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Abstract

Metabolite profiling of soluble primary and secondary metabolites, as well as cell wall-bound phenolic compounds from roots of bar-
rel medic (Medicago truncatula) was carried out by GC–MS, HPLC and LC–MS. These analyses revealed a number of metabolic char-
acteristics over 56 days of symbiotic interaction with the arbuscular mycorrhizal (AM) fungus Glomus intraradices, when compared to the
controls, i.e. nonmycorrhizal roots supplied with low and high amounts of phosphate. During the most active stages of overall root
mycorrhization, elevated levels of certain amino acids (Glu, Asp, Asn) were observed accompanied by increases in amounts of some fatty
acids (palmitic and oleic acids), indicating a mycorrhiza-specific activation of plastidial metabolism. In addition, some accumulating fun-
gus-specific fatty acids (palmitvaccenic and vaccenic acids) were assigned that may be used as markers of fungal root colonization. Stim-
ulation of the biosynthesis of some constitutive isoflavonoids (daidzein, ononin and malonylononin) occurred, however, only at late
stages of root mycorrhization. Increase of the levels of saponins correlated AM-independently with plant growth. Only in AM roots
was the accumulation of apocarotenoids (cyclohexenone and mycorradicin derivatives) observed. The structures of the unknown cyclo-
hexenone derivatives were identified by spectroscopic methods as glucosides of blumenol C and 13-hydroxyblumenol C and their
corresponding malonyl conjugates. During mycorrhization, the levels of typical cell wall-bound phenolics (e.g. 4-hydroxybenzaldehyde,
vanillin, ferulic acid) did not change; however, high amounts of cell wall-bound tyrosol were exclusively detected in AM roots.

Principal component analyses of nonpolar primary and secondary metabolites clearly separated AM roots from those of the controls,
which was confirmed by an hierarchical cluster analysis. Circular networks of primary nonpolar metabolites showed stronger and more
frequent correlations between metabolites in the mycorrhizal roots. The same trend, but to a lesser extent, was observed in nonmycor-
rhizal roots supplied with high amounts of phosphate. These results indicate a tighter control of primary metabolism in AM roots com-
pared to control plants. Network correlation analyses revealed distinct clusters of amino acids and sugars/aliphatic acids with strong
metabolic correlations among one another in all plants analyzed; however, mycorrhizal symbiosis reduced the cluster separation and
enlarged the sugar cluster size. The amino acid clusters represent groups of metabolites with strong correlations among one another (cli-
ques) that are differently composed in mycorrhizal and nonmycorrhizal roots. In conclusion, the present work shows for the first time
that there are clear differences in development- and symbiosis-dependent primary and secondary metabolism of M. truncatula roots.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Arbuscular mycorrhizas (AMs) are one of the oldest
mutualistic symbioses of plants relying on the formation
of intimate relationships between fungi of the phylum
Glomeromycota (Schüßler, 2001; Schüßler et al., 2001)
and roots of the majority of plants. This symbiosis is based
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on the beneficial exchange of reduced carbon from the
plant and mineral nutrients, especially phosphate and
nitrogen (Toussaint et al., 2004; Jin et al., 2005; Govind-
arajulu et al., 2005) as well as water from the fungus (Smith
and Read, 1997). This intimate association is accompanied
with an increased resistance to abiotic stress and to root
pathogens (Gianinazzi-Pearson et al., 1996, 2006; Cordier
et al., 1998; Liu et al., 2007). Interaction between plants
and AM fungi demands marked changes in root metabo-
lism, some of which were recently shown in our study on
the organization and metabolism of plastids and mitochon-
dria, these being limited to 40-day-old AM roots of barrel
medic (Medicago truncatula) (Lohse et al., 2005). Within
the last years, this plant became an important model
legume (Cook, 1999; Bell et al., 2000) in studies of both rhi-
zobial and mycorrhizal symbiotic interactions of plants.

Earlier attempts to unravel the AM-specific alterations
focused mainly on differential gene expression and protein
profiles. On the basis of accumulating EST sequence data
(see review, Hause and Fester, 2005), Electronic Northern
analyses have been performed (Journet et al., 2002) with
the sequence information used for constructing micro-
arrays (Küster et al., 2004) for analysis of mycorrhiza-spe-
cific gene expression (van Buuren et al., 1999; Franken and
Requena, 2001; Liu et al., 2003; Wulf et al., 2003; Bre-
chenmacher et al., 2004; Manthey et al., 2004; Hohnjec
et al., 2005; Massoumou et al., 2007). These approaches
and suppressive subtractive hybridization experiments
resulted, for example, in the identification of AM-induced
genes for a phosphate transporter (Harrison et al., 2002),
for water and proton transporters (Krajinski et al., 2000,
2002), germins (Doll et al., 2003), lectins (Frenzel et al.,
2005), hemoglobins (Vieweg et al., 2004, 2005) as well as
for isoprenoid (Walter et al., 2002) and sucrose biosynthe-
sis (Hohnjec et al., 2003) with an annotated function.
Detailed analyses of the M. truncatula root transcriptome
resulted in the identification of 568 genes, differentially reg-
ulated in AM roots colonized with AM fungi (Glomus mos-
seae, Glomus intraradices, Gigaspora rosea) and some seem
to be related to arbuscule development (Grunwald, 2004;
Grunwald et al., 2004). On the basis of the mapped prote-
ome of M. truncatula (Mathesius et al., 2001; Asirvatham
et al., 2002; Watson et al., 2003), AM root protein profiles
were studied using both peptide mass fingerprinting and
tandem mass spectrometry (Bestel-Corre et al., 2002). Pro-
tein modifications in relation to the development of the
symbiosis included down- and up-regulation, as well as
newly synthesized proteins (Bestel-Corre et al., 2002). In
a survey of the M. truncatula root plasma membrane pro-
teome, clear differences were found upon inoculation with
G. intraradices (Valot et al., 2005, 2006).

Despite substantial knowledge of the symbiosis-related
changes of the transcriptome and proteome (Gianinazzi-
Pearson et al., 2006), only sparse clues regarding metabo-
lite alterations are available. Earlier targeted studies on
AMs focused mostly on selected groups of metabolites of
mycorrhizal roots, e.g. isoflavonoids (Harrison and Dixon,
1993, 1994; Larose et al., 2002), hydroxycinnamoyl amides
(Peipp et al., 1997) and apocarotenoids (Strack et al., 2003;
Strack and Fester, 2006). It has also been shown in relation
to carbohydrate and lipid metabolism that accumulated
trehalose in AM roots is of predominant fungal origin
(Douds et al., 2000). Furthermore, plants and AM fungi
produce different typical sets of fatty acids (Olsson, 1999;
Stumpe et al., 2005; Trépanier et al., 2005).

In spite of these results, our understanding is still limited
concerning the metabolic changes occurring during devel-
opment and maintenance of a functional mutualistic AM
symbiosis. Additionally, a profound grasp of the molecular
dialogue between the two partners (Harrison, 1998, 1999,
2005; Hause and Fester, 2005; Akiyama et al., 2005; Rein-
hardt, 2007) is only just emerging. This is in contrast to
another well-studied legume symbiotic system, the root
nodules. Here, flavonoids function as signaling compounds
that induce gene expression in the microbiont (Peters et al.,
1986; Zhang and Smith, 1996, 2002). Recently, it was
shown that nodules displayed a distinct metabolic pheno-
type, different from other organs of the symbiotic plant,
e.g. Lotus japonicus (Desbrosses et al., 2005). For these
analyses, GC–MS was used to analyze the metabolite levels
in the different plant organs. This method proved to be one
of the important tools in metabolomics, permitting non-
targeted, comprehensive temporal and spatial analysis of
metabolites. GC–MS has also turned out to be a key tech-
nology in functional genomics and systems biology (Fiehn
et al., 2000a,b; Fiehn, 2001, 2002; Roessner et al., 2001;
Hall et al., 2002; Duran et al., 2003; Fernie, 2003; Weckw-
erth and Fiehn, 2002; Fiehn and Weckwerth, 2003; Urban-
czyk-Wochniak et al., 2003; Weckwerth, 2003; Bino et al.,
2004; Kopka et al., 2004).

In continuation of our previous work (Lohse et al.,
2005), results of an extensive non-targeted and unbiased
approach to analyze time-dependent metabolic changes
(metabolite kinetics) in M. truncatula roots during coloni-
zation with G. intraradices are presented here for the first
time.
2. Results and discussion

2.1. Plant development and course of mycorrhization

To characterize colonization of M. truncatula roots with
G. intraradices, plant growth-related and mycorrhiza-spe-
cific parameters were analyzed. Alterations of fresh and
dry weights of shoots and roots were measured during
the course of mycorrhization from each five parallels of
three different plant sets. These are M20P (mycorrhizal,,
20% phosphate supply), NM20P (nonmycorrhizal, 20%
phosphate supply) and NM100P (nonmycorrhizal, 100%
phosphate supply). The latter plant set was supplied with
five times the amount of phosphate included in the applied
modified Long Ashton nutrient solution (see Section 3).
The weights of M20P and NM100P shoots exceeded the
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NM20P control by about 30–35% in fresh weight and about
20–25% in dry weight. Thus mycorrhizal plants exhibited
nearly the same increase in shoot biomass as plants receiv-
ing 100% phosphate. In contrast, for the root fresh weights,
no significant differences between the three different plant
sets were observed, whereas the dry weights of M20P roots
were about 10–20% higher than those of NM100P and
NM20P (data not shown). One of the major factors in
AM-promoting plant growth is supposed to be an
increased uptake of phosphate (Smith and Read, 1997)
due to the exploration of a larger soil volume by extrarad-
ical hyphae with highly efficient phosphate absorption sys-
tems (Ning and Cumming, 2001). The often observed effect
of root mycorrhization on plant shoot and root weights
depends on the plants and fungi studied, and the culture
conditions (nutritional status, temperature, light). In most
cases, AM symbiosis causes preferentially higher shoot bio-
mass (Gavito et al., 2000; Valentine et al., 2001; Diop et al.,
2003; Ruotsalainen and Kytoviita, 2004; Duponnois et al.,
2005; Rabie, 2005; Wu and Xia, 2006). The results
obtained in the present study thus correspond to those pub-
lished by Burleigh et al. (2002) and Bestel-Corre et al.
(2004).

To analyze the progress of mycorrhization, expression
of the mycorrhiza-specific phosphate transporter MtPT4
and Glomus rRNA (as fungal marker) were determined,
besides the conventional staining of fungal material in
mycorrhizal roots. Both the MtPT4 and Glomus rRNA
expression data, normalized to 100%, show a synchronous
behavior during the experimental period (Fig. 1). The curve
diagrams are characterized by a slow increase at the begin-
ning of mycorrhization, followed by a steep increase
between 21 and 49 days after inoculation (dai). The stain-
ing results, however, indicate a saturation curve reaching
a steady state level already at 35 dai.

For a functioning mycorrhizal symbiosis, the MtPT4
expression is a reliable parameter (Isayenkov et al., 2004).
Its expression increase proceeds in a different way compared
Fig. 1. Time course of AM root formation of M. truncatula. Determina-
tion of root length frequency of mycorrhization (staining), overall root
colonization (expression of Glomus rRNA) and functional arbuscules
(expression of MtPT4).
to the data obtained from staining of the fungal material
(Fig. 1). The latter reflects only root length frequency of
mycorrhization, whereas both MtPT4 and Glomus rRNA
expressions are measures of its overall (three-dimensional)
colonization intensity. In this connection, it has been shown
that knockdown of the mycorrhiza-inducible phosphate
transporter gene of Lotus japonicus (LjPT3), under phos-
phate-limiting growth, conditions suppresses AM symbiosis
as indicated by growth retardation, decreased formation of
arbuscules, and reduced phosphate uptake (Maeda et al.,
2006).

2.2. Data variance and normalization

Polar and nonpolar metabolites, as well as cell wall-
bound components, of lyophilized M. truncatula roots were
analyzed by GC/TOF-MS, LC–MS and RP-HPLC-DAD,
respectively. The majority of compounds showed a biolog-
ical variance of less than 50%, decreasing from primary to
secondary metabolites and cell wall-bound components
with less than 20%. The variance of data in the present
study is comparable with those published recently on the
same plant material (Duran et al., 2002; Sumner et al.,
2003). The data obtained were normalized to 30 mg dry
weight, the amount used for extraction and recalculated
to individual whole roots. The relation of the metabolite
levels to roots or to constant dry weight reflects different
kinetics, especially at early harvest days. This is demon-
strated for phosphate in Fig. 2. Thus, Fig. 2b shows that
the phosphate content per root is significantly higher in
Fig. 2. Phosphate accumulation in mycorrhizal and nonmycorrhizal roots
(integration of the characteristic fragment ion m/z 299), calculated per dry
weight (a) and individual root systems (b). Quantification in mycorrhizal
roots gave at 42 dai 25 ± 6 lmol (g dry wt)�1 and 0.9 ± 0.3 lmol (root
system)�1.
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M20P samples (AM roots) compared to NM20P ones.
Thereby, the enhanced phosphate uptake by the mycorrhi-
zal roots (Cress et al., 1979; Smith and Gianinazzi-Pearson,
1990) was verified. The amount of phosphate reached sim-
ilar levels to those of the NM100P controls (nonmycorrhizal
roots supplied with high amount of phosphate). Therefore,
the latter material turned out to be dependable controls to
discriminate between phosphate- and mycorrhiza-induced
effects.

Metabolites of primary metabolism in the symbiotic
roots cannot clearly be assigned to be of plant or fungal
origin, especially at high degrees of mycorrhization. How-
ever, it is most likely that the mycorrhiza-specific changes
in primary metabolism, described in this communication,
are mainly due to fungus-induced alterations of plant root
metabolism. This assumption is based on correlations
found between certain metabolites and corresponding tran-
scripts of plant-specific biosynthetic genes of M. truncatula

(Lohse et al., 2005).

2.3. Primary polar root metabolites

The polar metabolites of the methanol extracts of roots
were analyzed by GC/TOF-MS. Fig. 3a shows a represen-
tative chromatogram obtained from extracts of mycorrhi-
zal roots (35 dai). Peak numbers correspond to
compound numbers in Table 1, listing 81 compounds
including 18 unknowns of which five are unknown disac-
charides. Following the metabolite levels during mycor-
rhization, most of the amino acids reached their highest
levels at 42 dai, among which asparagine, aspartic, glu-
tamic and pyroglutamic (derivatization artifact of glutamic
acid) acids exhibit marked AM-specific accumulation pat-
terns (Fig. 4, lower panel). The levels of hexoses (glucose,
fructose) and sucrose, as well as pentoses and inositol,
show a general plant development-dependent increase in
all samples (M20P, NM20P and NM100P) (Fig. 5). It is
known that mycorrhizal roots take up hexoses mainly
through the intraradical hyphae, thereby forming a carbon
sink for the plant (Bago et al., 2000). But this is not
reflected in the hexose accumulation pattern (Fig. 5). Ana-
lyzing the carbon sink strength of AM roots by split-root
system, it became apparent that it was both fungus and
plant species dependent (Lerat et al., 2003). In strong sink
organs, like developing potato tubers, restriction of sucrose
supply led to an increase of amino acid levels by transcrip-
tion regulation of amino acid biosyntheses (Roessner-
Tunali et al., 2003). However, the special features of this
model system cannot be applied to AM roots. We did
not observe an inverse relation between carbohydrates
and amino acids in mycorrhizal roots, developing a highly
complex metabolic network of a mutualistic system
between two partners.

