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A GC-based approach was applied to compare the metabolite profiles of two low phytic acid (/pa)
soybean mutants and their respective wild-types. The Jpa mutants (Gm-lpa-TW75-1 and Gm-Ipa-
ZC-2) were grown together with the wild-types (Taiwan 75 and Zhechun no. 3) in three and four field
trials, respectively. HPLC analysis revealed a phytic acid reduction of —53% for Gm-lpa-TW75-1
and of —46% for Gm-lpa-ZC-2. For Gm-Ipa-TW75-1, no accumulation of lower inositol phosphates
was observed, whereas Gm-Ipa-ZC-2 exhibited significantly increased contents of the lower inositol
phosphates InsP3, InsP,4, and InsPs compared to the corresponding wild-type. The metabolite
profiling revealed that compared to the wild-types, 40% (Gm-Ipa-TW75-1) and 21% (Gm-lpa-ZC-2)
of the detected peaks were statistically significantly different in the Jpa mutants grown at one field
trial. However, the majority of these differences were shown to be related to environmental impact
and natural variability rather than to the mutation event. Identification of consistent metabolic
changes in the Ipa mutants revealed decreased contents of myo-inositol, galactinol, raffinose,
stachyose, and the galactosyl cyclitols galactopinitol A, galactopinitol B, and fagopyritol B1
compared to the wild-type. These consistently pronounced changes in Gm-lpa-TW75-1 confirmed
the suggested mutation target. Consideration of the metabolic changes observed for Gm-lpa-ZC-2
(accumulation of lower inositol phosphates and increased myo-inositol contents) indicated a
mutation event affecting the latter biosynthetic steps leading to phytic acid. The study demonstrated
the applicability of metabolite profiling for the detection of changes in the metabolite phenotype
induced by mutation breeding and its power in assisting in the elucidation of mutation events.
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INTRODUCTION

Phytic acid (myo-inositol 1,2,3.4,5,6-hexakisphosphate, InsPy)
occurs ubiquitously in crops and represents the major storage
form of phosphorus in mature seeds (/). In soybean, phytic acid
contents from 1.3 to 4.6% have been reported (2, 3). Phytic acid is
considered to be an antinutrient in food and feed. It may chelate
divalent cations such as Ca®*, Fe>", and Zn>" and thus limit the
bioavailability of these nutritionally important minerals. During
the past years, various crops, for example, rice, maize, barley, and
wheat, have been developed with lowered contents of phytic
acid (4). For soybean, low phytic acid (Ipa) crops have been
produced by genetic engineering (5, 6) and by mutation breeding,
for example, through chemical mutagenesis (7, §) and y-irradia-
tion (9).

Different mutation targets have been shown to be responsible
for the Ipa phenotype in soybean mutants (/0). A single base
change in the myo-inositol 1-phosphate synthase (MIPS1) gene
resulted in a 50% decreased phytic acid content in soybean
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mutant LR33 accompanied by a nearly molar equivalent in-
creased level of inorganic phosphorus (P;) compared to the wild-
type (8). At least one putative multidrug resistance-associated
protein (MRP) gene has been identified as mutation target in the
Ipa soybean mutant CX1834 (M153) (/7). Similar to LR33, this
mutant showed a molar equivalent increase in P;, whereas the
phytic acid content was decreased by 55% (7).

Low phytic acid crop mutants are typically selected and
classified on the basis of their increased levels of P;. However,
these induced mutations were also shown to result in further
metabolic changes in crops. For LR33 soybeans, targeted analysis
revealed decreased levels of myo-inositol, raffinose, and sta-
chyose, whereas the sucrose content was increased (8). For high
P; lines derived from M 153 soybeans, levels of sucrose, raffinose,
and stachyose were reported to be unchanged compared to the
parental line (12).

Metabolite profiling techniques aspire to provide a compre-
hensive picture of the metabolites present in a biological sys-
tem (13, 14). Recently, a metabolite profiling study on two /pa rice
mutants demonstrated the applicability of this approach to detect
metabolic differences between the /pa mutants and the corre-
sponding wild-type (15). Consideration of these differences in
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light of the pathways involved in the biosynthesis of phytic acid
allowed assumptions on the mutation targets in these mutants,
which were shown to agree with molecular mapping and gene
cloning results (16, 17).

The objects of this investigation were two novel /pa soybean
mutants (Gm-Ipa-TW75-1 and Gm-Ilpa-ZC-2) developed by
y-irradiation (9). The phytic acid phosphorus reduction of Gm-
Ipa-TW75-1 was shown to result from a two base pair deletion in
the MIPS1 gene. However, the sequence change is different from
thatin LR33. Similar to LR33 and M 153, this /pa soybean mutant
exhibited significantly increased P; levels. In contrast to pre-
viously described /pa soybean mutants, the phytic acid reduction
in Gm-lpa-ZC-2 is accompanied by an accumulation of lower
inositol phosphates (9). However, the genetic background of this
mutation has not been clarified fully. The aim of the present study
was to compare the metabolic profiles of these two /pa soybean
mutants with the corresponding wild-types by means of metabo-
lite profiling to (i) demonstrate the applicability of metabolite
profiling for the detection of changes in the metabolite phenotype
induced by mutation breeding and (ii) confirm its suitability to
assist in the elucidation of mutation events. To assess the
environmental impact on the metabolite levels, soybean wild-
types and mutants were grown at different field trials and the
resulting metabolite profiles were subjected to multivariate and
univariate statistical analyses.

