
Selection of our books indexed in the Book Citation Index 

in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 

For more information visit www.intechopen.com

Open access books available

Countries delivered to Contributors from top 500 universities

International  authors and editors

Our authors are among the

most cited scientists

Downloads

We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

12.2%

186,000 200M

TOP 1%154

6,900



13 
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1. Introduction  

Soybean seeds accumulate soluble carbohydrates throughout development and maturation. 
Soluble carbohydrates may have important roles in seed germination, seed desiccation 
tolerance, and cold stress tolerance.  The analysis of soluble carbohydrates in soybean seeds 
and other plant parts at various growth stages (Obendorf et al., 1998b & 2009; Kosina et al., 
2009), under environmental stresses (Blackman et al., 1992; Buitink et al., 2004; Caffrey et al., 
1988; Koster & Leopold, 1988; Obendorf et al., 1997; Rosnoblet et al., 2007; Obendorf et al., 
2008b) and in mutant lines (Sebastain et al., 2000; Hitz et al., 2002; Obendorf et al., 2008b & 
2009) has provided valuable information about the potential roles of these compounds. The 
methods for analysis of soluble carbohydrates involve extraction of compounds and 
quantification by HPLC or high resolution gas chromatography. A special method for 
measuring transport unloading from the seed coat to the embryo has been developed 
(Thorne & Rainbird, 1983; Rainbird et al., 1984; Ellis & Spanswick, 1987; Gomes et al., 2005; 
Kosina et al., 2009 & 2010). In the leaves of soybean plants, glucose is converted to glucose-6-
phosphate and then to myo-inositol. Maternally, myo-inositol is converted to D-pinitol (1D-3-
O-methyl-chiro-inositol) through D-ononitol (1D-4-O-methyl-myo-inositol) as an 
intermediate; myo-inositol also is converted to D-chiro-inositol. Three cyclitols (myo-inositol, 
D-pinitol, and D-chiro-inositol) along with sucrose are transported to developing seeds via 
the phloem where they are unloaded from the seed coat into the apoplastic space 
surrounding the embryo. During seed maturation the transported free cyclitols accumulate 
as galactosyl cyclitols, digalactosyl cyclitols, or trigalactosyl cyclitols in the axis and 
cotyledons of the maturing embryos. Sucrose accumulates as sucrose and as raffinose family 
oligosaccharides (RFO; raffinose, stachyose and verbascose), myo-inositol accumulates as 
galactinol series oligosaccharides (galactinol, digalactosyl myo-inositol and trigalactosyl myo-
inositol), D-chiro-inositol accumulates as fagopyritols (fagopyritol B1, fagopyritol B2, and 
fagopyritol B3), and D-pinitol accumulates as galactopinitols (galactopinitol A, galactopinitol 
B, ciceritol, and trigalactopinitol A). In the seed, myo-inositol also is converted to phytic acid 
(myo-inositol hexakisphosphate) which is stored in seed protein bodies as phytin (the 
potassium, sodium, and magnesium salts of phytic acid), a major source of phosphorus and 
cation chelation. Raffinose family oligosaccharides and phytin can result in reduction of the 
digestibility and the economic, environmental and dietary value of soybean seed. 
Consumption of RFO from mature seed products results in flatulence in humans and non-
ruminants in addition to reduced digestibility in chickens and pigs (Sebastian et al., 2000). 
Reducing raffinose and stachyose accumulation in soybean seeds results in increases in 
metabolizable energy in soybean feed (Sebastian et al., 2000) and reduces flatulence in 
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humans (Suarez et al., 1999). When consumed, phytic acid is a major inhibitor of both 
calcium (Heaney et al., 1991) and iron (Lynch et al., 1994) absorption in humans and also 
results in high phytate concentrations in the manure of chickens and pigs (Sebastian et al., 
2000; Hitz et al., 2002). Phosphorus runoff from manure accumulates in lakes and streams 
resulting in their subsequent eutrophication (Sharpley et al., 2003). In comparison, 
consumption of products with low phytic acid improves mineral absorption (Heaney et al., 
1991; Lynch et al., 1994) and reduces livestock fecal and urinary total phosphorus by 40% 
with an increase of less damaging and essential nutrient, absorbable (digestible) inorganic 
phosphorus (Htoo et al., 2007). Mutants have been identified which reduce the accumulation 
of these undesirable compounds in soybean seeds. 
Several useful reviews on soluble carbohydrates in seeds have been published (Dey, 1990; 
Horbowicz & Obendorf, 1994; Avigad & Dey, 1997; Obendorf, 1997; Loewus & Murthy, 
2000; Górecki et al., 2001; Kadlec et al., 2001; Peterbauer & Richter, 2001; Raboy, 2009). This 
chapter describes the soluble carbohydrate composition of soybean seeds, the structures and 
biosynthetic pathways, accumulation of soluble carbohydrates during seed development 
and maturation and their degradation during hydration and germination, a description of 
changes in soluble carbohydrates in soybean seeds expressing mutant stc1 and mips 
phenotypes, and the trade-off between improved nutritional quality and agronomic 
performance of seeds with modified soluble carbohydrate composition. 

2. Soluble carbohydrate extraction and analysis 

2.1 Greenhouse growth of soybean plants 
Locally (42° north latitude) adapted genotypes and cultivars of soybean (maturity groups I 
and II with indeterminate growth habit) are grown throughout the year in a greenhouse at 
27°C day (14 hours) and 21°C night (10 hours) with natural sunlight supplemented 14 hours 
daily with 740 µmole cm-2 hour-1 incandescent light from 1000 watt BU Sylvania metal- 
halide lamps positioned above the plants (Fig. 1). After inoculation of soybean seeds with 
 

 

Fig. 1. Soybean plant growth in greenhouse. 
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Bradyrhizobium japonicum, three seeds are placed at 1-cm depth in moist greenhouse soil mix 
in 4-L pots. The soil mix is composed of equal volumes of silty clay loam soil and artificial 
medium. The artificial medium contains 0.2 m3 coarse vermiculite, 0.2 m3 peat moss, 0.5 kg 
ferrous sulfate, and 1 kg commercial fertilizer (10-10-10, % as N, P2O5, and K2O equivalents). 
At 1 week after emergence, seedlings are thinned to 1 plant per pot. Plants are thoroughly 
watered and fertilized with 2 g pot-1 of commercial fertilizer (20-20-20, % as N, P2O5, and 
K2O equivalents) in water at weekly intervals. Plants are debranched to promote pod set on 
the main stem, and plants are rotated on the greenhouse bench weekly. This method 
provides a continuous supply of soybean plants, pods, and seeds at all stages of seed 
development and maturation for experimentation throughout the year. Pods and seeds may 
be selected at specific growth stages to synchronize samples for experimentation. 