Only in mycorrhizal roots could trehalose be detected
due to its fungal origin, reaching maximal levels at 42–
49 dai. Some metabolites of the mitochondrial tricarbox-
ylic acid cycle, i.e. aconitic and fumaric acids, showed
reduced levels in mycorrhizal roots in comparison to con-
trols. The levels of succinic and citric acids in mycorrhizal
roots, however, did not differ significantly from those of
controls (Fig. 6). These results may be indicative for an
activation of the mitochondrial and the plastidial metabo-
lism during mycorrhization, supported by the proven pro-
liferation of plastids and the changes in transcript levels of
biosynthetic genes (Lohse et al., 2005).

In general, metabolite profiling of primary polar com-
pounds of methanolic extracts of M. truncatula by GC/
TOF-MS turned out to be reliable in the present study
proving good selectivity and sensitivity. This was also
shown in GC–MS analyses of metabolites of leaves of Ara-

bidopsis thaliana (Fiehn et al., 2000a), tuber tissue of Sola-
num tuberosum (Roessner et al., 2001) and different plant
parts of L. japonicus (Desbrosses et al., 2005). Recently,
GC–MS analyses of metabolites of cell suspension cultures
derived from M. truncatula roots established marked effects
of biotic (yeast) and abiotic (methyl jasmonate, UV-light)
elicitors (Broeckling et al., 2005). The possible role of jas-
monates and some other plant hormones in AM interac-
tions has recently been reviewed (Hause et al., 2007).

2.4. Primary nonpolar root metabolites

A representative separation and detection of nonpolar
metabolites by GC/TOF-MS is given in Fig. 3b. In these
analyses, most of the fatty acids, fatty alcohols, and alkanes
were assigned by a recursive procedure. This method is
based on the calculation of a best-fitting curve of the char-
acteristic fragments of some reference compounds versus
retention times. The characteristic mass fragment must be
typical for the whole compound class, e.g. fatty acids, i.e.
by splitting off of a methyl residue from the trimethylsily-
lated molecule, yielding m/z = [M�15]+. In the case of
monoglycerides, the mass fragment after splitting off of
the terminal CH2 = O+�TMS (m/z = [M�103]+) exhibited
higher intensities than the [M�15]+ fragment. Afterwards,
the missing peaks of the possible compounds of the same
class are scanned in the two-dimensional (Rt, m/z)-space
corresponding to the best-fitting curves. Thus, fatty acids
and fatty alcohols of even- and odd-numbered C-chains
could be detected in a range between C8 and C30 (Table
2). It may be noticed that, in many cases, the Cn:0 fatty acid
peak is accompanied by a Cn+1 fatty alcohol peak having a
36 mDa higher m/z. For instance, the odd-numbered penta-
decanoic acid (derivatized fragment ion [M�15] at m/z
299.2406, C17H35O2Si) and the accompanying even-num-
bered hexadecanol (derivatized fragment ion [M�15] at
m/z 299.2770, C18H39O2Si) have the same nominal mass.
Nevertheless, they could be assigned both by the described
recursive procedure using the characteristic retention time
and the high resolution mass spectrometric data provided
by the TOF-MS.

Furthermore, a useful method for detecting a group of
saturated and unsaturated fatty acids of the same carbon
number is via inspection of two-dimensional Rt–m/z-plots



Fig. 3. GC/TOF-MS chromatograms of primary polar root metabolites (M20P, 35 dai) (a) and of primary nonpolar root metabolites (M20P, 56 dai) (b).
Peak numbering in a corresponds to metabolite numbering in Table 1 (peak numbers with the extension H refer to co-occurring nonpolar metabolites
listed in Table 2); peaks marked by asterisks result from derivatization reagents; IS = internal standard (ribitol). Peak numbering in b corresponds to
metabolite numbering in Table 2. Insets show enlarged sections of fatty acid areas; IS = internal standard (methyl nonadecanoate).
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Table 1
Primary polar metabolites of mycorrhizal roots of M. truncatula (42 dai),
GC/TOF-MS characteristics (fragment mass, Rt) and M20P/NM ratios

Peak Rt

(min)
Characteristic
fragment m/z

Assignment
(identificationa)

Ratio

M20P/
NM20P

M20P/
NM100P

1 11.73 191 Lactic acid (a, c) 1.14 0.96
2 12.11 205 Glycolic acid (a, c) Tr.b Tr.
3 12.78 116 L-Alanine (a, b, c) 0.94 0.84
4 15.32 233 Malonic acid (a, b, c) 0.67 0.74
5 15.58 144 L-Valine (a, b, c) 1.43 1.25
6 16.10 189 Urea (a, b, c) 1.02 1.06
7 16.76 174 Ethanolamine (a, c) 0.51 0.65
8 16.91 158 L-Leucine (a, b, c) 1.95 1.20
9 16.99 205 Glycerol (a, b, c) 1.04 0.66

10 17.02 299 Phosphoric acid
(a, b, c)

3.00c 0.65

11 17.42 158 L-Isoleucine (a, b, c) 1.40 1.51
12 17.50 142 L-Proline (a, b, c) 1.16 0.74
13 17.67 245 Maleic acid (a, b, c) 0.31 0.66
14 17.70 174 Glycine (a, b, c) 1.08 1.05
15 17.83 247 Succinic acid (a, b, c) 0.62 1.03
16 18.32 189 Glyceric acid (b, c) 0.74 1.06
17 18.53 245 Fumaric acid (a, b, c) 0.20 0.91
18 18.96 204 L-Serine (a, b, c) 1.20 1.11
19 19.32 247 Threonic acid-1,4-

lactone (c)
0.68 1.40

20 19.56 218 L-Threonine (a, b, c) 0.86 1.07
21 20.34 248 b-Alanine (c) 1.03 0.95
22 20.87 218 L-Homoserine (b, c) 1.03 1.17
23 21.70 233 Malic acid (a, b, c) 1.29 1.16
24 22.35 232 Aspartic acid (a, b, c) 2.42 2.00
25 22.44 156 Pyroglutamic acid

(a, b, c)
1.76 2.58

26 22.47 174 4-Aminobutyric acid
(a, b, c)

1.10 0.77

27 22.64 226 UM1d 0.31 1.31
28 23.26 292 Threonic acid (c) 0.86 1.43
29 23.48 304 2-Ketoglutaric acid

(a, c)
Tr. Tr.

30 24.27 246 L-Glutamic acid
(a, b, c)

2.54 6.89

31 24.44 192 L-Phenylalanine
(a, b, c)

1.58 1.36

32 24.70 217 Xylose 1 (a, b, c) 0.78 0.89
33 25.01 217 Arabinose (a, c) 1.11 0.84
34 25.17 217 Xylose 2 (a, b, c) 1.04 0.90
35 25.29 231 L-Asparagine 1

(a, b, c)
1.79 2.52

36 25.56 217 Ribose (a, b, c) 1.27 0.40
37 25.90 217 Xylitol (b, c) 1.35 1.59
38 26.06 260 2-Aminoadipic acid

(b, c)
2.78 3.96

39 26.63 375 cis-Aconitic acid (b, c) 0.45 1.90
40 26.93 297 Vanillic acid (a, b, c) 1.04 1.45
41 27.12 217 UM2 1.04 3.36

42 27.16 292 Ribonic acid (b, c) 1.12 1.72

43 27.43 292 2-Keto-L-gluconic
acid (b, c)

0.48 0.77

44 27.83 437 Fructose 1 (a, b, c) 1.13 1.06
45 27.96 437 Fructose 2 (a, b, c) 0.98 0.94
46 28.02 375 Citric acid (a, b, c) 1.08 1.39
47 28.09 437 Fructose 3 (a, b, c) 1.13 0.94
48 28.32 318 Pinitol (c) 1.47 1.09
49 28.50 217 Galactose (a, b) 0.74 1.75
50 28.58 217 UM3 Tr. Tr.

Table 1 (continued)

Peak Rt

(min)
Characteristic
fragment m/z

Assignment
(identificationa)

Ratio

M20P/
NM20P

M20P/
NM100P

51 28.82 188 L-Asparagine 2
(a, b, c)

0.77 1.75

52 29.03 307 Fructose 4 (a, b, c) 1.30 1.06
53 29.21 307 Fructose 5 (a, b, c) 1.50 1.17
54 29.27 217 UM4 1.45 0.87
55 29.34 435 Glucose 1 (a, b, c) 0.87 1.20
56 29.48 319 Glucose 2 (a, b, c) 1.20 1.22
57 29.60 317 L-Lysine (a, b, c) 3.47 1.79

58 29.73 306 UM5 0.78 1.14
59 29.78 319 Glucose 3 (a, b, c) 1.79 1.01
60 29.94 218 L-Tyrosine (a, b, c) Tr. Tr.
61 30.10 319 Mannitol (c) 0.93 0.65
62 30.37 217 Inositol 1 (c) 1.16 0.67
63 30.78 435 Glucose 4 (a, b, c) 1.03 1.29
64 31.09 433 Galactonic acid (b, c) 1.14 1.60
65 31.10 305 Ononitol (c) 1.22 1.44
66 31.16 333 Gluconic acid (b, c) 2.55 1.21
67 31.57 319 UM6 1.21 0.85
68 31.86 333 Glucaric acid (b, c) 1.41 1.49
69 32.50 305 Inositol 2 (a, b, c) 0.99 0.84
70 34.33 202 L-Tryptophan

(a, b, c)
1.59 2.07

71 35.59 204 UM7 1.15 2.34

72 35.77 204 Galactosylglycerol
(b, c)

0.56 3.06

73 36.59 204 UM8 0.46 1.54
74 38.83 361 Unknown

disaccharide
Tr. Tr.

75 39.22 361 Unknown
disaccharide

Tr. Tr.

76 39.97 361 Unknown
disaccharide

Tr. Tr.

77 40.90 361 Sucrose (a, b, c) 0.96 2.00
78 42.41 361 Trehalose (a, b, c) Fe F

79 42.60 361 Unknown
disaccharide

0.71 1.10

80 42.77 361 Unknown
disaccharide

0.98 0.75

81 46.97 204 Digalactosylglyceride 0.74 1.70

a (a) MS of reference compounds and/or nonpolar reference extract
from hyphae and spores of Glomus intraradices; (b) NIST Mass Spectral
Library 2002; (c) The Golm Metabolome Database.

b Tr., trace.
c Significant differences (p < 0.05) of the mean values (M20P, NM20P,

NM100P) are shown in boldface.
d UM – unknown metabolite.
e F-Fungal origin.
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(Fig. 7). The peaks of mass-selective chromatograms can
clearly be resolved. Note that linolenic and vaccenic acids
co-elute in a TIC chromatogram as shown by the peaks
15 and 16 in Fig. 3b (inset). Using the recursive procedure,
the complete set of fatty acids (C12–C24) observed by Trépa-
nier et al. (2005) were found both in hexane extracts of
mycorrhizal roots and the AM fungus G. intraradices

(spores and hyphae, data not shown). However, the range
of chain length of fatty acids was larger, C8–C28 for mycor-
rhizal roots and C5–C27 for G. intraradices. Moreover, addi-
tional odd-numbered fatty acids, even- and odd-numbered



Fig. 4. Accumulation pattern (GC/TOF-MS) of selected amino acids. In brackets are the m/z values of characteristic fragment ions used for quantification
(symbols as in Fig. 2). The amounts of some amino acids from mycorrhizal roots at 42 dai were calculated as lmol (root system)�1 and lmol (g dry wt)�1:
Ala = 0.2 ± 0.1 and 5 ± 2; Pro = 0.1 ± 0.04 and 2 ± 1; Asn = 1.4 ± 0.6 and 38 ± 15; Asp = 0.3 ± 0.1 and 8 ± 3; Glu = 1.8 ± 0.5 and 51 ± 15;
GABA = 3.9 ± 0.8 and 109 ± 17.
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fatty alcohols (C10–C30 for mycorrhizal roots and C6–C24

for G. intraradices), even- and odd-numbered alkanes
(C11–C23), different glycerides and sterols were assigned
(Table 2).

During the mycorrhization kinetics, an increase of the
fungal specific palmitvaccenic and vaccenic acids was
observed (Fig. 8). Additionally, increased levels of pal-
mitic and oleic acids in comparison to nonmycorrhizal
controls (NM20P and NM100P) was detected. The most
abundant fatty alcohols showing a time-dependent
increase like the shorter ones are hexadecanol and octade-
canol. However, there were no differences between mycor-
rhizal and nonmycorrhizal roots. Among the detected
C20–C24 alcohols, the major ones were even-numbered.
Palmitic acid (16:0) is the dominant fatty acid that is par-
titioned between distinct metabolic pathways: (i) elonga-
tion stepwise to long chain fatty acids coupled with
limited reduction (to yield preferentially even-numbered
fatty alcohols) and decarboxylation (to yield preferentially
odd-numbered alkanes); (ii) desaturation at different elon-
gation stages to yield unsaturated fatty acids; (iii) esterifi-
cation with glycerol to yield different glycerides (mono-,
di- and triglycerides). The desaturation of 16:0 and 18:0
takes place in plants at C-9, whereas the typical fungal
fatty acids are desaturated at C-11 yielding palmitvaccenic
(16:1D11) and vaccenic (18:1D11) acids (Harwood, 1996;
Yang and Bernards, 2006). Formation of odd-numbered
fatty acids arises when fatty acid biosynthesis is initiated
by propionyl-CoA, instead of acetyl-CoA, or from a-oxi-
dation of even-numbered fatty acids (Hamberg et al.,
2002). Odd-numbered fatty acids are precursors of odd-
numbered fatty alcohols and even-numbered alkanes, both
occurring at trace amounts. The monoglycerides were
detected as minor components. Campesterol and 24-meth-
ylene cholesterol are markers for either fungal or fungal-
induced sterols (Nordby et al., 1981; Schmitz et al.,
1991). However, these sterols were detected only in mycor-
rhizal roots and their levels increased with the degree of
mycorrhization (Fig. 8).

The metabolites of roots with nonpolar properties com-
prise mainly sterols, different classes of lipids (mono-, di-
and triglycerides, phospholipids, free fatty acids) and fatty
alcohols. It was established for the first time that 11-Z-
hexadecenoic acid (palmitvaccenic acid, 16:1D11c) occur-
ring in mycorrhizal citrus roots is of fungal origin (Nordby
et al., 1981). Also in mycorrhizal leek roots (Allium porrum/
G. mosseae), palmitvaccenic acid was detected in large
amounts (Grandmougin-Ferjani et al., 1995). In alfalfa
(Medicago sativa) roots, colonized with Glomus versiforme,
an increase of the fungal-specific fatty acid in the lipids was



Fig. 5. Accumulation pattern (GC/TOF-MS) of selected sugars/polyols. In brackets are the m/z values of characteristic fragment ions used for
quantification (symbols as in Fig. 2). The amounts of some sugars and l-inositol from mycorrhizal roots at 42 dai were calculated as lmol (root system)�1

and lmol (g dry wt)�1: glucose = 1.1 ± 0.3 and 31 ± 9; fructose = 1.5 ± 0.5 and 42 ± 12; sucrose = 0.1 ± 0.07 and 2 ± 1; trehalose = 0.2 ± 0.07 and 5 ± 2;
l-inositol = 0.3 ± 0.1 and 9 ± 3.

