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Abstract

An integrated approach utilizing HPLC–UV–ESI–MS and GC–MS was used for the large-scale and systematic identification of poly-
phenols in Medicago truncatula root and cell culture. Under optimized conditions, we were able to simultaneously quantify and identify
35 polyphenols including 26 isoflavones, 3 flavones, 2 flavanones, 2 aurones and a chalcone. All identifications were based upon UV
spectra, mass spectral characteristics of protonated molecules, tandem mass spectral data, mass measurements obtained using a quad-
rupole time-of-flight mass spectrometer (QtofMS), and confirmed through the co-characterization of authentic compounds. In specific
instances where the stereochemistry of sugar conjugates was uncertain, subsequent enzymatic hydrolysis of the conjugate followed by
GC–MS was used to assign the sugar stereochemical configuration. Comparative metabolic profiling of Medicago truncatula root and
cell cultures was then performed and revealed significant differences in the isoflavonoid composition of these two tissues.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Legumes are important agricultural and commercial
crops consumed in large quantities by both humans and
animals. The Leguminosae taxonomic class includes a vari-
ety of plants with significant economic value including soy-
bean, alfalfa, clover, pea, peanut, and various beans.
Unfortunately, these economically important crops have
large, polyploid genomes that are difficult to study at the
molecular and genetic level. To overcome this obstacle,
Medicago truncatula, a close relative of alfalfa, has been
chosen as a model legume because of its small diploid gen-
ome (�5 · 108 bp), self-fertilization, genetically transform-
able, and prolific nature (Cook, 1999; Bell et al., 2000).
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Currently, we are utilizing M. truncatula cell suspension
cultures originally generated from roots in a functional
genomics project that incorporates profiling of gene expres-
sion (transcriptome), proteins (proteome), and metabolites
(metabolome) to more completely interrogate and under-
stand the integrated biological processes associated with
legumes. As part of the metabolome approach, profiling
of natural products such as saponins and phenolics is
underway. Earlier, we reported on the metabolic profiling
of saponins using HPLC coupled with ion trap mass spec-
trometry (ITMS; Huhman and Sumner, 2002) and this
report focuses on phenolics.

Flavonoids are found throughout the plant kingdom,
whereas isoflavonoids are more restricted and particularly
prevalent in the Papilionoideae subfamily of the Legumino-
sae. These compounds function as preformed or inducible
antimicrobial compounds, anti-insecticidal compounds, sig-
naling molecules in symbiotic nodulation by Rhizobium bac-

mailto:lwsumner@noble.org


M.A. Farag et al. / Phytochemistry 68 (2007) 342–354 343
teria, or as allelopathic agents (Dixon, 1999). Pterocarpan
phytoalexins such as medicarpin and constitutive isoflavone
malonyl glycosides are typical of the isoflavonoids from the
medics (Dixon and Sumner, 2003). Dietary intake of isofl-
avonoids has a significant impact on both human and
animal health based on their antimicrobial, estrogenic, anti-
oxidant, or wide spectrum of other pharmacological activi-
ties (Rice-Evans et al., 1997).

Among the analysis methods used for flavonoids, the
coupling of liquid chromatography (LC) with ultraviolet
(UV) and/or electrospray ionization (ESI) mass spectro-
metric detection has been demonstrated as a powerful tool
for the identification and quantification of phenolics in
plant extracts (Niessen and Tinke, 1995). This approach
has been used successfully in the identification of many
isoflavonoids and their related glucoside and glucoside
malonates in red and white clover (He et al., 1996; Lin
et al., 2000; Klejdus et al., 2001, 2003; Wu et al., 2003).
However, the configuration of attached sugars are often
unconfirmed in most glycosides (Klejdus et al., 2001,
2003; Wu et al., 2003). Recently, UV absorbance combined
with fluorescence detection (LC–UV–FLU) has been uti-
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Fig. 1. Structures of identified aurone, chalcone, flavanone, flavone and iso
lized in the structural elucidation of isoflavonoids in red
clover (De Rijke et al., 2004).

This report presents a multiplexed approach utilizing
HPLC–UV–ITMS and GC–MS for the profiling, system-
atic identification, and quantification of phenolics in roots
and roots derived cell suspension cultures ofM. truncatula.
Data dependent tandem mass spectrometry (MS/MS) was
performed to assist in the structural elucidation of both
aglycones and glycosidic conjugates. Further, these MS
based methods allowed us to differentiate, identify and
quantitatively compare the phenolic compositions of M.

truncatula roots and cell cultures.
2. Results and discussion

2.1. Analytical performance

HPLC–UV–MS was employed to qualitatively differen-
tiate and identify the major flavonoid and isoflavonoid
components present in M. truncatula suspension culture
cells. Fig. 1 summarizes the flavonoid and isoflavonoid
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aglycones and conjugates observed in M. truncatula cell
cultures. The method reported here is an adaptation of sev-
eral previous methods developed and optimized for isofl-
avonoid profiling in Trifolium (clover), a close genus to
Medicago (He et al., 1996; Lin et al., 2000; Klejdus et al.,
2001, 2003; Wu et al., 2003). These earlier reports also pro-
vided significant structural and identity information con-
cerning the isoflavonoid content in red and white clover
based on mass and UV spectral data (Lin et al., 2000;
Wu et al., 2003), and were found to be of great utility for
analysis of M. truncatula roots and suspension culture cells.
Unfortunately, HPLC–MS was not always able to deter-
mine the sugar linkage. In these situations, additional
GC–MS following enzymatic hydrolysis and derivatization
were applied to assist in identification of sugars and acyl-
ated moieties of isoflavonoid conjugates. For example, b-
glucosidic linkage in glucose conjugates was confirmed by
b-glucosidase treatment and the identity of the released
sugar was determined by GC–MS relative to authentic ref-
erence compounds.