2.2 Soybean stem-leaf-pod explants 
Soybean stem-leaf-pod explants which include one internode, one leaf, and one pod with 
three immature seeds (280–300 mg fresh weight each; about 35 days after pollination; at 
mid-seed fill before accumulation of RFO, fagopyritols, and galactopinitols) are prepared for 
feeding exogenous substrates (Gomes et al., 2005; Obendorf et al., 2008a; Kosina et al., 2010) 
and analysis of seed coat unloading (Kosina et al., 2010). The cut, basal end of the internode 
(stem) of each explant is placed in a 125-mL Erlenmeyer flask (one explant per flask) 
containing 100 mL of a feeding solution (Fig. 2). Each solution is loaded into an explant 
through the cut stem and transported to the leaf by the transpiration stream and to the seed 
coat through the phloem (Fig. 2). The effect of feeding specific substrates on the composition 
of mature dry seeds can be determined after feeding the explants for 1-2 weeks followed by 
slow drying of the explants to facilitate maturation of the seeds (Gomes et al., 2005; 
Obendorf et al., 2008a). 
 

 

Fig. 2. Soybean stem-leaf-pod explants in cyclitol solutions or a control solution. 

2.3 Soybean seed coat cup 
The use of seed coat cups (Fig. 3), formed by surgically removing the immature embryo 
from the immature soybean seed forming an empty seed coat, is a useful technique to study 
compounds unloaded from the seed coat into the apoplastic space surrounding the embryo 
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(Thorne & Rainbird, 1983; Rainbird et al., 1984; Ellis & Spanswick, 1987; Gomes et al., 2005; 
Kosina et al., 2009 & 2010). Seed coat cup unloading analysis is performed on the middle 
seed using the surgical method of removing the distal half of the seed coat and the entire 
embryo from the intact seed coat cup (Fig. 3; Thorne & Rainbird, 1983; Ellis & Spanswick, 
1987; Gomes et al., 2005; Kosina et al., 2009 & 2010). Because buffer, salts and mannitol 
(Thorne & Rainbird, 1983) interfere with derivatization of soluble carbohydrates for analysis 
by gas chromatography, unloaded compounds are collected in water (Gomes et al., 2005; 
Kosina et al., 2009 & 2010). Freshly prepared, empty seed coat cups are rinsed two times 
with distilled water to remove residues and fragments left over from the excision process 
(Ellis & Spanswick, 1987). The seed coat cup is filled with 200 μL ddH20 and four 200-μL 
samples are collected at 30-min intervals for 2 hours (cups refilled after each sampling). An 
equal volume of ethanol and a known amount of internal standard are added to the sample 
which is dried and derivatized for analysis by gas chromatography. 
Sucrose unloading rates into surgically prepared seed coat cups are comparable to the 
sucrose unloading rates in plants that are not surgically altered (0.5-1.0 µmole h-1; Thorne & 
Rainbird, 1983). We have successfully used the seed coat cup method to identify the soluble 
carbohydrates unloaded by seed coats on intact soybean plants (Gomes et al., 2005; Kosina 
et al., 2009) and also by seed coats on soybean stem-leaf-pod explants after feeding specific 
substrates to explants (Kosina et al., 2010).  

Fig. 3. Soybean seed coat cup on plant. Seed coat cups are filled with distilled water. 
Samples are taken at 30-minute intervals for 2 hours and analyzed for soluble carbohydrates 
unloaded from seed coats. 

2.4 Extraction of water-soluble carbohydrates 
Soybean, other oil seeds or seed parts (one axis, one or two cotyledons, one seed coat) may 
be finely pulverized by placing seeds or seed parts in liquid nitrogen and grinding the 
frozen tissues to a fine powder with a mortar and pestle that is pre-chilled with liquid 
nitrogen. Tissue (3 to 300 mg) pulverization is easily performed with frozen immature seeds 
or frozen mature dry seeds or seed parts. A single seed, axis, cotyledon, or seed coat may be 
prepared for extraction and analysis. Soluble carbohydrates may be extracted in water or hot 
water. Unfortunately, water extracts may also include contaminating proteins, hydrolytic 
enzymes, and sometimes cell wall or membrane components. Extraction with aqueous 
alcohol (water:ethanol, 1:1, v/v) minimizes contamination and activity of hydrolytic 
enzymes. Passing the aqueous ethanol extract through a 10,000 molecular weight cut-off 
filter can remove many of the contaminating protein components. Heating the aqueous 
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ethanol extract to 80°C may inactivate hydrolytic enzymes and minimize degradation of 
oligosaccharides and galactosyl cyclitols. Heating acidic plant tissue extracts may result in 
specific artifacts. For example, glutamine readily cyclizes to pyrrolidone carboxylic acid at 
100°C (Chibnall & Westall, 1932). myo-Inositol may undergo chemical isomerization after 
heating under specific conditions (Sasaki et al., 1988; Taguchi et al., 1997). Therefore, seed 
culture media are sterilized by ultafiltration (Saab & Obendorf, 1989; Obendorf et al., 1990; 
1998a; 1998b; Wettlaufer & Obendorf, 1991). The filtrate of the aqueous ethanolic extracts of 
seeds or seed parts may be evaporated under a stream of nitrogen gas at room temperature 
leaving a dry residue for liquid chromatography or for derivatization in preparation for 
analysis by gas chromatography. Larger volumes may be freeze-dried when extracting, 
concentrating, and purifying standards from plant materials.  
Typically, the frozen powder from one soybean axis is homogenized with 0.6 mL of 
ethanol:water (1:1, v/v) containing 100 µg of phenyl α-D-glucoside as internal standard in a 
ground-glass tissue homogenizer, one soybean cotyledon is extracted in 2.0 mL of 
ethanol:water (1:1, v/v) containing 300 µg of phenyl α-D-glucoside as internal standard in a 
ground-glass tissue homogenizer, and one soybean seed coat is extracted in 1.0 mL of 
ethanol:water (1:1, v/v) containing 100 µg of phenyl α-D-glucoside as internal standard in a 
ground-glass tissue homogenizer. The extracts are centrifuged at 15,000 x g in a microfuge. 
Aliquots (500 µL) of the cleared supernatants are passed through a 10,000 molecular weight 
cut-off filter (Nanosep 10K Omega, Pall Life Sciences, Ann Arbor, Michigan, USA), 200 µL of 
each filtrate is dried under a stream of nitrogen gas and stored over P2O5 overnight to 
remove traces of water. The dried residues are derivatized with trimethylsilyl- 
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Fig. 4. Gas chromatogram of mature soybean seed cotyledon extract. Dried residues of 
extracts including the internal standard phenyl α-D-glucoside were derivatized with 
trimethylsilylimidazole (TMSI):pyridine and analyzed by gas chromatography (Horbowicz 
& Obendorf, 1994) with minor changes (Gomes et al., 2005) on an HP-1MS capillary column 
(15 m length, 0.25 mm internal diameter, 0.25 µm film thickness). Identification of peaks: D-
pinitol (1), D-chiro-inositol (2), myo-inositol (3), phenyl α-D-glucoside (internal standard) (4), 
sucrose (5), galactopinitol A (6), galactopintiol B (7), fagopyritol B1 (8), galactinol (9), 
raffinose (10), ciceritol (11), fagopyritol B2 (12), DGMI (digalactosyl myo-inositol) (13), and 
stachyose (14). Soybean seeds expressing the mutant stc1 phenotype may accumulate small 
amounts of trigalactosyl cyclitols (not shown in illustration) including trigalactosyl pinitol A 
(TGPA, 37.8 min), fagopyritol B3 (39.9 min), and trigalactosyl myo-inositol (TGMI, 40.4 min). 
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imidazole:pyridine (1:1, v/v) for analysis by high resolution gas chromatography (Fig. 4). 
We use silanized glass inserts for drying and derivatization in preparation for analysis by 
gas chromatography to reduce the potential for chemical isomerization. 