Fig. 6. Accumulation pattern (GC/TOF-MS) of selected aliphatic acids. In brackets are the m/z values of characteristic fragment ions used for
quantification (symbols as in Fig. 2). The amounts of some aliphatic acids from mycorrhizal roots at 42 dai were calculated as lmol (root system)�1 and
lmol (g dry wt)�1: malonic acid = 2.5 ± 1 and 84 ± 37; malic acid = 7.3 ± 0.7 and 200 ± 30; succinic acid = 0.1 ± 0.02 and 2.1 ± 0.4; citric
acid = 1.1 ± 0.02 and 31 ± 5.
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observed, correlating with the course of AM fungus inter-
action (Gaspar et al., 1997). Fatty acid analysis of spore
lipids of three Glomus species revealed that palmitvaccenic
acid is the dominant component like in G. intraradices, and



Table 2
Primary nonpolar metabolites and sterols of mycorrhizal roots of M. truncatula (56 dai), GC/TOF-MS characteristics (fragment mass, Rt) and M20P/NM
ratios

Peak Rt (min) Characteristic fragmenta

m/z
Assignment (Identificationb) Ratio

M20P/NM20P M20P/NM100P

Fatty acids

1 16.64 201 Caprylic acid (8:0) (b, c, d) 0.95 0.94
2 18.80 215 Pelargonic acid (9:0) (b, c, d) 0.79 0.91
3 20.87 229 Capric acid (10:0) (c, d) 0.87 0.88
4 22.82 243 Undecanoic acid (11:0) (d) 0.72 0.90
5 24.70 257 Lauric acid (12:0) (c, d) 0.88 0.79
6 26.48 271 Tridecanoic acid (13:0) (d) 0.99 0.91
7 28.18 285 Myristic acid (14:0) (b, c, d) 0.90 0.70
8 29.81 299 Pentadecanoic acid (15:0) (b, c, d) 0.90 0.83
9 31.09 311 Palmitoleic acid (16:1D9) (a, c, d) 1.33 1.25

10 31.24 311 Palmitvaccenic acid (16:1D11) (a, d) Fc F

11 31.38 313 Palmitic acid (16:0) (a, b, c, d) 1.88 1.51
12 32.87 327 Margaric acid (17:0) (b, c, d) 0.81 0.76
13 33.90 337 Linoleic acid (18:2D9,12) (a, b, c, d) 1.07 0.76
14 33.96 339 Oleic acid (18:1D9) (a, b, c, d) 2.34d 1.84

15 34.02 335 a-Linolenic acid (18:3D9,12,15) (a, b, c, d) 1.01 0.90
16 34.05 339 cis-Vaccenic acid (18:1D11) (a, b, d) F F

17 34.20 339 trans-Vaccenic acid (18:1D11) (a, b, d) F F

18 34.30 341 Stearic acid (18:0) (a, b, c, d) 1.46 1.20
19 35.68 355 Nonadecanoic acid (19:0) (b, c, d) 0.74 0.92
20 36.26 361 Arachidonic acid (20:4D5,8,11,14) (b, d) Tr.e Tr.
21 36.69 367 Gondoic acid (20:1D11) (a, b,d) F F

22 37.00 369 Arachidic acid (20:0) (a, b, c, d) 1.11 1.05
23 38.39 383 Heneicosanoic acid (21:0) (d) 1.12 0.78
24 40.04 397 Behenic acid (22:0) (b, c, d) 1.05 0.87
25 41.62 411 Tricosanoic acid (23:0) (b, c, d) 0.83 0.60
26 42.65 423 Tetracosenoic acid (24:1) (a, d) Tr. Tr.
27 42.90 425 Lignoceric acid (24:0) (b, c, d) 1.21 0.90
28 44.00 439 Pentacosanoic acid (25:0) (c, d) 1.17 0.78
29 44.87 451 Hexacosenoic acid (26:1) (d) Tr. Tr.
30 45.07 453 Cerotinic acid (26:0) (c, d) 1.20 1.09
31 46.29 467 Heptacosanoic acid (27:0) (d) Tr. Tr.
32 47.62 481 Montanic acid (28:0) (d) Tr. Tr.

Fatty alcohols

33 19.07 215 Decanol (d) 0.99 1.02
34 21.18 229 Undecanol (d) 0.74 0.81
35 23.07 243 Dodecanol (d) 0.79 0.81
36 24.92 257 Tridecanol (d) 0.86 0.78
37 26.69 271 Tetradecanol (b, d) 0.76 0.73
38 28.37 285 Pentadecanol (d) 0.93 0.82
39 29.99 299 Hexadecanol (b, c, d) 0.88 1.05
40 33.01 327 Octadecanol (b, c, d) 0.92 0.91
41 35.79 355 Eicosanol (c, d) 0.87 0.75
42 37.10 369 Heneicosanol (d) 0.93 0.78
43 38.51 383 Docosanol (c, d) 1.06 0.81
44 41.69 411 Tetracosanol (d) 1.12 1.04
45 44.05 439 Hexacosanol (b, c, d) Tr. Tr.
46 46.32 467 Octacosanol (d) Tr. Tr.
47 49.21 495 Triacontanol (c, d) Tr. Tr.

Alkanes

48 12.67 141 Undecane (c) Tr. Tr.
49 15.39 155 Dodecane (d) Tr. Tr.
50 17.97 169 Tridecane (c) 0.95 0.92
51 20.69 183 Tetradecane (d) Tr. Tr.
52 22.50 197 Pentadecane (c) 0.96 0.86
53 24.56 211 Hexadecane (d) Tr. Tr.
54 26.50 225 Heptadecane (c) Tr. Tr.
55 28.85 239 Octadecane (d) Tr. Tr.
56 30.09 253 Nonadecane (c) Tr. Tr.
57 32.15 267 Eicosane (d) Tr. Tr.
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Table 2 (continued)

Peak Rt (min) Characteristic fragmenta

m/z
Assignment (Identificationb) Ratio

M20P/NM20P M20P/NM100P

58 33.35 281 Heneicosane (d) Tr. Tr.
59 35.05 295 Docosane (d) Tr. Tr.
60 36.33 309 Tricosane (d) Tr. Tr.

Glycerides

61 39.25 369 Monopalmitvaccenin (a, d) F F

62 39.32 371 Monopalmitin (b, c, d) 1.62 1.46
63 42.02 395 Monolinolein (b, c, d) 0.99 0.88
64 42.05 397 Monoolein (b, c, d) 1.60 1.54
65 42.15 397 Monovaccenin (a, d) F F

66 42.16 393 Monolinolenin (d) 1.2 1.18
67 42.33 399 Monostearin (b, c, d) 0.71 0.79
68 47.71 385 1,2-Dipalmitin (c) Tr. Tr.
69 47.78 383 Palmitvaccenoylpalmitoylglyceride (a, d) F F

70 49.89 483 Monolignocerin (c, d) 1.35 0.92

Sterols

71 47.00 329 Cholesterol (b, c) 0.84 0.87
72 48.53 341 24-Methylene cholesterolf F F

73 48.60 343 Campesterol (a,) F F

74 49.50 345 Stigmasterol (b, c) 1.07 1.01

a Characteristic fragments for fatty acids, fatty alcohols, and alkanes [M�15]+, for sterols [M�139]+, for monoglycerides [M�103]+, for diglycerides
[M�Acyl]+.

b (a) MS of reference compounds and/or nonpolar reference extract from hyphae and spores of Glomus intraradices; (b) NIST Mass Spectral Library
2002; (c) The Golm Metabolome Database; (d) recursive procedure of metabolite assignment.

c F-Fungal origin.
d Significant differences (p < 0.05) of the mean values (M20P, NM20P, NM100P) are shown in boldface.
e Tr., trace.
f Schmitz et al. (1991).

Fig. 7. Rt–m/z-plot of a retention time section around stearic acid of free fatty acids from hexane extracts (M20P, 56 dai) analyzed by GC/TOF-MS
(above) and ion current of characteristic fragments (below).
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that the ratio of triacylglycerides and free fatty acids is 7:1
(Jabaji-Hare, 1988). To distinguish between different AM
fungus species fatty acid methyl ester (FAME) profiling
has been applied (Graham et al., 1995; Madan et al.,
2002). All species showed the presence of palmitic acid
(16:0). From all isolates, those of G. intraradices, showed



Fig. 8. Accumulation pattern (GC/TOF-MS) of primary nonpolar metabolite data. In brackets are the m/z values of characteristic fragment ions used for
quantification. Left side: plant and fungal fatty acids, right side: selected monoglycerides, fatty alcohols and sterols (symbols as in Fig. 2). The amounts of
two fatty acids from mycorrhizal roots at 42 dai were calculated as lmol (root system)�1 and lmol (g dry wt)�1: palmitic acid = 0.1 ± 0.02 and 3.3 ± 0.8;
stearic acid = 0.04 ± 0.01 and 1.3 ± 0.3.
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high levels of palmitvaccenic acid (>70% of total fatty
acids), and low levels of vaccenic acid (18:1D11c). Conse-
quently, palmitvaccenic acid was called a signature fatty
acid, and was used for AM fungal biomass estimation in
roots and soil (Olsson, 1999; Olsson and Johansen, 2000;
van Aarle and Olsson, 2003). Trépanier et al. (2005) pub-
lished recently the most comprehensive analysis of fatty
acids occurring in lipids of G. intraradices spores. They
demonstrated the presence of more than 20 components
and emphasized the specificity of palmitvaccenic acid for
the fungus. Furthermore, they concluded from administra-
tion [14C]labeled acetic acid and sucrose to carrot hairy
root cultures colonized by G. intraradices that the fungus
itself has no fatty acid synthase activity. Therefore, pal-
mitic acid from the plant is required to be used for synthe-
sis of palmitvaccenic and longer fatty acids. Moreover, it
was suggested that genes of fatty acid synthesis in G. intra-

radices are expressed in intraradical hyphae, but not in
extraradical ones. This regulation was claimed to be one
of the reasons for the obligate symbiosis between AM fungi
and their plant host (Trépanier et al., 2005). These data are
in agreement with those published by Pfeffer et al. (1999).
They showed that most of the fungal lipid synthesis occurs
in the root compartment. Our fatty acid analysis of spores
and hyphae of G. intraradices cultivated outside of plants
revealed the dominance of both palmitic and palmitvacce-
nic acids (data not shown), which does not agree with the
results of Trépanier et al. (2005).

Nordby et al. (1981) found campesterol (24-a-methyl-
D5-cholestenol) in G. mosseae as the predominant compo-
nent. Its level, together with 24-methylene cholesterol,
correlated with the degree of mycorrhization in maize
and onions (Schmitz et al., 1991). Also in G. intraradices,
campesterol was dominant with sitosterol, fucosterol and
cholesterol as minor components, whereas ergosterol was
not found (Fontaine et al., 2004). In the past, there was a
debate on the occurrence and distribution of ergosterol in
AM fungi due to frequent contamination with saprophytic
fungi of high ergosterol contents. Whereas high ergosterol
levels were found in ectomycorrhizal basidiomycetes, asco-
mycetes and saprophytic zygomycetes, neither HPLC nor
GC–MSMS were able to detect ergosterol both in G. intra-
radices and in Gigaspora margarita (Olsson et al., 2003).

Stumpe et al. (2005) analyzed the alterations of esterified
fatty acids in roots of M. truncatula colonized with G.

intraradices. The fungal-specific fatty acids (16:1D11 and
others) were only found in mycorrhizal roots, whereas
the levels of palmitic (16:0) as well as oleic acid (18:1D9)
increased in comparison to nonmycorrhizal controls. These
results agree with the free fatty acid levels reported here
and previously published data (Lohse et al., 2005). In
general, the increased levels of palmitic and oleic acids



W. Schliemann et al. / Phytochemistry 69 (2008) 112–146 123
(biosynthesized in plastids) in mycorrhizal roots in compar-
ison to controls supports the statement of an activation of
plastidial metabolism already deduced from the alterations
of the amino acid levels discussed in Section 2.3. The
increased phosphate concentrations in mycorrhizal roots
(Fig. 2) may be one of the factors, which triggers this acti-
vation, but cannot be decisive as the levels of certain amino
and fatty acids in M20P are different from those of the
NM100P roots.

2.5. Root secondary metabolites

2.5.1. Isoflavonoids

In Fig. 9, a representative separation of the polar root
extracts by HPLC is given. Identification of the well-known
isoflavonoids and related compounds was mainly based on
comparison with retention times and UV spectral data of
reference compounds (daidzin, daidzein, formononetin,
ononin, medicarpin) and to some extent on complete data
from ESI-MS and 1H NMR spectroscopy analyses (see
Section 3). As malonylated isoflavone glucoside standards
are not commercially available, the thermal transformation
of e.g. malonylononin to ononin by heating-induced cleav-
Fig. 9. HPLC chromatograms of soluble root metabolites, monitored at differe
311 nm; d, 391 nm. Peak numbering corresponds to metabolite numbering in
age of the malonyl ester bond (Lin et al., 2000) was used to
relate the prevailing malonylononin to the reference com-
pound ononin. Isoflavone glucoside malonylation was also
proven by MS fragmentation as described in Section 3.

During mycorrhization of M. truncatula roots, enhanced
levels of isoflavonoids per root were confirmed, in particu-
lar for daidzein and ononin showing increased levels start-
ing from 35 dai (Fig. 10). At 56 dai, the contents of
daidzein, ononin, and malonylononin, were significantly
higher in mycorrhizal roots than in the two nonmycorrhi-
zal controls. By external standardization, the levels of ono-
nin and the strongly dominating malonylononin were
determined by HPLC analyses to be 0.5 and 5 lmol per g
dry weight (M20P, 56 dai), respectively. Both the isoflavo-
noid content and the root dry weight increased during
the time course approximately tenfold. Medicarpin itself
could not be detected, whereas the level of its conjugate,
the 3-O-b-(6 0-malonylglucoside), increased with time.
However, no differences between mycorrhizal roots and
the corresponding controls were observed. Besides trypto-
phan, detected in these chromatograms, several other
components not identified so far showed significant quan-
titative differences (Table 3).
nt wavelengths (M20P, 56 dai). System 1: a, 249 nm; b, 282 nm; system 2: c,
Table 3.



