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Abstract

Sucrose, raffinose and stachyose accumulate in
soybean [Glycine max L. (Merrill)] embryos during
seed maturation. To determine the relationship of plant
maternal composition on seed composition, soluble
carbohydrates in three 1-cm2 leaf punches at three
plant growth stages (R2, R3, R6) and in seed coat cup
exudates in planta were analysed at four 30-min
intervals on soybean plants (R5) with low-raffinose,
low-stachyose (LRS) seeds expressing the mutant
stc1 phenotype; low-raffinose, low-stachyose and low-
phytin (LRSP1, LRSP2) seeds expressing the mutant
mips phenotype; or normal raffinose, stachyose and
phytin (CHECK) seeds expressing the Stc1 and Mips
phenotype. Leaf sucrose (23.6mg cm22), myo-inositol
(9.3mg cm22), D-chiro-inositol (6.7mg cm22), D-ononitol
(0.76mg cm22), D-pinitol (50.1mg cm22) and total
soluble carbohydrates (107.1mg cm22) were not signifi-
cantly different between phenotypes. D-chiro-Inositol,
myo-inositol, D-pinitol and sucrose were unloaded from
soybean seed coat cups in planta at decreasing rates
over the four sequential periods of sampling. Unloading
rates of sucrose and myo-inositol were highest for LRS,
D-pinitol was highest for LRSP2, and D-chiro-inositol was
not different between LRS, LRSP1, LRSP2 and CHECK.
Free cyclitols were 60% of total soluble carbohydrates
in leaves and 20% in seed coat cup exudates. Except
for sucrose and D-pinitol, seed phenotype had little
influence on the composition of compounds unloaded
from seed coats to maturing embryos of low-raffinose,
low-stachyose seeds. Maternally supplied cyclitols may
contribute, in part, to changes in the composition of
cyclitol galactosides stored in mature seeds.
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Introduction

Soybean [Glycine max (L.) Merrill] leaves synthesize
free cyclitols (D-chiro-inositol, myo-inositol, D-ononitol,
D-pinitol) in addition to sucrose (Streeter, 2001; Streeter
et al., 2001; Gomes et al., 2005). Sucrose, D-chiro-inositol,
myo-inositol and D-pinitol are transported to the seeds,
and are unloaded from the seed coat to the developing
embryo where they accumulate as their respective
a-galactosides during seed maturation and desiccation
(Obendorf et al., 1998, 2009; Gomes et al., 2005) (Fig. 1).
D-Ononitol, galactinol, galactopinitols, fagopyritol B1,
raffinose and stachyose were not detected in soybean
seed coat cup exudates (Gomes et al., 2005). myo-
Inositol phosphate synthase (MIPS) converts glucose-
6-phosphate to 1D-myo-inositol-3-phosphate, a key
reaction for the synthesis of myo-inositol (Fig. 1) and
downstream products galactinol, raffinose, stachyose
and phytic acid (Loewus and Murthy, 2000; Peterbauer
and Richter, 2001; Hitz et al., 2002; Raboy, 2003). Of the
four MIPS genes in soybean plants, MIPS1 is highly
expressed in immature seeds compared to the low
expression of MIPS2, MIPS3 and MIPS4 (Hegeman
et al., 2001; Hitz et al., 2002; Chappell et al., 2006; Nunes
et al., 2006; Chiera and Grabau, 2007). By contrast,
MIPS4 is highly expressed in leaves. In leaves, myo-
inositol is converted via the intermediate D-ononitol to
D-pinitol (Dittrich and Brandl, 1987) (Fig. 1). D-Pinitol
accumulates as an end product in leaves, especially
during drought stress (Streeter, 2001; Streeter et al.,
2001). There is no evidence for the conversion of
D-pinitol to D-chiro-inositol (Dittrich and Brandl, 1987).
myo-Inositol is converted to D-chiro-inositol in animals,
insects, algae and bacteria (reviewed in Hipps et al.,
1973; Pak et al., 1992; Obendorf, 1997; Sun et al., 2002;
Yoshida et al., 2006). Evidence from soybean and
buckwheat (Fagopyrum esculentum Moench) explant
feeding experiments supports the conversion of myo-
inositol to D-chiro-inositol (Gomes et al., 2005; Ma et al.,
2005) (Fig. 1). The conversion of D-ononitol to D-pinitol
and the conversion of myo-inositol to D-chiro-inositol in
plants are probably by unknown oxidoreductases
(Fig. 1) (Obendorf, 1997).
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Mature soybean seeds contain soluble carbo-
hydrates (15% of dry mass), mostly sucrose, raffinose
and stachyose plus small amounts of galactopinitols
and fagopyritols (Obendorf et al., 1998). Raffinose,
stachyose and phytin are largely undigested in non-
ruminant animals and contribute to reduced feed
efficiency and phosphorus pollution in manure (Price
et al., 1988; Heaney et al., 1991; Zhou et al., 1992; Parsons
et al., 2000; Sebastian et al., 2000). Therefore, soybean
products with low raffinose, stachyose and phytin are
desired for feeding chickens and pigs (Sebastian et al.,
2000). Consumption of low-raffinose, low-stachyose
soybean reduces flatulence in humans (Suarez et al.,
1999). Seeds expressing the mutant mips (wild-type
Mips sequence designation Gm mI 1-PS-1A, AY038802)
phenotype have low myo-inositol, galactinol, raffinose,
stachyose and phytin (50% of normal) (Sebastian et al.,
2000; Hitz et al., 2002) but are sensitive to imbibitional
chilling (Obendorf et al., 2008b) and have lower field
emergence (Meis et al., 2003). Seeds expressing the
mutant stc1 phenotype have low raffinose and
stachyose but higher galactinol (Sebastian et al., 2000;
Hitz et al., 2002), accumulate ninefold more galactosyl
cyclitols than seeds expressing the mutant mips
phenotype (Obendorf et al., 2008b), tolerate imbibi-
tional chilling (Obendorf et al., 2008b), and have field
emergence comparable to seeds expressing the Stc1
and Mips phenotype with normal raffinose, stachyose
and phytin (Neus et al., 2005). The accumulation of
cyclitol galactosides, especially fagopyritols, in
embryos of maturing soybean seeds may substitute
for low raffinose and stachyose in conveying tolerance
to imbibitional chilling (Obendorf et al., 2008b).

