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Abstract Unlike other oilseeds, soybean (Glycine

max [L.] Merr) is also valuable due to its direct

conversion into human food. One notable example is the

cheese-like product tofu. The quality of tofu is improved

when protein subunits derived from two glycinin genes,

Gy1 and Gy4, are reduced or absent. Here we report the

discovery that one exotic soybean plant introduction

line, PI 605781 B, has not only a previously described

loss-of-expression mutation affecting one glycinin gene

(gy4), but also bears an extremely rare, potentially

unique, frameshift mutation in the Glycinin1 gene (gy1-

a). We analyzed glycinin gene expression via qRT-PCR

with mRNA from developing seeds, which revealed

that the novel allele dramatically reduced Gy1 mRNA

accumulation. Similarly, both A4A5B3 and A1aB1a

protein subunits were absent or at undetectable levels,

as determined by two-dimensional protein fraction-

ation. Despite the reduction in glycinin content,

overall seed protein levels were unaffected. The novel

gy1-a allele was found to be unique to PI 605871B in a

sampling of 247 diverse germplasm lines drawn from

a variety of geographic origins.
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Introduction

Soybean (Glycine max [L.] Merr) seeds feature

exceptionally high levels of both protein (approx.

40 %) and oil (approx. 20 %) and are one of the largest

sources of edible oil for human consumption (as well

as a feedstock for industrial applications). During oil

purification, protein-rich soybean meal is produced,

which forms the primary source of value for the

soybean crop; it is estimated that 75 % of protein meal

for animal feed worldwide is derived from soybean

(Boland et al. 2013).

A portion of soybean seeds is also used directly for

human food, an example of which is the cheese-like

food tofu. Tofu quality is directly correlated with the

protein composition of the soybean seeds used (Poysa

et al. 2006). Soybean seed proteins predominantly

correspond to two protein classes: glycinins (11S

globulin) and b-conglycinins (7S globulin), which
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collectively comprise approximately 70 % of the

protein in a typical soybean seed (Derbyshire et al.

1976). Glycinin subunits form a 12-subunit hetero-

meric protein consisting of equal numbers of acidic

and basic units (Kitamura et al. 1976).

In the sequenced genotype ‘Williams 82’, a total of

eight glycinin genes have been identified (Li and

Zhang 2011), although only five of these genes (Gy1–5)

are expressed at significant levels (Beilinson et al.

2002) [Electronic Supplemental Material (ESM)

Table 1]. Elite high-yielding soybean lines grown in

the USA are the result of an extreme ‘‘bottleneck

event’’, with[80 % of the genetic diversity present in

high-yielding cultivars deriving from\12 lines (Giz-

lice et al. 1994, 1996). As a result, studies on the

ancestors of high-yielding North American commer-

cial lines have shown that all glycinin genes are intact

(Gy1–5; Mahmoud et al. 2006; Kim et al. 2008).

In contrast to the relatively small number of

glycinin-encoding genes, as many as 15 b-conglycinin

genes are present in the ‘Williams 82’ genome (Li and

Zhang 2011). However, despite this high number of

potential b-conglycinin encoding genes, the majority

appear to be pseudogenes. Only three subunit encod-

ing genes (a, a0, and b; Li and Zhang 2011) apparently

correspond to the most highly seed-expressed protein

subunits (Thanh and Shibasaki 1978), and null alleles

for each have been combined into lines with a virtual

absence of b-conglycinin (Takahashi et al. 1994).

In recent decades, several researchers have identi-

fied (or developed through radiation induced muta-

genesis) soybean lines with loss of function mutations

affecting all five of the glycinin subunits (Scallon et al.