Fig. 10. Accumulation pattern (HPLC) of isoflavonoids and of some major unknowns. Compounds were quantified at the inserted k-values (symbols as in
Fig. 2). The amounts of two isoflavonoids from mycorrhizal roots at 56 dai were calculated as lmol (root system)�1 and lmol (g dry wt)�1:
ononin = 0.02 ± 0.005 and 0.5 ± 0.2; malonylononin = 0.2 ± 0.05 and 5 ± 2.
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Whereas the predominant classes of flavonoids, e.g.
flavonols or flavones, accumulate in most families of the
plant kingdom, the isoflavonoids are characteristic second-
ary metabolites of leguminous plants (Dixon, 1999). How-
ever, they also occur in at least 48 non-leguminous
angiosperm families (Mackova et al., 2006). Different clas-
ses of isoflavonoids may be formed constitutively in vari-
ous plant tissues, but may also be synthesized de novo in
response to biotic or abiotic stress (Dixon, 1999).

In the forage legume alfalfa (Medicago sativa), gluco-
sides and malonyl glucosides of the isoflavones daidzein
and formononetin (Sumner et al., 1996) and of the ptero-
carpan medicarpin occur constitutively primarily in roots,
whereas medicarpin itself and others (e.g. coumestrol, sat-
ivan, vestitol) are the prominent phytoalexins with anti-
fungal activities (Dixon, 1999). Medicarpin is thought to
be an important component of the defense response of
these legumes to certain fungal pathogens, but direct proof
is scarcely found (He and Dixon, 2000). These compounds
also occur in M. truncatula (Baggett et al., 2002), but most
of the results concerning the role of isoflavonoids in mycor-
rhizal interactions and in Rhizobium-legume symbiosis
came from studies with alfalfa and other legumes. It was
found that daidzein, the precursor of formononetin, stimu-
lates germination of G. mosseae and G. intraradices spores
(Kape et al., 1992). It was also shown that daidzein acts as
one of the major nod gene inducers in the soybean-Brady-

rhizobium symbiosis (Kosslak et al., 1987). A complex
behavior of flavonoid formation was described for white
clover (Trifolium repens) roots inoculated with G. intrara-

dices (Ponce et al., 2004). Whereas two flavonoids occur-
ring only in nonmycorrhizal roots stimulated most of the
presymbiotic stages of Gigaspora in vitro, acacetin and
rhamnetin, formed exclusively in mycorrhizal roots, exhib-
ited inhibitory effects on both Gigaspora and Glomus,
pointing towards a possible implication in the autoregula-
tion of mycorrhization (Scervino et al., 2005).

One of the problems in studying root interactions with
arbuscular fungi is the absence of synchronous coloniza-
tion. Because roots usually contain all stages of developing
and senescing arbuscules, measurements of transcriptional
and enzymatic activities as well as metabolite levels pro-
duce mean values, which may obscure significant mycor-
rhiza-specific metabolic changes in arbuscule-harboring
cells. It was found that the first contact of M. truncatula

roots with G. intraradices led to induction of a chalcone
synthase (Mt-chs1) (Bonanomi et al., 2001), a key enzyme
in flavonoid biosynthesis. Colonization by G. versiforme

resulted in down-regulation of the gene encoding isoflav-
one reductase, the penultimate enzyme of medicarpin bio-
synthesis, but medicarpin itself did not accumulate
(Harrison and Dixon, 1993). This process was correlated
with a reduction in the amounts of transcripts of enzymes
specific for late stages of isoflavonoid biosynthesis,
although the root cells harboring the arbuscules contained
elevated transcript levels for enzymes of the general phenyl-
propanoid pathway. This may indicate a tight and differen-
tial control of different branches of secondary metabolism
during establishment and maintenance of this symbiotic
association (Harrison and Dixon, 1993, 1994). The iso-
flavonoid profiles of alfalfa and M. truncatula roots are
similar and are dominated by the major compound formo-
nonetin 7-O-b-(6 0-O-malonylglucoside) (malonylononin)
(Sumner et al., 1996; Baggett et al., 2002), whereas for-
mononetin 7-O-b-glucoside (ononin) and the aglycone
formononetin (7-hydroxy-40-methoxy-isoflavone) are minor
components. Due to the sensitivity of the malonyl ester
linkage to hydrolysis solvent extraction should be done



Table 3
HPLC separation and characteristics of metabolites of mycorrhizal roots of M. truncatula (56 dai) and M20P/NM ratios

Peak Rt (min) kmax (nm) Assignment Ratio

M20P/NM20P M20P/NM100P

System 1

1 5.92 258 UK1a 0.69 0.82
2 8.03 239, 261, 328 UK2 1.26 1.49
3 9.63 252 UK3 1.00 1.04
4 9.92 229, 312 UK4 1.21 1.14
5 10.70 276, 300sh UK5 1.54b 1.47

6 11.42 235sh, 314 UK6 1.24 1.47
7 12.18 230, 316 UK7 1.14 1.11
8 12.37 218, 277 Tryptophan 1.72 2.22

9 12.55 258 UK8 1.42 1.58
10 12.93 296 UK9 1.23 1.67
11 13.40 230, 315 UK10 1.12 1.58
12 13.70 221, 249, 307 UK11 1.18 1.81

13 13.87 219, 282, 319 UK12 0.94 1.35
14 14.13 244 1 Mc M

15 14.70 230sh, 284, 325 UK13 1.44 1.54

16 15.07 230sh, 252, 297 Daidzin 1.10 1.17
17 16.20 246 2 M M

18 16.32 230sh, 284, 326 UK14 1.24 1.14
19 16.58 223, 260, 295 UK 15 1.42 1.27
20 17.17 243 3 M M

21 17.50 218, 314 UK16 0.88 1.43
22 19.12 220, 250sh, 313 UK17 1.48 0.91
23 20.52 245 4 M M

24 20.90 251, 300sh Ononin 4.00 3.43

25 21.42 222, 264, 294 UK18 1.22 1.30
26 22.95 252, 298 Daidzein 2.07 2.07

27 23.18 257, 300sh Malonylononin 2.78 2.38

28 24.92 230sh, 283 Medicarpin 3-O-(6 0-MalGlc) 1.35 1.33
29 28.73 258 UK19 1.13 0.97
30 28.92 249, 302 Formononetin 0.84 0.86
31 32.93 296 UK20 1.46 6.90

32 34.15 296 UK21 1.18 17.25

System 2

33 21.02 240sh, 319, 340sh UK22 M M

34 22.02 280sh, 318 UK23 M M

35 23.22 221, 316 UK24 M M

36 25.77 220sh, 236, 295, 317 UK25 1.01 0.96
37 27.25 221, 265, 291, 335sh UK26 1.99 1.89

38 28.23 220, 240sh, 285, 322 UK27 1.07 1.04
39 38.68 208, 247, 430 UK28 3.29 3.83

40 40.95 217, 370sh, 385, 406 Mycorradicin derivative 1 M M

41 41.20 283, 380, 390, 405sh Mycorradicin derivative 2 M M

42 44.57 281, 360sh, 378, 397sh Mycorradicin derivative 3 M M

43 46.45 217, 285sh, 318 UK29 1.13 0.97
44 43.5–52.0 241, 314 315 nm-complex 3.91 4.19

45 44.0–54.0 315, 360sh, 382, 404 ‘‘Yellow pigment’’ M M

Minor
38.37 Mycorradicin derivative 4 M M

40.28 Mycorradicin derivative 5 M M

41.63 Mycorradicin derivative 6 M M

42.10 Mycorradicin derivative 7 M M

Peak numbers 1–32 are from HPLC system 1, 33–45 from system 2.
a UK – unknown metabolite.
b Significant differences (p < 0.05) of the mean values (M20P, NM20P, NM100P) are shown in boldface.
c M-Mycorrhiza-induced.
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with care. Harrison and Dixon (1993) found a 3.5-fold
higher accumulation of malonylononin in 40-day-old
M. truncatula roots colonized by G. versiforme in comparison
to nonmycorrhizal controls. Interestingly, in alfalfa, the
malonylononin level was considerably higher, but did not
show a significant increase upon colonization. Volpin
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et al. (1995) found a suppression of the isoflavonoid phyto-
alexin defense response in alfalfa roots colonized by G.

intraradices. By HPLC analyses they assigned four peaks
as formononetin 7-O-glycosides (malonylononin was not
mentioned) and a consistent increase of the formononetin
content was measured until 35 dai. By contrast, levels of
medicarpin 3-O-glucoside in mycorrhizal roots were lower
than in control roots at any time. Larose et al. (2002)
reported on the modulation of isoflavonoid levels in roots
of alfalfa dependent on the colonizing Glomus species.
They found a fivefold higher level of formononetin than
ononin (malonylononin was not mentioned again) that dis-
agrees with other studies (Dakora et al., 1993; Harrison
and Dixon, 1993; Tiller et al., 1994; Parry et al., 1994; Sum-
ner et al., 1996; Baggett et al., 2002). The occurrence of
daidzein, formononetin and medicarpin as major aglycones
(after acid hydrolysis) already in one-week-old roots of M.

truncatula cv Jemalong A17 has been recently reported
(Wasson et al., 2006) supporting our results. Farag et al.
(2007) reported on the identification of flavonoids and
isoflavonoids in cell suspension cultures and roots of M.

truncatula. Special attention was paid to the different
occurrence and relative abundance of secondary metabo-
lites based on umbelliferone as an internal standard. The
flavonoid/isoflavonoid pattern of cell cultures was more
complex than those of the roots. Major components of
the latter remains unknown and the level of formononetin
was higher than that of the corresponding glucoside (ono-
nin) is an unexpected result.

In summary, it may be noted that different alterations of
root isoflavonoid levels during mycorrhization have been
observed depending on (i) the fungus used (Larose et al.,
2002), (ii) the plant species involved (Harrison and Dixon,
1993) and (iii) the harvest time of the mycorrhizal roots
Fig. 11. Accumulation pattern (HPLC) of apocarotenoids and some major u
inserted k-values (symbols as in Fig. 2). The amounts of cyclohexenone and my
0.73 ± 0.18 lmol and 0.69 ± 0.28 lmol (g dry wt)�1, respectively.
and the extraction procedure applied. In general, an activa-
tion of certain parts of the isoflavonoid pathway resulting
in increased levels of isoflavonoids in mycorrhizal roots
can be ascertained by the present results. This corresponds
to the expression analysis of genes in roots of M. truncatula

colonized by G. versiforme showing the mycorrhiza-
induced enhanced expression of an isoflavonoid glucosyl-
transferase gene (Liu et al., 2007).

2.5.2. Apocarotenoids

A clear-cut feature of mycorrhizal root extracts is the
presence of cyclohexenone derivatives and the so-called
‘‘yellow pigment’’ (Gerdemann, 1964; Daft and Nicolson,
1972; Becker and Gerdemann, 1977). Besides their com-
mon occurrence, additional apocarotenoids containing
the mycorradicin chromophore were found to accumulate
steadily during the progress of mycorrhization (Fig. 11).

By aligning and averaging the HPLC data of five paral-
lels of the different sample sets, a ratio plot was developed
and used to easily detect at once all quantitative changes of
the different plant sets. The ratio is given in a color code
based on log2. In Fig. 12, the ratio plot for the M20P/
NM100P pair at 56 dai is given. The occurrence of mycor-
rhiza-specific apocarotenoids can clearly be seen, i.e.
cyclohexenone derivatives with absorption maxima at
245 nm and mycorradicin derivatives with absorption max-
ima at 390 nm. In addition to the increased levels of iso-
flavonoids discussed in Section 2.5.1, an enhanced level of
a mixture of compounds with absorption maxima at
315 nm (‘‘complex 315 nm’’) was observed. The com-
pounds, which give rise to the red spots at Rt 32.9 and
34.1 min in Fig. 12, are due to a marked decrease in concen-
tration upon full phosphate supply (NM100P), which was
not detected in NM20P. Unfortunately, the identification
nknowns included in ‘‘complex 315’’. Compounds were quantified at the
corradicin derivatives in mycorrhizal roots (56 dai) were determined to be



Fig. 12. Averaged Rt–k-ratio plot (M20P/NM100P) (56 dai) of secondary metabolites analyzed by HPLC showing in lg2 scale (second ordinate, right) AM-
induced metabolite alterations.
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of these compounds by MS and NMR spectroscopy failed
due to strong contamination with major saponins (peak 19
and 20, see Section 2.5.3). Some yellow apocaro-
tenoids eluting in front of the ‘‘yellow pigment’’ were also
detected. Both the alkaline hydrolysis of these yellow apo-
carotenoids and the ‘‘yellow pigment’’ liberated mycorrad-
icin isomers. Other hydrolysis products of this complex
were not observed by UV detection. Until now no further
structural information could be obtained for the mycorra-
dicin-derived compounds and the ‘‘yellow pigment’’.

On the other hand, the cyclohexenone derivatives were
isolated by preparative HPLC and identified by high reso-
lution ESI-HRMS and 1H NMR spectroscopy. Compound
1 was found to be identical by comparison of HPLC reten-
tion time and UV spectral data (Rt 14.13 min, kmax 244 nm)
as well as by ESI-HRMS and 1H NMR spectroscopic anal-
ysis with 13-hydroxyblumenol C 9-O-b-glucoside, recently
identified from mycorrhizal roots of Ornithogalum umbell-

atum (Schliemann et al., 2006a). Compound 2 was less
polar (Rt 16.20 min, kmax 246 nm) than 1 indicating possi-
ble acylation. This was indeed confirmed by ESI-HRMS
resulting in a [M+Na]+ ion of m/z 497.1990
(C22H34O11Na) in comparison to 411.1990 for 1. The mass
difference of 86 and the elemental composition indicated
Fig. 13. Structure scheme of i
the presence of a malonyl residue, an acyl moiety typical
both for isoflavonoids (Dixon, 1999) and saponins (Huh-
man and Sumner, 2002) in legumes. Therefore, compound
2 was assigned as 13-hydroxyblumenol C 9-O-b-(6 0-O-
malonylglucoside). Compound 3 (Rt 17.17 min, kmax

243 nm, [M+Na]+ ion of m/z 395.2031, C19H32O7Na)
showed a mass difference of 16 in comparison to 1, pointing
to a lack of an oxygen. The 1H NMR spectroscopic data of
3 concerning the aglycone were identical with those of
blumenol C (Maier et al., 1995, 2000) and the characteristic
chemical shifts proved the presence of glucose. The b-con-
figuration of glucose was deduced from the large 1H cou-
pling constant for H-1 0 ðJ 10 ;20 ¼ 7:7 HzÞ, whereas long-
range correlation showed an attachment of this glucose
to C-9 of the aglycone. Hence, the structure of 3 is blume-
nol C 9-O-b-glucoside. Compound 4 (Rt 20.52 min, kmax

245 nm, [M+Na]+ ion of m/z 481.2042, C22H34O10Na) dif-
fers from 3 by an additional malonyl moiety, determined
by ESI-HRMS, leading to its structure as blumenol C 9-
O-b-(6 0-O-malonylglucoside) (Fig. 13). Whereas 1 was
recently found as a component of the complex apocarote-
noid pattern detected in mycorrhizal roots of Ornithogalum

umbellatum (Schliemann et al., 2006a), compounds 2, 3,
and 4 are new natural products. On the basis of CD spectra
dentified apocarotenoids.
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of blumenin isomers (Schliemann et al., 2006a) and com-
parison of the molar ellipticity data with literature (Miyase
et al., 1988), a 6R-configuration has been assigned. This
holds also true for the main cyclohexenone derivative iso-
lated from mycorrhizal roots of Ornithogalum umbellatum