MATERIALS AND METHODS

Chemicals. Internal standards (tetracosane, Sa-cholestan-3-ol, phen-
yl-f-p-glucopyranoside, p-chloro-L-phenylalanine) and retention time
standards (undecane, hexadecane, tetracosane, triacontane, octatriacon-
tane) were purchased from Fluka (Taufkirchen, Germany). Reference
compounds were obtained from VWR International (Darmstadt, Ger-
many), Fluka (Taufkirchen, Germany), Sigma-Aldrich (Steinheim, Ger-
many), Cognis (Illertissen, Germany), and Roth (Karlsruhe, Germany).
All other reagents and solvents were of analytical grade.

Materials. Wild-Type and Ipa Soybean Mutants. Low phytic
acid mutant lines Gm-lpa-TW75-1 and Gm-Ipa-ZC-2 were generated
through y-irradiation of the wild-types Taiwan 75 and Zhechun no. 3,
respectively, at the Irradiation Center of Zhejiang University, China. Low
phytic acid soybean mutants were grown together with their correspond-
ing wild-types in Hainan (China) in the winter/spring seasons of 2004/2005
and 2005/2006 and in the spring (April—July) and autumn (August—
October) seasons in Hangzhou (China). For each field trial, the seeds from
wild-type soybeans and /pa mutants, respectively, were bulked and sun-
dried. The materials were not subjected to further postharvest treatments
before analysis.

Sample Preparation. Freeze-dried soybean seeds were ground with
a cyclone mill equipped with a 500 um sieve (Cyclotec, Foss, Germany).
The resulting flour was freeze-dried again for 48 h (Alpha 1-4 LSC, Christ,
Germany) and stored at —18 °C until analysis.

Analysis of Inositol Phosphates. [solation and separation of inositol
phosphates were performed in accordance with previously described
procedures (15). Quantification of InsP¢ was based on external calibration
using standard solutions of phytic acid dodecasodium salt in the mobile
phase (0.25—8.00 mg/mL). Contents of lower inositol phosphates (InsPs,
InsPy4, InsP3;) were quantified on the basis of the calibration curve of
phytate considering correction factors for lower inositol phosphates
reported in the literature (18).

Recoveries of InsPs, InsP,, InsPs, and InsPg from soybean samples
spiked with the technical phytic acid solution were 94 0,109 £ 5, 116 £ 3,
and 101 = 0% (mean & SD, n = 3). On the basis of a signal-to-noise ratio
of 3:1, limits of quantitation were calculated to be 0.13% for InsP3, 0.11%
for InsPy4, and 0.07% for InsPs and InsPg.

Metabolite Profiling. Preparation of Retention Time Stan-
dards and Internal Standards. Retention time standard 1 was prepared
by adding n-hexane solutions of undecane (1.5 mL, 2 mg/mL), hexadecane
(2.5 mL, 1.5 mg/mL), tetracosane (4 mL, 1.5 mg/mL), and triacontane
(4mL, 1.5mg/mL) to 15 mg of octatriacontane. Retention time standard 2
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Figure 1. Mean contents and distribution of phytic acid (InsPg) and lower
inositol phosphates (InsPg, InsPy, InsPs) in Taiwan 75 and Gm-lpa-TW75-1
(A) and Zhechun no. 3 and Gm-lpa-ZC-2 (B) grown at three and four
locations, respectively.

was prepared by adding 1.5 mL of n-hexane and n-hexane solutions of
hexadecane (2.5 mL, 1.5 mg/mL), tetracosane (4 mL, 1.5 mg/mL), and
triacontane (4 mL, 1.5 mg/mL) to 15 mg of octatriacontane.

Internal standard solution I was identical to retention time standard 1
(tetracosane was used as internal standard). A solution of Sa-cholestan-
36-ol in dichloromethane (0.3 mg/mL) was used as internal standard
solution II. Phenyl-f-p-glucopyranoside in deionized water (0.8 mg/mL)
and p-chloro-L-phenylalanine in deionized water (0.3 mg/mL) were used as
internal standard solutions III and IV, respectively.

The extraction and fractionation of freeze-dried soybean flour as well as
evaporation and silylation conditions for nonpolar and polar extracts were
in accordance with previously described procedures for rice (15) with slight
modifications. Briefly, lipids and polar compounds were extracted consecu-
tively from 300 mg of flour with 4 mL of dichloromethane and a mixture of
10 mL of methanol and deionized water (80 + 20, v/v), respectively. One
hundred microliters of each internal standard solution (I and II) was added
to the nonpolar extract. After evaporation under vacuum to dryness, the
residue was redissolved in 500 uL of methyl zerz-butyl ether (MTBE), 300 uL
of dry methanol, and 50 uL of sodium methylate (5.4 M in methanol). After
reaction for 90 min at room temperature, 1 mL of dichloromethane and
2 mL of aqueous 0.35 M hydrochloric acid were added, and the mixture was
vigorously shaken. The upper phase was discarded, and the lower phase
containing the transmethylated lipids was evaporated to dryness under
vacuum. Transmethylated lipids were separated by solid phase extraction
(SPE) into a fraction containing fatty acid methyl esters (FAME) and
hydrocarbons (fraction I) and a fraction containing minor lipids, for
example, sterols and free fatty acids (fraction II). Therefore, the total lipids
were redissolved in 250 uL of dichloromethane and transferred to the SPE
cartridge (LiChrolut, VWR International, Germany). Fraction I was eluted
with hexane/MTBE (100 + 2, v/v, 2 x 3 mL). Fraction II was eluted with
hexane/MTBE (70 + 30, v/v, 2 x 3 mL).