1987; Cho et al. 1989a; Yagasaki et al. 1996). Despite

the high levels of these proteins in seeds, all five

glycinins and all three major b-conglycinins are

dispensable; null lines which lack glycinin and beta-

conglycinin are competent during all stages of repro-

duction and growth (Takahashi et al. 2003). The most

successful strategy, in terms of elimination of total

number of glycinin subunits, has been a combination

of radiation-induced deletion (Yagasaki et al. 1996;

Jenkinson and Fehr 2010) along with traditional

breeding methods to incorporate a naturally occurring

mutation affecting Gy4 (Yagasaki et al. 1996; Jegade-

esan et al. 2012).

In this study, we report on the identification of an

exotic soybean line from the US. Department of Agri-

culture–Agriculture Research Service (USDA–ARS)

germplasm collection which has mutations eliminat-

ing the protein expression of two glycinin encoding

genes, Gy1 and Gy4. We also report the development

of effective molecular assays to detect these alleles

and demonstrate that inheritance of both alleles

virtually re-creates the protein phenotype of the exotic

germplasm lines. The discovery of these two distinct

mutations that reduce the level of the two subunits and

of molecular markers to track these alleles will assist

in the development of new ‘‘improved’’ tofu varieties

in terms of value and quality.

Materials and methods

Plant materials

Soybeans of line PI 605871 B and ‘Williams 82’ were

obtained from the USDA-ARS GRIN system. Seeds

from ‘Patriot’ were obtained from Dr. David Sleper of

the University of Missouri.

Protein extraction from soybean seeds

Electrophoresis chemicals were obtained from GE

Healthcare [Piscataway, NJ; ammonium persulfate,

acrylamide, bis-acrylamide, CHAPS, dithiothreitol,

immobilized pH gradient (IPG) strips, sodium dodecyl

sulfate (SDS), TEMED, thiourea], from Bio-Rad

[Hercules, CA; ampholytes, sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE)

molecular weight markers, urea], or from Sigma-

Aldrich (St. Louis, MO; glycerol, 2-mercaptoethanol,

Tris). Seeds were individually ground to a fine powder

using a mortar and pestle and proteins were extracted

from a 10-mg sample by incubation with 1 ml of SDS

sample buffer [5 % 2-mercaptoethanol, 2 % SDS (w/v),

10 % glycerol (v/v) and 60 mM Tris–HCl, pH 6.8] and

boiling for 5 min. Samples were then clarified by

centrifugation at 15,800g for 5 min, and the superna-

tant was transferred to a clean Eppendorf tube.

One-dimensional SDS-PAGE

A 10-ll aliquot of the protein extract supernatant was

loaded onto a SDS-PAGE gel apparatus (model

Hoefer SE 260 minigel; Hoefer Inc., Holliston, MA,

USA) and proteins were resolved according to man-

ufacturer’s recommendations.
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Two-dimensional gel electrophoresis

A 100-mg aliquot of finely ground seed powder was

prepared and extracted in 2 ml of extraction solution

[10 % TCA (w/v), 0.07 % (v/v) 2-mercaptoethanol in

acetone]. Seed proteins were resuspended in lysis

buffer [1 % CHAPS (w/v), 1 % DTT (w/v), 1 %

ampholytes (w/v) pH 3–10, 9 M urea] and sonicated.

Samples were clarified by centrifugation at

20,800g for 20 min at 4 �C, and an aliquot was used

in isoelectric focusing with IPG strips (pH 3–10,

length 13 cm) in an IPGphor system (GE Healthcare,

Little Chalfont, UK). Each protein sample (100 lg)

was loaded onto strips by active rehydration at 50 V in

250 ll of buffer [2 % CHAPS (w/v), 0.5 % ampho-

lytes, 1 % dithiothreitol (DTT), 0.00 2 % bromphenol

blue, 8 M urea]. Two-dimensional (2-D) separation

was performed with a Hoefer SE 600 Ruby electro-

phoresis unit (GE Healthcare) according to the man-

ufacturer’s recommendations.

SDS-PAGE image analysis

Images of Coomassie stained gels were obtained with

a UMAX PowerLook 2100XL scanner with Adobe

Photoshop V7.0 (Adobe Systems, San Jose, CA,

USA), and images were scanned at 100-lm resolution

(600 dpi). Images were analyzed with Phoretix 2D

Advanced software (v6.01; Nonliner Dynamics Ltd.,

NewCastle upon Tyne, UK).