2.5 Analysis of soluble carbohydrates 
High resolution gas chromatography is the preferred method of analysis of soybean soluble 
carbohydrates which are relatively small oligomers (monomers to tetramers). Fifteen to 
thirty different soluble carbohydrates may be identified with good resolution on a single 
chromatogram (Fig. 4). We use long-cup laminar cup splitter liners (Catalog #20802, Restek 
International, intltechsupp@restek.com) in the split injection port to facilitate volatilization 
of the high molecular weight trimethylsilylated carbohydrates (di- and trigalactosides). 
Some researchers prefer to use direct on-column injection (Traitler et al., 1984). 
High pressure liquid chromatography (HPLC) may be preferable for separation of larger 
oligosaccharides (larger than verbascose, a pentamer) but resolution of monosaccharides 
and separation of different cyclitols and different galactosyl cyclitols are sometimes 
problematic when using HPLC. 
Analysis of soluble carbohydrates by gas chromatography (Horbowicz & Obendorf, 1994) 

requires that pure authentic compounds be used as reference standards. Fortunately, many 

soluble carbohydrates found in soybean seeds are commercially available (see Kadlec et al., 

2001, for a listing of sources). Some of the galactosyl cyclitols are not available commercially 

and must be extracted from plant sources. Kadlec et al. (2001) itemize several plant sources 

from which standard cyclitols and galactosyl cyclitols may be isolated and provide detailed 

comparisons of commonly used methods of analysis. Some useful references for the 

preparation of cyclitols, galactopinitols, fagopyritols, and galactosyl myo-inositols include: 

Ford, 1985; Schweizer et al., 1978; Quemener & Brillouet, 1983; Schweizer & Horman, 1981; 

Nicolas et al., 1984; Gantner et al., 1991; Horbowicz & Obendorf, 1994; Horbowicz et al., 

1998; Szczecinski et al., 1998 & 2000; Obendorf et al., 2000; Steadman et al., 2001; Streeter, 

2001; Frank et al., 2009). Recently, the structures of fagopyritol B3, digalactosyl myo-inositol 

(DGMI) and trigalactosyl myo-inositol from buckwheat seeds have been confirmed by NMR 

(Gui, W., Lemley, B.A., Keresztes, I., Condo, A., Steadman, K.J. & Obendorf, R.L., 

unpublished). 

3. Soluble carbohydrate composition of mature seeds 

Mature dry soybean seeds may contain 15 to 20 different soluble carbohydrates amounting to 

approximately 15 to 25% of dry weight (Table 1). Raffinose family oligosaccharides, 

predominantly stachyose in mature dry soybean seeds, are α-galactosyl derivatives of sucrose 

(Fig. 5). Sucrose and RFO are the major soluble carbohydrates in soybean seeds (Amuti & 

Pollard, 1977; Kuo et al., 1988; Horbowicz & Obendorf, 1994; Obendorf et al., 1998b). Other 

soluble carbohydrates include α-galactosyl derivatives of the cyclitols myo- inositol (galactinol 

and sometimes digalactosyl myo-inositol and trigalactosyl myo-inositol) (Fig. 6), D-pinitol 

(galactopinitol A and sometimes digalactosyl pinitol A (ciceritol) and trigalactosyl pinitol A 

(Fig. 7), and galactopinitol B (Fig. 8), but the digalactosyl pinitol B and trigalactosyl pinitol B 

oligomers have not been detected in soybean seeds), and D-chiro-inositol (fagopyritol B1 and 

sometimes the di- and tri- galactosyl oligomers fagopyritol B2 and fagopyritol B3) (Fig. 9). 

Small amounts of myo-inositol, D-pinitol, and D-chiro-inositol may also be detected in mature 
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dry seeds. Other than small amounts of maltose (Table 1), reducing sugars are in low 

concentrations, or not detected, in mature dry seeds. Stachyose and other RFO are not digested 

by humans, chickens, pigs, and other non-ruminant animals but are microbially fermented in 

the lower gut resulting in flatulence and reduced feed efficiency (Gitzelmann & Auricchio, 

1965; Rutloff et al., 1967; Price et al., 1988; Sebastian et al., 2000).  
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Fig. 5. Raffinose family oligosaccharides (RFO; raffinose, stachyose, and verbascose) are 
mono-, di- and tri-galactosyl derivatives of sucrose. Sucrose and stachyose are the major 
soluble carbohydrates in mature soybean seeds. 

4. Synthesis of soluble carbohydrates 

The enzyme hexokinase (EC 2.7.1.1) converts glucose to glucose-6-phosphate. The enzymes 
myo-inositol-phosphate synthase (MIPS; EC 5.5.1.4) and myo-inositol-phosphate 
monophosphatase (IMP; EC 3.1.3.25) convert glucose-6-phosphate to myo-inositol (Fig. 10). 
1D-myo-Inositol-3-phosphate, the name preferred by biochemists, and 1L-myo-inositol-1-
phosphate, the name preferred by chemists, are the same structure. Of the four Mips genes 
(Mips1, Mips2, Mips3, Mips4) identified in soybean, Mips1 is highly expressed in immature 
seeds (Hegeman et al., 2001; Hitz et al., 2002; Nunes et al., 2006; Chiera & Grabau, 2007), 
especially in cotyledons (Hitz et al., 2002; Chappell et al., 2006). Mips2, Mips3 and Mips4 are 
poorly expressed in immature seeds; by contrast Mips4 is highly expressed in leaves 
(Chappell et al., 2006). 
The free cyclitols myo-inositol, D-ononitol, D-pinitol, and D-chiro-inositol (Fig. 11) are present 
in soybean leaves (Streeter, 2001; Streeter et al., 2001). D-Ononitol is an intermediate in the 
conversion of myo-inositol to D-pinitol in leaves of legumes (Dittrich & Brandl, 1987). The 
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enzyme myo-inositol O-methyl transferase (IMT; EC 2.1.1.129) converts myo-inositol to D-
ononitol (Vernon & Bohnert, 1992; Vernon et al., 1993; Wanek et al., 1995). The enzyme(s) for 
conversion of D-ononitol to D-pinitol is unknown but is believed to be a two-step 
oxidoreductase with an inosose as an intermediate (Fig. 11; Obendorf, 1997). Likewise, the  
 