Prior to further fractionation of the polar compounds, the polar extract
was passed through a 0.45 um filter (Whatman, Germany), and 250 uL of
each internal standard solution (III and IV) was added. The dry residue of
1 mL of polar extract was redissolved in 300 L of pyridine and silylated
with 100 uL of trimethylsilylimidazole. Three hundred microliters of
n-hexane and 300 4L of deionized water were added for selective hydrolysis
of the silylated derivatives of organic acids and amino acids and to obtain a
fraction in the hexane phase containing the stable silylated sugars and
sugar alcohols (fraction I1T). To obtain a fraction containing organic acids
and amino acids (fraction IV), a separate aliquot of 2 mL of polar extract
was used. The dry residue was redissolved and heated for oximation in
300 uL of a solution of hydroxylammonium chloride in pyridine (2 mg/mL).
After silylation with 50 uL of N-methyl-N-trimethylsilyltrifluoroaceta-
mide, 500 uL of n-hexane and 300 uL of deionized water were added to the
silylated sample. The aqueous phase was evaporated to dryness. The
residue was redissolved in 200 L of acetonitrile, and 50 4L of N-methyl-
N-trimethylsilyltrifluoroacetamide was added for silylation.

The four fractions obtained were analyzed by capillary gas chroma-
tography (GC-FID, GC-MS). GC-FID analysis was performed on a
Focus GC (ThermoFinnigan, Austin, TX) equipped with a flame ioniza-
tion detector (FID; 320 °C) using a DB-1, 60 m x 0.32 mm i.d. fused silica
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capillary coated with a 0.25 um film of polydimethylsiloxane (J&W GC-MS analysis was performed on a Finnigan TraceGC ultra
Scientific, Folsom, CA). Hydrogen was used as the carrier gas (flow = coupled to a quadrupole mass selective detector Finnigan Trace DSQ
1.8 mL/min). Split injection (split flow = 27 mL/min) was performed at (ThermoFinnigan) using a factorFOUR VF-1 ms (60 m x 0.321.d. coated
250 °C. The column temperature was programmed from 100 to 320 °C with a 025 um film of polydimethylsiloxane (Varian, Darmstadt,
(25 min hold) at 4 °C/min. Germany). The MS interface temperature was set to 320 °C and the
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Figure 2. Principal component analyses (PCA) of standardized GC-FID metabolite profiling data from the combined fractions I—IV (A) and single fractions
I (B), Il (C), Il (D), and IV (E) of the wild-type soybeans Taiwan 75 (®) and Zhechun no. 3 (M) and jpa mutants Gm-pa-TW75-1 (O) and Gm-jpa-ZC-2 (O)
grown at Hainan and Hangzhou in 2004/2005—2005/2006. HN w04 and w05, Hainan winter 2004 and 2005; HZ s05 and a05, Hangzhou spring 2005 and

autumn 2005.
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Table 1. Peak-Based Comparison of Chromatograms Obtained by Metabolite Profiling of Wild-Types (Taiwan 75 and Zhechun No. 3) and Lpa Mutants (Gm-lpa-
TW75-1 and Gm-Ipa-ZC-2) Grown at Three and Four Field Trials, Respectively

field trial

Hainan, w04/05 Hainan, w05/06 Hangzhou, s05 Hangzhou a05
wild-type vs Jpa mutant total” diff total” diff total” diff total” diff consistent diff?
TW75 vs Ipa-75-1 168 69 181 65 165 70 23
Zh no. 3 vs Ipa-ZC-2 166 27 164 55 157 13 167 43 3

“Hainan, w04/05, and Hainan, w05/06, winter seasons; Hangzhou, s05, spring season; and Hangzhou, a05, autumn season. ” Number of peaks included for comparison in
fractions |1—IV (peak height > 500 zV). “ Number of peaks statistically significantly different between wild-type and mutant line in fractions I—IV (p < 0.05). ¢ Number of peaks
statistically significantly different between wild-type and mutant line at all field trials.

Table 2. Peak Responses of Compounds Found To Be Statistically Sig-
nificantly and Consistently Different between Taiwan 75 and Gm-lpa-TW75-1
and between Zhechun No. 3 and Gm-lpa-ZC-2 Grown at Three and Four Field
Trials, Respectively

response (mV)
Taiwan 75  Gm-lpa-TW75-1 ratio identification”

fraction compound

| heptadecene 1.40+0.05 215+0.10 1.54 B

I glycerol 0.65+0.17 1.63+0.38 251 A
sorbitol 074+0.09 1424005 1.92 A
myo-inositol 6.21 +1.66 076 £0.14  0.12 A
sucrose 200 + 31 306 +£25 1.53 A
galactopinitol A 8.78+285  0.67+0.18 0.08 C E
galactopinitol B 9.21+2.21 0.83+0.19  0.09 CE
fagopyritol B1 409+1.00 1.15+054 028 CE
galactinol 0.68 +0.09 bld” A
galactose derivate 1.66 +0.19  0.69+ 0.08 0.41 E
galactose derivate 2.35+043  0.43+0.06 0.18 E
raffinose 63+5 16+1 0.26 A
ciceritol 1.85+0.18 bld D, E
unknown® 1.41+0.21 bld
stachyose 37+2 0.354+0.09 0.01 A

IV phosphoric acid 37+8 220 +44 5.93 A
valine 129+025 371+£056 2.88 A
leucine 1.47+0.38 408+0.95 278 A
serine 063+0.15 178+048 283 A
p-alanine 054+009 156+032 288 A
asparagine 1.05+0.24 572+234 544 A
citrulline 0.70+£0.12 223+055 317 A
tyrosine 144+084 049+0.14 034 A