The reverse-phase HPLC–MS method reported here was
similar to that previously reported (Wu et al., 2003); how-
ever the present method used slightly different mobile
phases and a steeper gradient. In the present method, a stee-
per gradient of 0.1% aqueous acetic acid and acetonitrile
was applied that allowed for the elution of all analytes
within 70 min compared to the 100 min analysis time previ-
ously reported. Furthermore, the percentage of acetic acid
was reduced from 0.25% to 0.1% resulting in a decrease in
the mobile phase ionic strength and corresponding increase
in signal to noise ratio as previously described for analysis
of flavonoids in cocoa (Rabaneda et al., 2003). The elution
order of the phenolics followed a sequence of decreasing
polarity, whereby flavonoid diglucosides eluted first, fol-
lowed by monoglucosides, acylated monoglucosides, and
free aglycones. Simultaneously acquired HPLC–UV and
HPLC–MS total ion chromatograms of M. truncatula cell
culture extracts are presented in Fig. 2. The identities, reten-
tion times, characteristic observed molecular and fragment
ions for individual components are presented in Table 1.

Photodiode array detection provided an overview of the
main flavonoid constituents in M. truncatula suspension
culture cells (Fig. 2A). UV spectra (200-600 nm) were
recorded for different flavonoid sub-classes including 26
isoflavones (peaks 1–6, 8, 10, 12, 14, 19–29 and 31–35), 4
flavones (peaks 9, 13, 18 and 31), 2 flavanones (peaks 21
and 30), 2 aurones (peaks 7 and 11) and a chalcone (peak
32) with isoflavone representing the major sub-class. Each
sub-class has a characteristic UV spectrum (Mabry et al.,
1970). For example, isoflavones typically have a maximum
absorbance near 255 nm with a second maximum between
300 and 330 nm (peak 34 in Fig. 2A), whereas aurones have
the first maximum near 250 nm and the second peak
around 390 nm (peak 7 in Fig. 2A). UV data were at or
near literature values for those compounds previously
described (Mabry et al., 1970; Wu et al., 2003); however,
several compounds are reported here for the first time.
Extracts of M. truncatula suspension cell cultures
derived from roots were analyzed in both the positive
and negative-ion electrospray ionization (ESI) HPLC–MS
modes to obtain a more comprehensive view of the pheno-
lic content of suspension culture cells. Changes in ESI
polarity can often circumvent or significantly alter compet-
itive ionization and suppression effects revealing new
metabolites (De Rijke et al., 2003). HPLC–MS files were
further processed using AMDIS software to assist in adja-
cent peak deconvolution, background subtraction and
lower detection limits (Halket et al., 1999). The positive-
ion ESI mass spectra were characterized by cations corre-
sponding to pseudo molecular species (i.e. [M+H]+,
[M+K]+) and several lower m/z fragments ions attributed
to the sequential loss of malonyl (86 amu) and hexosyl
(162 amu) groups. These ions typically allowed for the
determination of molecular weight, aglycone molecular
weight, and the mass of sugar conjugates. From this data,
the majority of the structures could be tentatively identified
and then confirmed through the co-analysis of authentic
standards. For example, peak 15 (Rt, 28.0 min) with a
molecular ion at m/z 461 and a fragment ion of m/z 299
[461-glucosyl] in the MS spectrum (inset in Fig. 2B) was
established as afrormosin 7-O-b-D-glucoside. Based on
the above analyses, a total of 31 flavonoids, including 4
aglycones, 12 glucosides and 15 glucoside malonates were
identified in M. truncatula cell culture. The elution order
of flavonoids and their respective glucosides and glucoside
malonates was similar to earlier reports conducted using
RP-HPLC and acetonitrile elution (Lin et al., 2000; Wu
et al., 2003).

The identification of the 31 flavonoids observed in posi-
tive-ion ESI mode were also validated using negative-ion
ESI. Negative-ion, total ion chromatograms for suspension
culture cells revealed better sensitivity and more observable
peaks. The most notable improvements were for com-
pounds eluting between Rt 35 and 40 min; i.e. the elution
range of many aglycones (Fig. 2C). Additional peaks
observed in the negative-ion ESI HPLC–MS and exhibiting
a flavonoid-type UV spectra were identified as 7,4 0-dihydr-
oxyflavone (18), liquiritigenin (21), naringenin (30), tricin
(31) and isoliquiritigenin (32). Additional peaks that did
not exhibit a flavonoid-type UV spectra were detected,
but were not examined further as part of this study. In con-
trast, 3 UV flavonoid peaks (3, 13 and 28) were observed in
positive-ion mode, but not detected in the negative-ion
mode (Fig. 2C). Compared to the positive-ion ESI mode,
negative-ion MS spectral characteristics were relatively
simple with strong [M�H]� ions and very low abundance
of fragment ions corresponding to sequential loss of sugar
moieties. Lower fragmentation ion abundances (i.e. greater
molecular ion abundances) and lower chemical noise
resulted in higher signal-to-noise ratios for the molecular
analyte species; and hence greater sensitivity. Negative-
ion ESI HPLC–MS confirmed many of the glucoside
molecular ions, however it did not yield as much fragmen-
tation information as positive-ion. Thus, positive-ion pro-



Fig. 2. HPLC–UV at 260 nm (A), HPLC–positive-ion ESI–MS (B), HPLC–negative-ion ESI–MS chromatogram of M. truncatula cell extracts (C), and
HPLC–negative-ion ESI–MS chromatogram of Medicago truncatula roots (D), Insets 1 and 2 represents UV spectra of peak 7 (hispidol 4 0-O-glucoside)
and peak 34 (afrormosin), respectively, whereas 3 illustrates a full positive-ion MS spectra of peak 15 (afrormosin b-D-glucoside). Chromatographic
conditions are described under Materials and Methods. The identities, Rt-value, UV and MS of all peaks are listed in Table 1.
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vided more structural context and negative-ion greater sen-
sitivity. It is interesting that the literature of legume isofl-
avonoids almost exclusively report positive ionization
data (Barnes et al., 1994; He et al., 1996; Lin et al., 2000;
Klejdus et al., 2001; Wu et al., 2003).

