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ABSTRACT: Soybean is an important protein source for both humans and animals. However, soybean proteins are relatively
poor in the sulfur-containing amino acids, cysteine and methionine. Improving the content of endogenous proteins rich in sulfur-
containing amino acids could enhance the nutritive value of soybean meal. Leginsulin, a cysteine-rich peptide, predominantly
accumulates in Asian soybean accessions but not in most North American cultivars. By screening diverse soybean accessions from
the USDA Soybean Germplasm Collection, we were able to identify one plant introduction, PI 427138, as a high-protein line
with relatively high amounts of both elemental sulfur and leginsulin. We introgressed these desirable traits from PI 427138 into
an experimental line with the aim of improving the overall protein content and quality of seed proteins. Biochemical
characterization of inbred progenies from the cross of LD00-3309 with PI 427138 grown at six locations revealed stable
ingression of high protein, high elemental sulfur, and high leginsulin accumulation. Comparison of soybean seed proteins
resolved by high-resolution 2-D gel electrophoresis in combination with Delta2D image analysis software revealed preferential
accumulation of a few glycinin subunits contributed to the increased protein content in the introgressed lines. Amino acid
analysis revealed that even though the leginsulin introgressed lines had higher protein, leginsulin, and elemental sulfur, the overall
concentration of sulfur-containing amino acids was not significantly altered when compared with the parental lines. The
experimental soybean lines developed during this study (Leg-3, Leg-7, and Leg-8) lack A5, A4, and B3 glycinin subunits and
could be utilized in breeding programs to develop high-quality tofu cultivars.
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■ INTRODUCTION

Soybean is widely used as the major ingredient for protein in
animal feeds. Soybeans are valued for their high amounts of
protein with a relatively high proportion of essential amino
acids. Commercial soybeans contain about 37−40% protein by
dry weight. Their relatively low cost combined with their
excellent nutritive value has enabled soybeans to attain elite
stature as the world’s dominant protein feed ingredient.
However, the nutritive value of soybeans can be further
enhanced if the concentration of sulfur-containing amino acids,
methionine and cysteine, is elevated. The methionine and
cysteine content of soybean is about 2−3%, short of the desired
levels for the optimum growth of monogastric animals such as
poultry and swine. Consequently, poultry and swine industries
incur additional cost from augmenting feeds with synthetic
methionine.1

Concerted attempts have been made to improve the sulfur-
containing amino acid content of soybeans. One common

approach has been to overexpress methionine-rich proteins in
soybean seeds.2 Townsend and Thomas were able to
successfully express the 2S albumin from Brazil nut in
transgenic soybeans, resulting in an overall increase in
methionine content by 15−40%.3 However, this approach
was not economically successful because it was subsequently
demonstrated that the Brazil nut 2S albumin is a major food
allergen.4 Methionine-rich proteins from maize have also have
been expressed in transgenic soybeans.5,6 However, these
attempts have resulted in only a marginal increase in the overall
sulfur amino acid content of soybean seeds.
An alternative approach involves the identification of soybean

cultivars that accumulate proteins rich in sulfur-containing
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amino acids. In addition to the most abundant 7S β-conglycinin
and the 11S glycinin, soybeans also accumulate a few other
proteins that contain higher concentrations of methionine and
cysteine. Earlier studies have demonstrated low-level accumu-
lation of a methionine-rich protein in soybean seeds.7,8 This 2S
albumin protein contains 8.6% methionine and has been
proposed as a candidate protein for overexpression in
transgenic soybean seeds to elevate the methionine content.9

Other potential proteins for overexpression in soybean include
the Bowman−Birk inhibitor (BBI) and the BBI-related family
of isoinhibitors. These protease inhibitors are rich in cysteine
and are mainly responsible for the overall sulfur-containing
amino acids of soybean seed.10−12