(Schliemann et al., 2006a), suggesting this configuration
for all mycorrhiza-induced cyclohexenone derivatives.
With the progress of mycorrhization, the amounts of
cyclohexenone derivatives, yellow apocarotenoids and the
‘‘yellow pigment’’ as mycorrhiza-induced secondary
metabolites increase (Fig. 11). The amount of accumulat-
ing cyclohexenone and mycorradicin derivatives in mycor-
rhizal roots (56 dai) were determined to be 0.73 ± 0.18
lmol and 0.69 ± 0.28 lmol (g dry wt)�1, respectively, by
external standardization (see Section 3). This is a molar
ratio of 1.05:1 for the two major apocarotenoid groups,
deviating from the 2:1 ratio anticipated from degradation
of a putative carotenoid precursor having a-ionyl rings at
both ends. For the found ratio, it is tempting to propose
a carotenoid with one a-ionyl end group (e.g. lutein, the
most abundant hydroxylated carotenoid in plants) as puta-
tive precursor. But only E- and Z-f-carotene accumulated
specifically in mycorrhizal roots of M. truncatula (Fester
et al., 2002b) and b-ionone-type cyclohexenones have not
been found as mycorrhiza-induced components so far.
Searching for another possible precursor, the rare lactuca-
xanthin (Siefermann-Harms et al., 1981; Cunningham
and Gantt, 2001) possessing two a-ionone end groups is
structurally most closely related to the structures of the
cyclohexenone derivatives (Strack and Fester, 2006). A
mycorrhiza-specific carotenoid cleavage dioxygenase
(CCD) has been identified from Zea mays as an AtCCD1
homolog (EMBL accession number AY773278; J. Hans,
T. Fester and M.H. Walter, unpublished). Thus, we assume
that cyclohexenone and mycorradicin derivatives should
accumulate in a 2:1 ratio due to the symmetrical cleavage
by CCD1 (Schwartz et al., 2001). It should be noted, how-
ever, in contrast to this assumed stoichiometric relation
and to the present results a large part of the mycorradicin
was not detectable in most of the other mycorrhizal plants
studied so far (Fester et al., 2002a). In any case, a deviation
from the expected stoichiometric relation is conceivable
due to different metabolic fates of the C13- and C14-cleav-
age products of the putative carotenoid precursor (Strack
and Fester, 2006).

It is long known (Jones, 1924) that many, but not all,
plants form yellow colored roots when colonized by AM
fungi. The chromophore of this ‘‘yellow pigment’’ was iso-
lated from mycorrhizal maize roots and identified as a C14

polyenic acid (10,10 0-diapocarotene-10,10 0-dioic acid),
named mycorradicin (Bothe et al., 1994; Klingner et al.,
1995a). Because of structural similarities of mycorradicin
with the C27-apocarotenoid azafrin (Eschenmoser and
Eugster, 1975), speculations of its formation suggested
a C40-carotenoid precursor from which two C13-units
have to be cleaved (Klingner et al., 1995a,b). Later on,
carotenoid cleavage dioxygenases (AtCCD1, CsCCD)
from A. thaliana and saffron (Crocus sativus) were func-
tionally characterized (Schwartz et al., 2001; Bouvier
et al., 2003) being responsible for the formation of a C14-
dialdehyde by splitting the 9,10(9 0,10 0) double bonds of cer-
tain carotenoids. Orthologs of the corresponding genes are
present in a wide range of plants and the C14-dialdehyde is
the probable precursor of both rosafluen (C14-diol) (Eug-
ster and Märki-Fischer, 1991) and mycorradicin (C14-
dicarboxylic acid). At the same time at which mycorradicin
was identified, the structure of a C13-cyclohexenone glyco-
side (blumenin) occurring specifically in mycorrhizal cereal
roots was elucidated. Its level was directly correlated with
the degree of mycorrhization (Maier et al., 1995). That this
C13 compound blumenin is also derived from carotenoids
was shown by retrobiosynthetic studies (Maier et al.,
1998). It was recognized that this type of compound may
be the missing link (C13 apocarotenoid) between C40-
carotenoids and mycorradicin (C14 apocarotenoid). Conse-
quently, the formation of both groups of apocarotenoids
by oxidative cleavage of a carotenoid precursor was pro-
posed (Walter et al., 2000). Mycorrhiza-induced cyclohex-
enone derivatives were found not only in roots of
Poaceae (Maier et al., 1997), but also in Solanaceous plants
(tobacco, tomato; Maier et al., 1999, 2000; see review,
Strack et al., 2003; Strack and Fester, 2006). Recently, it
was shown that mycorrhizal roots of L. japonicus (Legumi-
nosae) contain also AM-specific cyclohexenone derivatives
(Fester et al., 2005).

Fester et al. (2002a) demonstrated that the amounts of
mycorradicin released by alkaline hydrolysis of extracts
from different mycorrhizal roots are highly variable. Even
the complete lack of mycorradicin in roots with a high
degree of mycorrhization was observed. Until now, noth-
ing is known about the possible function of the apocarote-
noids in AM symbiosis despite extensive studies on these
compounds. The main cyclohexenone glycoside isolated
from mycorrhizal barley roots is blumenin (Maier et al.,
1995). Repeated application of this compound to barley
roots resulted in strong inhibition of fungal colonization
accompanied by reduced arbuscule formation at early
stages of mycorrhiza development. Furthermore, the accu-
mulation of coumaroylputrescine and coumaroylagmatine,
especially the latter at later stages, is reduced by the blu-
menin treatment, although blumenin and its aglycone
blumenol C did not show any antifungal activity (Fester
et al., 1999). While the role of apocarotenoids in mycorrhi-
zal symbiosis is under debate (Strack and Fester, 2006;
Walter et al., 2007), this group of compounds play essential
roles in other systems. Recently, 5-deoxystrigol was iso-
lated from L. japonicus root exudates as a hyphal branch-
ing factor in AM fungi (Akiyama et al., 2005). This
compound also originates from cleavage of carotenoids
(Matusova et al., 2005). Additionally, the related sorgolac-
tone was identified in root exudates of Sorghum bicolor,
which activates at very low concentrations fungal mito-
chondria leading to hyphal branching of Gigaspora rosea

(Besserer et al., 2006). Also in Arabidopsis molecular cues
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involved in the regulation of lateral root branching arise
from carotenoid cleavage (Schwartz et al., 2004; Bouvier
et al., 2005; Auldridge et al., 2006). Although the stimula-
tion of carotenoid biosynthesis in AM roots as a prerequi-
site for the sometimes observed massive formation and
accumulation of apocarotenoids seems to be a general phe-
nomenon (Fester et al., 2002a, 2005), the rationale for the
formation of both groups of apocarotenoids and their
function in mycorrhiza development is under discussion
(Strack and Fester, 2006; Akiyama, 2007; Walter et al.,
2007).

2.5.3. Saponins

The LC–MS analysis of M. truncatula root extracts
demonstrated the occurrence of 26 saponins, which were
structurally assigned mainly on the basis of published frag-
mentation data under negative ionization (Huhman et al.,
2005). The previously found malonyl conjugates of medica-
genic acid 3-O-glucoside and medicagenic acid 3,28-O-dig-
lucoside could be confirmed (Table 4). Additionally, on the
basis of the characteristic [M�86�H]� and [M�86+H]+

ions, indicating a malonyl moiety, the presence of new mal-
onyl conjugates of 3-Rha-Gal-GlcU-soyasapogenol B and
Rha-Gal-GlcU-soyasapogenol E is suggested. A represen-
Table 4
Saponins from roots of M. truncatula (NM100P, 56 dai) and LC/ESI-MS char

Peak Rt

(min)
[M�H]�

m/z
Fragments in negative ion
ESI-MS m/z

Positive ion ESI
m/z

1 55.5 987 722
2 57.5 973 811 [M�Hex]� 997 [M+Na]+

3 59.6 1103 941 [M�Hex]� 1127 [M+Na]+

4 60.8 825
5 63.1 911 867 [M�CO2]� 935 [M+Na]+

6 66.4 1087 925 [M�Hex]�, 911, 765
[911-Rha]�

7 71.3 957 851
8 73.1 897 837, 735 [M�Hex]�

9 74.6 941
10 75.4 811
11 76.2 825 663 [M�Hex]�

12 77.8 649
13 79.2 663
14 79.8 941 943 [M+H]+, 79
15 80.6 809
16 81.3 749 705 [M�CO2]�

17 81.7 1027 983 [M�CO2]�, 939 [M�Mal]� 1029 [M+H]+

18 82.7 765
19 83.7 939 647 963 [M+Na]+, 9

[M�Rha+H]+

20 85.3 1025 981 [M�CO2]�, 939
[M�Mal+H]�, 793
[M�Mal�Rha+H]�

1027 [M+H]+, 9
[M�Mal�Rha+

21 87.6 689 629
22 89.2 603
23 91.0 647
24 92.6 633
25 96.8 633
26 98.5 617

Abbreviations: Agly – Aglycone; Hex – Hexose; Pen – Pentose; Mal – Malony
tative saponin separation is shown in Fig. 14. The elution
pattern of the saponins is illustrated (A, total ion current
m/z 450–2000) including the intensities of characteristic
deprotonated molecular ions of selected malonylated and
the corresponding nonmalonylated saponins (Fig. 14b–g).
Between the concentrations of saponins and the corre-
sponding malonyl conjugate a strong linear correlation
exists, exemplified for the pair Rha-Gal-GlcU-soyasapoge-
nol E (saponin peak 19) (m/z 939) and Mal-Rha-Gal-
GlcU-soyasapogenol E (saponin peak 20) (m/z 1025).
The correlation coefficients between these two metabolites
(in five parallels of seven harvest days) for the three differ-
ent plant sets [M20P, NM100P and NM20P] are 0.95, 0.92,
and 0.98, respectively. The concentration of the malonyl
conjugate (peak 20) is at all harvest times lower than that
of the parent compound. The ratio between malonylated
and the corresponding nonmalonylated saponin is identi-
cally reduced in both mycorrhizal roots (20% phosphate
fertilization) and in NM100P ones, but not in NM20P roots.
This demonstrates that both the mycorrhization and the
full supply with phosphate show the same reducing effects
on malonylation of saponins (data not shown).

The second important group of constitutive secondary
metabolites in roots of Medicago besides isoflavonoids
acteristics (fragment mass, Rt)

-MS Structural assignment and peak numbers
according to Huhman et al. (2005)

Unknown saponin
Hex-Hex-Hex-Bayogenin (3)
Rha-Hex-Hex-Hex-Hederagenin (5)
3-Glc-28-Glc-Medicagenic acid (7)
Mal-3-Glc-28-Glc-Medicagenic acid (8)
Rha-Hex-Hex-Hex-Soyasapogenol E (11)

Hex-Hex-Rha-Bayogenin (13)
Unknown saponin
Rha-Hex-Hex-Hederagenin (15)
Hex-Hex-Bayogenin (16)
3-Glc-Glc-Medicagenic acid (17)
Hex-Bayogenin (20)
3-Glc-Medicagenic acid (21)

7 [M�Rha+H]+ 3-Rha-Gal-GlcU-Soyasapogenol B (18)
Hex-Hex-(unknown Aglycone) (19)
Mal-3-Glc-Medicagenic acid (22)
Mal-3-Rha-Gal-GlcU-Soyasapogenol B

Ara-Hex-Hederagenin (25)
41 [M+H]+, 795 Rha-Gal-GlcU-Soyasapogenol E (23)

41 [M�Mal+H]+, 795
H]+, 439 [Agly�H2O+H]+

Mal-Rha-Gal-GlcU-Soyasapogenol E

Unknown saponin
Pen-Hederagenin (29)
GlcU-Hederagenin (27)
Hex-Hederagenin1 (26)
Hex-Hederagenin2 (30)
Hex-Soayasapogenol E (31)

l.



Fig. 14. Representative total ion and selected ion chromatograms of saponins (LC–MS, negative ionization, NM100P, 56 dai). a – TIC (m/z 450–2000;
numbering corresponds to Table 4). b – Selected ion chromatogram (m/z 1025, [M�H]�, inset: MS of Mal-Rha-Gal-GlcU-soyasapogenol E); c – Selected
ion chromatogram (m/z 939, [M�H]�, inset: MS of Rha-Gal-GlcU-soyasapogenol E); d – Selected ion chromatogram (m/z 1027, [M�H]�, inset: MS of
Mal-3-Rha-Gal-GlcU-soyasapogenol B); e – Selected ion chromatogram (m/z 941, [M�H]�, inset: MS of 3-Rha-Gal-GlcU-soyasapogenol B); f – selected
ion chromatogram (m/z 911, [M�H]�, inset: MS of Mal-3-Glc-28-Glc-medicagenic acid); g – selected ion chromatogram (m/z 825, [M�H]�, inset: MS of
3-Glc-28-Glc-medicagenic acid); the inset in b, d, f show the preferential cleaving off [M�86]� of the malonyl moieties from the malonyl conjugates.
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are triterpene glycosides (saponins). In alfalfa, the saponins
are glycosylated derivatives of medicagenic acid, zanhic
acid, bayogenin, hederagenin and soyasapogenols B and
E (Oleszek et al., 1990, 1992; Oleszek, 1996; Bialy et al.,
1999). Identification of the structures of aglycones and
sugar linkages are mainly based on MS and NMR spectro-
scopic analyses (Massiot et al., 1988, 1991; Kapusta et al.,
2005). In a comparative analysis of root saponins of two
alfalfa cultivars and barrel medic (Medicago trunctatula

cv Jemalong A17) (Huhman and Sumner, 2002), the pres-
ence of 15 saponins in roots of alfalfa was shown. In con-
trast, in M. truncatula roots 27 saponins were assigned.
Recently Huhman et al. (2005) quantified 31 saponins in
root and shoot tissues of this variety assuming that the
same set of compounds are occurring in both tissues, but
this disagrees with the studies of Kapusta et al. (2005) with
the identical variety Jemalong A17.

In general, the saponin levels show large biological var-
iability strongly depending on the age of root material ana-
lyzed (Duran et al., 2002, 2003). With plant growth the
amount of root saponins increases, but no significant differ-
ences between mycorrhizal and the control plants were
observed. With regard to the biological activities of sapo-
nins their antifungal properties may be relevant in plant/
AM fungus interactions (Nagata et al., 1985; Oleszek
et al., 1990) however, this remains to be proven.