Zhechunno.3  Gm-lpa-ZC-2

Il myo-inositol 2.19+0.28 429+048 1.96 A
IV phosphoric acid 4547 94 +12 2.1 A
syringic acid 2.37+£0.94 3.72+125 157 A

“|dentification according to A, mass spectrometric data and retention time of
reference compound; B, NIST 02 MS library; C, Schweizer et al. (25) and Schweizer
and Horman (26); D, Quemener and Brillouet (27); and E, MS data (see Figure 4).
®Below the limit of detection. “No MS data available.

source temperature to 250 °C. Full-scan mass spectra were recorded at
anelectron energy of 70 ¢V within a scan range of 40—700 mu at a scan rate
of 2.5 scans/s. Helium was used as the carrier gas at a constant flow of
1 mL/min. The chromatographic conditions were as described for GC-
FID analysis.

Soybean constituents were identified by comparing retention times and
mass spectra with those of trimethylsilylated reference compounds and by
comparing mass spectra with the entries of the mass spectra library
NISTO2.

Statistical Analysis. For each field trial, one sample from the
bulked seed materials was analyzed in triplicate. GC-FID data were
acquired and integrated using Chrom-Card 2.3 (Thermo Electron, Italy).

Peak heights and retention times were exported to Chrompare 1.1, a
software tool developed for comparative analysis of metabolite profiling
data (http://www.chrompare.com) (/9). Chrompare automatically cor-
rects retention time shifts on the basis of retention time standards
(consolidation) and standardizes peak heights on the basis of internal
standards added prior to the fractionation process. Comparison of
metabolite profiles was performed by comparison of mean standardized
peak heights based on triplicate analysis. Principal component analysis
(PCA) was performed using XLSTAT 7.5.2 (Addinsoft, France).

RESULTS AND DISCUSSION

Analysis of Inositol Phosphates. Mean contents of phytic acid
and of lower inositol phosphates (InsPs, InsPy, InsPs) determined
in the wild-types (Taiwan 75, Zhechun no. 3) and in the Ipa
mutants (Gm-Ipa-TW75-1, Gm-Ipa-ZC-2) grown side by side at
different locations are shown in Figure 1. On average, the degree
of phytic acid reduction compared to the wild-type was slightly
higher for Gm-lpa-TW75-1 (—53%) than for Gm-Ipa-ZC-2
(—=46%). For Gm-Ipa-TW75-1, no accumulation of lower inositol
phosphates was observed (Figure 1A), whereas Gm-Ipa-ZC-2
exhibited significantly increased contents of InsP3, InsP,, and
InsPs (Figure 1B). This finding agrees with results obtained
for this mutant in a previous field trial (9). The sum of the
inositol phosphates InsP;—InsPg appears to be slightly higher
in the mutant than in the wild-type (Figure 1B). However,
this difference might be due to the quantification of lower
inositol phosphates based on a calibration curve of phytate only
using correction factors for the lower InsPg as described in the
literature (18).

Metabolite Profiling. Freeze-dried soybean flour was subjected
to a metabolite profiling procedure that resulted in four fractions
containing fatty acid methyl esters and hydrocarbons (fraction I),
free fatty acids, fatty alcohols, and sterols (fraction II), sugars and
sugar alcohols (fraction III), and amino acids, organic and
inorganic acids, and amines (fraction IV). The procedure was in
accordance with a methodology reported previously for rice (15).
Adaptation of the extraction and fractionation protocols to the
soybean matrix required slight modifications. The higher con-
tents of total lipids and polar compounds in soybeans (27) was
taken into account by decreasing the amount of freeze-dried flour
subjected to the initial extraction and by adjusting the amount of
polar extract used for fractionation. The fractions were analyzed
by capillary gas chromatography. GC-FID analysis resulted in
the detection of 613 distinct peaks in the four fractions from the
two [pa mutants and wild-types.

Multivariate Analysis. A PCA of the standardized and
consolidated GC-FID metabolite profiling data was conducted
to see if the soybean samples could be classified according to
cultivar, type of mutation, and growing location/season. Scores
plots obtained for the combined fractions [-1V and for each
fraction are shown in Figure 2.

For the scores plot of the combined fractions -1V, the first
two PCs explained 37% of the total variance (Figure 2A). There
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are differentiations according to the growing locations/seasons
for the wild-types as well as for the corresponding mutants. The
mutant Gm-lpa-TW75-1 is separated consistently from the wild-
type Taiwan 75 at all field trials. In contrast, the variance between
the mutant Gm-Ipa-ZC-2 and the wild-type Zhechun no. 3 is less
pronounced, resulting in a clear separation at only one field trial.

The same phenomenon is reflected by the scores plots of the
single fractions III (Figure 2D) and IV (Figure 2E). The distinct
and consistent separations of Gm-Ipa-TW75-1 and the wild-type
Taiwan 75 indicate a strong influence of the mutation on the polar
metabolite profiles in this mutant. In contrast to the polar
fractions, no major shift was observed in the nonpolar fractions
(Figure 2B,C) for this mutant compared to wild-type. Instead, a
location-dependent separation of the side-by-side grown mutant
Gm-Ipa-TW75-1 and the corresponding wild-type was observed
that indicates a more pronounced environmental impact rather
than mutational effects on the lipid profile.