Sucrose, D-chiro-inositol, myo-inositol, D-pinitol are
unloaded from the seed coat (maternal tissues) to the

developing embryo of seeds expressing the Stc1 and
Mips phenotype with normal raffinose, stachyose and
phytin (Gomes et al., 2005), but the profiles of unloaded
compounds from seed coats to embryos of seeds
expressing the mutant stc1 and mips phenotypes is
unknown. The hypothesis is that maternal synthesis of
myo-inositol may be normal and independent of the
low myo-inositol synthesis in soybean seeds expressing
the mutant mips phenotype (Hitz et al., 2002). It is also
predicted that all lines have similar synthesis of
D-pinitol and D-chiro-inositol in leaves and that all lines
have similar cyclitol unloading patterns independent
of seed phenotype. The objective of this investigation
was to characterize the in planta profiles of sucrose,
D-chiro-inositol, myo-inositol and D-pinitol in leaf blade
tissues and unloaded from maternal tissues of the seed
coat to embryos of seeds expressing mutant stc1
phenotype (low raffinose and stachyose) and mutant
mips phenotype (low raffinose, stachyose and phytin)
in comparison to normal Stc1 and Mips phenotype
(normal raffinose, stachyose and phytin).

Methods

Plant materials

Seeds for each of four proprietary soybean [Glycine max
(L.) Merrill] lines with low raffinose and stachyose
(LRS) seeds expressing the mutant stc1 phenotype; low
raffinose, stachyose and phytin (LRSP1, LRSP2) seeds
expressing the mutant mips phenotype; and normal
raffinose, stachyose and phytin (CHECK) seeds
expressing the Stc1 and Mips phenotype were
provided by Steve Schnebly, Pioneer Hi-Bred, in

Figure 1. Proposed pathway for synthesis of cyclitols in leaves and phytic acid in seeds. Parentheses ( ) by an arrow indicate that
an enzyme catalysing the reaction has not been identified. IMP, myo-Inositol-phosphate monophosphatase (EC 3.1.3.25); IMT,
myo-inositol 4-O-methyltransferase (EC 2.1.1.129); IPK, inositol polyphosphate kinases; MIPS, myo-inositol-phosphate synthase
(EC 5.5.1.4); D-ononitol, 1D-4-O-methyl-myo-inositol; D-pinitol, 1D-3-O-methyl-chiro-inositol; (unknown), unknown
oxidoreductase.
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November 2003. All were advanced breeding lines in
related, but not isogenic, Group II maturity agronomic
backgrounds developed by traditional breeding. The
stc1 and mips alleles in the breeding lines utilized in
this study were described by Sebastian et al. (2000),
Hitz et al. (2002) and Meis et al. (2003). To accommodate
a series of different experiments, five replicates of each
were planted weekly and mature dry seeds were
harvested as needed for maintenance of the lines
(soybean is naturally cleistogamous). Plants from the
first or second generation of greenhouse-grown seeds
were grown in a climate-controlled greenhouse at 218C
for 10-hour nights and at 278C for 14-hour days
supplemented with 640mmol m22 s21 incandescent
light from Sylvania metal halide (1000 watt BU) lamps.