Fig. 15. HPLC chromatogram of cell wall-bound phenolics (maxplot detection; 56 dai). Numbering corresponds to Table 5. Quantification was based on
reference compounds and the amounts of major cell wall-bound phenolics in mycorrhizal roots are presented as lmol (root system)�1 and lmol (g dry
wt)�1: tyrosol = 0.05 ± 0.01 and 1.4 ± 0.4; 4-hydroxybenzaldehyde = 0.02 ±0.007 and 0.7 ± 0.2; vanillin = 0.01 ± 0.05 and 0.4 ± 0.2; ferulic
acid = 0.02 ± 0.007 and 0.7 ± 0.2. The peak marked with an asterisk occurring at the Rt of tyrosol in the nonmycorrhizal control show UV spectral
properties different from those of tyrosol.
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2.6. Root cell wall-bound phenolics

Following purification of the insoluble residues of M.

truncatula root extraction according to Tan et al. (2004),
cell wall-bound phenolics were liberated by alkaline hydro-
lysis. The compound mixtures released were analyzed by
HPLC (Fig. 15) and the components were assigned as 4-
hydroxybenzaldehyde, vanillin, syringaldehyde, 4-hydroxy-
benzoic, vanillic and syringic acids, 4-coumaric acid and
ferulic acids by comparison with reference compounds
(Table 5) and GC–MS analyses. Whereas these phenolics
occur in the cell walls of all investigated sample sets and
do not show significant changes between the different sam-
ple sets at different harvest days, an additional major com-
ponent was detected in HPLC and identified by its typical
fragmentation pattern (m/z 282 [M]+, 267 [M�15]+, 193,
179) as tyrosol [2-(4-hydroxyphenyl)ethanol], only detected
in the root cell walls of mycorrhizal plants.

It is well known that changes in cell wall-bound pheno-
lics occur in plant/pathogen interactions and are proposed
to be involved in an increase of cell wall resistance against
enzymes of the invader as well as in strengthening of a phys-
ical barrier against pathogens (Stewart and Mansfield,
1985; Dixon, 2001; Hahlbrock et al., 2003). The cell wall-
bound phenolics from roots of A. thaliana were identified
as a set of three complete series of 4-hydroxy-, 4-hydroxy-
3-methoxy, and 4-hydroxy-3,5-dimethoxy-substituted ben-
zaldehydes, hydroxybenzoic and hydroxycinnamic acids
their concentrations changed upon infection of roots with
Pythium sylvaticum (Tan et al., 2004). The cell wall-bound
phenolics from stems and leaves of the alfalfa were assigned
as vanillin, 4-hydroxybenzoic acid, vanillic, 4-coumaric,
and ferulic acids (Chen et al., 2003). Parsley suspension cul-
tures (Petroselinum crispum L.), challenged with an elicitor
from Phytophthora megasperma f. sp. glycinea, react with an
increased incorporation of phenylpropanoid derivatives
into cell walls, a minor component therefrom was identified
as tyrosol (Kauss et al., 1993). In cell wall-bound phenolics
of nonmycorrhizal leek roots (Allium porrum L.), tyrosol
was found as a main compound besides vanillic, syringic
and ferulic acids, but tyrosol did not show quantitative
alteration upon mycorrhization (Codignola et al., 1989).

Tyrosol is a well known compound from yeast (Saccha-

romyces cerevisiae) (Sentheshanmuganathan and Elsden,
1958) and plays a quorum-sensing role in Candida albicans

(Chen et al., 2004). Formed by fungi and phytopathogenic
bacteria (Schneider et al., 1996; Gamboa-Angulo et al.,
2001), it exhibits antifungal activity (Tarus et al., 2003;



Table 5
HPLC of cell wall-bound metabolites of mycorrhizal roots of M. truncatula (56 dai)

Peak Rt (min) kmax (nm) Assignment Ratio

M20P/NM20P M20P/NM100P

1 3.53 <210 CW1a 1.37 0.91
2 5.37 222/250sh/285 CW2 1.27 1.33
3 5.65 <210 CW3 1.06 1.05
4 6.75 286 CW4 1.09 1.10
5 7.08 225/260sh CW5 1.10 1.34
6 8.15 230sh/282/320sh CW6 1.19 1.10
7 9.02 250sh/318 CW7 1.64 1.35
8 9.40 230/284/311 CW8 0.88 1.03
9 9.78 243 CW9 2.88b 0.93

10 10.30 230sh/266 CW10 1.02 0.92
11 11.63 267/316 CW11 0.99 0.80
12 12.23 220/275 Tyrosol Mc M

13 14.20 255 4-Hydroxybenzoic acid 1.00 1.24
14 14.82 224/283/321 CW12 1.08 0.98
15 16.67 221/283 4-Hydroxybenzaldehyde 1.20 0.92
16 17.28 218/260/293 Vanillic acid 0.93 0.85
17 17.70 230/282/317 CW13 1.43 1.31
18 18.48 256/294 CW14 1.19 0.93
19 19.82 218/270sh/305sh Syringic acid 1.13 0.86
20 20.52 241/280 CW15 1.31 1.20
21 21.08 230/279/309 Vanillin 0.73 0.71
22 24.37 220sh/231/303 Syringaldehyde 0.78 0.78
23 24.72 226/274/302sh CW16 0.86 0.71
24 25.75 228/290sh/309 4-E-coumaric acid 1.14 0.91
25 27.58 230sh/274/310 CW17 1.22 1.04
26 28.87 216/235/323 E-ferulic acid 1.17 1.09
27 34.72 226/242/300 CW18 1.27 1.45
28 39.45 257/295 CW19 1.48 1.43

a CW – unknown cell wall-bound metabolite.
b Significant differences (p < 0.05) of the mean values (M20P, NM20P, NM100P) are shown in boldface.
c M-Mycorrhiza-induced.
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Slininger et al., 2004). Furthermore, tyrosol occurs in flow-
ers of Osmanthus fragrans (Ishiguro et al., 1955), in the
underground part of roseroot (Rhodiola rosea L., Crassul-
aceae) (Linh et al., 2000; Yousef et al., 2006) and in olive
fruits (Olea europaea L., Oleaceae) (Giovannini et al.,
1999).

Analyses of cell wall-bound phenolics of hyphae and
spores of G. intraradices by HPLC and GC–MS estab-
lished the presence of 4-hydroxybenzaldehyde, 4-
hydroxybenzoic, and vanillic acids as well as a trace of
tyrosol (data not shown). As fungal cell walls are part
of the cell wall fraction obtained from mycorrhizal roots,
it may be argued that the detected tyrosol originated
from the fungal partner. This is unlikely because tyrosol
is already a major component of the cell wall-bound
phenolics at early time points of mycorrhization at which
the amounts of fungal material determined by staining
are negligibly low. Furthermore, as the tyrosol level
shows a growth-related increase like the other typical cell
wall-bound phenolics of plant origin, this behavior could
be an argument in favor of its formation by the plant. It
may be suggested that the plant/fungus interaction leads
to an induced synthesis and integration of tyrosol into
cell wall material of mycorrhizal roots in order to
strengthen the cell walls and to restrict fungal coloniza-
tion. This appealing assumption, however, awaits further
studies.

2.7. Multivariate analysis

Multivariate analyses of root metabolite data have been
carried out to characterize the holistic metabolic behavior
in the time period of interest. Both hierarchical cluster
analysis (HCA) (Fig. 16) as well as principal component
analysis (PCA) (Figs. 17 and 18) gave similar results estab-
lishing the dominant influence of growth, whereas the
detection of effects due to mycorrhization depend on the
number of mycorrhiza-specific compounds (e.g. apocarote-
noids, fungal fatty acids) of the corresponding metabolite
class. Fig. 16a and b show dendrograms of samples for
nonpolar primary metabolites and secondary metabolites,
respectively, obtained by HCA. In both figures clear dis-
crimination is apparent between early and late harvest
days. At late harvest days, a clear clustering is observed
between nonmycorrhizal and mycorrrhizal plants corre-
sponding to the higher values of the mycorrhization degree
as determined by Glomus rRNA and MtPT4 expression
(Fig. 1). As expected, this effect is stronger pronounced
for secondary metabolites due to mycorrhiza-induced iso-
flavonoid increase and mycorrhiza-specific apocarotenoid



Fig. 16. Hierarchical cluster analysis of (a) primary nonpolar metabolites (GC/TOF-MS) and (b) secondary metabolites (HPLC); M = M20P; C = NM20P;
P = NM100P.
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formation (Fig. 16b). Here, a distinct subclustering accord-
ing to harvest days was observed. In all cases, nonmycor-
rhizal control plants supplied with high and low amounts
of phosphate were not separated in different clusters.

The results of a PCA analysis are shown in Fig. 17. In the
factor 1 versus factor 2 score-plot describing 83% (nonpolar
metabolites) and 85% (secondary metabolites) of the total
variance a distinct separation is observed with increasing
tendency at later harvest days between nonmycorrhizal
and mycorrhizal plants. Additionally, a harvest day-
depending subclustering is visible for secondary metabolites
in nonmycorrhizal as well as mycorrhizal plants. Hence, the
separation in nonmycorrhizal and mycorrhizal plants is
controlled by the factor 2 (7.5% variance) and those of har-
vest days by the factor 1 (77.5% of variance) assuming an
assignment to mycorrhization and growth, respectively.
Furthermore, Fig. 18a–c demonstrates PCA loading plots
of primary and secondary metabolites using both main fac-
tors 1 and 2. The fungus-derived and mycorrhiza-induced
metabolites are clearly separated from the others. In case
of polar primary metabolites (Fig. 18a), trehalose (metabo-
lite 78) is placed separately, supporting the suggestion that
it is a fungus-derived metabolite and does not correlate with
the other polar metabolites assumed to be of plant root ori-
gin. The majority of amino acids are grouping together
(right dashed ellipse) with some exceptions, but note that
all measurements in the time course are snapshots from
dynamic metabolic pathways with changing metabolite
fluxes and concentrations. The sugars ribose (metabolite
36), galactose (metabolite 49), and galactosylglycerol
(metabolite 72) form a loose separate cluster (left dashed
ellipse) with trehalose (metabolite 78) and especially sucrose
(metabolite 77) located outside. In addition, the signifi-
cantly increased phosphate (metabolite 10) and the signifi-
cantly decreased fumaric acid (metabolite 17) are included
in this cluster.

In case of the nonpolar primary metabolites (Fig. 18b)
all the fungal-derived fatty acids, glycerides and sterols
show a separate cluster. An extraordinary behavior can
be observed for octacosanol (metabolite 46) and triaconta-
nol (metabolite 47), both occur in trace amounts. In the
pattern of secondary metabolites (Fig. 18c), the mycor-
rhiza-induced apocarotenoids (both cyclohexenone and
mycorradicin derivatives), ononin (metabolite 24) and
some unknown components form a cluster with adjacent
daidzein and malonylononin (metabolite 26 and 27). Here,
the unknown metabolites 31 and 32, which are strongly
reduced in high phosphate control roots (NM100P, see
Table 3), are clearly separated from the other metabolites.

2.8. Correlation and network analysis

Linear correlations between metabolites were deter-
mined by Pearson coefficients for normalization to con-
stant dry weight and to one root system. Normalization
to individual root system emphasizes the effect of plant
growth on metabolic levels. The effect is much stronger
for nonpolar primary metabolites than for polar primary



Fig. 17. Principal component analysis (scores) of (a) primary nonpolar
metabolites (GC/TOF-MS) and (b) secondary metabolites (HPLC); the
numbers refer to the harvest days; symbols as in Fig. 2.

Fig. 18. Principal component analysis (loadings) of (a) primary polar
metabolites, (b) primary nonpolar metabolites (GC/TOF-MS) and (c)
secondary metabolites (HPLC). Fungal-derived and mycorrhiza-induced
compounds are indicated as black dots. Numbers correspond to metab-
olite assignment in Tables 1 (a), 2 (b) and 3 (c).
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metabolites as shown in Figs. 19 and 20. As a consequence,
the nonpolar metabolites behave more conformable and
the corresponding Pearson coefficients reflect a high corre-
lation. The Pearson coefficients of polar metabolites are
generally smaller than those of the nonpolar ones and the
normalization to one root system does not lead to such
an increase of the correlation coefficients as in case of non-
polar metabolites.

The Pearson correlation coefficients configure metabolic
correlation networks (Fiehn, 2003), shown in Figs. 19 and
20. The density of lines in the circular networks represents
the strength of correlations between the metabolites. In
Fig. 19, only correlations higher than 0.8 are shown. As
shown already in the matrix plots, fatty acids and mono-
glycerides correlate strongly among themselves. Certain
metabolites are centers of multiple high correlations
between fatty acids and fatty alcohols with similar numbers
of carbon atoms (e.g. decanoic acid, tetradecanoic acid and
especially the fatty alcohols tetradecanol and tetracosanol).
Note the high correlations between the unsaturated fatty
acids (18:1D9, 18:2D9,12, 18:3D9,12,15) to the corresponding
monoglycerides. These results emerge most clearly in the
NM100P and M20P samples.
In Fig. 20 (middle), an alternative network representa-
tion using the 2D Fruchterman-Reingold algorithm in the
program Pajek (Batagelj and Mrvar, 2006) was chosen.
This reveals distinct clusters of metabolite groups. In all
three plant sets, the majority of amino acids are arranged
in clusters. Sugars/polyols and aliphatic acids form a corre-
lation cluster only in nonmycorrhizal samples, whereas in
the mycorrhizal roots the cluster seems to expand the rela-
tions between the single metabolites. While GABA (4-ami-
nobutyric acid, metabolite 26) is included in the amino acid
clusters of the NM20P and NM100P controls, this compo-
nent is in the network presentation of AM roots clearly
outside and correlates with several members of the
enlarged sugar/polyol/aliphatic acid area. Due to the closer
connection and more frequent relations of this cluster with
the amino acid cluster, a tighter and more intensive meta-
bolic interaction between these metabolic areas may be
assumed in mycorrhizal root metabolism.

The amino acid clusters shown in the middle of Fig. 20
can be resolved in maximal cliques (Kose et al., 2001) that
combine metabolites, which are highly correlated among
one another. Overlapping areas of maximal cliques are



Fig. 19. Matrix plots of Pearson correlation coefficients of nonpolar metabolites (left) and circular network representations (right) for the plant sets
NM20P (top), NM100P (middle) and M20P (bottom). The left triangle in the matrix plots are based on peak areas normalized to constant dry weight; the
right triangle of peaks are normalized to individual root system. The boxes in the matrix plots group fatty acids, fatty alcohols, monoglycerides, and sterols
(left to right). In the network representation, fatty acids (yellow circles), fatty alcohols (blue diamonds), monoglycerides (orange circles) and sterols (green
boxes) are grouped in a circular arrangement. Fungus-related metabolites are shown in red color. The size of the symbols represent the relative amounts of
the compounds deduced from characteristic fragment ions. The lines between the metabolites represent correlations higher than 0.8 with increasing
thickness at increasing correlation. Numbers correspond to Table 2. (For interpretation of the references to colour in figure, the reader is referred to the
web version of this article.)
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characterized by submaximal cliques. For clarity, a correla-
tion threshold higher than 0.9 has been chosen. It can
clearly be ascertained that the amino acid composition of
the cliques varies in the different plant sets, which stands
for different correlations between individual amino acids
in mycorrhizal and the corresponding control roots.
2.9. Conclusions

Our approach was directed to the detection of general
trends in root metabolite levels to differentiate between
plant development-, nutritional- and mycorrhiza-specific
effects in AM roots of M. truncatula. To cope with the large



Fig. 20. Matrix plots of Pearson correlation coefficients of polar metabolites (left), network representation (middle), and selected cliques of amino acids
(right) for the plant sets NM20P (top), NM100P (middle) and M20P (bottom). The left triangle in the matrix plots bases on peak areas normalized to constant
dry weight, the right triangle bases on peak areas normalized to individual root systems. The boxes in the matrix plots group amino acids, aliphatic acids,
and sugars/polyols (left to right). The metabolic networks with correlations higher than 0.8 are generated by the program Pajek. Amino acids, sugars/
polyols and aliphatic acids are marked in blue, green and yellow colors, respectively; red for the fungus-specific trehalose. Size of the symbols represent the
relative amounts of the compounds deduced from characteristic MS fragment ions. The numbers at the network refer to peak numbers in Table 1. On the
right side are maximal cliques derived from amino acid clusters (shown in the middle) with correlations higher than 0.9.
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biological variability of the experimental plant, five roots
of five parallel samples at seven harvest days (2–8 weeks
after inoculation) were pooled and subsequently analyzed
in this time course experiment. The most pronounced met-
abolic alterations could be found at the most dynamic
phase of root colonization (35–42 dai), characterized by
both high expression of the phosphate transporter MtPT4
and Glomus rRNA. The successful establishment of the
AM symbiosis led to a gain of 30–35% of fresh shoot bio-
mass similar to the NM100P control shoots indicating that
the selected phosphate concentration was suitable to differ-
entiate between phosphate effects and AM fungus-induced
metabolic changes.