Reverse transcription-PCR and PCR sequencing

analysis of glycinin genes

A 1-lg sample of DNase I-treated total RNA was used

as the template for reverse transcription (RT)-PCR

with gene-specific primers [Electronic Supplemental

Material (ESM) Table 1]. The One-Step RT-PCR kit

was used to amplify transcripts according to the

procedures recommended by the manufacturer (Qia-

gen, Valencia, CA, USA). For Gy1 and Gy4 sequence

analysis, leaf genomic DNA from PI 605871 B was

isolated using the DNeasy kit (Qiagen) according to

manufacturer’s recommendations, and approximately

25 ng DNA was used in the PCR reactions in place of

cDNA. The amplified PCR products were electropho-

resed in a 1.0 % agarose gel, and resolved PCR

products were isolated and purified using Ultrafree-DA

columns (Millipore Corp., Bedford, MA, USA). The

purified PCR products were individually cloned into

pGEM-T easy vector (Promega, Madison, WI, USA)

and then Sanger sequenced, using M13 primers, on a

3730xl 96-capillary DNA Analyzer with the Applied

Biosystems BigDye Terminator Cycle Sequencing kit

(Applied Biosystems, Foster City, CA, USA) at the

University of Missouri DNACore Facility.

qRT-PCR of glycinin genes during seed

development

RNA was isolated from mid-maturation green soybean

seeds (size 8–10 mm) from lines PI 605781 B and

‘Williams 82’ and then treated with DNase and

purified as previously described (Gillman et al.

2013). A 1-lg sample of total RNA was used to

generate cDNA using the SMARTscribe RT (Clone-

tech, Mountain View, CA, USA) with random hexa-

mers, and 1/20th of a 20-ll RT reaction was used in

gene-specific quantitative PCR using the Quatitect

SYBR Green PCR kit (Qiagen). The primers used are

listed in ESM Table 1. For each genotype, RNA from

three individual biological replicates (each consisting

of two seeds) were used for quantitation, using the

DDCt method (Livak and Schmittgen 2001), with the

cons7 gene as a reference gene (Libault et al. 2008).

Total protein analysis of seeds via LECO

Fifteen seeds per line, grown in the same field location

in Columbia, Missouri during the summer of 2011,

were freeze-dried, ground and used for total nitrogen/

protein analysis as previously described (Bilyeu et al.

2008). Three separate biological replicates were

evaluated per line, and the results were compared

using Student’s t test method (Samuels and Witmer

1999).

Development of molecular markers for Gy1

and Gy4 mutations

Molecular marker assays to track the gy1-a allele

(NCBI accession KC460320) and Gy4 polymorphism

(Scallon et al. 1987) were designed using Lightcycler

Probe Design Software, ver. 1 (Roche Applied Sci-

ences, Indianapolis, IN, USA) to be complimentary to

the ‘Williams 82’ sequences (Schmutz et al. 2010). The

sequences for the Gy1 SimpleProbe and Gy4 Simple

Probe were ‘‘Fluorescein-SPC-GTCTTTACCCTTGC

Mol Breeding (2013) 32:291–298 293
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ACTGTGG-Phosphate’’ and ‘‘Fluorescein-SPC-GAGA

GTGAAGGGCTTCCCCATAT-Phosphate’’, respec-

tively, with SPC referring to a proprietary SimpleProbe

sequence (Fluorosentric, Park City, UT, USA). Assy-

metric PCR with manually designed gene-specific prim-

ers (5:1 ratio of forward to reverse; ESM Table 1) was

used to generate the template for binding with the

SimpleProbes. SimpleProbes were used at a 0.2 lM final

concentration. Amplification reactions and melting curve

analysis were as previously described (Bilyeu et al.

