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Summary
Soybean (Glycine max (L.) Merr.) is an important protein source in human diets and animal 

feeds. The sulphur content of soybean seed proteins, however, is not optimal for ration 

formulations. Thus, increasing the methionine and cysteine content of soybean seed proteins 

would enhance the nutritional quality of this widely utilized legume. We have earlier reported 

the isolation of an 11 kDa 

 

δ

 

-zein protein rich in methionine from the endosperm of the maize 

(

 

Zea mays

 

 L.) inbred line W23a1 [Kim, W.-S. and Krishnan, H.B. (2003) Allelic variation and 

differential expression of methionine-rich-

 

δ

 

-zeins in maize inbred lines B73 and W23a1. 

 

Planta

 

, 

 

217

 

, 66–74]. Using 

 

Agrobacterium

 

-mediated transformation, a construct consisting 

of the coding region of the cloned 

 

δ

 

-zein gene under regulation of the 

 

β

 

-conglycinin 

 

α′

 

-

promoter was introduced into the soybean genome. The 11 kDa 

 

δ

 

-zein gene was expressed 

in the seeds of transgenic soybeans, although low-level expression was also detected in 

the leaves. 

 

In situ

 

 hybridization indicated that the 11 kDa 

 

δ

 

-zein mRNA was expressed 

predominantly in transitional cells located between the vascular tissue and storage 

parenchyma cells. Immunohistochemistry of developing transgenic soybeans revealed that 

the accumulation of the 11 kDa 

 

δ

 

-zein occurred primarily in these transitional cells. Expression 

of the 11 kDa 

 

δ

 

-zein gene in transgenic soybean resulted in the formation of two endoplasmic 

reticulum-derived protein bodies that were designated as either spherical or complex. 

Immunocytochemical localization demonstrated that both the spherical and complex protein 

bodies accumulated the 11 kDa 

 

δ

 

-zein. Although expression of the 11 kDa 

 

δ

 

-zein gene 

elevated the methionine content of the alcohol-soluble protein fraction 1.5–1.7-fold above 

that of the non-transgenic line, the overall methionine content of seed flour was not increased. 

Our results suggest that the confined expression of the 11 kDa 

 

δ

 

-zein gene in transitional 

cells could be limiting the increase in methionine content in transgenic soybean seeds.

Received 6 August 2003; 

revised 27 October 2003; 

accepted 18 November 2003.

*Correspondence (fax 573-884-7850; 

e-mail KrishnanH@missouri.edu)

Keywords:  methionine, nutritional 

quality, protein bodies, soybean, zein.

Introduction

Seeds synthesize and accumulate macromolecules, such as oils,

starch and proteins, which are utilized during germination and

early plant development. These compounds are an important

nutritional resource for both humans and animals. A prepon-

derance of cultivated crops produce seed which is deficient,

with respect to monogastric diets and rations, in one or more

of the essential amino acids. Cereal seeds are deficient in

lysine, tryptophan and threonine, whereas legume seeds contain

inadequate amounts of methionine and cysteine (Shewry

et al., 1995). The optimal growth and development of humans

and animals, consuming a grain-based diet, requires supple-

mentation with synthetic essential amino acids.
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Soybean is an important legume, providing 67% of the

protein meal and 31% of the vegetable oil consumed

worldwide (www.unitedsoybean.org). Glycinin (11S) and β-

conglycinin (7S) account for 70% of the total seed protein of

soybean (Nielsen, 1996; Krishnan, 2000). Although glycinins

are relatively rich in methionine, the companion storage

protein, β-conglycinin, is essentially devoid of this amino

acid (Nielsen, 1985). The overall content of methionine and

cysteine in soybean seed protein is not optimal for the

formulation of poultry or swine rations. To circumvent this

deficiency, the animal industry supplements the soybean-

based rations with synthetic methionine, at an estimated

cost of 100 million dollars annually (Imsande, 2001).

Molecular techniques have been employed to improve the

concentration of sulphur-containing amino acids in both

legume and non-legume plant seed proteins. One widely

used approach has been to express the sulphur-rich 2S

albumin gene from Brazil nut (Bertholletia excelsa) or sunflower

(Helianthus annuus) in target plants. The 2S albumin has

been successfully expressed in Arabidopsis thaliana, tobacco

(Nicotiana tabacum), potato (Solanum tuberosum) and canola

(Brassica napus), with a concomitant increase in the

methionine contents in transgenic plants (Clercq et al., 1990;

Altenbach et al., 1992; Tu et al., 1998). A similar approach

has also been used to improve the sulphur-containing amino

acid content of legume crops (Müntz et al., 1998). Saalbach

et al. (1995) have successfully expressed the sulphur-rich 2S

albumin in narbon bean (Vicia narbonensis). The 2S albumin

accumulated to approximately 5% of the total seed protein

in transgenic plants, resulting in a two-fold increase in the

methionine content of seed proteins (Müntz et al., 1998). Using

2S albumin gene from sunflower, Higgins and associates

have engineered lupin (Lupinus angustifolius) that contains

twice the methionine content when compared with

non-transgenic lupin (Molvig et al., 1997). This increase

in methionine enhanced the nutritive value of transgenic

lupin seeds for rats and sheep (Molvig et al., 1997; White

et al., 2000). However, the methionine and cysteine content

of transgenic lupin was still not optimal for animal nutrition

(Tabe and Droux, 2002).