Leaf soluble carbohydrates

Three 1-cm2 leaf punches, one from each leaflet, were
taken from leaves (avoiding the larger veins) at the
fifth node of 14 replicate soybean plants at growth
stages R2 (full bloom) or R3 (beginning pod) and nine
replicate plants at growth stage R6 (full seeds) (Fehr
and Caviness, 1977) for each of the four lines (LRS,
LRSP1, LRSP2, CHECK). Other plant growth stages
were not sampled. Leaf punches from one or two
replicate plants of each line were harvested at weekly
intervals using plants from different seeding dates.
Immediately after sampling, punches were placed in a
vial, immersed in liquid nitrogen, and stored at 2808C.
The frozen leaf punches were ground to a fine powder
using a mortar and pestle cooled with liquid nitrogen.
The frozen powder was extracted in a ground glass
homogenizer with 900ml of ethanol:water (1:1, v/v)
containing 100mg of phenyl a-D-glucoside as internal
standard. Samples were centrifuged for 20 min
at 14,000 £ g at 48C, and supernatants were
passed through a 10,000 molecular weight cutoff filter
(NANOSEP 10K Omega, Pall Corp., East Hills, New
York, USA) at 14,000 £ g. The filtrate (200ml) was
transferred to a silylanized 400-ml flat-bottomed insert
in a silylation vial and dried under a stream of nitrogen
gas. Dried samples were placed above P2O5 in
desiccators overnight to remove traces of water.
Dry residues were derivatized with 100 ml of
trimethylsilylimidazole (TMSI):pyridine (1:1, v/v) for
45 min at 808C and analysed by gas chromatography
(Horbowicz and Obendorf, 1994) with minor changes
(Gomes et al., 2005).

In planta seed coat cup exudate analysis

Pods from eight replicate plants at growth stage R5
(early seed fill) (Fehr and Caviness, 1977) for each of
four lines were selected for analysis. Seed coat cup
unloading analysis was performed on the central seed

(280–300 mg fresh weight) of one pod per plant using
the surgical method of removing the distal half of the
seed coat and the entire embryo from the intact seed
coat cup, as described by Thorne and Rainbird (1983)
and Gomes et al. (2005). Because buffer, salts and
mannitol (Thorne and Rainbird, 1983) interfered with
cyclitol analysis, unloaded compounds were collected
in water. The seed coat cup was filled with 200ml
double-distilled water (ddH2O), rinsed twice within
10 min, and then refilled. Four 200-ml samples were
collected at 30-min intervals for 2 h (cups refilled after
each sampling). An equal volume of ethanol
was added to each collected sample plus 50mg of
phenyl a-D-glucoside as internal standard. Samples
were dried, and soluble carbohydrates were analysed
as described above.

Statistical analyses

Statistical analysis (ANOVA) was performed after a
square root transformation of the responses, to correct
for non-constant residual variance. Significant differ-
ences (P , 0.05) after a Tukey correction for multiple
comparisons were determined between lines, plant
growth stages and line-by-growth stage interactions,
using JMP Statistical Discovery Software, Release 7.0
(SAS Institute Inc., Cary, North Carolina, USA). When
the line-by-plant-growth-stage interaction was not
significantly different for responses in leaf punches,
data were pooled across three growth stages to
compare lines and pooled across four lines to compare
growth stages. When the line-by-sampling-period
interaction was not significantly different for unload-
ing responses, data were pooled across four sampling
periods to compare lines and pooled across four lines
to compare sampling periods. Pooled responses are
reported as mean ^ standard error of the mean
(vertical bars). Significant differences are noted by
different letters.

Results

Leaf soluble carbohydrates

Raffinose family oligosaccharides (RFO; raffinose,
stachyose, verbascose) and galactosyl cyclitols
(galactinol, galactopinitols, fagopyritols) were not
detected in leaf extracts. Sucrose (23.6 ^ 0.8, as
mg cm22 ^ SE when pooled across all treatments),
myo-inositol (9.3 ^ 0.5 mg cm22), D-chiro-inositol
(6.7 ^ 0.3mg cm22), D-ononitol (0.76 ^ 0.09mg cm22),
D-pinitol (50.1 ^ 2.4mg cm22), and total soluble carbo-
hydrates (107.1 ^ 3.6mg cm22) were present in leaf
extracts. Free cyclitols (myo-inositol, D-chiro-inositol,
D-ononitol, D-pinitol) were 60% of the total soluble
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carbohydrates extracted from leaf punches. Because
line-by-plant-growth-stage interactions were not sig-
nificantly different for each soluble carbohydrate in
leaf extracts, responses are reported as a function of
line (Fig. 2) and plant growth stage (Fig. 3).