Leginsulin, a peptide consisting of 37 amino acids, belongs to
the cysteine-knot family13 and is homologous to pea (Pisum
sativum L.) albumin (PA1b).14 Soybean leginsulin is synthe-
sized as a precursor polypeptide that is subjected to post-
translational processing to give rise to 6 and 4 kDa
peptides.15−17 The 4 kDa peptide that is rich in cysteine
residues is coined “leginsulin”. We have previously shown that
this peptide is preferentially soluble in 50% isopropanol and
that the accumulation of this cysteine-rich peptide is drastically
higher in Asian than in North American soybean accessions.18

Furthermore, it was demonstrated that the soybean genome
contains two leginsulin genes, which are differentially expressed
in the embryonic axis and the cotyledons.18 Because North
American soybean cultivars accumulate low levels of leginsulin,
we hypothesized that overexpression of this cysteine-rich
peptide in North American soybean cultivars would improve
their overall cysteine content. In this study, we crossed PI
427138, an Asian soybean accession, with an experimental
North American line, resulting in lines that exhibited
significantly higher protein content with improved protein
quality. However, the amount of sulfur-containing amino acids
was not increased.

■ MATERIALS AND METHODS
Reagents. Acrylamide, bis-acrylamide, ammonium persulfate,

N,N,N′,N′-tetramethylethylenediamine (TEMED), and Coomassie
Brilliant Blue G-250 and R-250 were obtained from BioRad
Laboratories, Inc. (Hercules, CA, USA). Protease inhibitor cocktail
(Plant ProteaseArrest) was obtained from G-Biosciences (St. Louis,
MO, USA). IPG strips were obtained from GE Healthcare
(Piscataway, NJ, USA). Urea, thiourea, and β-mercaptoethanol were
obtained from Fisher Scientific (Pittsburgh, PA, USA). Dithiothreitol
(DTT), iodoacetamide, EDTA, and 2-hydroxyethyl disulfide (2-HED)
were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Plant Material. During the course of identification of soybean lines

exhibiting high BBI activity, we serendipitously identified PI 427138 as
a soybean line accumulating high amounts of leginsulin. In 2007,
LD00-3309 was crossed with PI 427138 in Urbana, IL, USA. LD00-
3309 is an early-maturity group IV cultivar developed at the University
of Illinois and was selected because it was one of the highest yielding,
publicly developed cultivars available at the time.19 In 2008, two F1
plants were grown, and the seeds from each plant were harvested
separately. In 2009, approximately 500 seeds were planted from each
F1 plant. The F2 populations confirmed that each putative F1 plant
was the product of cross-pollination with segregation for flower and
pubescence color as expected, and 285 plants were harvested and
threshed individually. In 2010, seeds from each harvested F2 plant
were planted in rows 1.2 m long. Between 1 and 5 single plants were
harvested from 66 rows selected for agronomic appearance for a total
of 172 plants. In 2011, 27 of the F4 plant rows had a homogeneous
appearance and acceptable agronomic characteristics and were bulk
harvested.

Seeds from 40 F4 lines with acceptable agronomic characteristics
were selected for characterization. Fifty percent isopropanol soluble
proteins were isolated from these 40 F4 plants and examined for the
accumulation of leginsulin. Examination of Coomassie-stained gels
revealed that 15 plants accumulated high amounts of leginsulin
(Supplemental Figure 1). We also measured the sulfur content of the
soybean seeds from 40 plants by inductively coupled plasma−mass
spectrometry. The sulfur content of these plants ranged from 3000 to
4000 ppm (Supplemental Figure 2). Seeds from the 40 plants were
advanced another generation, and seeds from lines having a
homogeneous appearance and acceptable agronomic characteristics
were bulk harvested. From these F5 plants, we selected two lines (Leg-
3 and Leg-7) that accumulated high amounts of leginsulin and high
sulfur content for further characterization. Another line (Leg-8) that
had high sulfur content but failed to accumulate leginsulin was also
selected for further analysis.

Small plots of the three experimental lines plus the two parents were
planted in two replications at Bellflower, Ivesdale, and Urbana, IL,
USA, and Bradford, MO, USA, and on two soil types at Portageville,
MO, USA. Seeds were harvested from all plots for analysis.