Assessment of the scores plots of polar and nonpolar fractions
for Gm-Ipa-ZC-2 and Zhechun no. 3 exhibited no major differ-
ences between the /pa mutant and the corresponding wild-type
grown at one location. However, similar to the observations made
for Gm-lpa-TW75-1 in the nonpolar fractions, a considerable
effect of the growing location was detected for both nonpolar and
polar fractions. In addition to an influence of the growing
location, a significant effect was also observed for the different
growing seasons. Lpa mutants and corresponding wild-types
grown in the spring season of 2005 at Hangzhou were separated
from the rest of the samples in the two nonpolar fractions
(Figure 2B,C). An explanation for this could be the subtropical
climatic condition at Hangzhou during this season. It was shown
that both /pa mutants and wild-types had a lower seedling
emergence when they were produced in the spring season at this
location (9). A low phytate-related impairment on seedling
emergence has been also shown for LR33- and M153-derived
Ipa lines, especially when the plants were grown in a (sub)tropical
environment (22, 23).

Frank et al.

Univariate Analysis. The assessment of the corresponding
PCA loadings is one of the approaches suitable to determine the
metabolites responsible for the clustering seen in Figure 2. How-
ever, these loadings would also reflect metabolic changes due to
both the mutation events and the environmental impact (loca-
tions/seasons). To identify the compositional differences that are
solely caused by the mutations, the assessment of the metabolite
profiling data was performed by univariate analysis. The objec-
tive was to detect metabolic differences between wild-types and
Ipa mutants which are consistent, that is, statistically significant,
at all field trials. Therefore, GC-FID data (peak heights and
corresponding retention times) were imported to Chrompare, a
software tool for automatic comparative analysis of metabolite
profiling data (/9). Results from the comparative analysis of
fractions I-1V obtained by metabolite profiling of the [pa mutant
lines and the corresponding wild-types are shown in Table 1. For
the field trials analyzed, on average, 171 peaks were included for
the comparison of Gm-lpa-TW75-1 versus Taiwan 75 and 164
peaks for Gm-Ipa-ZC-2 versus Zhechun no. 3. For Gm-lpa-TW75-
1 68 (40%) and for Gm-Ipa-ZC-2 35 (21%) statistically signifi-
cantly different peaks were found compared to the corresponding
wild-type at the field trials. The percentages of statistically
significant differences in metabolites between the two /pa mutants
and wild-types for each field trial are in the same order of
magnitude as those determined for comparable GC-based meta-
bolite profiling studies on /pa mutants of maize (24) and rice (15).

Assessment of statistically significantly differences between Ipa
soybean mutants and wild-types revealed that only some were
consistently present at all analyzed field trials. This observation is
in agreement with results obtained for /pa rice mutants, confirm-
ing the importance of environmental impact and natural varia-
bility on plant metabolite profiles (15).

The differences seen in the PCA scores plots regarding the
separation of wild-types and mutants were also reflected in the
number of consistent differences determined by the univariate
analysis. For Gm-Ipa-TW75-1, 23 of the statistically significantly
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Figure 3. GC-FID chromatograms of fraction Il obtained for the wild-type Taiwan 75 (A) and the Jpa mutant Gm-ipa-TW75-1 (B) grown in spring season 2005
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(tetracosane), C30 (triacontane), C38 (octatriacontane): retention time standards. IS: internal standard phenyl-j3-b-glucopyranoside.
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Figure 4. Electronimpact mass spectra of tentatively identified TMS derivatives of galactopinitol A (A), galactopinitol B (B), fagopyritol B1 (C), ciceritol (D), and

nonidentified galactose derivatives (E, F).

differences compared to the wild-type were found to be present
consistently at all field trials, whereas only 3 were found to be
different consistently between Gm-Ilpa-ZC-2 and the wild-type.
Significantly and consistently different compounds between the
wild-types and Ipa mutants are given in Table 2. The three
consistently different compounds in Gm-Ipa-ZC-2 were present
in fractions IIT and IV and were identified as trimethylsilyl (TMS)
derivatives of phosphate, myo-inositol, and syringic acid. Their
amounts were increased significantly compared to the wild-type.
The majority of the 23 consistent differences between the Ipa
mutant Gm-lpa-TW75-1 and its wild-type were detected in frac-
tion III. This point is illustrated by the GC-FID chromatograms
of fractions III obtained from the wild-type and Gm-lpa-TW75-1
grown in Hangzhou (spring season 2005) (Figure 3). TMS
derivatives of the significantly changed compounds glycerol,

sorbitol, myo-inositol, sucrose, galactinol, raffinose, and sta-
chyose were identified by comparing mass spectrometric data
and retention times to those of authentic reference compounds. In
addition, the galactosyl cyclitols galactopinitol A, galactopinitol
B, fagopyritol B1, and ciceritol were identified tentatively on the
basis of comparison of their mass spectra (Figure 4A—D) and
their retention behaviors to those described for these galactosyl
cyclitols in the literature (25—27). Three other consistently dif-
ferent peaks detected in fraction III were not identified. However,
MS data of two of the peaks indicate that these compounds are
also galactose derivatives (Figure 4E,F). In legumes, a broad
range of cyclitols and galactosyl derivatives has been re-
ported (28—31).

The mutant Gm-Ipa-TW75-1 exhibited significantly increased
levels of glycerol, sorbitol, and sucrose, whereas the amounts of
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Figure 5. Link between the biosynthetic pathways leading to phytic ac

id, raffinose oligosaccharides, and galactosyl cyclitols. MIPS1, 1p-myo-inositol

3-phosphate synthase; MIP, myo-inositol monophosphatase. Arrows indicate statistically significantly metabolic changes between the Jpa mutant Gm-jpa-

TW75-1 and the wild-type Taiwan 75.

all other compounds found to be consistently different in fraction
IIT were shown to be statistically significantly decreased in the
mutant.