myo-Inositol, D-chiro-inositol, D-ononitol, D-pinitol,
sucrose and total soluble carbohydrates in leaf
extracts were not significantly different among lines
(Fig. 2A–F). myo-Inositol and D-chiro-inositol at plant
growth stage R6 were significantly less than at plant
growth stages R2 and R3 (Fig. 3A, D). D-Ononitol
concentrations were low and decreased significantly
with plant growth stage (R2 . R3 . R6) (Fig. 3B).
D-Pinitol concentrations in leaf extracts were high and

increased slightly between plant growth stages R2
and R6 (Fig. 3E). D-Pinitol averaged 42% of total
soluble carbohydrates, increasing from 39% at R2 to
49% at R6. Since D-ononitol is an intermediate in the
synthesis of D-pinitol from myo-inositol (Fig. 1)
(Dittrich and Brandl, 1987), the observed decrease
in D-ononitol (Fig. 3B) in leaf punch extracts was
consistent with the observed decrease in the
concentration of the substrate myo-inositol (Fig. 3A).

Sucrose (23.6 ^ 0.8 mg cm22), glucose
(8.5 ^ 0.5 mg cm22), fructose (4.3 ^ 0.4 mg cm22),
maltose (4.5 ^ 0.3 mg cm22), total soluble carbo-
hydrates (107.1 ^ 3.6mg cm22) and total cyclitols
(66.9 ^ 2.7 mg cm22) in leaf extracts were not

Figure 2. In planta leaf punch extract concentrations (mg cm22) for myo-inositol (A), D-ononitol (B), sucrose (C), D-chiro-inositol
(D), and D-pinitol (E) and total soluble carbohydrates (F) for four soybean lines (LRS, low stachyose; LRSP1, LRSP2, low
raffinose, stachyose and phytin; CHECK normal raffinose, stachyose and phytin). Since line-by-plant-growth-stage interactions
were not significantly different, data were pooled across three plant growth stages for each line. Responses among lines were not
significantly different (P , 0.05; n ¼ 37) as noted by the same letter by each bar.

S.M. Kosina et al.148

https://doi.org/10.1017/S0960258509990043 Published online by Cambridge University Press

https://doi.org/10.1017/S0960258509990043


significantly different among lines, plant growth
stages, or line-by-growth-stage interactions (Fig. 3C,
F; reducing sugars and total cyclitols not shown).

Seed coat cup unloading of endogenous cyclitols
in planta

Mean unloading rates for sucrose, D-pinitol, myo-
inositol and D-chiro-inositol by attached seed coat cups
in planta were 147.7 ^ 4.7, 32.9 ^ 1.7, 3.6 ^ 0.1 and
5.1 ^ 0.2mg h21, respectively, when pooled across all
lines and sampling periods. D-Ononitol, galactinol,
galactopinitols, fagopyritols, raffinose, stachyose and
verbascose were not detected in seed coat cup

exudates. In the absence of significant line-by-
sampling-period interactions, responses were pooled
across sampling periods for each line (LRS, LRSP1,
LRSP2, CHECK) and pooled across lines for each
sampling period (0–30, 30–60, 60–90, 90–120 min)
(Fig. 4). Sucrose, D-pinitol, myo-inositol and D-chiro-
inositol were unloaded from soybean seed coat cups
in planta at decreasing rates over the four sequential
periods of sampling (Fig. 4E – H). Sucrose
and myo-inositol unloading rates were highest
for LRS (Fig. 4A, C), D-pinitol unloading rate was
highest for LRSP2 (Fig. 4B), and D-chiro-inositol
unloading rate was not significantly different among
lines (Fig. 4D). Cyclitols were about 20% of total
soluble carbohydrates unloaded.