Nitrogen Content. Fifteen seeds per line from each field plot were
ground to a fine powder and used for total nitrogen/protein analysis.
Nitrogen content was measured using a LECO truSpec model FP-428
nitrogen analyzer (St. Joseph, MI, USA). A 200 mg sample of seed
powder was combusted at 900 °C in a chamber in the presence of
oxygen, leading to the release of carbon dioxide, water, and nitrogen.
The gases were then passed over a potassium hydroxide aqueous
solution, eliminating carbon dioxide and water. A column containing a
thermal conductivity detector was then used to separate the nitrogen
from any residual carbon dioxide and water, and the remaining
nitrogen content was measured. The instrument was calibrated using
ultrapure EDTA of known nitrogen content. The protein content of
the seeds was inferred from its nitrogen content using a protein
correction factor of 6.25. Three separate biological replicates were
evaluated per line, and results were compared using standard deviation
of the mean.20

Oil Content. The oil content of 10−15 seeds per line was
determined using an Oxford Instruments America MQC Oilseeds
Analyzer with a 26 mm probe (Concord, MA, USA). A 15-point
calibration curve was built using data obtained from both pure soybean
oil and soybean seeds of known oil contents (11−21%) as determined
by the University of Missouri Experiment Station Chemical
Laboratories (AOCS Official Method Ca 5b-71). Three separate
biological replicates were evaluated per line, and results were
compared using standard deviation of the mean. JMP version 9
software (SAS Institute Inc., Cary, NC, USA) was used to perform
one-way analysis of variance (ANOVA) tests.20

Sulfur Content. Inductively coupled plasma−mass spectrometry
was performed as previously described.21 Individually weighed dry
seeds were digested overnight with 2.5 mL of concentrated HNO3 at
room temperature before the samples were heated to 105 °C over 2 h
and then cooled to room temperature over 2 h. Following this step,
the samples were diluted with ultrapure water and transferred to 96-
well autosampler plates. A PerkinElmer Elan DRC-e inductively
coupled plasma mass spectrometer (Waltham, MA, USA) with an
Apex Desolvation Nebulizer, a FAST sampling valve, and an Elemental
Scientific SC4 DX autosampler (Omaha, NE, USA) was used for the
analysis of sulfur. A liquid reference material composed of pooled
samples of soybean digests was run every ninth sample to correct for
ICP-MS run-to-run variation and within-run drift. All samples were
normalized to the recorded dry weights.

Amino Acid Analysis. Amino acid analysis was performed at the
Donald Danforth Plant Science Center Proteomics and Mass
Spectrometry Facility. For the determination of the total amino acid
content, the seed powder was first subjected to hydrolysis with 6 N
HCl. For the quantification of methionine and cysteine, duplicate
samples were first subjected to an initial oxidation step using performic
acid prior to acid hydrolysis. Amino acids were quantified using the
manufacturer’s instructions for sample preparation in the Waters
AccQ-Tag Ultra Kit and quantified on a Waters Acquity UPLC system
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(Milford, MA, USA). Samples were run in quadruplicate and subjected
to appropriate statistical analysis. Cysteine and methionine quantities
are reported as cysteic acid and methionine sulfone.
1-D Electrophoresis. For 1-D electrophoretic analysis, dried

mature seeds were ground into a fine powder, and 10 mg was placed
into a tube for extraction using 1 mL of sodium dodecyl sulfate (SDS)
sample buffer (60 mM Tris-HCl, pH 6.8, 2% SDS (w/v), 10% glycerol
(v/v), and 5% 2-mercaptoethanol (v/v)) followed by boiling for 5
min. The clarified supernatant was resolved with 15% gels run using a
Hoeffer SE 250 mini-Vertical electrophoresis apparatus (GE Health-
care). Separation was achieved with a constant 20 mA/gel and a typical
run time of 1.2 h. Gels were removed from the cassette and placed
immediately in Coomassie Blue R-250 solution.
Western Blot Analysis. Western blot analysis was performed as