In an attempt to increase the sulphur-containing amino

acid content of soybean seeds, 2S albumin from Brazil nut

was expressed in soybeans (Townsend and Thomas, 1994).

In one transgenic line, the 2S albumin accounted for 10% of

the total seed protein. This expression level was calculated to

double the methionine content in transgenic plants, but an

increase of only 40–50% was observed (Townsend and

Thomas, 1994). It was also noted that these transgenic soybeans

accumulated lower amounts of protease inhibitors (Beach

et al., 1995), which are rich in sulphur-containing amino

acids. As the 2S Brazil nut albumin has been identified as a

potential allergen (Nordlee et al., 1996), its use to enhance

the methionine content of legume seed proteins is

compromised (Streit et al., 2001). A similar approach was

used to express a 15 kDa zein in soybean, which resulted in a

12–20% increase in methionine content (Dinkins et al., 2001).

These studies demonstrate the feasibility of increasing the

methionine content of soybean by the expression of heterol-

ogous seed proteins rich in methionine.

The β-conglycinin α′-subunit promoter is tissue-specific

and is temporally regulated (Beachy et al., 1985; Chen et al.,

1989; Chamberland et al., 1992). It is expressed in both the

axis and cotyledons of developing soybean seeds (Ladin et al.,

1987). The β-conglycinin α′-subunit has been expressed in

transgenic plants and was reported to be regulated in a

similar manner as in soybean (Chen et al., 1989; Nishizawa

et al., 2003). Expression was detected in transgenic seeds

during mid to late stages of seed development (Chen et al.,

1989). However, the expression pattern of this promoter in

different cell types within the seed has not been investigated.

Regulatory information for the tissue-specific expression

of the β-conglycinin α′-subunit has been localized to DNA

sequences approximately 250 bp upstream of the transcription

start site (Allen et al., 1989; Chen et al., 1989). In this study,

the gene encoding the methionine-rich 11 kDa δ-zein was

placed under the control of the β-conglycinin α′-subunit

promoter and introduced into the soybean genome with

the objective of improving the sulphur-containing amino acid

content of soybean seed protein. Seed-specific expression

of the 11 kDa δ-zein in transgenic soybeans resulted in a 1.5–

1.7-fold increase in the methionine content of the alcohol-

soluble protein fraction. The 11 kDa δ-zein accumulated in

two novel endoplasmic reticulum (ER)-derived protein bodies

in transitional cells located between the vascular tissue and

storage parenchyma cells. The accumulation of the 11 kDa

δ-zein in these unique storage bodies suggests a putative

method of producing and sequestering transgenic proteins.

Results

Expression and accumulation of 11 kDa δ-zein in 

transgenic soybean

A gene encoding a novel 11 kDa δ-zein protein has been

cloned from the maize inbred line W23a1 (Kim and Krishnan,

2003). Methionyl and cysteinyl residues combined account

for 25% of the total amino acids of this protein. A plant

transformation vector was constructed in which the coding
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region of the 11 kDa δ-zein gene was placed under the

control of the soybean β-conglycinin α′-promoter (Schuler et al.,

1982) and potato protease inhibitor II terminator sequences.

This construct was ligated into the expression cassette

containing the phosphinothricin acetyl transferase gene (bar)

under control of the 35S promoter and nopaline synthase

terminator. The resulting plasmid was designated pZα′11hsp

(Figure 1). Six independent transgenic lines (A4, A8, A9, A11,

A13 and A14) of soybean, expressing the 11 kDa δ-zein

gene, were obtained by Agrobacterium tumefaciens-mediated

transformation (Hinchee et al., 1988; Zhang et al., 1999).

Expression of the 11 kDa δ-zein gene in these transgenic

soybean lines was verified by Northern blot analysis. When

nylon filters containing total RNA from developing soybean

seeds were probed with the α32P-labelled coding region of

the 11 kDa δ-zein gene, hybridization signals were detected in

each transgenic line (Figure 2). The probe hybridized to a 350 bp

transcript, which approximates the transcript size observed

in W23a1 developing maize seeds (Figure 2). The 11 kDa δ-

zein gene probe was specific to the transgenic soybean

lines and did not detect transcripts in RNA extracts from non-

transformed soybean plants. Accumulation of the transgenic

protein was examined by Western blot analysis (Figure 3A).

Antibodies raised against purified maize δ-zein (Kim and

Krishnan, 2003) reacted specifically to a low-molecular-

weight protein from the transgenic soybean seed extracts.

Although the 11 kDa δ-zein was observed in all six transgenic

lines, there was considerable variation in the accumulation of

the protein. The δ-zein antibodies did not recognize any

seed proteins extracted from control soybean plants. An earlier

study has shown that the expression of methionine-rich 2S

albumin from Brazil nut resulted in the reduction of Kunitz

trypsin inhibitor (Beach et al., 1995). Western blot analysis

revealed that the accumulation of the inhibitor was not

repressed in these transgenic soybean lines (Figure 3B).

11 kDa δ-zein in transgenic soybean shows 

organ-specific expression

The organ-specific expression of the 11 kDa δ-zein gene was

examined by Northern blot analysis using total RNA isolated

from different organs of transgenic soybean plants (Figure 4).