Biogenetic Aspects. The biosynthesis of phytic acid starts with
the conversion of D-glucose 6-phosphate to 1p-myo-inositol
3-phosphate [Ins(3)P,] through b-myo-inositol 3-phosphate
synthase (MIPS1), followed by kinase-catalyzed phosphorylation
to higher homologues () (Figure 5). In addition, myo-inositol
formed by dephosphorylation of Ins(3)P; is considered to be an
important intermediate in the pathway leading to phytic
acid (4, 32).

Gm-Ipa-TW75-1. The Ipa soybean mutant Gm-lpa-TW75-1 is
characterized by the absence of lower inositol phosphates. The
reduction in phytic acid content is accompanied by a molar
equivalent increase of P; (9). Therefore, the observed significant
increase in free phosphate was expected. In addition to the altered
phosphate content, the comparative metabolite profiling of Gm-
Ipa-TW75-1 and Taiwan 75 revealed significantly decreased
contents of myo-inositol, oligosaccharides, and the tentatively
identified galactosyl cyclitols in the /pa mutant, whereas sucrose
was shown to be increased. As shown in Figure 5, the biosynthetic
pathways of phytic acid, raffinose oligosaccharides, and galacto-
syl cyclitols are closely linked. Changes observed for these sugars
in the metabolite profiles are in excellent agreement with phytic
acid reduction in this mutant due to a lesion in the MIPS1 gene (9).

Gm-Ipa-ZC-2. Of the various consistent changes observed for
metabolites in Gm-Ipa-TW75-1 compared to the wild-type, me-
tabolite profiling of the mutant Gm-Ipa-ZC-2 revealed consistent

increases only of the contents of phosphate (the intended effect),
of syringic acid, and of myo-inositol compared to wild-type.
Together with the accumulation of lower inositol phosphates,
the metabolite profiling data clearly show that the phytic acid
reductions in the two /pa soybeans investigated in this study are
based on different mutations. Increased levels of myo-inositol
have also been reported for /pa mutants of maize (33) and
barley (34), which also showed accumulation of lower inositol
phosphates (35, 36). For Ipa2 maize, a mutation in an inositol
phosphate kinase (ZmlIpk) gene was shown to be responsible for
the observed phenotype (33). The mutation target in Gm-Ipa-ZC-
2 has been located by molecular mapping (9); however, identifica-
tion of the associated enzyme(s) is still pending. Accumulation of
lower inositol phosphates and increase of myo-inositol suggest
that this mutation results from a lesion in one of the inositol
phosphate kinases involved in the latter steps of the biosynthesis
of phytic acid.

Metabolite profiling and inositol phosphate analysis of the two
Ipa soybean mutants revealed distinct differences between
Gm-lpa-TW75-1 and Gm-Ipa-ZC-2. The majority of statistically
significantly differences between /pa mutants and wild-types were
shown to be related to environmental impact and natural varia-
bility rather than to the mutation event. The consistent metabolic
changes observed in Gm-lpa-TW75-1 confirmed the suggested
mutation target (9) and demonstrate the power of metabolite
profiling in assisting in the elucidation of mutation events.

The unbiased and nontargeted screening of a broad spectrum
of metabolites also increases the probability of detecting effects
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not intended by the mutation process and thus may contribute to
a nutritional quality and safety analysis of the induced mutants.
The consistent metabolic changes observed in the /pa soybean
mutants compared to the wild-types have to be considered when
the nutritional value of the two mutants is assessed. The decreased
contents of oligosaccharides in Gm-Ipa-TW75-1 would be a
highly desirable trait as they may cause flatulence when consumed
by humans (37). Oligosaccharides cannot be hydrolyzed in the
intestine of humans due to the absence of the enzyme o-galacto-
sidase. For this reason, galactosyl cyclitols are also being dis-
cussed to produce flatulence (29).

From an agronomic point of view, such nutritional improve-
ments would also have to be considered in light of crop perfor-
mance. The yields of the soybean lines were not evaluated in the
present study. Previous field trials showed that the wild-type
Taiwan 75 had a higher grain yield (~40%) than its mutant Gm-
Ipa-TW-75-1, whereas no significant yield differences were ob-
served for Zhechun no. 3 and Gm-lpa-ZC-2 (20).

Except for tyrosine, levels of valine, leucine, serine, f-alanine,
asparagine, and citrulline were significantly increased in Gm-Ipa-
TW75-1 compared to the corresponding wild-type. However, at
this point it cannot be finally concluded whether these observa-
tions result from the intended mutation, from pleiotropic effects,
or from further mutations independent of the primary mutation
event. A single environmental impact seems to be unlikely as the
observed metabolic changes were consistently present at three
different field trials within two seasons. A targeted analysis of
amino acids in Gm-Ipa-TW75-1 and the wild-type grown in the
spring season 2004 at Hangzhou revealed no statistically signifi-
cantly amino acid concentrations (38). However, amino acid
concentrations were also slightly increased. Therefore, further
studies on the amino acid contents in the wild-type and Ipa
mutant would be necessary.

Another result that deserves further attention is the consistent
increase in syringic acid observed in Gm-Ipa-ZC-2. Considering
the important roles of phenolic compounds in soybean, it might
be useful to confirm whether this effect is also observed in other
field trials and whether this increase might be an indicator for
other changes among the nutritionally important soybean phe-
nolics.