described earlier.18 Briefly, total seed proteins or 50% isopropanol
extracted proteins were first resolved on a 15% SDS-PAGE gels.
Subsequently, the proteins were transferred to a 0.45 μm nitrocellulose
membrane. After blocking with TBS (10 mM Tris-HCl, pH 7.5, 500
mM NaCl) containing 5% nonfat dry milk, the nitrocellulose
membranes were incubated overnight with either lunasin or
synthesized BBi peptide (N-CVDITDFCYEPCKPSEDDK) antibodies
that had been diluted 1:5000 in TBST (TBS with 3% nonfat dry milk
containing 0.2% Tween 20). Following three washings with TBST, the
membranes were incubated with goat anti-rabbit IgG−horseradish
peroxidase conjugate. Proteins reacting specifically with the antibodies
were detected using the Pierce SuperSignal West Pico kit’s instruction
(Rockford, IL, USA).
2-D Electrophoresis. Sample preparation for 2-D electrophoretic

analysis was carried out as previously described.22 For isoelectric
focusing, 300 μg of protein sample was loaded per strip using
overnight in-gel rehydration. Linear gradient, 13 cm IPG strips (GE
Healthcare) were brought to a rehydration volume of 250 μL with 7 M
urea, 2 M thiourea, 1% CHAPS, 2% C7BzO, 5% glycerol, and 2.2% 2-
HED. Strips were then passively rehydrated with the entire
rehydration solution containing protein sample at 23 °C for 15 h
prior to focusing. Prior to the second dimension, IEF strips were
equilibrated with 5% SDS in a urea-based solution (0.05 M Tris-Cl,
pH 8.8, 6 M urea, 30% glycerol, and 0.1% bromophenol blue)
containing 2% DTT for 20 min and again but with 2.5%
iodoacetamide for 20 min. IEF strips were placed carefully onto a
Hoeffer SE600 (GE Healthcare) 16%T vertical second-dimension and
secured into place with a warm 1% agarose SDS-PAGE running buffer
solution (0.2% SDS). Gels were run at an initial 10 mA/gel for 1 h
followed by 5 W/gel for the remainder of the run (elimination of dye
front; approximately 4 h). After electrophoresis, the gels were
immediately removed and fixed in 5:4:1 methanol/water/acetic acid
for 30 min, followed by two brief rinses in water, and stained in a
Coomassie G-250 solution overnight.
Image Acquisition and Analysis. 2-D Coomassie-stained gels

were destained with multiple changes of ultrapure H2O to remove
background. Individual gels of PI 427138 and LD00-3309 were
scanned separately using an Epson V700 Perfection scanner controlled
through Adobe Photoshop. Images were analyzed using Decodon
Delta2D v3.6 (Greifswald, Germany) to provide normalized percent
spot volume data using a technique known as differential gel imaging.
Essentially, each gel image was imported into Delta2D individually and
overlaid to provide a combined fusion image in gray scale, whereas the
individual images of each were assigned either a blue (PI 427138) or
an orange (LD00-3309) color. Differences in color between the two
samples indicate a higher or lower amount of that particular protein in
that sample. Delta2D parameters were set to maximize spot detection
(using global image warping and exact spot matching) and minimize
background detection.

■ RESULTS

PI 427138 Accumulates High Amounts of Leginsulin.
BBI and the BBI-related family of isoinhibitors are rich in
cysteine and are mainly responsible for the overall sulfur-
containing amino acids of soybean seed.10−12 During the course

of screening a diverse array of soybean accessions from the
USDA Soybean Germplasm Collection for the identification of
soybean lines with high and low contents of Bowman−Birk
protease inhibitor, we serendipitously observed that soybean PI
427138 accumulated high amounts of a 4 kDa protein. We have
previously shown that Asian soybean accessions accumulate
higher amounts of a 4 kDa protein than the genetic base of U.S.
cultivars.18 On the basis of Western blot analysis and mass
spectrometry, this protein was identified as leginsulin.18 Even
though this protein accumulates in higher amounts in Asian
soybean accessions, its contribution to overall protein content
of the seed is only minimal. To confirm the identity of the 4
kDa protein that is enriched in PI 427138, we performed
Western blot analysis using antibodies raised against the
leginsulin peptide. The antibodies reacted strongly against the 4
kDa peptide, indicating that this protein is leginsulin (Figure 1).