Soybean Line Soluble 
carbohydrate CHECK LRS LRSP1 LRSP2 

 mg (g dry weight)-1 ± SE 
Sucrose 57.22 b 84.84 b 212.12 a 91.96 b 
Raffinose 16.70 a 0.82 c 5.58 b 6.65 b 
Stachyose 133.60 a 6.44 b 3.27 b 3.28 b 
Verbascose 6.90 a 1.60 b 0      c 0      c 
     
myo-Inositol 0.60 ab 1.77 a 1.20 a 0.03 b 
Galactinol 0.55 b 8.93 a 0      b 0.01 b 
Digalactosyl myo-
inositol 

0.34 b 8.38 a 0      b 0.03 b 

Trigalactosyl myo-
inositol 

0      b 0.43 a 0      b 0      b 

     
D-Pinitol 6.67 b 0.60 c 28.63 a 10.36 b 
Galactopinitol A 7.39 a 9.34 a 1.20 b 1.29 b 
Galactopinitol B 5.47 a 3.15 b 1.14 c 0.91 c 
Ciceritol 2.00 b 9.17 a 0.03 c 0.10 c 
Trigalactosyl pinitol A 0      b 1.22 a 0      b 0      b 
     
D-chiro-Inositol 0.40 b 0.06 b 1.47 a 0.16 b 
Fagopyritol B1 4.57 a 2.59 b 2.10 b 2.14 b 
Fagopyritol B2 0.69 a 1.33 a 0.05 b 0.09 b 
Fagopyritol B3 0      b 0.27 a 0      b 0      b 
     
Fructose 0.62 b 0.56 b 5.76 a 0.27 b 
Glucose 0.33 b 0.41 b 1.75 a 0.25 b 
Maltose 2.75 a 5.27 a 5.36 a 5.48 a 
     
Total soluble 
carbohydrates 

246.87 ab 147.18 bc 269.63 a 123.98 c 

Total RFO 157.21 a 8.86 b 8.85 b 9.92 b 

Total α-galactosides 178.28 a 53.66 b 13.36 c 14.49 c 

Ratio (sucrose:RFO) 0.51 c 11.24 b 36.46 a 10.36 b 

Ratio (sucrose:α-
galactosides) 

0.43 c 1.72 c 20.07 a 6.83 b 

Table 1. Soluble carbohydrates in cotyledon tissues from seeds of four soybean lines (from 
Obendorf et al., 2008b). For comparisons between soybean lines, means not connected by the 
same letter are significantly different (P < 0.05) after a Tukey correction for multiple 
comparisons. RFO = raffinose family oligosaccharides (raffinose + stachyose + verbascose). 
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Fig. 6. Galactinol series. Small amounts of galactinol (α-D-galactopyranosyl-(1→3)-1D-myo-
inositol or α-D-galactopyranosyl-(1→1)-1L-myo-inositol) and sometimes digalactosyl myo-
inositol are detected in soybean seeds. Seeds with low RFO accumulation or with elevated 
galactinol also may have increased amounts of digalactosyl myo-inositol and detectable 
amounts of trigalactosyl myo-inositol. 
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Fig. 7. Galactopinitol A series. Normal soybean seeds accumulate mostly galactopinitol A 
(α-D-galactopyranosyl-(1→2)-1D-4-O-methyl-chiro-inositol) and small amounts of ciceritol 
(digalactosyl pinitol A). Soybean seeds expressing the stc1 mutant, with low raffinose 
synthase activity and low accumulation of stachyose, may accumulate small amounts of 
trigalactosyl pinitol A. In the galactopinitol A series, the galactosyl residues attach to the 5-
position of D-pinitol; upon attachment, the carbons are renumbered: 6 becomes 1, 5 becomes 
2, and 3 becomes 4. 
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enzyme(s) for conversion of myo-inositol to D-chiro-inositol is unknown but is believed to be 
a two-step oxidoreductase with an inosose as an intermediate (Fig. 11). There is no evidence 
to support the proposed synthesis of D-chiro-inositol from D-pinitol in soybean (Obendorf, 
1997; Obendorf et al., 2004). Surgically removing the immature embryo from immature 
soybean seed to form an empty seed coat cup has been used to study compounds unloaded 
from the seed coat into the apoplastic space surrounding the embryo (Thorne & Rainbird, 
1983; Rainbird et al., 1984; Ellis & Spanswick, 1987; Gomes et al., 2005; Kosina et al., 2009 & 
2010). Sucrose (90% of C), amides (glutamine, 52% of N; asparagine, 19% of N) and amino 
acids are the most abundant compounds unloaded by soybean seed coats (Rainbird et al., 
1984; Ellis & Spanswick, 1987). 
Additionally, myo-inositol, D-pinitol and D-chiro-inositol are transported to the seed and 
unloaded from the seed coat into the apoplastic space surrounding the developing embryo 
(Gomes et al., 2005; Kosina et al., 2009 & 2010). The reducing sugars glucose, fructose, and 
maltose are detected in variable but small amounts. 
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Fig. 11. Soybean cyclitols. Soybean leaves have four cyclitols: myo-inositol, D-ononitol (1D-4-
O-methyl-myo-inositol), D-pinitol (1D-3-O-methyl-chiro-inositol) and D-chiro-inositol. myo-
Inositol is converted to D-pinitol through D-ononitol as an intermediate in legume leaves 
(Dittrich and Brandl, 1987). The enzyme myo-inositol O-methyl transferase (IMT; EC 
2.1.1.129) converts myo-inositol to D-ononitol. The enzyme(s) for conversion of D-ononitol to 
D-pinitol is unknown but is believed to be a two-step oxidoreductase with an inosose as an 
intermediate. The enzyme(s) for conversion of myo-inositol to D-chiro-inositol is unknown 
but is believed to be a two-step oxidoreductase with an inosose as an intermediate. There is 
no evidence to support the proposed synthesis of D-chiro-inositol from D-pinitol in soybean.  
myo-Inositol, D-pinitol and D-chiro-inositol are transported to the seed and unloaded from 
the seed coat into the apoplastic space surrounding the developing embryo. myo-Inositol 
also may be synthesized in the embryo during seed development. 
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D-Ononitol, galactinol, galactopinitols, fagopyritols,  raffinose, stachyose, and verbascose are 
not detected in seed coat cup exudates (Gomes et al., 2005; Kosina et al., 2009 & 2010). Seed 
coat cup unloading rates for D-chiro-inositol, myo-inositol, D-pinitol, and sucrose average 5.1, 
3.6, 32.9, and 147.7 µg hour–1, respectively, on soybean plants (Kosina et al., 2009). myo-
Inositol also may be synthesized in the embryo during soybean seed development because 
Mips (wild-type Mips sequence designation GM mI 1-PS-1A, GenBank accession number 
AY038802) is expressed in immature cotyledons (Hitz et al., 2002; Chappell et al., 2006). 
Synthesis of D-pinitol and D-chiro-inositol have not been reported in normal soybean 
embryos. D-Ononitol, the intermediate in the conversion of myo-inositol to D-pinitol (Fig. 11) 
is not detected in soybean seed coat exudates (Gomes et al., 2005; Kosina et al., 2009 & 2010), 
in soybean embryos (Horbowicz & Obendorf, 1994), or in non-transgenic somatic embryos 
(Chiera et al., 2006). Transgenic somatic embryos of soybean containing the myo-inositol O-
methyl transferase (IMT) gene from Mesembryanthmum crystallinum led to an increase in D-
ononitol in embryos, compared to non-transgenic embryos, and an increase in D-pinitol in 
maturing embryos (Chiera et al., 2006). 
Sucrose is transported from leaves to seeds, unloaded by seed coats to the apoplastic space 
surrounding the embryo, and taken up by immature soybean embryos as the major carbon 
source for seed growth. Raffinose synthase (RFS, EC 2.4.1.82) transfers a galactosyl residue 
from galactinol (the galactosyl donor) to sucrose (the galactosyl receptor) to form raffinose 
(Fig. 12). Stachyose synthase (STS, EC 2.4.1.67) transfers a galactosyl residue from galactinol 
to raffinose to form stachyose (Fig. 12), the most abundant RFO in normal soybean seeds 
(Table 1) (Avigad & Dey, 1997; Peterbauer & Richter, 2001). Verbascose synthase (VBS) 
transfers a galactosyl residue from galactinol to stachyose to form verbascose (Fig. 12), 
usually in small amounts in soybean seeds. 
 

