMR
based PCA score plot is in general agreement with LC–MS derived
data showing clustering of commercial G. glabra samples from
Egypt closely with botanical samples grown in the same region
(negative score values) along PC1 (Fig. 4S, Supporting information).
Samples for G. glabra grown in Afghanistan and Syria were placed
on the right side with positive score values.

2.6. Quantitative analyses of saponins and flavonoids in Glycyrrhiza
samples by 1H NMR

To confirm that discrimination between samples is related to
saponins, phenolics and sucrose levels, quantifications were at-
tempted for glycyrrhizin (G), liquiritin, isoliquiritin, 4-hydroxy
phenylacetic acid, licochalcone A and sucrose in extracts using 1H
NMR. Well separated proton signals for (H-100; G), (H-100; liquiritin),
(H-100; isoliquiritin), (H-20 and 60; 4-hydroxyphenylacetic acid), (H-
6; licochalcone A), (H-1(glucose moiety); sucrose) were used for
quantification. In order to ensure full relaxation of all 1H NMR res-
onances (including the reference compound), between consecutive
scans, a prerequisite for NMR based quantification, a rather large
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sum of relaxation delay and acquisition time of 25 s was used, as
the longest relaxation time was measured to be 4.5 s (HMDS pro-
tons). Results are represented in (Table 1S, Supporting informa-
tion). In agreement with PCA results, G. echinata was found to be
enriched in sucrose and 4-hydroxyphenyl acetic acid in the range
of 80–177 and 5–10 mg g�1 dry weight, respectively. Higher levels
of glycyrrhizin, liquiritin and isoliquiritin were found in the other
three Glycyrrhiza species. Some variations were detected in the
content of glycyrrhizin in licorice root samples derived from differ-
ent samples (Table 1S, Supporting information). Whilst Chinese G.
inflata roots contained the highest levels of glycyrrhizin, lowest
levels were found in G. glabra (Syria). Liquiritin and isoliquiritin,
major flavonoids in G. glabra, G. uralensis and G. inflata, appeared
at concentration levels in the range of 9–50 and 2–10 mg g�1,
respectively. Licochalcone A, the major retrochalcone in G. inflata,
was detected at an average level of about 20 mg g�1. The current
method in use for quantifying flavonoids and saponins in G. glabra
is LC–MS. Compared to the herein presented NMR method it is
more laborious and needs measurement of calibration curves using
authentic standards (Montoro et al., 2011).
2.7. Primary metabolites and multivariate data analysis using GC–MS

Results from NMR analysis show that sucrose is present at dif-
ferent levels among samples, and suggestive that other primary
metabolites might also contribute to species classification. GC–
MS was adopted for profiling primary metabolites in Glycyrrhiza
roots extracts after silylation which resulted in the detection of
about 33 metabolites (Table 2S, Supporting information). The prin-
cipal compounds are saccharides (mono- and di-saccharides), fol-
lowed by amino acids, fatty acids and phenolic acid. Sucrose
(disaccharide) represents the major component among samples
(45–58% of TIC) coinciding with results derived from NMR analysis.
The highest content (ca. 28%) of myo-inositol was found in G.
echinata.

PCA analysis was performed on all samples (Fig. 9), a PCA score
plot derived from the GC–MS data set explained 53% of the total
variance. On the left side of the plot, G. echinata samples are posi-
tioned (negative PC1 values); whereas, other samples are posi-
tioned on the far right side (positive PC1 values) with overlap
among G. glabra and G. uralensis. G. inflata is still separated along
PC2 on the bottom right side. Examination of the loadings for
PC2 indicates that especially signals due to cadaverine (1,5-diam-
inopentane) account for G. inflata separation. Inspection of
GC–MS analysis of Glycyrrhiza species reveals that cadaverine is
Fig. 9. GC–MS (m/z 100–700) principal component analyses of different Glycyrrhiza sam
GG3 ( ), GG4 ( ), GI ( ), GU1 ( ), GU2 ( ), GU3 ( ).
present only in extracts from G. inflata, suggesting that it can be
used as marker to distinguish G. inflata samples from those of the
other species studied (Fig. 5S, Supporting information). Cadaverine
is a toxic diamine produced by the decarboxylation of lysine, found
in legumes where it serves as precursor for quinolizidine alkaloids
biosynthesis as in Lupinus (Hirai et al., 2000). Chemical profiling of
G. inflata F. (leguminoseae) extract failed to indicate the presence
of related alkaloids in the roots. Nevertheless, other organs have
yet to be profiled to provide a more definitive conclusion on the
cadaverines biosynthetic fate in G. inflata. It should be noted that
PCA derived from GC/MS data failed to discriminate among G. glab-
ra samples grown in different regions, with all four G. glabra sam-
ples showing an overlap (Fig. 6S, Supporting information).
2.8. Comparison of 1H NMR, GC–MS and LC–MS multivariate PCA
analysis