Information on the country of origin, phenotypic data, and
seed composition of PI 427138 was obtained from the USDA
Germplasm Resources Information Network (GRIN) database
(http://www.ars-grin.gov/cgi-bin/npgs/acc/search.pl?accid=
PI+427138+). PI 427138 originated from South Korea, belongs
to maturity group 0, and accumulates 48% protein and 14% oil.
Earlier we reported the biochemical characterization of several
high-protein soybean accessions.23 By high-resolution two-

Figure 1. Accumulation of leginsulin in soybean seeds. Isopropanol
(50%) soluble proteins were extracted from PI 427138 (lane 1) and
LD00-3309 (lane 2), a high-yielding North American soybean cultivar,
and analyzed by SDS-PAGE. Separated proteins were detected by
staining the gel with Coomassie Blue (panel A) or electrophoretically
transferred to a nitrocellulose membrane and reacted with leginsulin
specific antibodies that were diluted 1:5000 in TBS containing 3% dry
milk powder. Immunoreactive proteins were identified using anti-
rabbit IgG−horseradish peroxidase conjugate followed by chemilumi-
nescent detection (panel B). The arrow points to the 4 kDa
immunoreactive peptide preferentially accumulating in PI 427138. The
4 kDa protein band in the stained gel is a mixture of the proteins,
whereas the immunoreactive band shown in panel B is a single protein.
The positions and sizes of the molecular weight markers in kilodaltons
are shown on the left side of the figure. The same amount of protein
used in panel A was used for the Western blot analysis (panel B). Also,
note the size polymorphism of a prominent polypeptide (32−33 kDa)
between PI 427138 and LD00-3309; however, the basis of this
polymorphism is unknown (panel A).
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dimensional gel electrophoretic analysis, it was demonstrated
that the 11S globulins (glycinin) were mainly responsible for
the increased protein content of these high-protein soybean
accessions. Because PI 427138 is also a high-protein accession,
we wanted to examine its protein composition. For this purpose
we performed high-resolution two-dimensional gel electro-
phoretic analysis of seed proteins of PI 427138 and compared it
with LD00-3309, a high-yielding, publicly developed cultivar
that contains 38% protein.19 To monitor proteome differences
between PI 427138 and LD00-3309, total seed proteins
resolved by 2-DE were analyzed using Delta2D image analysis
software (Figure 2). Delta2D parameters were set to maximize

spot detection (using global image warping and exact spot
matching). A total of 34 protein spots identified previously by
matrix-assisted laser desorption time of flight (MALDI-TOF)
mass spectrometry as the major seed storage proteins of
soybean were compared (Supplemental Table 1).23 A
comparison of the spot percent volume ratio differences clearly
indicated that spots 12 (glycinin A3B4), 13 (glycinin A3B4), 21
(glycinin A1aBx precursor), 22 (proglycinin A1ab1b), and 23

(proglycinin A1ab1b) accumulated at higher amounts in PI
427138 (Figure 2). The preferential accumulation of the 11S
globulins appears to the major contributing factor for the higher
protein content of PI 427138.

Characterization Soybean Lines Derived from PI
427138 × LD00-3309 Crosses. The influence of environ-
ment on the seed composition traits of soybean LD00-3309, PI
427138, Leg-3, Leg-7, and Leg-8 were evaluated by growing
these soybean lines at six locations, three in Illinois and three in
Missouri. Total seed protein and oil content were determined
with a LECO truSpec model FP-428 nitrogen analyzer and
near-infrared (NIR) spectroscopy, respectively. The protein
content of LD00-3309 seeds obtained from the six locations
ranged from 36 to 39% (Figure 3A), whereas their oil content
ranged from 19 to 21% (Figure 3B). In contrast, the protein
content of PI 427138 seeds ranged from 45 to 51% (Figure 3A)
and their oil content ranged from 11 to 13% (Figure 3B). The
protein content of Leg-3, Leg-7, and Leg-8 ranged from 42 to
47%, which was significantly higher than that of LD00-3309,
indicating the high-protein trait from PI 427138 had been
successfully introgressed into these three lines (Figure 3A). The
seed oil content of these soybean lines, which ranged from 14
to 17%, was intermediate when compared with the values
obtained for the parents (Figure 3B). In general, soybeans
grown in Columbia, MO, USA, had the highest protein content,
whereas plants grown in Portageville, MO, USA, had the
highest seed oil content.
The protein composition of leginsulin introgressed lines