A strong signal was detected in developing seeds, indicating

that the 11 kDa δ-zein gene is expressed predominantly in the

soybean seeds (Figure 4). Although the 11 kDa δ-zein mRNA

was not detected in roots, stem, hypocotyl or flower, a faint

signal was detected in leaf tissue (Figure 4). To determine

whether the transgenic soybean leaves accumulated the 11 kDa

δ-zein, Western blot analysis was performed on total leaf protein.

Enzyme-linked detection using secondary antibodies conjugated

Figure 1 Schematic diagram of pZα′11hsp used for transformation of soybean. The construct contains the 11 kDa δ-zein coding region under the 
control of the soybean β-conglycinin α′-promoter and the 3′ region of the potato proteinase inhibitor gene (Pin II), together with a gene expression 
cassette that includes the cauliflower mosaic virus 35S promoter, the bar-coding region and the 3′ region of the nopaline synthase gene (nos). Tp, 
soybean β-conglycinin β-subunit transit peptide.

Figure 2 Expression of the 11 kDa δ-zein in transgenic soybean lines. 
Total RNA (5 µg) from developing (35–50 days after flowering) transgenic 
soybean seeds was fractionated on a denaturating formaldehyde-agarose 
gel and transferred to a Hybond-N+ membrane. The blot was probed 
with the 11 kDa δ-zein coding region. Total RNA from developing maize 
(W23a1) seeds was also included in the blot. The probe hybridized to a 
0.35 kB RNA transcript in all the tested transgenic soybean lines. Note the 
absence of RNA transcript in the non-transgenic control (C).

Figure 3 Accumulation of 11 kDa δ-zein protein in transgenic soybean 
lines. Total seed proteins from developing (35–50 days after flowering) 
soybean seeds from six independent transgenic lines were fractionated 
in duplicate gels by 15% sodium dodecylsulphate polyacrylamide gel 
electrophoresis and electrophoretically transferred to nitrocellulose 
membranes. The membrane was probed with the maize δ-zein antibodies 
(panel A) or soybean Kunitz trypsin inhibitor antibodies (panel B). Note the 
variation in the accumulation of 11 kDa δ-zein among the different 
transgenic lines, in contrast with the uniform accumulation of the 
Kunitz trypsin inhibitor.
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to horseradish peroxidase (HRP) failed to detect the accumu-

lation of the 11 kDa δ-zein in the leaves of the transgenic

soybean plant. The more sensitive chemiluminescent system

(Pierce, Rockford, IL, USA) detected the 11 kDa δ-zein in leaves,

albeit at extremely low levels (data not shown).

11 kDa δ-zein in transgenic soybean retains its alcohol 

solubility

A common feature of zeins is that they are soluble in aqueous

alcohol (Esen, 1986). To ascertain whether the 11 kDa δ-zein

expressed in transgenic soybeans retained alcohol solubility,

seed proteins were separated into salt-soluble globulin,

alcohol-soluble prolamin and total seed protein fractions.

These fractions were resolved by sodium dodecylsulphate

polyacrylamide gel electrophoresis (SDS-PAGE) and subjected

to Western blot analysis (Figure 5). The δ-zein antibodies

recognized 11 kDa and 18 kDa polypeptides from the total

protein and prolamin fraction, respectively, of W23a1 maize

seeds. The antibody also detected an 11 kDa polypeptide from

the total protein and prolamin fraction from the transgenic

soybean seed extract (Figure 5). Antibodies failed to detect

the δ-zein in the globulin fraction isolated from either maize

or transgenic soybean, demonstrating that the 11 kDa

δ-zein fractionates similarly in seed extracts from maize and

transgenic soybean plants.

Western blot analysis of dry seed flour from six different

transgenic events indicated that two lines, A11 and A13,

accumulated a higher amount of δ-zein. Amino acid analysis

of the alcohol-extractable protein fraction from these two

transgenic lines revealed 1.5–1.7 times more methionine in

transgenic lines than in non-transformed plants (Table 1). To

ascertain whether the increased methionine content of the

prolamin fraction was also reflected in the total seed flour,

we determined the amino acid profile of the whole soybean

seed. The methionine contents in the seed flour of transgenic

line A11 and control soybean were 2.02 ± 0.06% and 2.03 ±
0.02%, respectively, indicating that there was no significant

difference in methionine content.

11 kDa δ-zein is processed accurately in transgenic 

soybean

The construct used for the transformation of soybean contained

the 26 amino acid signal sequence of the β-conglycinin

β-subunit coupled to the coding region of the mature

Figure 4 Organ-specific expression of 11 kDa δ-zein in transgenic 
soybeans. Total RNA (5 µg) from roots (lane 1), hypocotyls (lane 2), leaves 
(lane 3), stems (lane 4), flower (lane 5) and seeds (lane 6) was subjected 
to Northern blot analysis. The coding region of the 11 kDa δ-zein was 
used as probe. Note the weak hybridization signal in the leaf samples 
(lane 3) and that the size of the RNA transcript is similar to that detected 
in the seed (lane 6). The ethidium bromide-stained gel picture shows 
uniform loading of RNA samples (panel B).