 

Fig. 12. Proposed pathways for synthesis of cyclitols, cyclitol galactosides, and raffinose 
family oligosaccharides (from Obendorf et al., 2009). Parentheses (unknown) by an arrow 
indicates that an enzyme catalyzing the reaction has not been identified. Some reactions may 
be reversible. DGMI, digalactosyl myo-inositol; TGMI, trigalactosyl myo-inositol; gol, 
galactinol; GolS, galactinol synthase (EC 2.4.1.123); IMP, myo-inositol-phosphate 
monophosphatase (EC 3.1.3.25); IPKs, myo-inositol-phosphate kinases; MIPS, myo-inositol-
phosphate synthase (EC 5.5.1.4); myo, myo-inositol; RFS, raffinose synthase (EC 2.4.1.82); 
STS, stachyose synthase (EC 2.4.1.67), (STS?) indicates STS, or a similar enzyme, is proposed 
by extrapolation but has not been demonstrated experimentally; UDP, uridine diphosphate; 
UDP-gal, uridine diphosphate galactoside; VBS, verbascose synthase. 
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Maternally synthesized myo-inositol may be transported to the soybean seed and unloaded 
by the seed coat into the apoplastic space surrounding the immature embryo (Gomes et al., 
2005; Kosina et al., 2009 & 2010). myo-Inositol also may be synthesized in the embryo tissues 
since Mips is expressed in embryos (Hitz et al., 2002; Chappell et al., 2006). Galactinol 
synthase (GolS, EC 2.4.1.123) transfers a galactosyl residue from UDP-galactose (the 
galactose donor) to myo-inositol (the galactosyl acceptor) to form galactinol (α-D-
galactopyranosyl-(1→3)-1D-myo-inositol or α-D-galactopyranosyl-(1→1)-1L-myo-inositol) 
(Fig. 12; Obendorf et al., 2004). High availability of myo-inositol in embryos leads to elevated 
galactinol which in turn leads to elevated synthesis of RFO (Fig. 12; Karner et al., 2004). 
Elevated galactinol may also lead to accumulation of its higher oligomers, digalactosyl myo-
inositol (DGMI) and trigalactosyl myo-inositol (TGMI) (Fig. 12). Enzymes responsible for the 
accumulation of these higher oligomers of galactinol have not been characterized 
experimentally, but are predicted to be a stachyose synthase or an enzyme similar to 
stachyose synthase (STS?; Fig. 12). Metabolism of myo-inositol is difficult to follow because 
myo-inositol has multiple roles and forms multiple products including galactinol (Fig. 6), 
other cyclitols (Fig. 11), cell wall components, membrane components and phytic acid 
(Loewus & Murthy, 2000; Raboy, 2009). 
D-Pinitol is synthesised in leaves (Dittrich & Brandl, 1987; Streeter, 2001; Streeter et al., 2001), 
transported to seeds, and unloaded by soybean seed coats into the apoplastic space 
surrounding immature embryos (Figs. 11 & 12; Gomes et al., 2005; Kosina et al., 2009 & 
2010). In the embryo, stachyose synthase (STS, EC 2.4.1.67) transfers a galactosyl residue 
from galactinol to D-pinitol to form galactopintol A plus galactopinitol B (Peterbauer & 
Richter, 2001; Fig. 12), isomeric compounds due to the presence of the O-methyl group of 
pinitol (Figs. 7 & 8). Only galactopintol A forms higher oligomers in soybean seeds (Fig. 12). 
Stachyose synthase transfers a galactosyl residue from galactinol (or from galactopinitol A) 
to glactopinitol A to form ciceritol (Fig. 12; Hoch et al., 1999; Peterbauer and Richter, 2001). 
It is proposed that stachyose synthase or a similar enzyme also transfers a galactosyl residue 
from galactinol to ciceritol to form trigalactosyl pinitol A (Fig. 12). Digalactosyl pinitol B and 
trigalactosyl pinitol B have not been detected in soybean. 
Like D-pinitol, D-chiro-inositol also is transported to seeds and is unloaded by the seed coat 
into the apoplastic space surrounding the embryo (Gomes et al., 2005; Kosina et al., 2009 & 
2010). Galactinol synthase transfers a galactosyl residue from UDP-galactose (the galactosyl 
donor) to D-chiro-inositol (the galactosyl acceptor) to form fagopyritol B1 (α-D-
galactopyranosyl-(1→2)-1D-chiro-inositol) (Fig. 12; Obendorf et al., 2004). Soybean galactinol 
synthase does not form fagopyritol A1 (α-D-galactopyranosyl-(1→3)-1D-chiro-inositol) and 
cannot utilize D-pinitol as a galactosyl receptor to form galactopintols (Obendorf et al., 2004). 