For all effects seen in this study, it has to be kept in mind that
for each field trial only one sample from the bulked seed materials
was analyzed in triplicate. That means that despite the investiga-
tion of soybeans from different locations and different seasons,
the “environmental” treatment has not been fully replicated.
Extended analysis of further field trials might be useful to
substantiate the mutation effects seen in this study in light of
natural variability.

ACKNOWLEDGMENT

We thank Feng-Jie Yuan and Qing-Yao Shu, IAEA-Zhejiang
University Collaborating Center, Key Laboratory of Chinese
Ministry of Agriculture for Nuclear-Agricultural Sciences, Institute
of Nuclear Agricultural Sciences, Zhejiang University, Hangzhou
310029, China, for providing the seed materials. We gratefully
acknowledge the technical assistance of Oxana Fastovskaya.

LITERATURE CITED

(1) Raboy, V. Accumulation and storage of phosphate and minerals. In
Cellular and Molecular Biology of Plant Seed Development; Larkins,
B. A., Vasil, I. K., Eds.; Kluwer Academic Publishers: Dordrecht, The
Netherlands, 1997; pp 441—477.

(2) Raboy, V.; Dickinson, D. B.; Below, F. E. Variation in seed total
phosphorus, phytic acid, zinc, calcium, magnesium, and protein
among lines of Glycine max and G. s0ju. (uiaiaSad. 1984, 24, 431-434.

J. Agric. Food Chem., Vol. 57, No. 14,2009 6415

(3) Kumar, V.; Rani, A.; Rajpal, S.; Srivastava, G.; Ramesh, A.; Joshi,
O. P. Phytic acid in Indian soybean: genotypic variability and
influence of growing location. = 2005, §5, 1523
1526.

(4) Raboy, V. Seed phosphorus and the development of low-phytate
crops. In Inositol Phosphates. Linking Agriculture and the Environ-
ment; Turner, B. L., Richardson, A. E., Mullaney, E. J., Eds.; CAB
International: Wallingford, Oxfordshire, U.K., 2007; pp 111—132.

(5) Nunes, A. C. S.; Vianna, G. R.; Cuneo, F.; Amaya-Farfan, J.; de
Capdeville, G.; Rech, E. L.; Aragao, F. J. L. RNAi-mediated
silencing of the myo-inositol-1—1Iphosphate synthase gene
(GmMIPS]) in transgenic soybean inhibited seed development and
reduced phytate content. Rlggtg 2006, 224, 125-132.

(6) Shi, J.; Wang, H.; Schellin, K.; Li, B.; Faller, M.; Stoop, J. M.;
Meeley, R. B.; Ertl, D. S.; Ranch, J. P.; Glassman, K. Embryo-
specific silencing of a transporter reduces phytic acid content of
maize and soybean seeds. jitintasiuanl- 2007, 25, 930-937.

(7) Wilcox, J. R.; Premachandra, G. S.; Young, K. A.; Raboy, V.
Isolation of high seed inorganic P, low-phytate soybean mutants.
Crop Sci. 2000, 40, 1601-1605.

(8) Hitz, W. D.; Carlson, T. J.; Kerr, P. S.; Sebastian, S. A. Biochemical
and molecular characterization of a mutation that confers a de-
creased raffinosesaccharide and phytic acid phenotype on soybean
seeds. niiiinittiaged 2002, /28, 650-660.

(9) Yuan, F.-J.; Zhao, H.-J.; Ren, X.-L.; Zhu, S.-L.; Fu, X.-J.; Shu, Q.-Y.
Generation and characterization of two novel low phytate mutations
in soybean (Glycine max L. Merr.). i S RENEE. 2007, /15,
945-957.

(10) Shu, Q.-Y.; Manjaya, J. G. Generation, characterization, and
application of mutant genetic resources in soybean. ikl
Sci. 2007, 55, 147-157.

(11) Saghai Maroof, M. A.; Glover, N. M.; Biyashev, R. M.; Buss, G. R.;
Grabau, E. A. Genetic basis of the low-phytate trait in the soybean
line CX1834. QrapSai. 2009, 49, 69-76.

(12) Walker, D. R.; Scaboo, A. M.; Pantalone, V. R.; Wilcox, J. R.;
Boerma, H. R. Genetic mapping of loci associated with seed phytic
acid content in CX1834-1-2 soybean. GuguaSai. 2006, 46, 390-397.

(13) Fiehn, O.; Kopka, J.; Dérmann, P.; Altmann, T.; Trethewey, R. N.;
Willmitzer, L. Metabolite profiling for plant functional genomics.
Nagure 2000, 78, 1157-1161.

(14) Fiehn, O. Metabolomics—the link between genotypes and pheno-
types. inimtmbiniia 2002, 48, 155-171.

(15) Frank, T.; Seumo Meuleye, B.; Miller, A.; Shu, Q.-Y.; Engel, K.-H.
Metabolite profiling of two low phytic acid (/pa) rice mutants. J.
I 2007, 55, 11011-11019.

(16) Liu, Q.-L.; Xu, X.-H.; Ren, X.-L.; Fu, H.-W.; Wu, D.-X; Shu, Q.-Y.
Generation and characterization of low phytic acid germplasm in
rice (Oryza sativa L.). i . 2007, 114, 803-814.

(17) Xu, X.-H.; Liu, Q.-L.; Zhao, H.-J.; Frank, T.; Engel, K.-H.: An, G.;
Shu, Q.-Y.

. 2009, DOI: 10.1007/s00122-009-1018-1.

(18) Sandberg, A. S.; Ahderinne, R. HPLC method for determination of
inositol tri-, tetra-, penta-, and hexaphosphates in foods and in-
testinal contents. Jolaaadmag 1986, 51, 547-550.