Figure 5 The 11 kDa δ-zein in transgenic 
soybean is soluble in aqueous alcohol. 
Total, salt-soluble and alcohol-soluble protein 
fractions isolated from mature dried seeds of 
maize, transgenic soybean line A13 and non-
transgenic soybean control were fractionated 
by sodium dodecylsulphate polyacrylamide 
gel electrophoresis and either stained with 
Coomassie Brilliant Blue (panel A) or 
transferred to a nitrocellulose membrane for 
immunodetection analysis with δ-zein-specific 
antibodies (panel B). The 11 kDa δ-zein 
detected in the transgenic soybean seeds is 
slightly larger than the protein detected in the 
maize W23a1 inbred line. Lane 1, total protein; 
lane 2, salt-soluble fraction; lane 3, alcohol-
soluble fraction. Note that the 11 kDa δ-zein 
protein is absent in the salt-soluble fraction. 
The sizes of the molecular weight markers in 
kDa are also shown.
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11 kDa δ-zein (Figure 1). During the cloning process, an NdeI

site was inserted between the signal sequence and the

11 kDa δ-zein coding region, which added two amino acid

residues to the mature 11 kDa δ-zein protein. Immunoblot

analysis showed that the molecular weight of δ-zein expressed

in transgenic soybean was slightly larger than that of the

protein expressed in maize (Figure 5). A comparison of the

NH2-terminal amino acid sequence deduced from cDNA

sequences with that of the mature β-subunit of β-conglycinin

revealed that the NH2-terminal signal sequence is cleaved

after a serine residue (Figure 6; Tierney et al., 1987). To examine

the precise cleavage site, the NH2-terminal sequence of the

11 kDa δ-zein expressed in the transgenic soybean was

determined. The first seven amino acid residues of the 11 kDa

δ-zein were determined to be LKVHMTH (Figure 6). This

observation indicates that 11 kDa δ-zein was processed

correctly in transgenic soybean and results in the synthesis

of an 11 kDa δ-zein containing a lysine residue, which is not

normally found in the zeins.

Expression of 11 kDa δ-zein mRNA is restricted to 

specific cell types in transgenic soybean

The distribution of the 11 kDa δ-zein mRNA in developing

transgenic soybean seeds was determined by in situ hybridi-

zation. Thin slices of soybean seed hybridized with 35S-labelled

antisense probe and viewed under bright-field microscopy

revealed that the 11 kDa δ-zein mRNA was not evenly distrib-

uted in the cotyledon (Figure 7). The hybridization signal was

primarily found in cells proximal to the vascular bundles. The

position of the hybridizing cells in the cotyledons resembles

that of paraveinal mesophyll (PVM) cells that occur in soybean

leaves (Fisher, 1967; Franceschi and Giaquinta, 1983). When

viewed by dark-field microscopy, the white/silver grains in

the autoradiogram were clearly seen in cells neighbouring

the vascular strand (Figure 7). Thin sections of soybean seeds

hybridized with sense-strand probe gave no specific hybridi-

zation signal (Figure 7). A strong signal was seen at the hilum

with both the sense-strand and antisense probe, indicating

that this hybridization signal was non-specific (Figure 7).

Expression of 11 kDa δ-zein results in the formation of 

novel protein bodies

As the distribution of the 11 kDa δ-zein mRNA is restricted

to specific cells in the cotyledons of the transgenic soybeans,

we examined whether the accumulation of the protein also

exhibited a similar spatial distribution. Immunohistochemical

staining of paraffin-embedded soybean seeds indicated that

the δ-zein was predominantly localized in cells surrounding

the vascular bundle (Figure 8). This distribution pattern

was similar to the 11 kDa δ-zein mRNA expression pattern

(Figure 7). Thin sections incubated with preimmune serum

revealed no reaction with the proteins accumulating in these

cells (Figure 8). In developing maize seeds, different classes of

zeins are deposited into ER-derived protein bodies (Herman

and Larkins, 1999) and are localized in a specific manner

within the protein bodies (Lending et al., 1988). The α- and

δ-zeins form the core of the protein bodies, while the β- and

γ-zeins occur at the periphery (Lending and Larkins, 1989).

Soybeans accumulate storage proteins within specialized

protein storage vacuoles (PSVs) (Chrispeels and Herman,

2000). ER-derived protein bodies are not known to occur in

developing soybean seed. To determine if the 11 kDa δ-zein

expressed in transgenic soybean accumulated in ER-derived

Table 1 Amino acid composition of isopropanol-extracted proteins 
from soybean. Data are the means of three different preparations of 
prolamin fractions
 

 

Amino acid Control A11* A13*

Aspartic acid 14.40a 13.56a 13.64a

Threonine 8.00a 7.75a 7.85a

Glutamic acid 19.17ab 18.48b 20.25a

Proline 6.62a 7.04a 6.86a

Glycine 6.29a 5.96b 6.31a

Alanine 7.40a 7.28a 7.56a

Cysteine 5.41a 5.22a 4.30b

Valine 5.26b 5.46b 5.92a

Methionine 2.52c 4.36a 3.74b

Isoleucine 4.36b 4.48ab 4.69a

Leucine 8.99b 9.77a 9.55a

Means showing the same letter within each row are not significantly different 

at P ≤ 0.05.

*Transgenic soybean lines expressing 11 kDa δ-zein.