2011). Examples of typical ‘‘melting peak’’ analysis,

using a Lightcycler 480 II real-time PCR instrument

(Roche Applied Sciences) are shown in ESM Fig. 1.

Results

Identification of a Gy4 null line with additional

reduction in Gy1-encoded subunits

In our previous work (Kim et al. 2008), we identified

38 plant introduction accessions with genetic reduc-

tions in the A4A5B3 glycinin peptides, all of which are

encoded by the Gy4 locus. In these accessions, we

detected a single base change which alters the start

codon (ATG [ ATA) such that it cannot be translated.

In subsequent analysis, we identified one plant intro-

duction line, PI 605871 B, which also featured a

further reduction in either A1a, A1b, A2 or A3 subunits

as detected by SDS-PAGE (Fig. 1). In order to

determine which of these highly similar glycinin

genes were reduced, we performed 2-D fractionation

of proteins (isoelectric focusing followed by SDS-

PAGE) which revealed that the A1a (Gy1) and the

A4A5B3 (Gy4) proteins are either absent or at unde-

tectable levels in seeds of PI 605871B (Fig. 2).

Examination of Gy1 gene transcripts by RT-PCR

and DNA sequencing

In order to assess if the alterations in glycinin subunits

could potentially be due to reductions in glycinin

mRNA abundance, we utilized quantitative (q)RT-

PCR to quantify expression of a subset of glycinin

subunit encoding genes (Gy1, Gy2, Gy4, Gy5), using a

constitutively expressed gene (cons7) (Libault et al.

2008) as a control (Fig. 3). Gy3 and Gy7 were

expressed at an extremely low level, which was too

low to be reliably quantified (Cp [ 30). These find-

ings are consistent with a recent RNA-seq analysis

which revealed very low expression for Gy3 and Gy7

as compared to Gy1, Gy2, Gy4 and Gy5 in developing

seeds (Severin et al. 2010). Gy2 and Gy5 did not show

significantly differential expression in mid-maturation

seeds between ‘Williams 82’ and PI 605871 B. In

contrast, transcripts from the Gy1 locus were at a

significantly lower expression level (P = 0.0099,

approx. 1,000 fold lower; Fig. 3) in seeds from line

PI 605871 B as compared to ‘Williams 82’, as were

transcripts from the Gy4 locus (P = 0.01, approx.

10-fold lower; Fig. 3).

We hypothesized that a polymorphism affecting

either the promoter or coding sequence of the Gy1

gene could be acting to reduce transcript abundance

and protein accumulation. To assess this possibility,

we performed PCR with gene-specific primers (ESM

Table 1) and cloned full-length transcripts into

pGEM-T Easy Vector (Promega). Individual clones

were then Sanger sequenced for Gy1, Gy2, Gy3 and

Gy5. Upon sequencing, Gy2, Gy3 and Gy5 were found

to contain no sequence differences, as compared to the

reference ‘Williams 82’ genome. In contrast, the Gy1

locus from PI 605871 B was found to bear a single

base deletion within exon 3 (G292D relative to start
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Fig. 1 One-dimensional SDS-PAGE analysis of soybean pro-

teins seeds from line PI 605781 B in comparison to a public

cultivar ‘Patriot’. Lanes: C Proteins from ‘Patriot’ seeds, PI

protein from PI 605781 B seeds. The first two lanes contain

40 lg of seed protein, and the second two lanes contain 20 lg

seed protein, separated on a 12.5 % SDS-PAGE gel. Approx-

imate protein masses were inferred from comparison to a

standard protein ladder
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codon; Fig. 4), which generates an immediate frame-

shift mutation (Fig. 4). In this work, we will refer to

this allele as gy1-a (NCBI accession KC460320). The

reduction in gy1-a transcript abundance is most likely

due to the phenomenon termed ‘‘nonsense-mediated

mRNA decay’’ (Peltz et al. 1993), which has been

shown to be a conserved mRNA surveillance pathway

in plants (recently reviewed in Chang et al. 2007).