Figure 3. In planta leaf punch extract concentrations (mg cm21) for myo-inositol (A), D-ononitol (B), sucrose (C), D-chiro-inositol
(D), D-pinitol (E), and total soluble carbohydrates (F) for three soybean plant growth stages (R2, full bloom; R3, beginning to
pod; R6, full seed). Since line-by-plant-growth-stage interactions were not significantly different, data were pooled across four
lines. Responses with different letters are significantly different (P , 0.05; n ¼ 14 for R2 and R3, n ¼ 9 for R6, for each of
four lines) after a Tukey correction for comparison of multiple means.
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Discussion

Soybean seeds accumulate a-galactosides of sucrose
(raffinose, stachyose, verbascose), myo-inositol (galac-
tinol), D-chiro-inositol (fagopyritols) and D-pinitol

(galactopinitols) during normal seed maturation
and desiccation (Obendorf et al., 1998; Gomes et al.,
2005). Sucrose, D-pinitol, myo-inositol and D-chiro-
inositol, but not D-ononitol, are transported from
maternal tissues to the developing embryo (Fig. 4)

Figure 4. In planta seed coat cup unloading rates for sucrose (A, E), D-pinitol (B, F), myo-inositol (C, G), and D-chiro-inositol (D, H)
for four soybean lines (A–D) and four sampling times (E–H). Responses with different letters are significantly different
(P , 0.05; n ¼ 8) after a Tukey correction for comparison of multiple means.
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(Gomes et al., 2005). myo-Inositol may also be
synthesized in immature soybean embryos (Hitz et al.,
2002; Chiera et al., 2006), but there is no evidence for
the synthesis of D-chiro-inositol and D-pinitol in
embryos (Obendorf et al., 2004; Gomes et al., 2005;
Chiera et al., 2006). Feeding free D-chiro-inositol and
D-pinitol increased fagopyritols and galactopinitols,
respectively, in soybean cotyledons (Obendorf et al.,
2004; Gomes et al., 2005). Soybean somatic embryos
transformed with a myo-inositol O-methyl transferase
(IMT, Fig. 1) gene accumulated D-ononitol and
D-pinitol during embryo maturation (Chiera et al.,
2006). D-Pinitol accumulation in leaves was not
different between transformed and non-transformed
plants (Chiera et al., 2006). Soybean seeds expressing
the mutant stc1 phenotype have reduced raffinose
synthase activity and low raffinose and stachyose
(LRS) accumulation (Hitz et al., 2002), but high
galactinol synthase activity (Hitz et al., 2002) and
higher galactinol accumulation (Hitz et al., 2002;
Obendorf et al., 2008b, 2009). Seeds expressing the
mutant mips phenotype have low raffinose, stachyose
and phytin (LRSP1, LRSP2) (Sebastian et al., 2000;
Hitz et al., 2002) in addition to low concentrations
of galactinol (Hitz et al., 2002; Obendorf et al.,
2008b, 2009).

Soybean seed coat cups unload the amides
glutamine and asparagine (70% of N) and amino
acids in addition to sucrose (90% of C), but
cyclitols were not determined (Rainbird et al., 1984).
Amides and amino acids were not determined in the
present study. Free cyclitols, mostly D-pinitol
and lesser amounts of myo-inositol, D-chiro-inositol
and D-ononitol, accounted for 60% of the soluble
carbohydrates in leaves in the current study. Sucrose
and small amounts of reducing sugars were also
present. In contrast, sucrose accounted for 72–85% and
free cyclitols (D-pinitol, myo-inositol, D-chiro-inositol;
D-ononitol was not detected) accounted for 14 (LRS)
to 28% of the soluble carbohydrates unloaded
from seed coats in planta. Rates of sucrose unloading
(1–2mmol h21) were similar to those previously
reported (Thorne and Rainbird, 1983; Gomes et al.,
2005). Soybean seeds from plants expressing the
mutant stc1 and mips phenotypes had significantly
higher sucrose concentrations than seeds from plants
expressing the Stc1 and Mips phenotype with normal
raffinose, stachyose and phytin (Hitz et al., 2002).
Interestingly, sucrose unloading rates were also higher
for intact seed coats on LRS plants expressing the
mutant stc1 phenotype and LRSP2 plants expressing
the mutant mips phenotype than unloading rates for
intact seed coats on CHECK plants expressing the Stc1
and Mips phenotype.

Leaf pinitol concentrations increased slightly
between plant growth stages R2 and R6, consistent
with the pattern reported by Streeter et al. (2001).