(Leg-3 and Leg-7) was also examined by 2-D gel electro-
phoresis (Figure 4). An examination of the Coomassie Blue
stained gel revealed that PI 427138 accumulated higher
amounts of 11S globulins when compared to LD00-3309. PI
427138 also failed to accumulate the Gy4 subunits.
Interestingly, no substantial difference in the β-conglycinin
content was observed between these two lines (Figure 4). The
leginsulin introgressed lines (Leg-3 and Leg-7) also exhibited
higher 11S glycinin content and, like PI 427138, lacked the Gy4
subunits (Figure 4).

Leginsulin Introgressed Lines Accumulate Lower
Amounts of Bowman−Birk Protease Inhibitor. We also
investigated the effect of growing location on the accumulation
of leginsulin in soybean seeds. Isopropanol (50%) soluble
proteins isolated from seeds grown at six locations were
analyzed by SDS-PAGE (Figure 5A). A prominent 4 kDa
protein was detected readily in leginsulin introgressed lines
from all six locations. Western blot analysis using leginsulin
antibodies confirmed the identity of this 4 kDa protein as
leginsulin (Figure 5B). Previous studies have shown that the
introduction of sulfur-rich proteins in soybean is often
accomplished at the expense of native sulfur-rich proteins.24

Bowman−Birk protease inhibitors are rich in cysteine and are
the major contributors to the overall sulfur amino acid content
of the seed. To investigate the effect of introgression of
leginsulin on the accumulation of BBI, we performed Western
blot analysis using antibodies raised against BBI. This analysis
revealed a reduction in the accumulation of BBI in the
leginsulin introgressed lines (Figure 5C). LD00-3309, which
does not accumulate leginsulin, contained relatively high
amounts of BBI (Figure 5C). These results suggest that
accumulation of leginsulin in Leg-3 and Leg-7 occurs at the
expense of BBI.

Leginsulin Introgressed Lines Contain Relatively
Higher Amounts of Elemental Sulfur but the Concen-

Figure 2. 2-DE comparison of total seed proteins extracted from PI
427138 and LD00-3309. Equal volumes of identically extracted seed
proteins were separated using 2-DE. The Coomassie-stained gel
images were analyzed using Delta2D software. Panel A shows the
fusion of the two independently derived images. Gel images of PI
427138 and LD00-3309 were imported separately into Delta2D and
overlaid to provide a combined fusion image. The blue color denotes
those protein spots that were found to be higher in percent spot
volume in PI 427138 compared with LD00-3309, whereas the orange
color denotes those proteins that were found to be lower in percent
spot volume. IEF separation was from pH 4 to 7, and molecular weight
markers are designated in kDa. Panel B shows the ratios of percent
volume [PI 427138]/[LD00-3309] of 34 spots generated from percent
spot volume data collected using Delta2D image analysis software. The
identities of the 34 proteins spots are shown in Supplemental Table 1.
Leginsulin is not detected in these gels due to their low abundance in
the total seed protein fraction.
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tration of Sulfur-Containing Amino Acids Remains
Unchanged. The sulfur content of soybean seeds grown at
six different locations was determined by inductively coupled
plasma− mass spectrometry (Figure 6). Regardless of the

location, LD00-3309 had the lowest amount of sulfur, which
ranged from 3000 to 3600 ppm, whereas PI 427138 had the
highest amount in most locations, ranging from 4000 to 4780
ppm (Figure 6). The sulfur content averaged from the six

Figure 3. Mean protein and oil concentrations of soybean seeds grown in six different locations. Soybeans LD00-3309, PI 427138, Leg-3, Leg-7, and
Leg-8 were grown at six locations (three in Illinois and three in Missouri). Seed protein and oil contents were determined with a LECO truSpec
model FP-428 nitrogen analyzer and near-infrared (NIR) spectroscopy, respectively. Three separate biological replicates were evaluated per line.
Error bars indicate the standard deviation of the mean.