Development of molecular markers for gy1-a

and gy4 alleles

In order to confirm that the gy1-a single base deletion

was causative for the protein alterations, we developed

a segregating population by crossing PI 605781 B to a

public soybean cultivar ‘Patriot’, developed by David

Sleper and Kerry Clark of the University of Missouri.
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Fig. 2 Two-dimensional proteomic analysis of soybean seeds

from line PI 605781 B in comparison to a public cultivar

‘Patriot’. Seed proteins were separated by isoelectric focusing

on pH 4–7 IPG strips followed by separation by SDS-PAGE on

16 % gels. The gels were stained with colloidal Coomassie blue

G-250. Approximate protein masses were inferred from

comparison to a standard protein ladder
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Fig. 3 Quantitative

reverse-transcription (qRT)-

PCR analysis of glycinin

encoding genes in mRNA

from developing (8–10 mm)

seeds. Gene expression was

normalized to W82 samples

for each gene, respectively,

using the DDCt method and

cons7 (see ‘‘Methods’’) as a

reference gene. Each

histogram represents three

independent biological

replicates, and one standard

deviation is indicated in

parenthesis. Asterisk

indicates significant

differences at P B 0.01
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We developed locus-specific markers for Gy4 using

SimpleProbe technology and evaluated F2 plants for

genotype and F2:3 seeds by SDS-PAGE analysis for

presence of A4B3 A5 subunits. As previously shown

for a number of lines, reductions in the A4B3 A5

subunits were perfectly correlated with the presence of

homozygosity for Gy4 alleles from PI 605781 B (ESM

Fig. 2).

The co-migration of A1a, A1b and A3 proteins on

1-D SDS-PAGE gels results in significant difficulty

separating A1a from A1b, A2 and A3 on SDS-PAGE

gels (Fig. 5). Performing sufficient 2-D gels for

breeding purposes and/or genetic analysis for hun-

dreds of samples is logistically and financially

prohibitive. This may in part explain why a single

Gy1 mutation has not previously been reported in the

literature. The results of our 1-D SDS-PAGE analysis

revealed a reduction in the protein band corresponding

to A1a in seeds from PI 605871 B (Fig. 1), and this

reduction was present in the re-creation of the gy1-a/

gy4 genotype (Fig. 5). We anticipate complete corre-

lation between this genetic marker and the protein

phenotype, as has been shown previously for genetic

deletions encompassing both Gy1 and Gy2 (Cho et al.

1989b; Beilinson et al. 2002; Jenkinson and Fehr

2010). The re-creation of the gy1-a, gy4 double

homozygote results in an overall seed protein profile

very similar to that of PI 605871 B (Fig. 5).

Examination of a diverse set of genotypes

for presence of the novel Gy1 allele

The development of single nucleotide polymorphism

genotyping markers allowed us to assess the preva-

lence of the novel Gy1 allele in a diverse sampling of

247 germplasm lines drawn from the USDA-ARS

GRIN collection (ESM Table 2). We examined four

representations of soybean genetic diversity: (1) all of

the ancestral lines which make up [95 % of the

Gy1 (Glyma03g32030)

Gy4 (Glyma10g04280)

GGG>GG
G292 (frameshift)

ATG>ATA
Start codon

PI 605781 B

Wild type

(Numerous high quality tofu lines including PI 605781 B)

Fig. 4 Genetic lesions

affecting Glycinin 1 (Gy1)

and Glycinin 4 (Gy4) loci in

plant introduction line PI

605781 B. Cartoon

depiction of polymorphisms

present in PI 605871 B

within the gy1-

a (Glyma03g32030) and gy4

(Glyma10g04280) genes.