The pinitol-to-sucrose ratio was lower in the present
study than reported by Streeter et al. (2001) for soybean
leaves at the same node, and the ratio of pinitol to
other cyclitols was lower than reported by Streeter
(2001). As expected, leaf blades of all four soybean
lines had similar compositions of soluble carbo-
hydrates. Therefore, leaf tissues (or other maternal
tissues) were not sampled on plants used for the seed
coat cup unloading experiment. All seed coat cups
were prepared on plants at the same plant growth
stage and the same seed size (280–300 mg fresh
weight) at mid seed fill, approximately 35 days after
flowering (DAF), during the linear phase of seed dry
matter accumulation. The patterns of seed fresh
weight, dry weight, water content and seed growth
rates were not significantly different among the four
lines during this sampling period (Obendorf et al.,
2009). All were advanced breeding lines in related, but
not isogenic, Group II maturity agronomic back-
grounds. Therefore, as observed, some differences in
maternal responses may be expected. Sucrose and
myo-inositol unloading rates were highest for LRS,
consistent with low raffinose and stachyose, high
sucrose and high galactinol accumulations in LRS
cotyledons (Obendorf et al., 2009). The D-pinitol
unloading rate was highest for LRSP2, consistent
with the high concentrations of free D-pinitol in
LRSP2 cotyledons (Obendorf et al., 2009). These
observations imply that differences in seed compo-
sition may be due, in part, to the supply of
cyclitols unloaded from seed coats to embryos,
where they may be stored as their respective cyclitol
galactosides during seed maturation (Obendorf
et al., 2009).

Horbowicz and Obendorf (1994) and Horbowicz
et al. (1998) proposed that galactosyl cyclitols,
including fagopyritols, may function in the role of
RFO in conferring desiccation tolerance to maturing
seeds naturally low in raffinose and stachyose.
Soybean seeds expressing the mutant stc1 phenotype
have low raffinose and low stachyose (LRS) (Sebastian
et al., 2000; Hitz et al., 2002) but have increased
galactosyl cyclitol (galactinol, fagopyritols, galacto-
pinitols) accumulation in mature seeds, are tolerant to
imbibitional chilling (Obendorf et al., 2008b) and have
field emergence comparable to that of seeds expressing
Stc1 and MIPS with normal raffinose, stachyose and
phytin (Neus et al., 2005). However, soybean seeds
expressing the mutant mips phenotype have low
stachyose, low phytin (LRSP1, LRSP2), and low
galactosyl cyclitol accumulation in mature seeds, are
sensitive to imbibitional chilling (Obendorf et al.,
2008b) and have lower field emergence (Meis et al.,
2003). Embryo tissues of buckwheat (Fagopyrum
esculentum Moench) seeds do not accumulate raffinose
(traces only) and only very small amounts of
stachyose, but instead accumulate fagopyritols in
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correlation with the onset of seed desiccation tolerance
(Horbowicz et al., 1998). Soybean stem–leaf–pod
explants (Gomes et al., 2005; Obendorf et al., 2008a)
can provide an effective method to load exogenous
substrates, including free cyclitols, through the cut
stem by the transpiration stream into maternal tissues
of soybean. As proof of concept, it may be possible in
future experiments to demonstrate the unloading of
D-chiro-inositol, and other substrates, from seed coat
cups made surgically on soybean stem–leaf–pod
explants. Indeed, increasing the supply of D-chiro-
inositol to soybean stem–leaf–pod explants increased
the accumulation of fagopyritols in mature seeds of
LRS, LRSP1, LRSP2 and CHECK (Obendorf et al.,
2008a), but seed coat unloading on stem–leaf–pod
explants has not been published.

Compositional changes in seeds expressing the
mutant stc1 phenotype or mutant mips phenotype in
maturing embryos were not reflected in compo-
sitions of in planta leaf extracts, but some differences
were observed in planta in rates of unloading
compounds from seed coats to embryos expressing
the mutant phenotypes. Maternally supplied
cyclitols may contribute, in part, to changes in the
composition of cyclitol galactosides stored in the
mature seeds. Analysis of seed coat exudates may
be a useful assay to survey soybean lines for
increased D-chiro-inositol synthesis in maternal
tissues, increased supply of D-chiro-inositol to
embryos and increased accumulation of fagopyritols
in mature seeds, with the potential of improving
field performance for soybean seeds expressing the
mutant mips phenotype.

Acknowledgements

This research was conducted as part of Multistate
Project W-1168 (NY-C 125-802; NY-C 125-902) and
supported in part by Morley and Hatch-Multistate
Undergraduate Research Grants (S.M.K.), a Presi-
dent’s Council for Cornell Women Undergraduate
Research Grant (S.M.K.), The Hunter R. Rawlings III
Cornell Presidential Research Scholars program (A.C.),
and Cornell University Agricultural Experiment
Station federal formula funds received from Coopera-
tive State Research, Education and Extension Service,
US Department of Agriculture. Any opinions, find-
ings, conclusions or recommendations expressed in
this publication are those of the authors and do not
necessarily reflect the view of the US Department of
Agriculture. Some of the results were included in a
Biology Undergraduate Research Honors Thesis
(Cornell University, May 2007) by S.M.K. We gratefully
acknowledge R.C. Petrella Jr, Angela D. Zimmerman,
Bethan A. Lemley, Carly I. Gomes, Peter R. Hobbs and

Cara H. Haney for assistance with experiments, and
Françoise Vermeylen for advice on statistical analysis.