HPLC coupled to positive-ion ESI quadrupole time-of-
flight mass spectrometry [(+)ESI–HPLC–QtofMS] was
used to acquire improved mass accuracy data. Using this
approach, mass accuracies in the range of 20–50 ppm were
acquired compared with 2000 ppm obtained with the ion
trap. The improved mass accuracy data are provided in
Table 1 and significantly reduce the number of possible
structures of putatively identified flavonoids. Additionally,
the availability of an elaborate custom library of flavonoids
(Mabry et al., 1970) allowed for the confirmation of all
structures identified in cultured cells and in roots without
ambiguity (Table 1).

2.2. Analysis of satellite sets

HPLC–MS metabolic profiling of the M. truncatula cell
culture extracts revealed many glucoside and glucoside
malonate conjugates with aglycones of same mass which
are often referred to as satellite sets (De Rijke et al.,
2004). To distinguish various satellite sets with the same
aglycone mass, reconstructed ion chromatograms (RIC)
were generated for each aglycone m/z observed in the
TIC profile (upper trace, Fig. 3A). This process is valuable
as it yields higher selectivity and sensitivity for structurally
similar compounds as evidenced by more compounds



Table 1
Isoflavonoids identified by LC/ESI/UV/ITMS and LC/ESI/TOFMS in Medicago truncatula cell suspension culture extracts

Compound
mumber

Rt

(min)
Identification Abbrev. kmax (nm) Elemental

composition
Qtof-MS
[M+H]+ m/z

HPLC–ITMS observed m/z(%) base peak Identification
procedure

1 15.8 Genistein b-D-di-glucoside GGG 265, 328 C27H30O15 595.6017 595(80)[M+H]+; 433(100)[M�Glc+H]+;
271(40) [M�2Glc+H]+

b, d

2 17.6 Genistein b-D-di-glucoside-
malonate

GGGM 259, 329 C30H32O18 681.5002 681(100)[M+H]+; 271(33)[M-malonyl-
2Glc+H]+

b, e

3 18.3 Daidzein 7-O-b-D-glucoside
(daidzin)

DG 265, 310 C21H20O9 417.3599 417(100)[M+H]+; 255(36)[M�Glc+H]+ a

4 21.1 Daidzein 7-O-b-D-glucoside-
600-O-malonate

DGM 258, 314 C24H12O12 ND 503(100)[M+H]+; 255(36)[M�Glc+H]+ b, e

5 22.9 Biochanin A b-D-diglucoside BGG 259, 316 C28H32O15 609.5526 647(96)[M+K]+; 609(100)[M+H]+; 447(90)[M -
Glc+H]+; 285(16)[M�2Glc+H]+

b, d

6 23.2 Genistein 7-O-b-D-glucoside
(genistin)

GG 260, 325 C21H20O10 433.4089 433(100)[M+H]+; 271(46)[M�Glc+H]+ a

7 23.4 Hispidol 4 0-O-b-D- glucoside HG 250, 350 sh,
395

C21H20O9 417.1605 417(22)[M+H]+; 255(100)[M�Glc+H]+ a

8 24.2 Biochanin A b-D-diglucoside-
malonate

BGGM 227, 260,
315

C31H34O18 695.5975 695(100)[M+H]+; 447(30)[M�malonyl-
Glc+H]+; 285(35)[M-malonyl-2Glc+H]+

b, d

9 24.8 5,30-Dimethoxyluteolin b-D-
glucoside

DLG 258, 288,
335

C23H24O11 477.4486 515(30)[M+K]+; 477(40)[M+H]+; 315(100)[M-
Glc+H]+

b, c, e

10 25.75 Genistein 7-O-b-D- glucoside-
600-O-malonate

GGM 265, 325 C24H22O13 519.4567 519(100)[M+H]+; 271(26)[M-malonyl-Glc+H]+ b, d

11 25.65 Hispidol 4 0-O-b-D- glucoside-
malonate

HGM 252, 350sh,
397

C24H22O12 503.1272 503(16)[M+H]+; 255(100)[M-malonyl-Glc+H]+ b, d

12 26.6 20-Hydroxyformononetin b-D-
glucoside

HFG 258, 325 C22H22O10 447.4219 485(20)[M+K]+; 447(26)[M+H]+; 285(100)[M-
Glc+H]+

b, d

13 27.0 5,30-Dimethoxyluteolin b-D-
glucoside-malonate

DLGM 257, 287,
335

C26H26O14 563.4897 563(100)[M+H]+; 315(42)[M-malonyl-Glc+H]+ b, c, e

14 27.5 Formononetin 7-O-b-D-
glucoside (Ononin)

FG 252, 302 C22H22O9 431.4222 469(30)[M+K]+; 431(26)[M+H]+; 269(100)[M-
Glc+H]+

a

15 28.0 Afrormosin 7-O-b-D-glucoside AG 260, 321 C23H24O10 461.4394 499(30)[M+K]+; 461(26)[M+H]+; 299(100)[M-
Glc+H]+

a

16 28.3 20-Hydroxyformononetin b-D-
glucoside-malonate

HFGM 258, 325 C25H24O13 ND 533(36)[M+H]+; 285(100)[M-malonyl-Glc+H]+ b, e

17 28.4 Afrormosin 7-O-b-D-
glucoside-malonate (isomer)