Figure 6 The 11 kDa δ-zein protein is correctly processed in the 
transgenic soybean. The nucleotide sequence and the deduced amino 
acid sequence near the junction of the NH2-terminal signal sequence and 
the coding region of the 11 kDa δ-zein are shown (panel A). Creation of 
an NdeI site (underlined) at the junction region resulted in the addition of 
two amino acid residues to the mature protein. The signal sequence 
cleavage site is shown with an arrow. The NH2-terminal sequence of the 
purified 11 kDa zein protein from dried mature transgenic soybean seeds 
is also shown (panel B).
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Figure 7 Spatial distribution of 11 kDa δ-zein mRNA in transgenic soybean seeds. Light micrographs of paraffin-embedded developing (35 days after 
flowering) soybean seed sections hybridized with 11 kDa δ-zein sense strand RNA viewed by bright-field microscope (panel A) or antisense strand viewed 
by bright-field (panel B) and dark-field (panel C) microscope. Note that the silver grains predominantly occur in cells near the vascular tissue (panel C).

Figure 8 Immunocytochemical analysis of 
the spatial distribution of the 11 kDa δ-zein 
protein in developing (35 days after flowering) 
transgenic soybean seeds. Photomicrographs 
of a longitudinal section of a transgenic 
soybean seed immunostained with maize 
δ-zein antibody and counter-stained with 
haematoxylin. Note the accumulation of 
the 11 kDa δ-zein protein in cells around 
the vascular tissue (panels A and B). Sections 
treated with preimmune serum reveal no 
immunostaining in the cells around the 
vascular tissue (panel C). The arrows in 
panel A denote the transitional cell layer. 
TC, transitional cell; V, vascular bundle.
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protein bodies or PSVs, we conducted ultrastructural analysis

of transgenic soybean seeds. Low magnification electron

microscopy of thin sections of transgenic soybean seeds

revealed that storage parenchyma cells were the predomi-

nant cell type in the cotyledons. Cells representing vascular

tissue were also seen. Cells near the vascular tissue were smaller

than storage parenchyma cells (Figure 9A). These types of

cells have been observed in jack-bean cotyledons and were

designated transitional cells (Herman and Shannon, 1984).

Transitional cells in transgenic soybean seeds contained

both PSVs and novel electron-dense spherical protein bodies

(Figure 9B). Spherical protein bodies were surrounded by

ER-derived membrane containing ribosomes. The centres

of these protein bodies were highly osmiophilic and were

surrounded by a light-staining uniform protein matrix

(Figure 9B). Spherical protein bodies were generally found

in the cytosol surrounded by lipid bodies. In rare cases, the

spherical protein bodies were also found within the PSVs

(Figure 9B). These protein bodies generally were not seen in

storage parenchyma cells that were distal from the vascular

tissue. Interestingly, we observed a second type, which was

morphologically distinct from the first, and designated it as a

complex protein body (Figure 10A). This unique structure appears

to be an aggregate of several uniformly sized small protein

bodies, arranged in a concentric circle surrounding a large

central protein body. Each protein body was surrounded by

an osmiophilic membrane. Unlike the spherical protein bodies,

the complex protein bodies were found infrequently. Neither

type of protein body was observed in control non-transformed

soybean seed. To demonstrate that the novel ER-derived protein

bodies in the transgenic soybean seeds accumulated the

11 kDa δ-zein, we performed immunocytochemical localiza-

tion studies. When thin sections were incubated with δ-zein

antibodies and protein A gold particles, specific labelling was

seen on both types of novel protein body (Figure 10A,B). No

labelling of the PSVs or other organelles was observed.

Figure 9 Novel protein bodies in transgenic 
soybean seeds. Low magnification view of 
a transgenic soybean cotyledon (35 days 
after flowering) reveals the presence of dark-
staining spherical protein bodies in transitional 
cells (panel A). The long arrow indicates 
the location of the vascular cells (V) and the 
storage parenchyma cells (S). The endoplasmic 
reticulum-derived spherical protein bodies 
exhibit a dark-staining central core and a 
light-staining periphery (panel B). Note the 
presence of a spherical protein body within 
the protein storage vacuole (PSV). OB, oil 
bodies; PB, protein body.

Figure 10 Immunogold localization of 
the 11 kDa δ-zein in complex (panel A) 
and spherical (panel B) protein bodies. The 
complex protein body contains a centrally 
located protein body that is surrounded by 
small protein vesicles that are arranged in 
concentric layers (panel A). Thin sections of 
transgenic soybean were labelled with δ-zein 
antibodies and protein A-gold particles. Note 
the specific deposition of gold particles on 
both types of protein bodies. OB, oil bodies; 
PB, protein body; PSV, protein storage 
vacuole.
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Discussion

The accumulation of the 11 kDa δ-zein in transgenic soybean

resulted in a 1.5–1.7-fold increase in the methionine content

of the alcohol-soluble protein fraction. This increase, however,

did not improve the overall methionine content of soybean

flour, as the 11 kDa δ-zein accounted for less than 0.5%

of the total protein. A substantial increase in the accu-

mulation of the 11 kDa δ-zein may be necessary to elevate

the methionine content. Earlier, Brazil nut 2S albumin was

expressed in transgenic soybeans, accounting for 10% of the

salt-soluble seed protein, which resulted in a 30% increase in

methionine content (Townsend and Thomas, 1994). Accu-

mulation of the 2S seed albumin, however, was countered by

a reduction in trypsin and chymotrypsin inhibitors, proteins

rich in sulphur-containing amino acids (Beach et al., 1995).