References

Chappell, A.S., Scaboo, A.M., Wu, X., Nguyen, H.,
Pantalone, V.R. and Bilyeu, K.D. (2006) Characterization
of the MIPS gene family in Glycine max. Plant Breeding
125, 493–500.

Chiera, J.M. and Grabau, E.A. (2007) Localization of myo-
inositol phosphate synthase (GmMIPS-1) during the
early stages of soybean seed development. Journal of
Experimental Botany 58, 2261–2268.

Chiera, J.M., Streeter, J.G. and Finer, J.J. (2006) Ononitol and
pinitol production in transgenic soybean containing the
inositol methyl transferase gene from Mesembryanthemum
crystallinum. Plant Science 171, 647–654.

Dittrich, P. and Brandl, A. (1987) Revision of the pathway of
D-pinitol formation in Leguminosae. Phytochemistry 26,
1925–1926.

Fehr W.R. and Caviness C.E. (1977) Stages of soybean
development. Ames, Special Report 80, Cooperative
Extension Service, Iowa State University.

Gomes, C.I., Obendorf, R.L. and Horbowicz, M. (2005)
myo-Inositol, D-chiro-inositol, and D-pinitol synthesis,
transport, and galactoside formation in soybean
explants. Crop Science 45, 1312–1319.

Heaney, R.P., Weaver, C.M. and Fitzsimmons, M.L. (1991)
Soybean phytate content – effect on calcium absorption.
American Journal of Clinical Nutrition 53, 745–747.

Hegeman, C.E., Good, L.L. and Grabau, E.A. (2001)
Expression of D-myo-inositol-3-phosphate synthase in
soybean. Implications for phytic acid biosynthesis. Plant
Physiology 125, 1941–1948.

Hipps, P.P., Sehgal, R.K., Holland, W.H. and Sherman, W.R.
(1973) Identification and partial characterization of
inositol-NADþ epimerase and inosose: NAD(P)H
reductase from the fat body of the American cockroach,
Periplaneta americana. Biochemistry 12, 4705–4712.

Hitz, W.D., Carlson, T.J., Kerr, P.S. and Sebastian, S.A.
(2002) Biochemical and molecular characterization of a
mutation that confers a decreased raffinosaccharide and
phytic acid phenotype on soybean seeds. Plant Physiology
128, 650–660.

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

Horbowicz, M., Brenac, P. and Obendorf, R.L. (1998)
Fagopyritol B1, O-a-D-galactopyranosyl-(1 ! 2)-D-chiro-
inositol, a galactosyl cyclitol in maturing buckwheat
seeds associated with desiccation tolerance. Planta 205,
1–11.

Loewus, F.A. and Murthy, P.P.N. (2000) myo-Inositol
metabolism in plants. Plant Science 150, 1–19.

Ma, J.M., Horbowicz, M. and Obendorf, R.L. (2005) Cyclitol
galactosides in embryos of buckwheat stem-leaf-seed
explants fed D-chiro-inositol, myo-inositol, or D-pinitol.
Seed Science Research 15, 329–338.

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

S.M. Kosina et al.152

https://doi.org/10.1017/S0960258509990043 Published online by Cambridge University Press

https://doi.org/10.1017/S0960258509990043


Neus, J.D., Fehr, W.R. and Schnebly, S.R. (2005) Agronomic
and seed characteristics of soybean with reduced
raffinose and stachyose. Crop Science 45, 589–592.

Nunes, A.C.S., Vianna, G.R., Cuneo, F., Amaya-Farfán, J.,
de Capdeville, G., Rech, E.L. and Aragão, F.J.L. (2006)
RNAi-mediated silencing of the myo-inositol-1-phos-
phate synthase gene (GmMIPS1) in transgenic soybean
inhibited seed development and reduced phytate
content. Planta 224, 125–132.

Obendorf, R.L. (1997) Oligosaccharides and galactosyl
cyclitols in seed desiccation tolerance (Review Update).
Seed Science Research 7, 63–74.

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

Obendorf, R.L., Odorcic, S., Ueda, T., Coseo, M.P. and
Vassallo, E. (2004) Soybean galactinol synthase forms
fagopyritol B1 but not galactopinitols: substrate feeding
of isolated embryos and heterologous expression. Seed
Science Research 14, 321–333.