AGM 260, 325 C26H26O13 547.4791 547(100)[M+H]+; 299(100)[M-malonyl-
Glc+H]+

b, c , e

18 29.5 7,40-Dihydroxyflavone DHF 250sh, 322 ND 253(100)[M�H]� A
19 29.7 Afrormosin 7-O-b-D-

glucoside-600-O-malonate
AGM 228, 260,

321
C26H26O13 547.4825 585(60)[M+K]+; 547(100)[M+H]+; 299(80)[M-

malonyl-Glc+H]+
b, c, d

20 29.8 Formononetin 7-O-b-D-
glucoside-600-O-malonate

FGM 250, 306 C25H24O12 517.4535 517(35)[M+H]+; 269(100)[M-malonyl-Glc+H]+ a

21 30.4 Liquiritigenin L 270, 315 C15H12O4 257.2981 255(100)[M�H]� a
22 31.4 Vestitol b-D-glucoside-

malonate
VGM 229, 282 C25H28O12 521.2730 521(9)[M+H]+; 273(11)[M-malonyl-Glc+H]+ b, c
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observed in the selected ion chromatograms than the UV
or full scan MS mode. For example, the peaks in the
extracted, positive-ion chromatogram for m/z 269 (Fig. 3B)
commonly have a formononetin-based structure (m/z
269) and differ from each other in having a glucoside (14)
or glucoside-malonate substituent (20). In the similar fash-
ion, peaks in the RIC for m/z 285 (Fig. 3C) typically have
biochanin A as their aglycone. These peaks were identified
as biochanin A diglucoside BGG (peak 5), biochanin A
diglucoside-malonate BGGM (8), biochanin A glucoside
BG (26) and biochanin A glucoside-malonate BGM (29).
In legumes, many of the flavonoids occur as satellite sets
of aglycones, glucosides, glucoside-malonates (Cook
et al., 1995) and in some cases, glucoside acetates (Barnes
et al., 1994). In the present study, six major ‘‘satellite sets’’
were found comprising 27 isoflavones, flavone glucosides
and or glucoside malonates (Table 2). Moreover, satellite
sets often revealed peaks that had the same mass, but
different UV spectra as in case for 5,3 0-dimethoxyluteolin
(flavone) and irisolidone (isoflavone) glucosides (Table 2).
Assignments of these peaks were based on the earlier
elution of flavone glucoside (Rt 24.8) versus isoflavone
glucoside (Rt 33.0) in addition to differences in their UV
spectra (Table 2). Other spectral data including tandem
MS were also used to differentiate between structural iso-
mers in cases where UV and full scan mass data failed to
confirm identification, as discussed in the next section.

2.3. Tandem mass spectrometry (MS–MS)

HPLC–UV analysis usually does not provide sufficient
information necessary to distinguish between structural
isomers such as the isoflavone afrormosin (kmax 260,
321 nm) and irilone (kmax 260, 325 nm). Increased struc-
tural information for afrormosin and/or irilone was
obtained by tandem MS. Tandem MS was performed in
a data dependent mode, isolating a molecular ion of inter-
est (in this case the aglycone) followed by resonance
excitation resulting in collisional activation and dissociation.
The resulting fragment ions are directly related to the pre-
cursor ion and utilized in structural elucidation. One spe-
cific process involves the Retro-Diels-Alder (RDA)
fragmentation of the aglycones with the same mass which
yield different fragment ions that are observable during
MS–MS analysis (Wu et al., 2003). For example, 5,3 0-
dimethoxyluteolin glucoside (peak 9, Rt 24.8) and irisolidone
glucoside (peak 25, Rt 33.0) have the same molecular and
fragment ions at m/z 477 and 315, respectively (Table 1).
MS–MS analysis of precursor ions at m/z 315 in peak 9

and 25 showed a characteristic RDA fragment at m/z
167 and m/z 183 characteristic of 5,3 0-dimethoxyluteolin
and irisolidone, respectively. 5,3 0-dimethoxyluteolin has
been previously identified in alfalfa seeds as a nod gene-
inducing flavonoid (Hartwig et al., 1990), however irisoli-
done has not been reported before in Medicago. Similarly,
the glucoside malonates of afrormosin AGM (peak 19, Rt

29.7) and irilone IGM (peak 23,Rt 31.6) have similar UV



Fig. 3. Full scan (A), and selected positive-ion HPLC–ESI–MS chromatograms of m/z 269 (B), m/z 285 (C), and m/z 299 (D), of a M. truncatula cell
culture extract. Panel B insets 1 and 2 provide mass spectra of peaks 14 (formononetin 7-O-b-D-glucoside) and peak 20 (formononetin 7-O-b-D-glucoside-
malonate), respectively. See Table 1 for abbreviations.

Table 2
Polyphenol satellite sets observed in M. truncatula cell culture extracts

Flavonoid kmax1 (nm) kmax2 (nm) Aglycone Mr A G GM GG GGM

Hispidol 250 390 254 + +
Daidzein 258–265 305 254 + +
Formononetin 250 302–306 268 + + +
Medicarpin 230–233 285 270 + +
Genistein 260 326 270 + + + +
Biochanin A 260 315–320 284 + + + +
20-Hydroxyformononetin 258 325 284 + +
Afrormosin 255–260 320 298 + + +*

Irilone 260 325 298 +
Irisolidone 265 330-335 314 + +
5,30-Dimethoxyluteolin 287 335 314 + +

+ presence detected, A – aglycone, G – glucoside, GM – glucoside malonate, GG – diglucoside, GGM – diglucoside malonate, * isomers observed.
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spectra, same nominal molecular ions and characteristic
[M-malonyl-glycosyl+H]+ fragment ions at m/z 547 and
299, respectively (Table 1). However, these aglycones
undergo different Retro-Diels-Alder (RDA) fragmentation
yielding different fragment ions observable during MS–
MS analysis. Further, the structures of medicarpin deriv-
atives in peaks 24 (Rt 32.0) and 27 (Rt 33.5) were also
confirmed from a characteristic RDA fragment at m/z
137 that coincided with standard medicarpin. Attempts
to confirm aglycone structures at different activation ener-
gies did not always provide distinctive RDA fragment
ions even though other additional fragmentation indicat-
ing loss of methyl groups were often observed. This was
usually attributable to the lower concentration of these
species that were insufficient to yield quality data for this
acquisition mode. It is also worth mentioning that nega-
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tive-ion ESI tandem MS of glycosidic conjugates typically
did not reveal characteristic RDA fragment ions for the
aglycones structures.