Figure 4. Comparison of the storage proteins of leginsulin introgressed soybean lines by 2-D gel electrophoresis. Total seed proteins isolated from
the parents (PI 427138 and LD00-3309) and leginsulin introgressed lines (Leg-3 and Leg-7) were first separated by isoelectric focusing using a pH
gradient from 4 to 7 and then by SDS-PAGE on a 13% gel. The rectangles in each panel represent the acidic and basic subunits of glycinin. The
circles represent the Gy4 subunits, which are missing in PI 427138, Leg-3, and Leg-7. The gels were stained with Colloidal Coomassie Blue G-250.
The positions and sizes of the molecular weight markers in kilodaltons are shown on the left side of the figure. Leginsulin is not detected in these gels
due to their low abundance in the total seed protein fraction.
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locations for Leg-3, Leg-7, and Leg-8 were 3774, 4057, and
4027 ppm, respectively. These values are significantly higher
than values obtained for LD00-3309. These results indicate that
the high-sulfur trait from PI 427138 has been partially
transferred to Leg-3, Leg-7, and Leg-8. It is also evident that
growing location had only a minimal effect on sulfur
accumulation in the seeds with a similar trend observed at all
six locations (Figure 6).

The two soybean lines used as parents in this study, LD00-
3309 and PI 427138, differ significantly in their sulfur contents.
LD00-3309 averaged from the six locations had 3380 ± 264
ppm of sulfur, whereas PI 427138 had 4499 ± 113 ppm of
sulfur. We were interested to examine if the differences seen in
the sulfur content are also reflected in the concentration of
sulfur-containing amino acids, cysteine and methionine. For
this purpose we determined the amino acid content of soybean
seeds of LD00-3309, PI 42713, Leg-3, Leg-7, and Leg-8.
Interestingly the overall concentrations of cysteine and
methionine were equivalent in all of these soybean lines
(Table 1).

■ DISCUSSION
In this study we have successfully introgressed leginsulin from
PI 427138 into a North American experimental line. Previously
we have shown that leginsulin is encoded by two closely related
genes (Gm13 g26330 (leginsulin 1) and Gm13 g26340
(leginsulin 2)). These two genes are located on chromosome
13 and are 5.9 kB apart.18 Accumulation of leginsulin is
drastically lower in most North American soybean cultivars
than in Asian accessions.18 Northern blot analysis has revealed
that leginsulin accumulates only in the cotyledons but not in
the embryonic axis in the North American soybean cultivars. In
contrast, leginsulin mRNA was abundantly expressed in both
the cotyledons and the embryonic axis of Asian soybean
accessions. Thus, it appears the expression of leginsulin in both
cotyledons and the embryonic axis may be responsible for the
higher accumulation of leginsulin in Asian soybean acces-
sions.18

Leginsulin, a peptide composed of 37 amino acids, is rich in
cysteine residues. Our objective was to improve the overall
sulfur amino acid content into adapted experimental lines by
introgression of leginsulin. However, this goal was elusive
because amino acid analysis revealed that the overall sulfur
amino acid content (cysteine + methionine) remained
unchanged (Table 1). Accumulation of Bowman−Birk protease
inhibitor, another cysteine-rich protein, is reduced in leginsulin
introgressed soybean lines Leg-3 and Leg-8, indicating that
there is a limitation in the availability of cysteine in developing
soybean seeds. Introgression of sulfur-rich proteins results in
siphoning the limited cysteine pool from native sulfur-rich
proteins such as Bowman−Birk protease inhibitor. Previous
studies have shown the expression of Brazil nut 2S albumin, a
methionine-rich protein, in transgenic soybean resulted in the
reduction of Kunitz trypsin inhibitor.24 Thus, it appears that
introduction of sulfur-rich proteins into soybean alone will not
be sufficient for improving the sulfur amino acid content.
Metabolic engineering of sulfur assimilatory pathway will be
critical for improving the availability of cysteine and methionine
in developing soybean seeds.25 Recent studies have demon-
strated that such an approach can be used successfully to
elevate the sulfur amino acid content of soybean seeds.26,27