The classification potential of both LC–MS and 1H NMR were
compared from their corresponding PCA results, considering that
both techniques provide a comparable profile of secondary metab-
olites in licorice. The PC plot obtained after analysis of the LC–MS
data (Fig. 3A) shows tighter clustering of data than that from whole
region NMR spectra (Fig. 7A). With 1H NMR based PCA, G. glabra
samples in the plot were spread from right to left side (positive
and negative PC1 values); a similar scattering pattern was ob-
served for G. uralensis samples (Fig. 7A). In contrast, PCA of MS de-
rived data show samples belonging to the same species to cluster
together, independent of the geographic origin (Fig. 3A). Examina-
tion of the 1H NMR loadings plot suggest that sucrose contributed
the most to the discrimination among samples. NMR can detect all
1H-containing species in a sample, i.e. including sucrose which
evaded detection using LC–MS, and which poses NMR as a power-
ful technique in metabolomics if looking at more abundant metab-
olites. However, contents of such (primary) metabolites are usually
dependent on growth conditions, and often not indicative for the
pharmaceutically relevant compounds. Therefore PCA loading
and score plots derived from a reduced NMR dataset with the sugar
region of 1H NMR spectra (d 3.0–4.0) excluded (Fig. 8) are more rel-
evant and in agreement with MS derived data concerning the dif-
ferences in saponin, i.e. glycyrrhizin, and flavonoid composition
among species and accounting for its segregation. Both NMR and
LC–MS techniques (Fig. 8 and Fig. 5S, Supporting information) were
equally effective in classifying G. glabra samples according to their
geographical origin, with samples grown in Egypt clustering
ples. Score Plot of PC1 and PC2 scores. GE1 (s), GE2 (4), GE3 ( ), GG1 (�), GG2 (}),
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closely together and separated from those originated from Syria
and Afghanistan.

With its better peak resolution and sensitivity compared to LC–
MS, GC–MS can present an important tool for the profiling of pri-
mary metabolites in licorice extracts. PCA plots obtained from
GC–MS consistently recognizes G. echinata samples as the most
distant from other three species, clustering separately on one side,
and in agreement with both NMR and LC–MS results. Nevertheless,
it should be noted that PCA results from GC–MS (Fig. 6S, Support-
ing information) failed to discriminate between G. glabra samples
based on its geographical origin, in contrast to LC–MS and NMR
techniques.
3. Conclusion

Despite the widespread medicinal and culinary uses of licorice,
the levels of most phytoconstituents in commercial extracts are
not all standardized and several specific compounds responsible
for its pharmacological properties are not yet fully elucidated. An
unbiased multiplex approach combining NMR and MS techniques
was adopted to reveal compositional differences in primary and
secondary metabolites among Glycyrrhiza species coupled with
multivariate data analyses, and interesting and meaningful differ-
ences between the various samples and detection methods were
identified. To the best of our knowledge, this study provides the
first holistic approach to reveal secondary metabolite composi-
tional differences among Glycyrrhiza species extracts. Coupling
these differential metabolite profile data with gene transcript lev-
els may assist in probing involved genes, biosynthetic pathway
analyses, and eventually breeding. Indeed, the correlative analysis
of differential metabolic profiling and gene expression profiling in
the model legume Medicago truncatula has proven a powerful ap-
proach for the identification of candidate genes and enzymes, par-
ticularly for those of flavonoid metabolism (Deavours et al., 2006;
Dixon et al., 2006; Schliemann et al., 2008). In summary, G. echinat-
a has more sugars and phenolic acid derivatives, whereas other
species have more flavonoids and glycyrrhizin. Metabolite profiling
of these extracts provided characteristic metabolic fingerprints of
liquorice and its allied species. Cadaverine, yunganoside G1 and
G2, inflacoumarin A, glyinflanin A, licochalcone C, licochalcone,
glycyrin, licorice glycoside E, glabrol and 3-hydroxy glabrol were
identified as novel potential taxonomic markers. We do admit that
our selection of cultivation sources does not cover all worldwide
liquorice variations, but our approach is certainly feasible for ana-
lyzing samples from such further sources. Thereby LC/MS appears
to be most suitable method to determine species relationships,
whereas NMR is ideal for quantification of metabolites and the eas-
iest one to perform. The same workflow of sample preparation (Fig.
7S, Supporting information), measurement and processing can be
easily transferred to other plant metabolome studies of (commer-
cially relevant) secondary metabolite producing plants.
4. Experimental