2.4. Malonate free extract analysis

The positive and negative-ion HPLC–MS analyses of
M. truncatula cells revealed that malonated glucosides are
the most abundant phenolic compounds compared to red
clover in which glucosides were the most abundant as mea-
sured by peak area (Lin et al., 2000). Malonated glycosides
are of biological interest in legumes because these conju-
gated forms are utilized to store the less soluble isoflavone
aglycones, and upon microbial infection, the aglycones are
liberated from the malonate conjugates (Edwards et al.,
1997). While most isoflavonoid glucoside structures were
confirmed using authentic chemical standards, malonated
glucoside standards are not commercially available. How-
ever, malonated glucosides are thermally unstable and
readily convert to their related glucosides upon heating
by cleavage of the malonyl ester bond (Lin et al., 2000).
This fact was exploited to confirm the structures of several
glucoside malonates by comparative analysis of heated and
unheated extracts. A total of seven major peaks identified
as glucoside malonate conjugates were observed to shift
to the corresponding glucoside after heat treatment. These
included [BGGM(8)! BGG(5), DLGM(13)! DLG(9),
HFGM(16)!HFG(12), AGM(19)!AG(15), FGM(20)!
FG(14), MGM(27)!MG(24), and BGM(29)! BG(26)]
as illustrated in Fig. 4. Both the malonated glucoside con-
jugates and related glucoside conjugates yielded highly
similar UV spectra further supporting the structural identi-
Fig. 4. Positive-ion HPLC–ESI–MS chromatogram of a M. truncatula cell cul
treatment. Boxed peak numbers represent malonated glucosides. Dashed arro
fication and that the malonyl groups were directly attached
to the sugar as opposed to the aglycone functional group
which would result in UV spectral shifts (Mabry et al.,
1970). These conclusions are also consistent with the struc-
ture of formononetin 7-O-b-D-glucoside 600-O-malonate
(peak 20, Rt 29.8), which was established by comparison
with authentic standard. Accordingly, other major
malonated glucosides were assigned to have the same 600-
O-malonylglucosyl substitution pattern as that of the coex-
isting malonates and considering that they are most likely
formed through a similar biogenetic pathway. This assign-
ment is also supported by the fact that, so far, all of the
flavonoid glucoside malonates from plants have a 600-malo-
nylglucosyl unit (Harborne, 1994; Lin et al., 2000).

It is worth mentioning that a minor peak (17) was
detected of the same mass and UV spectra as that for
afrormosin 7-O-b-D-glucoside 600-O-malonate (19), Table
1. This minor malonate could possibly be an isomer of
afrormosin 7-O-b-D-glucoside 600-O-malonate in which the
malonyl group was attached at a position other than 600

at the glycosyl moiety. Alternative linkages between the
malonyl and glucoside moieties have not been identified
or reported for Medicago, however, glucoside malonate
isomers of afrormosin, calycosin, formononetin and bioch-
anin A have been detected in red and white clover (Lin
et al., 2000; Edwards et al., 1997).

2.5. Identification of sugar and aglycone structures in

flavonoid conjugates

Unfortunately, the absolute stereochemistry of the
sugar constituents are not easily determined in phenolic
ture extract (a), and a malonate free cell culture extract (b), following heat
ws show conversion to corresponding glucosides following heating.
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conjugates using HPLC–MS. For example, characteristic
fragment ions can be readily classified as the loss of a hexose
(162 amu), but it is much more difficult to confirm the sugar
as glucose or galactose (Wu et al., 2003). To surmount this
obstacle and to increase the confidence in our metabolite
assignments, especially in cases where synthetic standards
were unavailable, enzymatic hydrolysis and GC–MS was
used to unambiguously characterize the aglycone and sugar
constituents of each flavonoid. HPLC fractions correspond-
ing to individual peaks were collected, hydrolyzed with b-
glucosidase and the resulting sugar moieties were extracted,
derivatized, and analyzed using GC–MS along side with
authentic sugars. Glucose was identified as the only sugar
moiety in all flavonoid and isoflavonoid conjugates; malon-
ate was also detected in the GC–MS traces in case of malo-
nated glucoside peaks. In clover and alfalfa, glucose was
found to be the most common attached sugar in isoflavones
(Lin et al., 2000; Klejdus et al., 2001, 2003). The anomeric
configurations of the glucosidic linkages between aglycones
and glucose moieties were established as b due to the speci-
ficity of the b-glucosidase used for all enzymatic hydrolysis
experiments.

Positional attachment of the glucose groups were con-
firmed for afrormosin, biochanin A, daidzein, and formo-
nonetin glucosides to be on the 7 position of the aglycone
by comparison with authentic standards. However glucose
conjugation for irilone, irisolidone, 2 0-hydroxyformonone-
tin, genistein and 5,3 0-dimethoxyluteolin could be at the 7,
2 0, or 4 0 positions of the aglycone and are still unconfirmed.
Additionally, HPLC–UV–MS analysis of hydrolyzed glu-
cosides were conducted to confirm the identity of the agly-
cone. The isoflavone aglycones afrormosin, daidzein,
biochanin A, formononetin, 2 0-hydroxyformononetin, and
medicarpin were identified in their respective glucosides
by comparison of the retention time, UV and mass spectral
data with those of standard aglycones. Two novel digluco-
sides (peak 5, Rt 22.9, m/z 609) and (peak 8, Rt 24.2, m/z
695) were identified in the cell culture of M. truncatula
(Table 1). The mass difference of 86 (amu) indicates an addi-
tional malonyl group in peak 8. Both conjugates showed
fragment ions corresponding to the consecutive loss of 2
glucose moieties (162 amu) and were identified as biochanin
A b-D-diglucoside (5) and biochanin A b-D-diglucoside mal-
onate (8). As expected, peak 8 disappears upon heating due
the loss of malonate and conversion to its corresponding
diglucoside (peak 5; Fig. 4). The UV spectra for BGGM
and BGG were almost identical to that of biochanin A 7-
O-b-D-glucoside (BG) suggesting that both glucose moieties
were attached at the same position in ring A (Mabry et al.,
1970). However, the HPLC–UV–MS data could not unam-
biguously establish the interglycosidic linkage involved in
both glucosides. To our knowledge, this is the first report
of biochanin A b-D-diglucoside in both Medicago root
and cell culture. Other diglucoside conjugates were detected
and putatively identified as genistein-di-O-b-glucoside
(1) and its malonylated conjugate (2); previously identified
in Lupinus hartwegii aerial parts (Kamel, 2003).
2.6. Comparative analysis of flavonoids and isoflavonoids in