Dark bars Exons, lines

spliced introns, gray bars

untranslated regions

14 –

21 –

31 –

45 –

66 –

97 –

C PI
gy1-a 
gy4

A5

B1a B1b B4

A1a A1b A2

A4

B3

Fig. 5 SDS-PAGE separation of proteins from Patriot (C), PI

605871 B (PI) and a gy1-a, gy4 double homozygote F2:3 line. A

40-lg sample of seed protein was separated on 12.5 % SDS-

PAGE gels. Arrows Typical migration pattern of b-conglycinin

and glycinin subunits, box protein subunits encoded by the Gy1

or Gy4 loci
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genetic diversity in North American high-yielding

elite cultivars; (2) germplasm lines previously shown

to bear the Gy4 mutation, including PI 605781 B (Kim

et al. 2008); (3) a set of samples drawn from a

geographically diverse Glycine max and G. soja lines

(Gillman et al. 2013); (4) The 31 wild and domesti-

cated genomes which were recently resequenced (Lam

et al. 2010). Remarkably, the novel gy1-a allele was

present only in PI 605781 B, suggesting that it is an

extremely rare, possibly unique, allele. A full list of

the 247 lines examined is presented in ESM Table 2.

Discussion

Despite their strong similarity, distinct glycinin sub-

units have different functional characteristics for

gelling and, consequently, for tofu quality. The

presence of the A1bB1b, A2B2 and A3B4 protein

subunits are correlated with higher quality tofu,

whereas the absence of A1aB1a and A4A5B3 subunits

are correlated with improved quality (Poysa et al.

2006). Mutations affecting Gy3/A1bB1b have been

reported (Cho et al. 1989a), but the presence of the

Gy3 derived A3 subunit is positively correlated with

tofu quality (Poysa et al. 2006), and such mutations are

unlikely to result in superior tofu varieties. Another

spontaneous mutation which prevents translation of

the Gy4 locus (Scallon et al. 1987) is relatively

widespread in Japanese cultivars with superior tofu

quality (Kim et al. 2008).

Two glycinin genes in tight genetic linkage have

opposite impacts on tofu quality: A1aB1a subunits

(derived from the Gy1 locus) negatively impact tofu

quality when present, whereas the presence of A2B2

subunits (encoded by the Gy2 locus) have been shown

to have a positive association with tofu quality/

firmness (Poysa et al. 2006). These two gene copies

most likely arose due to an ancestral tandem duplica-

tion event. No germplasm source of a specific

reduction in the Gy1 locus, aside from complete

deletion of both the Gy1 and Gy2 locus (Yagasaki et al.

1996), has to our knowledge been reported in the

literature.

We have not evaluated the impacts of the presence

of the novel gy1-a mutation on seed yield or tofu

quality, as has been done for the gy4 mutation.

Because PI 605781 B is an agronomically poor-quality

plant introduction line which has not been optimized

for either seed yield nor other aspects of tofu quality

(high protein, clear hilum, sugar content, etc.), such

studies are best done after additional breeding. We do

not anticipate that the alleles per se will have an effect

on either seed yield; studies with irradiation lines

featuring loss of all glycinin subunits have revealed no

significant effect of loss of glycinin subunits on overall

seed yield (Jenkinson and Fehr 2010).

Although we detected differences in specific gly-

cinin subunit composition via protein gels, there was

no significant difference (P = 0.217) in total protein

content between seeds from PI 605871 B and ‘Patriot’

(39.0 ± 0.4 % and 39.3 ± 0.1 %, respectively). This

finding is consistent with other studies, where the

combination of multiple glycinin mutations (Jenkin-

son and Fehr 2010) or the combination of both

glycinin and b-conglycinin mutations in a single line

(Takahashi et al. 2003) did not alter the total amount of

protein/amino acids present, only how they were

partitioned. Similar results were obtained using RNAi

gene silencing methods to reduce b-conglycinin

(Kinney et al. 2001) or to silence both b-conglycinin

and glycinin genes using a single gene silencing

construct (Schmidt et al. 2011). These studies dem-

onstrated a remarkable plasticity in the soybean seed

proteome, with the mechanisms that control the total

accumulation of amino acids operating independently

of how those amino acids are fractionated into

particular seed storage proteins.
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