The levels of nonpolar primary metabolites normalized
per individual root system show that the increases are
mainly growth-related throughout the entire plant develop-
ment, whereas for polar metabolites often accumulation
maxima at 35–42 dai were found. Besides the accumulation
of fungus-specific metabolites (trehalose, D11-unsaturated
fatty acids, sterols), the levels of certain amino acids
(Glu, Asp, Asn) and fatty acids (16:0; 18:1D9) were higher
in mycorrhizal roots in comparison to both controls indi-
cating a mycorrhiza-specific activation of the plastidial
metabolism. This is supported by the previous proven pro-
liferation of plastids and the corresponding changes in
transcript levels (Lohse et al., 2005).

From the constitutively formed secondary root metabo-
lites, only the isoflavonoids (daidzein, ononin, malonylo-
nonin) showed mycorrhiza-induced higher levels at 56 dai
that corresponds to the increased expression of an isoflavo-
noid glucosyltransferase gene (Liu et al., 2007). The levels
of complex saponins showed only a development-depen-
dent increase. Unlike the constitutive isoflavonoids and
saponins, the AM-specific apocarotenoid (cyclohexenone
and mycorradicin derivatives) accumulation strongly corre-
lated with the course of mycorrhization. Their functional
involvement in the mycorrhizal symbiosis is not under-
stood and awaits further studies.

While the main emphasis in the metabolite profiling
approach was directed to the soluble (polar and nonpolar)
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root metabolites, our attention was turned also to the cell
wall-bound phenolics. Analyses of these phenolics revealed
mycorrhiza-specific occurrence of tyrosol, besides the pres-
ence of a typical set of phenolics (Tan et al., 2004). Tyrosol
is known to possess antifungal activity (Gil-Turnes and
Fenical, 1992; Armstrong et al., 2000; Tarus et al., 2003;
Slininger et al., 2004), but whether its deposition in cell
walls is involved in the regulation and restriction of
mycorrhizal colonization or other processes is an open
question.

Clustering of metabolite data by HCA and PCA reveals
clearly a different influence of growth and mycorrhization
and separates mycorrhizal samples from controls according
to harvest days. Network analyses show for nonpolar
metabolites of mycorrhizal roots a stronger correlation
between each other. This is accompanied by a closer con-
nection and more frequent relations of the metabolites of
the sugar/aliphatic acid area with those of the amino acid
cluster indicating a tighter and a more intensive interaction
in activated mycorrhizal root metabolism.

The present work shows for the first time that there are
clear differences in development-, nutritional- and mycor-
rhiza-dependent primary and secondary metabolism of
M. truncatula roots. However, we have to admit that our
experimental approach has only touched the ‘‘tip of the ice-
berg’’ of the almost hidden multitude of metabolites, espe-
cially signaling molecules involved in the molecular dialog
between the plant and the fungus cannot be detected by our
approach. Considering the lack of knowledge of fluxes
through metabolic networks (Shachar-Hill, 2007) and cel-
lular metabolic events (metabolism of arbuscule-harboring
root cells and adjacent tissue), we are unable yet to give a
comprehensive interpretation of the mycorrhiza-specific
metabolic changes to provide integrative information to
functional genomics approaches in research on arbuscular
mycorrhizas.
3. Experimental

3.1. Plant and fungal material, inoculation, and plant

cultivation

Barrel medic (M. truncatula Gaertn., cv. Jemalong A17)
seeds (obtained from Department of Genetics, University
Bielefeld, Germany) were scarified with a 4-min treatment
with concentrated H2SO4, rinsed with distilled H2O and
germinated on wet filter paper in Petri dishes for 4 d at
8 �C in the dark, 2 d at room temperature in the dark
and 1 d in the light. The 7-d-old seedlings (5 plants per
500-ml pot) were inoculated with the AM fungus G. intra-

radices Schenk and Smith (isolate 49, provided by H. von
Alten, University Hannover, Germany), enriched by previ-
ous co-cultivation with leek (Allium porrum L.) as the host
plant in expanded clay (Lecaton, 2–5 mm particle size;
Fibo Exclay, Pinneberg, Germany), and grown in a
green-house with a 16-h daily light period.
To modulate the mycorrhization velocity different ratios
of inoculum to sterile expanded clay were applied [kinetics
3, 3:7, 5 plants per pot, 5 parallels, harvest time: 14, 21, 28,
35, 42, 49, and 56 dai (v/v)]. The inoculated plants, as well
as the control plants (without fungal inoculate, designated
as NM20P), were watered 3 times per week and fertilized
once per week with a modified Long Ashton nutrient solu-
tion (tenfold strength, except double strength phosphate)
containing 40 mM KNO3, 40 mM Ca(NO3)2 Æ 4H2O,
15 mM MgSO4 Æ 7H2O, 2.7 mM NaH2PO4 Æ H2O and com-
mon micro- and trace elements (Hewitt, 1966) (5 ml per
pot). An additional control experiment with plants receiv-
ing 13.3 mM phosphate supply (designated as NM100P)
was included to discriminate between effects induced by a
five times increased phosphate supply from those of
mycorrhization (M20P).

Fungal material (spores and hyphae) of G. intraradices

SY 167 grown in the presence and absence of Paenibacillus

validus (Hildebrandt et al., 2002, 2006) were provided by U.
Hildebrandt (University Würzburg) and used as reference
material to assign fungal metabolites after extraction.

3.2. Harvesting, determination of mycorrhization parameters

and extraction

At the harvest times specified above, the roots were sep-
arated, cleaned from Lecaton, pooled, and after weighing
immediately shock frozen with liquid N2 prior to lyophili-
zation. At the same time, roots of the same age were used
after alkaline root treatment and trypan blue (Philips and
Hayman, 1970) as well as ink staining (Vierheilig et al.,
1998) for estimation of the approximate colonization per-
centage. Furthermore, shock frozen roots were used for
determination of the MtPT4 and G. intraradices rRNA
transcript level according to Isayenkov et al. (2004).

Lyophilized roots (30 mg) were homogenized in a mor-
tar with addition of solid CO2 and extracted with n-hexane
(3 · 0.5 ml) after addition of methyl nonadecanoate (15 ll,
2 mg ml�1 CHCl3, internal standard) to obtain the nonpo-
lar fraction. Subsequently, the residue was extracted with
MeOH:H2O (3 · 0.5 ml, 4:1, v/v) after addition of 75 ll
ribitol (2 mg ml�1 H2O, internal standard) to yield the
polar fraction. The extraction residue was treated accord-
ing to Tan et al. (2004) to purify the cell walls from which
cell wall-bound phenolics were released by alkaline treat-
ment (0.5 ml 1 N NaOH at 80 �C for 16 h in the dark).
After acidification of the hydrolysis mixture to pH 1–2
by conc. HCl, the released phenolics were partitioned with
EtOAc (2 · 0.5 ml). The combined extracts were evapo-
rated to dryness at 30 �C with a Speed Vac and the residues
dissolved in 50 ll of MeOH:H2O (50 lL, 4:1, v/v) prior to
HPLC analysis.

3.3. Metabolite extraction and sample preparation

Metabolite extraction of lyophilized M. truncatula roots
as well as of mycelia and spores of G. intraradices, was
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carried out using n-hexane yielding the fraction of nonpo-
lar metabolites, whereas the subsequent extraction of the
residue with MeOH:H2O (4:1, v/v) resulted in the fraction
of polar metabolites. Internal standards were added in both
procedures in order to correct alterations occurring during
sample preparation and analysis. Aliquots of the fractions
of nonpolar compounds containing mainly fatty acids,
fatty alcohols, sterols and glycerides were trimethylsilylated
prior to the GC–MS analyses, whereas aliquots of fractions
of polar compounds were methoximated and trimethylsily-
lated for analyses of the hydroxy carboxylic and amino
acids, sugars, polyols and others by GC–MS. The polar
fraction was further used without derivatization for analy-
sis of isoflavonoids and apocarotenoids by HPLC, and for
saponins by LC–MS. Compound identification was per-
formed by comparison of mass spectra and retention times
with those of authentic reference compounds. Furthermore
compound assignment was done with the help of the
NIST MS database (http://chemdata.nist.gov/mass-spc/Srch_
v1.7/index.html, National Institute of Standards and
Technology, Gaithersburg, USA; Stein et al., 1998) and
especially on the basis of the online available plant-specific
MS database (The Golm Metabolome Database; http://
csbdb.mpimp-golm.mpg.de/csbdb/gmd/gmd.html). Identi-
fication of isoflavonoids were done by comparison of
UV spectra and retention times with those of reference
compounds in HPLC, saponin assignment was performed
on the basis of published MS fragmentation patterns
(Huhman et al., 2005).

3.4. Analytical and preparative high performance liquid

chromatography

Analytical and semi-prep. HPLC was performed with a
system from Waters (Milford, USA), including the separa-
tion module 2690. The liquid chromatograph was equipped
with a 5 lm Nucleosil C18 column (250 · 4 mm i.d.;
Macherey-Nagel, Düren, Germany). The following analyt-
ical solvent and gradient systems were used. System 1 (for
separation of isoflavonoids): A, 1.5% aq. H3PO4; B,
MeCN; constant gradient from 0% B to 100% B in
(A + B) within 60 min; system 2 (for the separation of
the apocarotenoids): A, 1.5% aq. H3PO4; B, MeCN; con-
stant gradient from 5% B to 25% B within 40 min and then
25% B to 80% B in additional 20 min; system 3 (for the sep-
aration of the cell wall-bound phenolics): A, 0.1% aq. TFA;
B, MeCN:H2O:TFA, (98:1.9:0.1,v/v); constant gradient
from 0% B to 6% B within 3 min and then 6% B to 24%
B in additional 37 min; the flow rate was 1 ml min�1. The
compounds were photometrically detected (at 250 and
380 nm; maxplot between 210 and 500 nm) by a Waters
2996 photodiode array detector (injection volume: 20 ll).
In semi-prep. HPLC, the 1.5% aq. H3PO4 was replaced
by 1.0% HOAc.

Whereas the cyclohexenone derivatives were quantified
by external standardization based on abscisic acid (ABA)
having the identical 1,1,5-trimethyl-cyclohex-4-en-3-one
moiety, the levels of mycorradicin liberated from its deriv-
atives by alkaline hydrolysis were calculated using mycor-
radicin dimethyl ester as standard (provided by H. Bothe,
University Cologne, Germany). The results were expressed
as lmol ABA or mycorradicin dimethyl ester equivalents
per g dry wt, respectively.

For preparative HPLC, the Waters Delta 600 liquid
chromatograph was equipped with a VP 250/40 Nucleosil
100–10 C18 column (Macherey-Nagel, Düren, Germany)
using different gradients depending on the separation prob-
lem with 1% HOAc (solvent A) and MeCN or MeOH (sol-
vent B) with flow rates of 20 ml min�1. The compounds
were photometrically detected as in the analytical HPLC
at a flow rate of 20 ml min�1 (5 ml injection volume). Data
acquisition and evaluation run with Empower 5.0.

3.5. Liquid chromatography/electrospray ionization mass

spectrometry, NMR and CD

For the profiling of the saponins, an Agilent LC system
equipped with an autosampler (CTC-PAL) and coupled
with an API 150EX� mass spectrometer (Applied Biosys-
tems/MDS SCIEX, San Francisco, USA) was used under
following conditions: column (150 · 2 mm i.d., 5 lm, Sep-
serv); Solvents: A, 0.2% HOAc; B, MeCN/0.2% HOAc;
constant gradient: 86/14 to 78/22 in 36 min; 78/22 to 48/
52 in 64 min according Lin et al. (2000); flow: 0.2 ml min�1;
injection volume: 3 ll; detection: 250 nm; mass range: m/z
50–2000.

Positive ion electrospray ionisation mass spectra were
recorded on a Finnigan MAT TSQ 7000 instrument and
high resolution ESI mass spectra were obtained on a Bruker
Apex III Fourier transform ion cyclotron resonance (FT-
ICR) mass spectrometer (Bruker Daltonics, Billerica, USA).

1D and 2D (COSY and ROESY) 1H and 13C (1D) NMR
spectra were recorded at 300 K on Bruker AVANCE DMX
600 spectrometer locked to the major deuterium signal of
the solvent, CD3OD. Chemical shifts are reported in ppm
relative to TMS and coupling constants in Hz. Circular
dichroism measurement were performed in cooperation
under conditions recently described (Schliemann et al.,
2006b).

3.6. Gas chromatography/mass spectrometry

Hexane extracts (100 ll aliquots) were derivatized after
reducing to dryness in glass injection vials with 10 ll N-
methyl-N-(trimethylsilyl)-trifluoroacetamide (MSTFA) for
30 min at 70 �C and diluted with hexane (90 ll) prior to
injection. For the derivatization of MeOH-soluble com-
pounds, 10 ll aliquots were first derivatized with 10 ll
methoxyamine hydrochloride (MOA, 20 mg ml�1 pyridine)
for 90 min at 30 �C, reduced to dryness and then treated as
described for the hexane extracts.

GC/TOF-MS measurements were performed with an
Agilent 6890 series gas chromatograph equipped with an
autosampler 7683 series and a MicroMass (Manchester,

http://chemdata.nist.gov/mass-spc/Srch_v1.7/index.html
http://chemdata.nist.gov/mass-spc/Srch_v1.7/index.html
http://csbdb.mpimp-golm.mpg.de/csbdb/gmd/gmd.html
http://csbdb.mpimp-golm.mpg.de/csbdb/gmd/gmd.html
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UK, now Waters Corporation, Milford, USA) GCT with a
time-of-flight (TOF) detector. Following conditions were
used: EI-voltage 70 eV; source temp. 240 �C; column Rtx-
5MS w/IntegraGuard (Restek GmbH, Bad Homburg, Ger-
many), 30 m · 0.25 mm i.d., 0.25 lm film thickness; carrier
gas helium at constant flow of 1 ml min�1; temp. program:
50 �C (2 min), 50–260 �C (6� min�1), 260 �C (3 min), 260–
300 �C(10� min�1), 300 �C (6 min); injection temp.:
240 �C, splitless injection, mass range of m/z 40 to m/z
800. Data acquisition and evaluation run with MassLynx
3.5 software.