M. truncatula suspension culture cells and roots

The M. truncatula suspension culture cells targeted in
our functional genomics program and used here for profil-
ing of isoflavonoids were originally derived from root tis-
sue. Thus, qualitative and quantitative comparative
analyses of culture cell and root phenolic content was per-
formed to determine the impact of dedifferentiation and
culturing on plant tissue. M. truncatula roots were
extracted and analyzed under the same experimental condi-
tions used for cell culture. Of the 35 phenolics identified in
cell culture, only 17 were simultaneously found in roots
with the conjugates of hispidol, irilone, irisolidone, geni-
stein and 5,3 0-dimethoxyluteolin not detected in roots
(Table 3). On the other hand, two compounds assigned
as 7,4 0-dihydroxyflavone and isoliquiritigenin glucosides
were detected in root, but not in cell culture. Relative quan-
titative analysis revealed that afrormosin conjugates AG
and AGM were the major isoflavonoids in M. truncatula

cell cultures, whereas formononetin conjugates FG and
FGM predominate in M. truncatula roots. No significant
differences were observed in vestitol or medicarpin gluco-
side content between root and cell extracts.

The M. truncatula cell culture composition data is consis-
tent with previous reports citing AG and AGM as the major
constitutive isoflavonoid present in alfalfa cell culture
(Kessmann et al., 1990). These data support a high level
of synergy between the model and crop legumes; however
they also reveal significant differences between cell cultures
and roots. A similar disparity has also been observed in
alfalfa cell culture isoflavonoid profiles compared to roots
(Tiller et al., 1994). This disparity is believed to be the result
of induced genetic or epigenetic variation (Gould, 1987)
during the culturing process and/or lack of differentiation
in callus cells disrupting secondary metabolism regulatory
networks (Jalal and Collin, 1977). For example, the most
abundant isoflavones detected in cell culture were methyl-
ated at the 6 position of the A-ring (irilone, irisolidone,
afrormosin) which suggests an increased activity of one or
more O-methyltransferases (OMTs) in cell cultures relative
to roots. The prerequisite for methylation is the presence of
a hydroxyl group at the C-6 position. Currently, a flavonoid
6-hydroxylase (F6H) has not been characterized in Medi-

cago, but a F6H has been characterized from soybean cell
cultures (Latunde-Dada et al., 2001) supporting the pres-
ence of this enzyme in legumes. In addition, specific Medi-

cago OMTs have not yet been characterized, but efforts in
this area are underway (Deavours et al., 2006).
3. Conclusions

HPLC–UV–MS, HPLC–MS–MS, and GC–MS were
used for metabolic profiling and systematic identification
of flavonoids and isoflavonoids in roots and cell cultures
of M. truncatula. The majority of structural information



Table 3
Comparison of flavonoid content of Medicago truncatula cell culture and root extracts

Compound number Rt (min) Assignment Relative content in cell culture (C) Relative content in root (R) Ratio C/R

1 15.8 Genistein b-D-di-glucoside 0.06 ND
2 17.6 Genistein b-D-di-glucoside-malonate 0.10 ND
3 18.3 Daidzein 7-O-b-D-glucoside (Daidzin) 0.03 ND
4 21.1 Daidzein 7-O-b-D-glucoside-600-O-malonate (daidzin malonate) 0.03 ND
5 22.9 Biochanin A b-D-di-glucoside 0.9a 0.02 45
6 23.2 Genistein 7-O-b-D-glucoside (genistin) 0.07 ND
7 23.4 Hispidol 4 0-O-b-D-glucoside 0.04 ND
8 24.2 Biochanin A b-D-diglucoside-malonate 0.80 ND
9 24.8 5,3 0-Dimethoxyluteolin b-D-glucoside 0.2 ND