The increase in the methionine content in transgenic soy-

beans may be limited by the paucity of sulphur-containing

amino acids in soybean seeds. Consequently, increasing

the availability of methionine and cysteine during seed fill by

manipulating synthesis and transport are essential consider-

ations for the improvement of soybean protein quality.

The accumulation of the 11 kDa δ-zein in transgenic

soybeans resulted in the formation of two morphologically

distinct protein bodies, designated as spherical and complex.

These protein bodies, easily distinguishable from PSVs due

to their osmiophilic nature, were found in the midst of

oil bodies. Rarely, the ER-derived spherical protein bodies

were found inside the PSVs. A similar phenomenon has been

reported to occur in transgenic tobacco seeds expressing

the γ-zein gene (Coleman et al., 1996). An autophagous process

may be involved in the engulfment of the ER-derived protein

bodies by the PSVs (Herman and Larkins, 1999). Ribosomes

on the periphery of the spherical bodies were indicative of an

ER origin and their morphology is analogous to that found

in maize endosperm (Lending et al., 1988). Complex protein

bodies, which were also observed in 11 kDa δ-zein transformed

soybeans, have a well-defined symmetry. At the centre lies

a spherical protein body, surrounded by concentric layers of

small protein vesicles. Similar structures, termed precursor-

accumulating vesicles, occur in maturing pumpkin seed (Hara-

Nishimura et al., 1998). ER-derived protein bodies have also

been noted in other transgenic plants accumulating zeins (Bagga

et al., 1995, 1997; Randall et al., 2000). As in maize seed, it

appears that ER-derived protein bodies in transgenic plants

are formed due to self-assembly and aggregation of the zeins

within the lumen of the rough ER (Herman and Larkins, 1999).

In tobacco, expression of a modified 10 kDa zein resulted

in the formation of spherical and aggregate protein bodies

(Randall et al., 2000). When native zein signal sequences

were retained, only spherical protein bodies were observed

in transgenic tobacco. However, the introduction of three

additional amino acids to the NH2-terminal signal sequences

resulted in the formation of aggregate protein bodies (Randall

et al., 2000). Even though we modified the NH2-terminal

signal sequence of the 11 kDa δ-zein, the spherical protein

bodies remained the most prevalent 11 kDa δ-zein storage

structure. Thus, it appears that, in addition to NH2-terminal

signal sequences, other factors could be involved in the

formation of complex or aggregate protein bodies. For example,

sequence-mediated gene silencing of the α-subunits of

β-conglycinin in transgenic soybeans resulted in the formation

of ER-derived protein bodies (Kinney et al., 2001). Normal

storage protein trafficking was affected in these transgenic

soybeans, resulting in the accumulation of proglycinin, which

leads to the formation of ER-derived protein bodies (Kinney

et al., 2001).

The reason for the restricted accumulation of the 11 kDa

δ-zein mRNA in cells closer to the vascular bundles is unclear.

To our knowledge, the β-conglycinin α′-subunit promoter

and β-conglycinin β-subunit signal peptide combination have

not been used to express proteins in transgenic plants.

Although the β-conglycinin α′-subunit promoter has been

used to express reporter genes in transgenic plants (Chen

et al., 1989; Chamberland et al., 1992), the spatial expres-

sion of the introduced gene has not been investigated.

Immunological studies have shown that the β-conglycinin

accumulates throughout the embryo (Krishnan, 2002),

indicating that the β-conglycinin α′-subunit promoter is

expressed in most cells of the embryo. The restricted expres-

sion pattern of the 11 kDa δ-zein mRNA seen in this study

may be unique to the 11 kDa zein. We have created a new

construct in which the 11 kDa zein coding region has been

replaced by green fluorescent protein (GFP), and are in the

process of generating transgenic soybean plants. If the GFP

mRNA expression pattern is similar to that of the 11 kDa zein,

it would suggest that sequences upstream of the coding

region are responsible for the localized expression. Clearly,

the molecular mechanism that dictates the restricted pattern

of 11 kDa δ-zein mRNA accumulation in transgenic soybean

needs further investigation.

The spatial distribution of the ER-derived protein bodies in

transgenic soybeans expressing the 11 kDa δ-zein is notable.

These protein bodies occur in transitional cells located between

the vascular tissue and storage parenchyma cells. The occur-

rence of transitional cells was first reported in jack-bean

cotyledons (Herman and Shannon, 1984). Although protein

bodies occurring in the transitional cells and storage parenchyma
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are structurally indistinguishable, immunocytochemistry

has shown differences in the types of proteins they store

(Herman and Shannon, 1984). The PVM layer, a specialized

cell layer analogous to the transitional cells, occurs in soybean

leaves. The PVM layer accumulates vegetative storage proteins

that are involved in the temporary storage of nitrogen.

This layer functions in the transfer of assimilates from the

photosynthetically active tissue to minor veins for subsequent

translocation (Fisher, 1967; Franceschi and Giaquinta, 1983).