GC–MS measurements were performed with an Trace
2000 GC equipped with an Autosampler 3000 and a single
quadrupole Trace DSQ� (ThermoElectron GmbH, Drei-
eich, Germany) under the same conditions as GC/TOF-
MS using a J&W DB-5 MS (30 m · 0.25 mm, i.d.;
0.25 lm film thickness) column (Agilent, Folsom, USA).
Data acquisition and evaluation run with Xcalibur 1.4.1.
Quantification of a selected set of metabolites was based
on measurements of reference compounds (separate and
in mixtures) using characteristic fragment ions.

3.7. Hydrolysis and thermal transformation of malonyl

conjugates

The yellow apocarotenoid and the ‘‘yellow pigment’’
fractions were isolated by HPLC (system 2, containing
1% HOAc), reduced to dryness, dissolved in MeOH:H2O
(27 ll, 4:1, v/v) and treated with 10 N KOH (3 ll) for 3 h
at 30 �C. Subsequently, aliquots (20 ll) were analyzed by
HPLC (system 2) to detect hydrolysis products. For ther-
mal treatment, root extracts were reduced to dryness, dis-
solved in H2O–MeOH (55:55, v/v) and heated at 80 �C
for 16 h. This treatment transforms malonyl conjugates
to their glucosides (Lin et al., 2000) that were confirmed
by HPLC (system 1).

3.8. Metabolite assignment

Metabolite assignment was performed in four different
ways indicated in the metabolite tables. Additionally, com-
pounds were isolated and structurally elucidated by MS and
NMR spectroscopic analyses. The direct comparison of Rt

and UV spectra (in HPLC) or Rt and mass fragmentation
pattern (in GC/TOF-MS and GC–MS) of reference com-
pounds is the identification procedure (a) with the highest
reliability. Peaks in GC–MS runs were assigned with the
help of the NIST MS database (b) (http://chem-
data.nist.gov/mass-spc/Srch_v1.7/index.html, USA; Stein
et al., 1998) and especially on the basis of the online avail-
able plant-specific MS database (c) (The Golm Metabolome
Database; http://csbdb.mpimp-golm.mpg.de/csbdb/gmd/
gmd.html, Schauer et al., 2005). The recursive procedure
(d) requires a certain number of known metabolites of a spe-
cific substance class and related metabolites of the same
substance class can be assigned by a best-fitting curve.
The measured mass spectra are deconvoluted by the Auto-
mated Mass Spectral Deconvolution and Identification Sys-
tem (AMDIS) before comparison with the databases (b)
and (c). The spectra of individual components are trans-
ferred to the NIST Mass Spectral Search Program MS
Search 2.0 where they matched against reference com-
pounds of the NIST Mass Spectral Library 2002 and the
Golm Metabolome Database. The number of compounds
resolved by AMDIS depends strongly on the settings, a rea-
sonable number of components are detected by using the
default settings. Even if the result reflects a high matching
factor and probability the result must be critically proven.

3.9. Data analysis

The complete set of GC/TOF-MS data of each run (five
parallels of hexane and MeOH extracts at seven harvest
days) were transformed to ASCII-data, separately for non-
polar and polar metabolites. To reduce the huge amount of
data, the intensities of high resolution masses of each run
are summarized to those of nominal masses for each Rt

by an self-written FORTRAN program. These intensities
arranged in (Rt, m/z)-data matrices are transferred to the
Scientific Graphing and Analysis Software package Origin
7.5 (http://www.originlab.com/) which permits automated
handling of the data analysis and visualization by proper
programming. The integration of the detected peaks is car-
ried out after background subtraction and searching the
maximum in a small Rt-window allowing a slight Rt–dis-
placement of the peak. The integrated values are normal-
ized to the mean value of the internal standard calculated
for the whole set of experiments per extract. The specific
mass fragment m/z 319 is chosen for ribitol, the internal
standard for MeOH extracts, yielding a rational compro-
mise between sufficient peak intensity and specificity for
the whole derivatized molecule (Mr 512). Concomitant cal-
culations using other mass fragments or the TIC intensity
did not affect the results significantly. For methyl nonade-
canoate, the internal standard for hexane extracts, the m/z
312 is selected representing the whole molecule.

The experimental data were obtained from aliquots of
extracts prepared from 30 mg lyophilized roots. In the
kinetic analyses, the results are related to one root system,
whereby the integrated values are multiplied by normaliza-
tion factors determined by the biomass of plants in individ-
ual pots. Before averaging of the data originating from the
five parallel samples an outlier analysis is performed using
the chemometrics software package Pirouette v3.11 of Inf-
ometrix (http://www.infometrix.com/software/pirouette.
html) combined with a visual check of the integrated data
of each metabolite for all harvest days. The peak areas of
compounds (assigned or unknown) in the different sample
sets (M20P, NM20P, NM100P) were tested for Gaussian dis-
tribution with similar variances. Subsequently, t-tests were
performed to determine significant differences between the
mean values of the different sample sets at p < 0.05.

The handling of the HPLC data is similar to that of
GC/TOF-MS. The data are exported as (Rt, k)-matrices.

http://chemdata.nist.gov/mass-spc/Srch_v1.7/index.html
http://chemdata.nist.gov/mass-spc/Srch_v1.7/index.html
http://csbdb.mpimp-golm.mpg.de/csbdb/gmd/gmd.html
http://csbdb.mpimp-golm.mpg.de/csbdb/gmd/gmd.html
http://www.originlab.com/
http://www.infometrix.com/software/pirouette.html
http://www.infometrix.com/software/pirouette.html
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The displacements of HPLC peaks in the different runs
were often relatively strong and could not completely
adjusted by the freely available COWTOOL software
(Nielsen et al., 1998). The selected wavelength-dependent
peaks were additionally proven and aligned simultaneously
in all 105 chromatograms of an experimental set (15
pots · 7 harvest days). Further steps of analysis are analo-
gous to the handling of GC/TOF-MS data. LC–MS data
were only analyzed for several selected metabolites using
the instrument software for integration.
3.10. Statistics of the time course analyses

Specifications of number of harvest days and plants as
well as number of extracts and data sets from different
methods applied in the metabolite profiling approach are
given in a tabulated overview.
Plants
 Analytical specification
Time points of
harvest
7
 Samples per harvest
day
15
Plants per pot
 5
 Extracts/HPLC
Gradients
2

Pots per
harvest day
17
 Range of m/z values
in GC/TOF-MS
40–800
Plants per
harvest day
85
 Range of m/z values
in LC–MS
450–2000
Sum of plants
 595
 Range of k in HPLC
(Dk = 4.8 nm)
212–449 nm
Used data sets per
harvest day
Total data sets of analysis
GC/TOF-MS
(m/z =
100–500)
12,030
 GC/TOF-MS (m/
z = 100–500)
84,210
LC–MS (m/
z = 450–
1200)
11,265
 LC–MS
(m/z = 450–1200)
78,855
HPLC (polar
metabolites)
1530
 HPLC (polar
metabolites)
10,710
HPLC (cell
wall-bound)
765
 HPLC (cell
wall-bound)
5355
3.11. Mass spectral and NMR spectroscopic data of root

metabolites

13-Hydroxyblumenol C 9-O-b-glucoside (1): ESI-
HRMS and 1H NMR spectroscopic data were identical
with those published recently (Schliemann et al., 2006a).

13-Hydroxyblumenol C 9-O-b-(6 0-malonylglucoside)

(2): ESI-HRMS, m/z 497.19897 ([M+Na]+, C22H34O11Na,
calc. 497.1993), m/z 411.1983 ([M�malonyl+Na]+,
C19H32O8Na, calc. 411.1989). ESI-MS, m/z (rel. int.):
497 [M+Na]+ (10), 411 [M�malonyl+Na]+ (100), 209
[(13-Hydroxyblumenol C+H)�H2O]+ (7). Negative ion
ESI-MS, m/z (rel. int.): 473 [M�H]� (18), 387 [(M�H)-
malonyl]� (100). ESI–MSMS of m/z475 [M+H]+: 457
[(M+H)�H2O]+ (22), 227 [13-Hydroxyblumenol C+H]+

(41), 209 [(13-Hydroxyblumenol C+H)�H2O]+ (90). 1H
NMR spectroscopic data indicate that the major compo-
nent is the glucoside of 13-hydroxyblumenol C; no evi-
dence of a malonyl moiety at the glucose probably due to
decomposition of the labile conjugate as MS showed that
it was initially present.

Blumenol C 9-O-b-glucoside (3): ESI-HRMS, m/z
395.2031 ([M+Na]+, C19H32O7Na, calc. 395.2040). ESI-
MS, m/z (rel. int.): 395 [M+Na]+ (100), 211 [Blumenol
C+H]+ (8); Negative ion ESI-MS, m/z (rel. int.): 371
[M�H]� (74); ESI–MSMS of m/z 373 [M+H]+: 211
[Blumenol C+H]+ (100); 1H NMR (400 MHz, CD3OD):
d 5.84 [1H, bs, H-4], 4.36 [1H, d, H-1 0, J 10 ;20 ¼ 7:7 Hz],
3.88 [1H, dd, H-6a, J 60a;50 ¼ 2:1 Hz, J 60a;60b ¼ 11:8 Hz],
3.85 [1H, m, H-9], 3.70 [1H, dd, H-6 0b, J 60b;50 ¼ 5:3 Hz],
3.4–3.15 [4H, m, H-2 0, H-3 0, H-4 0, H-5 0], 2.52 [1H, d, H-
2a, J2a,2b = 17.9 Hz], 2.09 [3H, d, H-13, J13,4 = 1.3 Hz],
2.02 [1H, d, H-2b], 2.02 [1H, m, H-6], 1.86 [1H, m, H-7a],
1.75–1.58 [3H, m, H-7b, H-8a, b], 1.29 [3H, d, H-10,
J10,9 = 6.2 Hz], 1.14 [3H, s, H-11], 1.06 [3H, s, H-12].

Blumenol C 9-O-b-(6 0-malonylglucoside) (4): ESI-
HRMS, m/z 481.2042 ([M+Na]+, C22H34O10Na, calc.
481.2044), m/z 395.2034 ([M�malonyl+Na]+, C19H32-
O7Na, calc. 395.2040), m/z 211.1692 ([Blumenol C+H]+,
C13H23O2, calc. 211.1693). ESI-MS, m/z (rel. int.): 481
[M+Na]+ (26), 395 [M�malonyl+Na]+ (100), 211 [Blume-
nol C+H]+ (8); Negative ion ESI-MS, m/z (rel. int.): 457
[M�H]� (11), 371 [(M�H)–malonyl]� (61); Positive ion
ESI–MSMS of m/z 459 [M+H]+: 211 [Blumenol C+H]+

(100). 1H NMR spectroscopic data indicate that the major
component is the glucoside of blumenol C; no evidence of a
malonyl moiety at the glucose probably due to decomposi-
tion of the labile conjugate as MS showed that it was ini-
tially present.

7-Hydroxy-4 0-methoxy-isoflavone 7-O-b-glucopyranoside
(Ononin): ESI-MS, m/z (rel. int.): 453 [M+Na]+ (100),
431 [M+H]+ (16), 269 [A+H]+ (18); ESI-MS, m/z (rel.
int.): 429 [M�H]� (12), 267 [A�H]� (100); ESI-HRMS,
m/z 453.1148 ([M+Na]+, C22H22O9Na, calc. 453.1156).
1H NMR (400 MHz, CD3OD): d 8.26 [1H, s, H-2], 8.20
[1H, d, H-5, J5,6 = 8.9 Hz], 7.53 [2H, AA 0, H-2 0/6 0,
J 20;30 þ J 20 ;50 ¼ 8:6 Hz], 7.30 [1H, d, H-8, J8,6 = 2.2 Hz],
7.27 [1H, dd, H-6], 7.03 [2H, BB 0, H-3 0/5 0], 5.15 [1H, ‘‘d’’,
H-100, J 100;200 ¼ 7:5 Hz], 3.97 [1H, dd, H-600a, J 600a;500 ¼
2:3 Hz, J 600a;600b ¼ 12:1 Hz], 3.87 [3H, s, H-4 0OMe], 3.76
[1H, dd, H-600b, J 600b;500 ¼ 5:8 Hz], 3.61–3.55 [3H, m, H-200,
H-300, H-500], 3.46 [1H, dd, H-400, J 400;300 ¼ 9:3 Hz, J 400 ;500 ¼
9:3 Hz]. The 1H NMR spectroscopic data clearly assign
ononin, although they were only partly comparable to
those recently published (Coronado et al., 1995; Xiao
et al., 2005), together with those of malonylononin, due
to different experimental conditions.

7-Hydroxy-4 0-methoxy-isoflavone 7-O-b-[(6 0-O-malo-

nyl)-glucopyranoside (Malonylononin): ESI-MS, m/z (rel.
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int.): 539 [M+Na]+ (61), 453 [M�malonyl+Na]+ (51), 269
[A+H]+ (18); ESI-MS, m/z (rel. int.): 429 [(M�H)�malo-
nyl]� (4), 267 [formononetin�H]� (100); HR-ESI-MS,
m/z 539.1168 ([M+Na]+, C25H24O12Na, calc. 539.1160).
1H NMR spectroscopic data indicate that the major com-
ponent is ononin and the second minor is ononin acylated
at O-6 of glucose. Fragmentation in MS showed that it is
the malonyl derivative.

7-Hydroxy-4 0-methoxy-isoflavone (Formononetin): ESI-
MS, m/z (rel. int.): 291 [M+Na]+ (100), 269 [M+H]+

(49); ESI-MS, m/z (rel. int.): 267 [M�H]� (100); HR-
ESI-MS, m/z 291.0632 ([M+Na]+, C16H12O4Na, calc.
291.0628), m/z 267.0661 ([M�H], C16H12O4, calc.
267.0663). 1H NMR (600 MHz, CD3OD): d 8.20 [1H, s,
H-2], 8.11 [1H, d, H-5, J5,6 = 8.9 Hz], 7.51 [2H, AA 0, H-
2 0/6 0, J 20;30 þ J 20 ;50 ¼ 8:7 Hz], 7.03 [2H, BB 0, H-3 0/5 0], 6.99
[1H, dd, H-6, J6,8 = 2.2 Hz], 6.90 [1H, d, H-8], 3.88 [3H,
s, H-4 0OMe].
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H., 2002. Flavonoid levels in roots of Medicago sativa are modulated
by the developmental stage of the symbiosis and the root colonizing
arbuscular mycorrhizal fungus. J. Plant Physiol. 159, 1329–1339.

Lerat, S., Lapointe, L., Gutjahr, S., Piché, Y., Vierheilig, H., 2003. Carbon
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Trépanier, M., Bécard, G., Moutoglis, P., Willemot, C., Gagné, S., Avis,
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