10 25.75 Genistein 7-O-b-D-glucoside-600-O-malonate 0.035 ND
11 25.65 Hispidol 4 0-O-b-D-glucoside-malonate 0.011 ND
12 26.6 2 0-Hydroxyformononetin b-D-glucoside 0.43a 0.03 14.5
13 27.0 5,3 0-Dimethoxyluteolin b-D-glucoside-malonate 0.27 ND
14 27.5 Formononetin 7-O-b-D-glucoside (Ononin) 0.6 0.4 1.65
15 28.0 Afrormosin 7-O-b-D-glucoside 2.8a 0.03 95
16 28.3 2 0-Hydroxyformononetin b-D-glucoside-malonate 0.9 ND
17 28.4 Afrormosin 7-O-b-D-glucoside-malonate (isomer) 2.8a 0.07 40
18 29.5 7,4 0-Dihydroxyflavone 0.05 0.08 0.6
19 29.7 Afrormosin 7-O-b-D-glucoside-600-O-malonate 3.0a 0.07 42
20 29.8 Formononetin 7-O-b-D-glucoside-600-O-malonate 0.2a 1.1 0.18
21 30.4 Liquiritigenin 0.03 0.18 0.16
22 31.4 Vestitol b-D-glucoside-malonate 0.12 0.07 1.7
23 31.6 Irilone 4 0-O-b-D-glucoside-600-O-malonate 0.07 ND
24 32.0 Medicarpin 3-O-b-D-glucoside 0.28 0.15 1.9
25 33.0 Irisolidone 7-O-b-D-glucoside 0.10 ND
26 33.1 Biochanin A 7-O-b-D-glucoside 0.08 ND
27 33.5 Medicarpin 3-O-b-D-glucoside-malonate 0.30 0.6 0.5
28 34.3 Irisolidone 7-O-b-D-glucoside-600-O-malonate 0.09 ND
29 34.6 Biochanin A 7-O-b-D-glucoside-600-O-malonate 0.16 ND
30 35.3 Naringenin 0.004 ND
31 36.9 Tricin 0.03 0.06 0.5
32 40.0 Isoliquiritigenin 0.05 0.13 0.4
33 40.7 Formononetin 0.04a 0.6 0.06
34 41.6 Afrormosin 0.25a 0.03 8.5
35 44.2 Medicarpin 0.004a 0.03 0.15
36 17.4 7,4 0-Dihydroxyflavone b-D-glucoside ND 0.04
37 28.5 Isoliquiritigenin 40-O-b-D-glucoside ND 0.25

Note that compounds number 36 and 37 are not included in Table 1 and were only identified in roots.
Values are expressed as relative peak areas normalized to the recovered amount of umbelliferone added as an internal standard.

a Values followed by letter within the same row are significantly different. ND not detected.
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was derived from full-scan and extracted positive-ion ESI–
MS, which yielded characteristic fragmentation patterns of
aglycones, the presence of sugar moieties and malonate
groups. Tandem MS provided additional information
allowing the structural confirmation of many aglycones
based on Retro-Diels-Alder fragment ions. Sugar linkage
and identification was confirmed using GC–MS following
enzymatic hydrolysis and derivatization. Using the multiple
optimized HPLC and MS conditions, 35 polyphenols were
identified from M. truncatula cell culture including 12 glu-
cosides, 15 glucoside malonates and 8 free aglycones. Our
results also demonstrate that there are significant quantita-
tive and qualitative differences in the isoflavonoid composi-
tions of root and cell cultures derived from same tissue, a
common situation in cell cultures (Jalal and Collin, 1977;
Gould, 1987; Tiller et al., 1994).

To the best of our knowledge, this is the first, in-depth
metabolic profiling study of phenolics in M. truncatula, a
model organism for plant and legume genomic research.
The identified phenylpropanoids provide a more complete
atlas of the chalcone, aurone, flavone and isoflavone bio-
synthetic networks in M. truncatula. These metabolic
atlases are beginning to yield insight into the functional
annotation of biosynthetic enzymes such as O-meth-
yltransferases (Deavours et al., 2006). These detailed meta-
bolic maps will also facilitate more efficient metabolic
engineering efforts to improve the composition of these
health promoting phytochemicals and future improve-
ments in the major forage crop alfalfa. Further, these data
provide a foundation for comparative metabolic profiling
of isoflavonoids in the context of a broader functional
genomics program in M. truncatula.
4. Experimental

4.1. Materials

4.1.1. Biological materials

Liquid suspension cell cultures were derived from Medi-

cago truncatula cv Jemalong A17 roots, grown in the dark
in 500 ml shaker flasks, and suspended in Schenkand Hil-
debrandt (SH) medium with transfer to fresh medium every
2 weeks. Cells were harvested 4 d after transfer while in log-
phase growth, washed once with fresh SH medium and
once with SH:water (1:1 [v/v]), ground in liquid N2 and
immediately lyophilized. Plant root tissue was collected
from 6 weeks old seedlings grown in Turface MVP� (Pro-
file Products, Buffalo Grove, IL) medium. Seedlings were
grown in a controlled greenhouse environment maintained
at an average temperature of 28 �C, 40% humidity, and a
daylight period of 16 h.

4.1.2. Chemicals
Biochanin A, sissotrin, ononin, daidzin, daidzein, for-

mononetin, 7,4 0-dihydroxyflavone and prunetin were pur-
chased from Indofine (Somerville, NJ, USA); hispidol,
vestitol, afrormosin and afrormosin glucoside from Apin
Chemicals Limited (Abingdon, UK). 2 0-hydroxyformo-
nonetin, formononetin glucoside malonate and medicarpin
glucosides and glucoside malonates were isolated and puri-
fied from alfalfa. Irisolidone, hispidol 4 0-O-glucoside and
tricin were kindly provided by Prof. Tom Mabry (Univer-
sity of Texas at Austin, TX, USA). Isoliquiritigenin,
liquiritigenin and naringenin were purchased from Sigma-
Aldrich (St. Louis, MO). All solvents used were HPLC–
MS or GC–MS grade.

4.1.3. Extraction

Lyophilized M. truncatula suspension culture cells or
root tissue (20 ± 0.06 mg) were extracted with 1.8 ml aq.
80% MeOH for 10 h using an orbital shaker in the dark.
Extracts were centrifuged at 3000g for 60 min and 1.4 ml
of the supernatant was removed and evaporated under
nitrogen till dryness. The dried residue was resuspended
in 300 ll of 45% aq. MeOH. For comparative analysis,
the extracts were spiked with 2 lg umbelliferone as an
internal standard (IS) and relative quantifications deter-
mined based on HPLC–MS peak areas that were normal-
ized based on the area of the recovered IS peak.

4.1.4. Hydrolysis of malonated conjugates

M. truncatula extracts resolubilized in 45% aq. MeOH
were heated in a sealed vial at 80 �C for 16 h and then left
at room temp. for 1 h. This process converts flavonoid glu-
coside malonates to their glucosides without the produc-
tion of other derivatives (Lin et al., 2000).