4.1. Plant material

We selected 11 well-characterized Glycyrrhiza samples repre-
senting a broad geographic and genetic sampling of species across
the world. All information on collected samples and their origin is
recorded in (Table 1).

4.2. Chemicals and reagents

Methanol-D4 (99.80% D), acetone-D6 (99.80% D) and hexame-
thyldisiloxane (HMDS) were provided from Deutero GmbH (Kastel-
laun, Germany). For NMR quantification and calibration of
chemical shift, HMDS was added to a final concentration of
0.94 mM. Acetonitrile and acetic acid (LC–MS grade) were obtained
from Baker (The Netherlands), milliQ water was used for LC analy-
sis. Standard for glycyrrhizin, 18a-glycyrrhetic acid and 18b-glyc-
yrrhetic acid were purchased from Sigma Aldrich (St. Louis, MO,
USA). Chromoband C18 (500 mg, 3 ml) cartridge from Macherey
and Nagel (Düren, Germany). Licochalcone A, glabridin, liquiritin,
isoliquiritin, liquiritigenin and isoliquiritgenin were bought from
Chromadex (Wesel, Germany). All other chemicals and standards
were available from Sigma Aldrich (St. Louis, MO, USA).

4.3. Extraction procedure and sample preparation for NMR and MS
analyses

Dried and deep frozen Glycyrrhiza roots were ground with a
pestle in a mortar using liquid nitrogen. The powder (60 mg) was
homogenized with 5 ml 100% MeOH containing 8 lg/ml umbellif-
erone (an internal standard for relative quantification using LC–
MS) and 5 lg/ml xylitol (an internal standard for relative quantifi-
cation using GC–MS) using a Turrax mixer (11000 RPM) for five
20 s periods. To prevent heating, a period of 1 min separated each
mixing period. Extracts were then vortexed vigorously and centri-
fuged at 3000g for 30 min to remove plant debris. For NMR analy-
sis, 4 ml were aliquoted using a syringe and the solvent was
evaporated under a stream of nitrogen till dryness. Dried extracts
were resuspended with 800 ll 100% methanol-D4 containing
HMDS. After centrifugation (13,000g for 1 min), the supernatant
was transferred to a 5 mm NMR tube. All 1H NMR spectra for mul-
tivariate data analysis were acquired consecutively within a 48 h
time-interval with samples prepared immediately before data
acquisition. Repeated control experiments after 48 h showed no
additional variation. For LC–MS analyses, 500 ll were aliquoted
and placed on a (500 mg) C18 cartridge preconditioned with meth-
anol and water. Samples were then eluted using 6 ml methanol,
the eluent was evaporated under a nitrogen stream and the ob-
tained dry residue was resuspended in 1 ml methanol. Two micro-
liters were used for LC–MS analysis. For each root specimen, three
biological replicates were provided and extracted in parallel under
the same conditions.

4.4. LC–ESI-MS analysis

The LC–ESI and ESI-MSn mass spectra were obtained from a LCQ
Deca XP MAX system (ThermoElectron, San Jose, USA) equipped
with a ESI source (electrospray voltage 4.0 kV, sheath gas: nitro-
gen; capillary temperature: 275 �C) in both positive and negative
ionization modes. The Ion Trap MS system is coupled with a Sur-
veyor micro-HPLC and equipped with a HYPERSIL GOLD RP18-col-
umn (5 mm, 150 � 1 mm, Thermo Scientific). For HPLC a gradient
system was used starting from H2O:CH3CN = 95:5 (each of them
containing 0.2% HOAc) to 100% CH3CN within 35 min, then isocrat-
ically for further 10 min; flow rate 70 ll/ min. All mass spectra
were averaged and background subtracted. The Xcalibur 2.0 soft-
ware was used for the data evaluation.

The MSn spectra were recorded during the HPLC run by using
the following conditions: MS/MS analysis with a starting colli-
sion-induced dissociation energy of 20 eV and an isolation width
of ±2 amu in a data dependent, negative and positive ionization
modes.