5. Modification of soluble carbohydrates in soybean seeds 

Seeds of four proprietary soybean [Glycine max (L.) Merrill] lines (Table 2) with normal 
raffinose, stachyose and phytin (CHECK) seeds expressing the normal Stc1 and Mips 
phenotype; low raffinose and stachyose (LRS) seeds expressing the mutant stc1 phenotype; 
low raffinose, stachyose, and phytin (LRSP1, LRSP2) seeds expressing the mutant mips 
phenotype (wild-type Mips sequence designation GM mI 1-PS-1A, AY038802; Hitz et al., 
2002) were provided by Steve Schnebly, Pioneer Hi-Bred, A DuPont Business. 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 these breeding 
lines are described by Sebastian et al. (2000), Hitz et al. (2002), and Meis et al. (2003). 
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 CHECK LRS LRSP1 LRSP2 References 

Raffinose normal low low low 
Sebastian et al., 
2000 
Hitz et al., 2002 

Stachyose normal low low low 
Sebastian et al., 
2000 
Hitz et al., 2002 

Phytic acid normal normal low low 
Sebastian et al., 
2000 
Hitz et al., 2002 

Mutant 

Stc1 
normal 
Mips 
normal 

stc1 
mutant 
Mips 
normal 

Stc1 
normal 
mips 
mutant 

Stc1 
normal 
mips 
mutant 

Sebastian et al., 
2000 
Hitz et al., 2002 
Meis et al., 2003 

Imbibitional chilling tolerant tolerant sensitive sensitive 
Obendorf et al., 
2008b 

Field emergence normal normal reduced reduced Meis et al., 2003 
myo-Inositol-phosphate 
synthase activity in seeds 

normal normal low low Hitz et al., 2002 

Raffinose synthase activity 
in seeds 

normal low normal normal Hitz et al., 2002 

Stachyose synthase activity 
in seeds 

normal normal normal normal Hitz et al., 2002 

Galactinol synthase 
activity in seeds 

normal normal normal normal Hitz et al., 2002 

Galactinol normal high low low 
Sebastian et al., 
2000 
Hitz et al., 2002 

RFO normal low low low 
Sebastian et al., 
2000 
Hitz et al., 2002 

Galactopinitols normal higher lower lower 
Obendorf et al., 
2008b 

Fagopryitol B1 normal normal normal normal 
Obendorf et al., 
2008b 

Fagopyritols B2 + B3 low increased low low 
Obendorf et al., 
2008b 

Trigalactosyl cyclitols very low increased very low very low 
Obendorf et al., 
2009 

Feeding D-chiro-inositol 
increased fagopyritol B1 

yes yes yes yes 
Obendorf et al., 
2008a 

Feeding myo-inositol 
increased RFO 

no no yes yes 
Obendorf et al., 
  unpublished 
Hitz et al., 2002 

 

Table 2. Soybean seed phenotypes of four breeding lines. 
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Soybean seeds with low raffinose and low stachyose (LRS phenotype) expressing a mutant 
stc1 gene conferring reduced raffinose synthase (RFS) activity but normal stachyose 
synthase (STS) and galactinol synthase (GolS) activities (Sebastian et al., 2000; Hitz et al., 
2002) have field emergence and yield comparable to seeds with normal raffinose and 
stachyose (Neus et al., 2005) (Table 2). The low raffinose and stachyose (LRS) phenotype is 
associated with a novel raffinose synthase allele, RS2 (Dierking & Bilyeu, 2008). LRS seeds 
expressing the mutant stc1 phenotype have increased accumulation of galactosyl cyclitols 
(fagopyritols and galactopintitols) (Obendorf et al., 2008b, 2009) and are tolerant to 
imbibitional chilling (Obendorf et al., 2008b) (Table 2). Seeds with low raffinose, stachyose 
and phytin (LRSP phenotype with 50% less phytin than the normal Mips phenotype) 
expressing a mutant mips gene conferring reduced myo-inositol-phosphate synthase (MIPS) 
activity (Sebastian et al., 2000; Hitz et al., 2002) have decreased field emergence, especially 
when seeds are produced in subtropical environments (Meis et al., 2003), and also are 
sensitive to imbibitional chilling (Obendorf et al., 2008b) (Table 2). Seeds expressing the 
mutant mips phenotype (wild-type Mips sequence designation GM mI 1-PS-1A, AY038802; 
Hitz et al., 2002) with low stachyose and phytin (LRSP1, LRSP2) accumulate very small 
amounts of galactosyl cyclitols (galactinol, galactopinitols, fagopyritol B2, fagopyritol B3) 
(Obendorf et al., 2008b, 2009), but these seeds can accumulate galactinol, raffinose and 
stachyose after incubation with myo-inositol (Hitz et al., 2002) (Table 2). Seeds and isolated 
embryos of all four lines accumulate fagopyritol B1 after incubation with D-chiro-inositol 
followed by slow drying (Obendorf et al., 2008a; Obendorf, R.L., Sensenig, E.M., Byrt, E.M., 
Owczarczyk, A.B., Ohashi, M., & Schnebly, S.R., unpublished). 

6. Loss of soluble carbohydrates during seed germination 

Normal, mature, dry soybean seeds have a high concentration of stachyose (Fig. 13A; Hsu et 
al., 1973; Amuti & Pollard, 1977; Obendorf et al., 1998b). Upon hydration, stachyose and 
raffinose concentrations in axis tissues decline to low concentrations before germination 
(radicle emergence) at 18 hours, followed by an increase in reducing sugars 
(monosaccharides) (Hsu et al., 1973; Koster & Leopold, 1988). The loss of stachyose in axis 
tissues (Fig. 13A) correlates with the loss of desiccation tolerance when measured as the rate 
of leakage from axes after imbibition, desiccation, and rehydration, and emergence of 
radicles (germination) and shoots following various durations of pre-imbibition (Fig. 13B) 
(Koster & Leopold, 1988). Loss of non-reducing sugars (raffinose, stachyose, sucrose) is 
associated with a transient accumulation of starch in axis and cotyledon tissues of soybean 
seeds (Von Ohlen, 1931; Adams et al., 1980) and with the onset of isocitrate lyase (ICL, EC 
4.1.3.1) synthesis and subsequent lipid mobilization after germination (Polanowski & 
Obendorf, 1991). Conversion of sugars to starch during seed hydration facilitates the 
increase in solute potential (smaller negative values). Solute potential of axis tissues of 
hydrating seeds increases to about -1.4 MPa before germination (Egli & TeKrony, 1993). 