Similarly, the transitional cells could serve as a temporary

repository for methionine synthesized in either the seed or

other tissues. Synthesis of the methionine-rich 11 kDa δ-zein

increases the demand for sulphur-containing amino acids. The

availability of methionine is presumably greater in the cells

nearer the vascular strand than in those distal to the vascular

tissue. This gradient in methionine concentration could favour

the accumulation of the 11 kDa δ-zein in cells proximal to

the vascular tissue. To ascertain whether the availability of

methionine is limiting the accumulation of the 11 kDa δ-zein,

we are currently conducting studies in which transgenic

soybeans are grown in the presence of exogenously applied

methionine.

Experimental procedures

Plasmid construction

The α′-promoter region (−828 to −1) of β-conglycinin (Schuler

et al., 1982) and the β-subunit signal peptide region (+1 to

+78) of β-conglycinin (Tierney et al., 1987) were amplified from

genomic DNA of soybean (cv. Peking) by polymerase chain

reaction (PCR). The primers utilized for the amplification of the

α′-promoter region were: 5′-AACCCTCGAGGGCAAAAACA-

TTTAATAC-3′ and 5′-GGTTGGATCCAGTATATCTTAAATTC-3′;
XhoI and BamHI sites, indicated by bold letters, were created

in these two primers. The primers used for amplification of

the β-conglycinin β-subunit signal peptide region were:

5′-AACCGGATCCATGATGAGAGTGCGG-3′ and 5′-GGTT-

CATATGCACCTTTAATGAGAC-3′. BamHI and NdeI sites, indi-

cated by bold letters, were created in these two primers for

facilitation of cloning. Each amplified fragment was individually

inserted into pGEM-T easy vector (Promega, Madison, WI,

USA). Utilizing unique restriction sites created by PCR, both

the α′-subunit promoter and β-subunit signal sequences were

cloned into an intermediate vector (pBintM). Isolation of

the 11 kDa δ-zein gene has been described previously (Kim

and Krishnan, 2003). The mature protein coding region of

the 11 kDa δ-zein protein was recovered by digestion with

NdeI and NotI and inserted into corresponding sites in the

intermediate vector, resulting in pBintMα′ Tp. Introduction of

the NdeI restriction site added two amino acids, histidine and

methionine, to the N-terminal of the mature coding sequence.

The insert from this intermediate vector (pBintMα′ Tp11) was

digested with XhoI/XbaI and cloned into the corresponding

sites of pZP201, resulting in pZα′11hsp (Figure 1). This plasmid

consisted of the α′-promoter, β-conglycinin signal peptide,

11 kDa δ-zein gene coding region, the 3′ region of the potato

proteinase inhibitor gene (Pin II), together with the cassette

containing the cauliflower mosaic virus 35S promoter, the

bar-coding region and the 3′-region of the nopaline synthase

gene (nos). Transfer of pZα′11hsp into Agrobacterium

tumefaciens (strain EHA105) was performed by triparental

mating (Friedman et al., 1982).

Production of transgenic soybean lines

Transformation of soybean (cv. Williams 82) was performed

by Agrobacterium-cotyledonary node transformation (Hinchee

et al., 1988) utilizing glufosinate as a selective agent (Zhang

et al., 1999). Regenerated transgenic soybean plants were

screened for tolerance to herbicide Liberty by a leaf-painting

assay as described earlier (Zhang et al., 1999). The presence

of the 11 kDa δ-zein gene in glufosinate-resistant plants was

confirmed by PCR and Southern blot analysis. Transgenic T1

plants were used in subsequent analysis.

RNA isolation and RNA gel blot analysis

Total RNA was extracted from leaves, roots, hypocotyls, stems,

flowers and seeds using Trizol reagent (Invitrogen, Grand

Island, NY, USA) following the manufacturer’s protocol. The

roots and hypocotyls were harvested from 6-day-old soybean

plants, while the stem, leaves and flowers were collected

from 60-day-old plants. Developing seeds used for RNA

analysis were collected at 35 days after flowering, unless

otherwise stated. RNA was quantified by measuring the A260/A280

ratio using a spectrophotometer. RNA (5 µg) was fraction-

ated in a 1.3% agarose-formaldehyde gel, transferred to a

Hybond-N+ membrane and then fixed by UV cross-linking.

The coding region of the 11 kDa δ-zein was amplified by PCR

and purified from an agarose gel using Ultrafree-DA columns

(Millipore Corporation, Bedford, MA, USA). The insert was

labelled with [32P] dCTP using the Ladderman labelling kit

(PanVera Corporation, Madison, WI, USA). Prehybridization

was performed for 6 h at 65 °C in 7% SDS, 191 mM Na2HPO4,

58 mM NaH2PO4, 1% bovine serum albumin (BSA) and

100 µg/mL denatured salmon sperm DNA. Hybridization was

performed overnight using the same buffer at 65 °C. The
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membranes were washed at high stringency with 0.5 × SCC

(1 × SSC is 150 mM NaCl, 15 mM sodium citrate) and 0.1%

SDS at 65 °C. Hybridization signals were detected by autora-

diography with an intensifying screen at −80 °C. The sizes of

the hybridizing transcripts were estimated with reference to

RNA molecular weight markers.