Obendorf, R.L., Sensenig, E.M., Wu, J., Ohashi, M.,
O’Sullivan, T.E., Kosina, S.M. and Schnebly, S.R.
(2008a) Soluble carbohydrates in mature soybean seed
after feeding D-chiro-inositol, myo-inositol, or D-pinitol to
stem-leaf-pod explants of low-raffinose, low-stachyose
lines. Plant Science 175, 650–655.

Obendorf, R.L., Zimmerman, A.D., Ortiz, P.A., Taylor, A.G.
and Schnebly, S.R. (2008b) Imbibitional chilling sensi-
tivity and soluble carbohydrate composition of low
raffinose, low stachyose soybean seed. Crop Science 48,
2396–2403.

Obendorf, R.L., Zimmerman, A.D., Zhang, Q., Castillo, A.,
Kosina, S.M., Bryant, E.G., Sensenig, E.M., Wu, J. and
Schnebly, S.R. (2009) Accumulation of soluble carbo-
hydrates during seed development and maturation of
low-raffinose, low-stachyose soybean. Crop Science 49,
329–341.

Pak, Y., Huang, L.C., Lilley, K.J. and Larner, J. (1992) In vivo
conversion of [3H]myo-inositol to [3H]chiro-inositol in
rat tissues. Journal of Biological Chemistry 267,
16904–16910.

Parsons, C.M., Zhang, Y. and Araba, M. (2000) Nutritional
evaluation of soybean meals varying in oligosaccharide
content. Poultry Science 79, 1127–1131.

Peterbauer, T. and Richter, A. (2001) Biochemistry and
physiology of raffinose family oligosaccharides and
galactosyl cyclitols in seeds. Seed Science Research 11,
185–198.

Price, K.R., Lewis, J., Wyatt, G.M. and Fenwick, G.R. (1988)
Flatulence – causes, relation to diet and remedies. Die
Nahrung 32, 609–623.

Raboy, V. (2003) myo-Inositol-1,2,3,4,5,6-hexakisphosphate.
Phytochemistry 64, 1033–1043.

Rainbird, R.M., Thorne, J.H. and Hardy, R.W.F. (1984) Role
of amides, amino acids, and ureides in the nutrition of
developing soybean seeds. Plant Physiology 74, 329–334.

Sebastian, S.A., Kerr, P.S., Pearlstein, R.W. and Hitz, W.D.
(2000) Soybean germplasm with novel genes for
improved digestibility. pp. 56–73 in Drackley, J.K. (Ed.)
Soy in animal nutrition. Savoy, Illinois, Federation of
Animal Science Societies.

Streeter, J.G. (2001) Simple partial purification of D-pinitol
from soybean leaves. Crop Science 41, 1985–1987.

Streeter, J.G., Lohnes, D.G. and Fioritto, R.J. (2001) Patterns
of pinitol accumulation in soybean plants and relation-
ships to drought tolerance. Plant Cell and Environment 24,
429–438.

Suarez, F.L., Springfield, J., Furne, J.K., Lohrmann, T.T.,
Kerr, P.S. and Levitt, M.D. (1999) Gas production in
humans ingesting a soybean flour derived from beans
naturally low in oligosaccharides. American Journal of
Clinical Nutrition 69, 135–139.

Sun, T.H., Heimark, D.B., Nguyen, T., Nadler, J.L. and
Larner, J. (2002) Both myo-inositol to chiro-inositol
epimerase activities and chiro-inositol to myo-inositol
ratios are decreased in tissues of GK type 2 diabetic rats
compared to Wistar controls. Biochemical and Biophysical
Research Communications 293, 1092–1098.

Thorne, J.H. and Rainbird, R.M. (1983) An in vivo technique
for the study of phloem unloading in seed coats of
developing soybean seeds. Plant Physiology 72, 268–271.

Yoshida, K., Yamaguchi, M., Morinaga, T., Ikeuchi, M.,
Kinehara, M. and Ashida, H. (2006) Genetic modifi-
cation of Bacillus subtilis for production of D-chiro-
inositol, an investigational drug candidate for treatment
of type 2 diabetes and polycystic ovary syndrome.
Applied and Environmental Microbiology 72, 1310–1315.

Zhou, J.R., Fordyce, E.J., Raboy, V., Dickinson, D.B., Wong,
M.S., Burns, R.A. and Erdman, J.W. Jr (1992) Reduction
of phytic acid in soybean products improves zinc
bioavailability in rats. Journal of Nutrition 122, 2466–2473.

Received 7 April 2008
accepted after revision 24 April 2009

q 2009 Cambridge University Press

Soybean seed coat cup unloading 153

https://doi.org/10.1017/S0960258509990043 Published online by Cambridge University Press

https://doi.org/10.1017/S0960258509990043