7. Accumulation of soluble carbohydrates during seed development 

During the first 21 days after pollination, the soybean pod increases to about 35 mm in 
length. After 21 days, the seeds increase in size and expand within the pod (Fig. 14, left). 
Soybean seeds increase in dry weight in a linear response to maximum fresh weight (Fig. 
15A), color changes from green to yellow at maximum seed dry weight (physiological 
 

www.intechopen.com



 Soybean - Biochemistry, Chemistry and Physiology 

 

216 

S
u

g
a

rs
 (

m
g

/1
0

0
 m

g
 D

W
)

0

2

4

6

8

10

12

mono-
saccharides

stachyose

sucrose

raffinose

Hours After Imbibition

0 6 12 18 24 30 36 42

L
e
a
k
a
g
e
 R

a
te

 (
μS

 c
m

-1
m

in
-1

g
D

W
)

0

10

20

30

40

E
m

e
rg

e
n

c
e

 (
%

)

0

20

40

60

80

100

shoot

radicle

A

B

leakage

 
 

Fig. 13. Changes in soluble sugars and loss of desiccation tolerance during imbibition and 
post-germination in soybean. A, Changes in sucrose, raffinose, stachyose, and mono-
saccharides in axes during imbibition and post-germination of soybean seeds. Radicle 
emergence (germination) at 18 hours. B, Rate of leakage (squares) from axes after imbibition, 
desiccation, and rehydration, and emergence of radicles (closed circles) and shoots (open 
circles) after desiccation following various durations of pre-imbibition (adapted from Koster 
& Leopold, 1998; this material is copyrighted by the American Society of Plant Biologists 
and is reprinted with permission). 
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Fig. 14. Soybean seed development and maturation. The number of days after flowering is 
approximately 24 (left), 34, 38, 48, 54, 58, and 70 (right, mature dry seed). 

maturity or mass maturity) (Fig. 15E), and seeds begin to shrink from the pod wall and 
decrease in size as they begin to lose water during seed desiccation to their mature, dry size 
(Fig. 14, right). During the linear phase, the soybean seed dry weight growth rate is typically 
about 5  mg seed-1 day-1 in the field (Rubel et al., 1972; Obendorf et al., 1980), 8 mg seed-1 
day-1 in the greenhouse (Obendorf et al., 1980), 3-4 mg seed-1 day-1 in pod culture (Obendorf 
et al., 1983), and 5-25 mg seed-1 day-1 in isolated seed culture depending on starting size 
(Obendorf et al., 1984). Physiological maturity or mass maturity is defined as time of 
maximum seed dry weight accumulation and represents the cessation of seed dry matter 
growth. Physiological maturity of individual soybean seeds typically occurs at about 50 
days after pollination when seed coat color changes from green to yellow (Fig. 14) and seed 
moisture is about 60% on a fresh weight basis (Obendorf et al., 1980 & 1998b; Fig. 15). 
Translocation of sucrose from photosynthate into the embryo ceases when the seed coat 
changes from green to yellow and seed respiration declines rapidly (TeKrony et al., 1979). 
Likewise, cotyledons cease to take up sucrose when the cotyledon color changes from green 
to yellow (Vernooy et al., 1986). At this time, transport of water and nutrients into the seed 
ceases and the seed begins to shrink as it loses water. Shrinkage of the seed from the pod 
wall is the most reliable indicator of the cessation of soybean seed growth on plants 
(Crookston & Hill, 1978). At the time seed growth ceases, the osmotic potential of embryo 
tissues is about -1.8 MPa (Saab & Obendorf, 1989; Egli, 1990; Slawinska & Obendorf, 1991). 
Axis tissues turn yellow and cease growth before cotyledons (Obendorf et al., 1984 & 1998b). 
The pattern of yellowing begins at the radicle tip and progresses up the hypocotyl to the 
cotyledonary node, whereas cotyledons turn yellow from the edge to the center of each 
cotyledon (Obendorf et al., 1984 & 1998b). Raffinose and stachyose accumulate late during 
seed maturation (the yellowing and drying phases; Fig. 15) (Amuti & Pollard, 1977; Yazdi-
Samadi et al., 1977; Dornbos & McDonald, 1986; Lowell & Kuo, 1989; Obendorf et al., 1998b 
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& 2009). About 70% of the RFO, and likewise the galactosyl cyclitols, accumulate after 
maximum seed dry weight (physiological maturity) during the phase of seed drying 
(Obendorf et al., 2009). The monogalactosides (raffinose, galactopinitol A, galactopinitol B, 
fagopyritol B1) start to accumulate when the embryo tissues begin to yellow, followed by 
the digalactosides (stachyose, ciceritol, fagopyritol B2, digalactosyl myo-inositol) and finally 
the trigalactosides (verbascose, trigalactosyl pinitol A, fagopyritol B3, trigalactosyl myo-
inositol) during the desiccation phase of seed maturation (Obendorf et al., 2009). 
Immature soybean seeds can be precociously matured by slow drying (Adams et al., 1983; 
Blackman et al., 1992). Germination of immature soybean seeds is similar for seeds 
undergoing slow drying or for seeds held at high relative humidity to prevent drying (Fig. 
16A). Seeds undergoing slow drying develop desiccation tolerance whereas seeds held at 
high relative humidity do not develop desiccation tolerance (Fig. 16B). Seeds undergoing 
slow drying accumulate stachyose (Fig. 16D) and are desiccation tolerant (Fig. 16B). In 
contrast, seeds held at high relative humidity do not accumulate stachyose (Fig. 16D) and do 
not develop desiccation tolerance (Fig. 16B). Stachyose is not required for germination per se 
as accumulation of stachyose was not required for germination of seeds held at high relative 
humidity (Fig. 16A; Blackman et al., 1992). Inhibition of RFO degradation in hydrated 
soybean seeds did not decrease germination under laboratory conditions with minimal 
environmental stress, suggesting that RFO metabolism is not an obligatory requirement for 
soybean germination per se (Dierking & Bilyeu, 2009). These observations do not negate a 
role of RFO as seed storage reserves. The results merely mean that other readily mobilized 
reserves are in sufficient supply to meet the needs for germination. Galactinol is the 
galactosyl donor for the formation of stachyose (Fig. 12). Seeds which are held at high 
relative humidity do not accumulate stachyose (Fig. 16D) and these seeds accumulate more 
galactinol (Fig. 16C) than seeds held at high relative humidity. Similarly, LRS seeds 
expressing the stc1 mutant have low raffinose synthase activity (Table 2) resulting in lower 
raffinose, stachyose, and verbascose accumulation but more galactinol than CHECK seeds 
expressing normal Stc1 with normal raffinose synthase activity and larger accumulations of 
raffinose, stachyose, and verbascose (Table 1, Table 2). LRS seeds also accumulate more di- 
and tri-galactosyl cyclitols than CHECK seeds. LRS seeds are desiccation tolerant, tolerant to 
imbibitional chilling (Obendorf et al., 2008b), and have normal field emergence (Meis et al., 
2003) (Table 2), perhaps because these seeds, that are low in RFO, accumulate more 
galactosyl cyclitols (Tables 1 & 2). Buckwheat seeds normally accumulate only very small 
amounts of raffinose and stachyose, but buckwheat seeds do accumulate fagopyritols and 
are desiccation tolerant with a high germination percentage (Horbowicz & Obendorf, 1994; 
Horbowicz et al., 1998). It is proposed that fagopyritols and other galactosyl cylitols can 
function in the same way as stachyose in conveying seed desiccation tolerance and seed 
performance (Horbowicz & Obendorf, 1994; Horbowicz et al., 1998) in LRS soybean seeds 
(Obendorf et al., 2008b). 