4.5. High resolution UPLC–MS analysis

High resolution mass was measured for metabolites after UPLC
separation. Chromatographic separations were performed on an
Acquity UPLC system (Waters) equipped with a HSS T3 column
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(100 � 1.0 mm, particle size 1.8 lm; Waters) applying the follow-
ing binary gradient at a flow rate of 150 lL min�1: 0–1 min, iso-
cratic 95% A (water/formic acid, 99.9/0.1 [v/v]), 5% B
(acetonitrile/formic acid, 99.9/0.1 [v/v]); 1–16 min, linear from
5% to 95% B; 16–18 min, isocratic 95% B; 18–20 min, isocratic 5%
B. The injection volume was 3.1 lL (full loop injection). Eluted
compounds were detected from m/z 100 to 1000 using a Micro-
TOF-Q hybrid quadrupole time-of-flight mass spectrometer (Bru-
ker Daltonics) equipped with an Apollo II electrospray ion source
in positive and negative ion modes using the following instrument
settings: nebulizer gas, nitrogen, 1.6 bar; dry gas, nitrogen,
6 l min�1, 190 �C; capillary, �5500 V (+4000 V); end plate offset,
�500 V; funnel 1 RF, 200 Vpp; funnel 2 RF, 200 Vpp; in-source
CID energy, 0 V; hexapole RF, 100 Vpp; quadrupole ion energy,
5 eV; collision gas, argon; collision energy, 10 eV; collision RF
200/400 Vpp (timing 50/50); transfer time, 70 ls; prepulse stor-
age, 5 ls; pulser frequency, 10 kHz; spectra rate, 3 Hz. Internal
mass calibration of each analysis was performed by infusion of
20 lL 10 mM lithium formiate in isopropanol/water, 1/1 (v/v), at
a gradient time of 18 min using a diverter valve.

4.6. Primary metabolite analysis by GC–MS after derivatization

To pinpoint for differences in primary compounds between
samples, 100 ll of the methanol extracts were evaporated under
nitrogen till dryness. For derivatization, 50 ll of methoxyamine
hydrochloride in pyridine (20 mg ml�1) was added as a first deriv-
atizing agent. The mixture was incubated at 60 �C for 45 min. As
second derivatizing agent, 100 lL of N-methyl-N-(trimethylsilyl)-
trifluoroacetamide (MSTFA), was added and incubated at 60 �C
for 45 min. The gas chromatograph used in this study was a Ther-
mo Trace GC coupled to a Voyager MS equipment (ThermoElectron,
San Jose, USA) operating in EI mode at 70 eV and scanning from m/z
50–650. Samples were injected at a 1:1 split ratio, and the inlet and
transfer line were held at 280 �C. Separation was achieved with a
temperature program of 80 �C for 2 min, then ramped at 5 �C min�1

to 315 �C and held for 12 min, a 60 m DB-5MS column (J&W Scien-
tific, 0.25 mm ID, 0.25 lm film thickness) and a constant flow of
1.0 ml min�1. MS interface and ion source were set at 280 and
180 �C, respectively.

4.7. Identification of primary metabolites by GC–MS

The compounds of the methanolic extracts were identified as TMS
derivatives with the help of the NIST 05 database (NIST Mass Spectral
Database, PC-Version 5.0, 2005, National Institute of Standardisation
and Technology, Gaithersburg, MD, USA), and other plant-specific
databases: the Golm Metabolome Database (http://www.csbdb.
mpimp-Golm.mpg.de/csbdb/gmd/home/gmd_sm.html) on the basis
of matching mass spectra and authentic standards. The measured
mass spectra were deconvoluted by the Automated Mass Spectral
Deconvolution and Identification System (AMDIS 2.64, NIST Gai-
thersburg, MD, USA) before comparison with the databases. The
spectra of individual components were transferred to the NIST Mass
Spectral Search Program MS Search 2.0, where they were matched
against reference compounds of the NIST Mass Spectral Library
2005 and the Golm Metabolome Database.