4.1.5. Hydrolysis and analysis of sugar and aglycone

constituents

M. truncatula extracts resolubilized in 45% MeOH in
water were separated using HPLC and the same conditions
used for analysis described below in the LC–ESI–MS
Instrumentation section, except the flow rate was lowered
to 0.5 ml min�1. The instrumental response of the PDA
was monitored at 260 nm and targeted peaks/fractions col-
lected. Collected fractions were evaporated, re-suspended
in 200 ll water, heated as mentioned above to cleave mal-
onyl conjugates, and subjected to hydrolysis using b-gluco-
sidase (Mabry et al., 1970) for 8 h at 37 �C. The aglycones
were then partitioned from the aqueous phase into EtOAc
(3 · 2 ml). The EtOAc fractions were evaporated to dry-
ness under nitrogen, residues re-suspended in 100 ll
MeOH, and analyzed using HPLC–UV–MS to character-
ize target aglycones. The aqueous phase following liquid–
liquid extraction with EtOAc and containing the liberated
sugars was evaporated in a SpeedVac to complete dryness.
The sugars were derivatized as described below and ana-
lyzed by GC–MS in parallel with authentic sugars, e.g. glu-
cose, galactose and malonic acid.

4.1.6. Sugar derivatization

Sugars were methoximated and trimethylsilylated
(TMSi) to improve chromatographic behavior using stan-
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dard methods in our lab (Broeckling et al., 2005). 70 ll of
15 mg ml�1 methoxyamine hydrochloride in pyridine was
added and incubated at 50 �C for 60 min, followed by
30 ll of N-methyl-N-trimethylsilyltrifluoroacetamide
(MSTFA) + 1% trimethylchlorosilane (TMCS) (Pierce,
Rockford, IL) in pyridine and incubated at 50 �C for
30 min. TMSi-sugars were analyzed using GC–MS and
identified based on GC–MS retention time and spectral
characteristics of authentic derivatized sugars, e.g. glucose,
galactose and malonic acid.

4.2. HPLC–ESI–MS instrumentation

An Agilent 1100 series II HPLC system (Hewlett-Pack-
ard, Palo Alto, CA) equipped with a photodiode array
detector was coupled to a Bruker Esquire ion-trap mass
spectrometer via an electrospray ionization (ESI) source.
UV spectra were obtained by scanning from 200 to
600 nm. A reverse phase, C18, 5 lm, 4.6 · 250 mm column
(J.T.Baker, Phillipsburg, NJ) and a linear gradient of 5–
90% B (v/v) over 70 min were utilized for separations.
The mobile phases consisted of eluent A (0.1% aq. HOAc)
and eluent B (acetonitrile). The flow rate was 0.8 ml min�1

and the temperature of the column was maintained at
28 �C. Both positive and negative-ion ESI mass spectra
were acquired. Positive-ion ESI was performed using an
ion source voltage of 4.0 kV and a capillary offset voltage
of 86.0 V. Nebulization was aided with a coaxial nitrogen
sheath gas provided at a pressure of 60 psi. Desolvation
was assisted using a counter current nitrogen flow set at
a pressure of 12 psi. and a capillary temperature of
300 �C. Mass spectra were recorded over the range 50–
2200 m/z. The Bruker ion-trap mass spectrometer (ITMS)
was operated using an ion current control (ICC) of approx-
imately 10,000 with a maximum acquire time of 100 ms.
Tandem mass spectra were obtained in manual mode for
targeted masses using an isolation width of 2.0, fragmenta-
tion amplitude of 2.2 and threshold set at 6000. HPLC–MS
data files were analyzed using AMDIS (Automated Mass
Spectral Deconvolution and Identification System) avail-
able at http://chemdata.nist.gov/mass-spc/amdis.

4.3. HPLC–QtofMS instrumentation

Positive-ion HPLC–ESI–Qtof mass spectra were
recorded on an ABI QSTAR Pulsar i hybrid quadrupole
time-of-flight mass spectrometer (QtofMS; Applied Biosys-
tems, Framingham, MA) coupled with an Agilent 1100 ser-
ies II HPLC system (Hewlett-Packard, Palo Alto, CA).
Ionization was achieved using a turbo-ion electrospray
source voltage of 5.5 kV with N2 as the nebulizer gas.
The QtofMS was operated in the wide-pass quadrupole
mode between m/z 50 and 850 and with a low collision
energy of 25 eV to ensure integrity of the molecular species.
All analyses were acquired using an independent reference
lock-mass ion to ensure accuracy and reproducibility.
Commercially obtained ononin (m/z 430.1081) and afrorm-
osin (m/z 298.0720) were used as reference compounds,
injected either separately or in a mixture and analyzed
under the same conditions. HPLC separation was achieved
using a reverse phase, C18, 5 lm, 4.6 · 250 mm column
(J.T.Baker, Phillipsburg, NJ) and a liner gradient from
90% eluent A (0.1% aq. HOAc) and 10% eluent B (acetoni-
trile) to 90% eluent B over 70 min at a flow rate of
0.3 ml min�1.

4.4. GC–MS instrumentation

An HP 6890 GC (Hewlett-Packard, Palo Alto, CA)
equipped with a 60 m DB-5-MS column (J&W Scientific,
0.25 mm ID, 0.25 lm film thickness) was coupled to an
HP 5973 quadrupole mass spectrometer. Samples were
injected in a split mode using a split ratio of 1:1, an inlet
and transfer line temperature of 250 �C, and a constant
He flow of 1.0 ml min�1. Separation was achieved with a
temperature program with an initial temperature of 80 �C
and initial time of 2 min which was then ramped to
315 �C at 5 �C min�1 and held at 315 �C for 12 min. The
MS source was maintained at 250 �C and the quadrupole
at 150 �C. Mass spectra were recorded while scanning from
50–650 m/z following optimization of MS parameters and
mass calibrations using the manufacturers autotune macro.
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