8. Phytic acid 

Phytic acid (myo-inositolhexakisphosphate) can account for about 75% of the total seed 
phosphorus and accumulates mostly in seed cotyledon protein bodies as potassium, 
magnesium, and manganese salts of phytic acid (phytin) (Raboy, 2009). Ingested phytic acid 
is not efficiently hydrolyzed by humans, chickens, pigs, or other monogastric animals and 
may contribute to reduced uptake of iron, zinc, and calcium (Heaney et al., 1991; Lynch et  
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Fig. 15. Soluble carbohydrate accumulation in soybean embryos (axis on left; cotyledons on 
right) in normal soybean seeds during development and maturation in the greenhouse 
(from Obendorf et al., 1998b). A, Fresh weight, dry weight, water content, and desiccation 
tolerance. B, Sucrose, raffinose, and stachyose. C, myo-Inositol and galactinol. D, D-Pinitol, 
galactopinitol A (gpA), galactopinitol B (gpB), ciceritol, D-chiro-inositol and fagopyritol B1 
(fpB1). E, loss of axis green color, cotyledon green color, and water concentration. 

www.intechopen.com



 Soybean - Biochemistry, Chemistry and Physiology 

 

220 
G

e
rm

in
a

ti
o

n
 (

%
)

0

20

40

60

80

100

Slow-dried

HRH Control

D
e

s
ic

c
a
ti
o
n

 T
o

le
ra

n
c
e
 (

%
)

0

20

40

60

80

100
Slow-dried 

HRH Control

A B

Days after excision

0 1 2 3 4 5 6

G
a

la
c
ti
n

o
l 
(μ

g
/a

x
is

)

0

2

4

6

8

Days after excision

0 1 2 3 4 5 6

S
ta

c
h

yo
s
e
 (
μ g

/a
x
is

)

0

100

200

300

400

500

600
C D

 

Fig. 16. Stachyose accumulation correlates with seed desiccation tolerance. A) Germination 
percentage for excised developing soybean seeds undergoing slow drying (filled circles) or 
high relative humidity (HRH; open circles) for 0 to 6 days after excision. Samples of 20-25 
seeds were removed on successive days of each treatment and placed on moist germination 
paper. Percentage of germination (i.e., radicle emergence) was determined after 7 days on 
moist germination paper. B) Development of desiccation tolerance during slow drying 
(filled circles) or high RH control (open circles) treatments. Samples of 20-25 seeds were 
desiccated rapidly at 13% RH and then tested for germination. C) Content of galactinol in 
axes of excised developing soybean seeds undergoing slow drying (filled circles) or high RH 
control (open circles) for 0 to 6 days after excision. D) Content of stachyose in axes of excised 
developing soybean seeds undergoing slow drying (filled circles) or high RH control (open 
circles) for 0 to 6 days after excision. For C and D, values are mean ± SE of the mean of five 
samples of five axes each. Note the different scales on the y axis (adapted from Blackman et 
al., 1992; this material is copyrighted by the American Society of Plant Biologists and is 
reprinted with permission). 

al., 1994) and contribute to phosphorus pollution through manure from animals fed phytic 
acid in seed and grain concentrates (Sebastian et al., 2000; Hitz et al., 2002). Seeds with 
reduced phytic acid can germinate in laboratory studies under minimal environmental 
stress. Therefore, there is considerable interest in lowering the phytic acid in soybean seed 
products commonly used in animal feeds. Soybean seeds expressing the mutant mips 
phenotype have reduced phytic acid (Sebastian et al., 2000; Hitz et al., 2002) but also have 
reduced field emergence compared to seeds expressing the normal Mips phenotype that 
accumulate normal amounts of phytic acid (Meis et al., 2003). Another approach using 
mutants homozygous for lpa1 and lpa2 (low phytic acid genes 1 and 2) also produce a low 
phytic acid phenotype, but these soybean seeds have reduced field emergence compared to 
seeds expressing the normal phytic acid phenotype (Oltmans et al., 2005). Additional 
research is needed to obtain low phytic acid phenotypes that result in field emergence 
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comparable to normal phytic acid phenotypes. Soluble carbohydrates metabolite profiling of 
low phytic acid (lpa) mutant soybean seeds detected reduced myo-inositol, galactinol, 
raffinose, stachyose, galactopinitol A, galactopinitol B, and fagopyritol B1 compared to the 
wild type (Frank et al., 2009). These results are similar to those observed for LRSP1 and 
LRSP2 seeds expressing the mutant mips phenotype (Tables 1 & 2). 

9. Conclusions 

Using soybean stem-leaf-pod explants, we fed free cyclitols to the cut stems of soybean 
explants and followed the changes in soluble carbohydrates downloaded from explant seed 
coats and also in mature dry seeds from explants. The results demonstrate that increasing 
the supply of D-chiro-inositol in maternal tissues can result in increased accumulation of 
fagopyritols in seeds expressing the mutant stc1 phenotype with low RFO, in seeds 
expressing the mutant mips phenotype with reduced raffinose, stachyose and phytin, and in 
seeds expressing the normal Stc1 and Mips phenotype with normal levels of raffinose, 
stachyose and phytin. Increasing myo-inositol may increase accumulation of phytic acid 
and/or RFO in seeds. Therefore, it is proposed that increasing the conversion of myo-inositol 
to D-chiro-inositol in soybean leaves and subsequent transport of D-chiro-inositol to the seeds 
for accumulation as fagopyritol B1 in maturing seeds may improve the field performance of 
mature soybean seeds expressing the mutant mips phenotype (Kosina et al., 2010). 
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