4.8. NMR analysis

All spectra were recorded on a Varian VNMRS 600 NMR spec-
trometer operating at a proton NMR frequency of 599.83 MHz
using a 5 mm inverse detection cryoprobe. 1H NMR spectra were
recorded with the following parameters: digital resolution
0.367 Hz/point (32 K complex data points); pulse width
(pw) = 3 ls (45�); relaxation delay = 23.7 s; acquisition
time = 2.7 s; number of transients = 160. Zero filling up to 128 K
and an exponential window function with lb = 0.4 was used prior
to Fourier transformation. 2D NMR spectra were recorded using
standard CHEMPACK 4.1 pulse sequences (gDQCOSY, gHSQCAD,
gHMBCAD, gROESY) implemented in Varian VNMRJ 2.2C spectrom-
eter software. The HSQC experiment was optimized for
1JCH = 146 Hz with DEPT-like editing and 13C-decoupling during
acquisition time. The HMBC experiment was optimized for a
long-range coupling of 8 Hz; a 2-step 1JCH filter was used (130–
165 Hz). ROESY experiments were conducted with a mixing time
set for 300 ms.

4.9. MS data processing and PCA analysis

Relative quantification of liquorice metabolite profiles after LC–
MS and GC–MS was performed using XCMS data analysis software,
which can be downloaded freely as an R package from the Metlin
Metabolite Database (http://www.137.131.20.83/download/)
(Smith et al., 2006). This software approach employs peak align-
ment, matching and comparison (Smith et al., 2006). Native LC–
MS files from Xcalibur 1.4 (Thermo Fisher Scientific, Inc., Waltham,
MA) were first converted into netCDF files using the File Converter
tool. Files were arranged in one folder that was set as the file
source. Peaks were subsequently extracted using XCMS under R
2.9.2 environment with signal-to-noise ratio set at four. After peak
extraction and grouping, nonlinear retention time correction of
peaks was accomplished in two iterative cycles with descending
bandwidth (bw). This was accomplished by manually decreasing
the bw parameter (from 30 to 10 s). For GC–MS, bw parameter
was set from 10 to 5 s. The resulting peak list was further pro-
cessed using the Microsoft Excel software (Microsoft, Redmond,
WA), where the ion features were normalized to the total inte-
grated area (1,000) per sample and imported into the R 2.9.2 soft-
ware package for principal component analysis (PCA). Absolute
peak area values were autoscaled (the mean area value of each fea-
ture throughout all samples was subtracted from each individual
feature area and the result divided by the standard deviation) prior
to principal component analysis. This provides similar weights for
all the variables, as described elsewhere (van den Berg et al., 2006).
PCA was then performed on the MS-scaled data to visualize general
clustering, trends, and outliers among all samples on the scores
plot.

4.10. NMR data processing and PCA analysis

The 1H NMR spectra were automatically Fourier transformed to
ESP files using ACD/NMR Manager lab version 10.0 software (Tor-
onto, Canada). The spectra were referenced to internal hexamethyl
disiloxane (HMDS) at 0.062 ppm for 1H NMR and to internal CD3OD
signals at 49 ppm for 13C NMR, respectively. Spectral intensities
were reduced to integrated regions, referred to as buckets, of equal
width (0.04 ppm) within the region of d 11.4 to �0.4 ppm. The re-
gions between d 5.0–4.7 and 3.4–3.25 corresponding to residual
water and methanol signals, respectively, were removed prior to
multivariate analyses. PCA was performed with R package (2.9.2)
using custom-written procedures after scaling to the HMDS signal
and exclusion of solvent regions.

4.11. NMR quantification

For the quantification of G, liquiritin, isoliquiritin, licochalcone
A, 4-hydroxyphenyl acetic acid and sucrose using NMR spectros-
copy, the peak area of selected proton signals belonging to the tar-
get compounds, and the peak area of the IS (HMDS) were
integrated manually for all the samples. The following equation

http://www.csbdb.mpimp-Golm.mpg.de/csbdb/
http://www.csbdb.mpimp-Golm.mpg.de/csbdb/
http://www.137.131.20.83/download/
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was applied for the calculations. mT = mass of the target compound
in the solution used for 1H NMR measurement [lg]

mT ¼ MT �
IT

ISt
� XSt

XT
� CSt � VSt

MT, molecular weight of target compound [g/mol], IT, relative inte-
gral value of 1H NMR signal of the target compound, ISt, relative
integral value of 1H NMR signal of the standard compound, xSt,
number of protons belonging to the 1H NMR signal of the standard
compound, xT, number of protons belonging to the 1H NMR signal of
the target compound, cSt, concentration of standard compound in
the solution used for 1H NMR measurement [mmol/L], vSt, volume
of solution used for 1H NMR measurement [mL].
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