(19) Frenzel, T.; Miller, A.; Engel, K.-H. A methodology for automated
comparative analysis of metabolite profiling data. st
Zechual 2003, 216, 335-342.

(20) Yuan, F. J. Generation, characterization and molecular analysis of
low phytate mutant germplasm in soybean (Glycine max L. Merr.)
Ph.D. Dissertation, Zhejiang University, Hangzhou, China, 2007.

(21) Kirchhoff, E. Souci-Fachmann-Kraut Food Composition and Nutri-
tion Tables, Tth ed.; MedPharm Scientific Publication: Stuttgart, Ger-
many, 2008.

(22) Meis, S. J.; Fehr, W. R.; Schnebly, S. R. Seed source effect on field
emergence of soybean lines with reduced phytate and raffinose
saccharides. Crop Sci. 2003, 43, 1336-1339.

(23) Anderson, B. P.; Fehr, W. R. Seed source affects field emergence of
low-phytate soybean lines. CuagaSa. 2008, 48, 929-932.

(24) Hazebroek, J.; Harp, T.; Shi, J.; Wang, H. Metabolomic analysis of
low phytic acid maize kernels. In H



6416  J. Agric. Food Chem., Vol. 57, No. 14, 2009

Nikolau, B. J., Wurtele, E. S., Eds.; Springer: Berlin, Germany, 2007; pp
221-237.

(25) Schweizer, T. F.; Horman, I.; Wiirsch, P. Low molecular weight
carbohydrates from leguminous seeds; a new disaccharide: galacto-
pinitol. g 1978, 29, 148-154.

(26) Schweizer, T. F.; Horman, I. Purification and structure determina-
tion of three a-p-galactopyranosyleyclitols from soya bean. Lgrbas
iR 1981, 95, 61-71.

(27) Quemener, B.; Brillouet, J.-M. Ciceritol, a pinitol digalactoside from
seeds of chickpea, lentil and white lupin. jitesbesstetey 1983, 22,
1745-1751.

(28) Yasui, T. Dissimilarity in low molecular weight carbohydrate
composition of the seeds of cultivated soybean [Glycine max (L.)
Merrill subsp. max] and wild soybean [G. max subsp. soja (Sieb. et
Zucc.) Ohashi]. gy 1985, 49, 933-937.

(29) Horbowicz, M.; Obendorf, R. L. Seed desiccation tolerance and
storability: dependence on flatulence-producing oligosaccharides
and cyclitols—review and survey. jmssesimsiley 1994, 4, 385-
405.

(30) Obendorf, R. L.; Horbowicz, M.; Dickerman, A. M.; Brenac, P.;
Smith, M. E. Soluble oligosaccharides and galactosyl cyclitols in
maturing soybean seeds in planta and in vitro. CrageSei. 1998, 38,
78-84.

(31) Obendorf, R. L.; Sensenig, E. M.; Wu, J.; Ohashi, M.; O'Sullivan, T.
E.; Kosina, S. M.; Schnebly, S. R. Soluble carbohydrates in mature
soybean seed after feeding p-chiro-inositol, myo-inositol, or b-pinitol
to stem-leaf-pod explants of low-raffinose, low-stachyose lines. 2lgt
Sci. 2008, 175, 650-655.

Frank et al.

(32) Raboy, V. Forward genetics studies of seed phytic acid. ygell
BlauSa 2007, 55, 171-181.

(33) Shi, J.; Wang, H.; Wu, Y.; Hazebroek, J.; Meeley, R. B.; Ertl, D. S.
The maize low-phytic acid mutant /pa2 is caused by mutation in an
inositol phosphate kinase gene. juisiiinidigiad 2003, /31, 507-515.

(34) Karner, U.; Peterbauer, T.; Raboy, V.; Jones, D. A.; Hedley, C. L.;
Richter, A. myo-Inositol and sucrose concentrations affect the
accumulation of raffinose family oligosaccharides in seeds. Lufap,
Bot. 2004, 55, 1981-1987.

(35) Raboy, V.; Gerbasi, P. F.; Young, K. A.; Stoneberg, S. D.; Pickett, S.
G.; Bauman, A. T.; Murthy, P. P. N.; Sheridan, W. F.; Ertl, D. S.
Origin and seed phenotype of maize low phytic acid 1-1 and low
phytic acid 2-1. jdsiiinibisiad 2000, /24, 355-368.

(36) Dorsch,J. A.; Cook, A.; Young, K. A.; Anderson, J. M.; Bauman, A.
T.; Volkmann, C. J.; Murthy, P. P. N.; Raboy, V. Seed phosphorus
and inositol phosphate phenotype of barley low phytic acid geno-
types. inimtaistatay 2003, 62, 691-706.

(37) Suarez, F. L.; Springfield, J.; Furne, J. K.; Lohrmann, T. T.; Kerr, P.
S.; Levitt, M. D. Gas production in humans ingesting a soybean flour
derived from beans naturally low in oligosaccharides. yiiimiaibiin
Nugr. 1999, 69, 135-139.

(38) Yuan, F.-J.; Zhu, D.-H.; Deng, B.; Chen, J.-C.; Fu, X.-J.; Dong, D.-
K.; Zhu, S.-L.; Li, B.-Q.; Shu, Q.-Y. Effects of two low phytic acid
mutations on seed quality and nutritional traits in soybean (Glycine

max L. Merr). | 2009, 57, 3632-3638.

Received March 27, 2009. Revised manuscript received June 4, 2009.
Accepted June 9, 2009.