Numerous high-protein plant introductions exist in the
USDA Germplasm Collection. These plant introductions are
currently being exploited as a source of high-protein alleles. The
USDA ARS Soybean Genetics and Genomics Database
(SoyBase) lists several potential protein QTLs located in
different genomic regions. In addition, recent studies have
identified new QTLs that could be used by breeders to develop
high-protein lines.28−30 We have transferred the high-protein
trait of PI 427138 into Leg-3, Leg-7, and Leg-8, resulting in a
substantial increase in the overall protein content. The increase

Figure 5. Leginsulin and Bowman−Birk protease inhibitor accumu-
lation in soybean seeds. Fifty percent isopropanol soluble proteins
isolated from the parents (PI 427138 and LD00-3309) and the
resulting offspring (Leg-3, Leg-7, and Leg-8) were separated by SDS-
PAGE on a 15% gel. Resolved proteins were detected by staining the
gel with Coomassie Blue (panel A) or electrophoretically transferred
to a nitrocellulose membrane and probed with leginsulin (panel B) or
Bowman−Birk protease inhibitor (panel C) specific antibodies that
were diluted 1:5000 in TBS containing 3% dry milk powder.
Immunoreactive proteins were identified using anti-rabbit IgG−
horseradish peroxidase conjugate followed by chemiluminescent
detection.

Figure 6. Elemental sulfur content of soybean seeds grown at six
different locations. Soybeans LD00-3309, PI 427138, Leg-3, Leg-7, and
Leg-8 were grown at six locations (three in Illinois and three in
Missouri). Sulfur was determined by inductively coupled plasma−mass
spectrometry. The error bars indicate the standard deviation of the
mean.
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in the protein content is, however, accompanied by a reduction
in the oil content. It is well established that there is a negative
correlation between seed protein and oil content.31−35

Typically an increase of 2% protein results in a 1% decrease
in oil content.36 It has been proposed that this inverse
correlation is associated with either a pair of tightly linked
QTLs for protein and oil or by one pleiotropic QTL, the two
alleles of which have inverse effects on both oil and protein
contents.28 Recent studies have identified new oil QTLs that
have no major impact on seed protein content.28−30 These oil-
related QTLs could be exploited to increase the oil content of
Leg-3, Leg-7, and Leg-8 without lowering the protein content.
Our study has identified PI 427138 as a Gy4 mutant. 2-D gel

electrophoresis analysis of the total seed proteins from PI
427138 reveals the absence of the A5, A4, and B3 glycinin
subunits, the product of the Gy4 gene. Leg-3, Leg-7, and Leg-8
generated in this study were also found to lack A5, A4, and B3
glycinin subunits (Figure 4). Tofu, a food product made of soy
milk, is widely consumed in Asian countries. It is well-known
that the tofu firmness, texture, and volume can be influenced by
the absence of specific glycinin polypeptides.37−39 For this
reason Gy4 null lines such as ‘Enrei’ and ‘Raiden’ are commonly
utilized in breeding programs to develop high-quality tofu
cultivars. Thus, the soybean experimental lines Leg-3, Leg-7,
and Leg-8 could be valuable breeding material for the
production of high-quality tofu. It is not known if there is
any correlation between the concentration of sulfur-containing
amino acids and tofu quality. The 7S β-conglycinin is relatively
low in sulfur amino acids, and its absence has been shown to
alter tofu quality.37 Additional studies are required to establish a
correlation or lack thereof between the sulfur amino acid
content of soybean seed proteins and tofu quality.
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