Protein isolation and immunoblot analysis

Total soybean seed proteins were obtained by extracting

10 mg of dry seed powder with 1 mL of SDS sample buffer

(2% SDS, 60 mM Tris-HCl, pH 6.8, 5% β-mercaptoethanol),

followed by boiling at 100 °C for 5 min. The sample was

centrifuged for 10 min at 22 150 g and the clear supernatant

was treated as the total seed protein fraction. The globulin

fraction was obtained by extracting 100 mg of seed powder

with 1 mL of extraction buffer (100 mM Tris-HCl, pH 7.5, 1 mM

EDTA, 0.5 M NaCl, 0.1 mM phenylmethylsulphonyl fluoride)

for 60 min in a 30 °C orbital shaker. The mixture was

centrifuged for 10 min at 22 150 g and the supernatant was

designated as the globulin fraction. The pellet was extracted

with 1 mL 60% isopropanol containing 1% β-mercaptoethanol

for 60 min in a 30 °C shaker. The slurry was centrifuged, three

volumes of acetone were added to the supernatant, and

it was incubated at −20 °C for 10–12 h. Precipitated proteins

were recovered by centrifugation for 10 min at 22 150 g. The

resulting pellet was re-suspended in SDS sample buffer

and designated as the alcohol-soluble prolamin fraction. Seed

proteins were resolved by SDS-PAGE (Laemmli, 1970) and

visualized by staining with Coomassie Brilliant Blue. Immunoblot

analysis was carried out as described earlier (Kim and Krishnan,

2003). Proteins were transferred to a nitrocellulose membrane

and incubated with δ-zein antibodies that had been diluted

1 : 3000 in TBS (10 mM Tris-HCl, pH 7.5, 500 mM NaCl) containing

5% non-fat dry milk. After several washes with TBST (TBS

containing 0.3% Tween 20), the nitrocellulose was incubated

with goat anti-rabbit IgG-horseradish peroxidase conjugate.

Immunoreactive polypeptides were detected either with

HRP colour development reagent (4-chloro-1-naphthol, Bio-

Rad Laboratories, Richmond, CA, USA) or with an enhanced

chemiluminescent substrate (Super Signal West Pico Trial

Kit, Pierce), according to the manufacturer’s instructions.

Amino acid analysis

Amino acid analysis was performed at the University of

Missouri Agriculture Experiment Station Chemical Laboratories.

Dry seeds of transgenic soybean and untransformed soybean

lines, which were grown under identical conditions in a green-

house, were ground to a fine powder and subjected to

hydrolysis for 16 h at 115 °C with 6.0 mM HCl. For the quan-

tification of methionine and cysteine, duplicate samples were

oxidized with performic acid prior to acid hydrolysis. Amino

acids were separated on a Beckman 6300 Amino Acid Analyser

(Beckman Instruments, Fullerton, CA, USA) equipped with a

high-performance, cation exchange resin column.

Protein sequencing

The alcohol-soluble protein fraction from transgenic soybean

was resolved by SDS-PAGE and then electrophoretically

transferred to a PVDF (polyvinylidene flouride) membrane.

After brief subjection to Coomassie Brilliant Blue, the

membrane was destained with 50% methanol and 10%

acetic acid. The immobilized 11 kDa δ-zein on the PVDF

membrane was excised and rinsed with distilled water.

The amino-terminal sequence was analysed on an Applied

Biosystems Protein Sequencer at the University of Nebraska

Proteomics/Protein Core Facility.

In situ hybridization

The in situ hybridization procedure was performed accord-

ing to Barker et al. (1988). Histology dishes were baked

overnight to ensure RNase-free conditions. Deparaffinized

sections were treated with Proteinase K (20 µg/mL), washed

with phosphate-buffered saline and incubated in acetic

anhydride solution. Sections were dehydrated in a graded

ethanol series and allowed to dry in a dust-free area. 35S-labelled

sense and antisense probes were synthesized in vitro using

T7 and SP6 promoters. Following 2 h of prehybridization,

the sections were hybridized overnight at 50 °C. After treat-

ment with RNase A (10 µg/mL), the sections were washed

extensively, coated with Kodak NTB-2 emulsion and exposed

to X-ray film at 4 °C for 1 week. Sections were counter-stained

with haematoxylin and viewed under an Olympus photomi-

croscope fitted with both dark- and bright-field condensers.

Immunostaining of paraffin sections

Developing (35 days after flowering) soybean seeds were

separated into cotyledonary halves and immediately fixed in

50% ethyl alcohol, 5% glacial acetic acid and 10% formal-

dehyde for 24 h at 4 °C. The seed tissue was dehydrated

sequentially in a graded ethanol /xylene series and infiltrated

with paraffin. Sections were cut with a microtome and

collected on poly-L-lysine-coated slides. Following the removal

of paraffin with xylene, the sections were processed for
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immunostaining. To inactivate endogenous peroxidase

activity, the deparaffinized sections were first treated with

methanol /hydrogen peroxide. After incubating the sections

with 5% goat serum and 1% BSA, they were incubated

for 20 min with 1 : 500 diluted δ-zein antiserum (Kim and

Krishnan, 2003). Following this step, the sections were treated

sequentially with biotinylated linker, streptavidin conjugated

to horseradish peroxidase and substrate-chromogen solution,

according to the manufacturer’s recommendation (DAKO

Corporation, Carpinteria, CA, USA). The sections were

counter-stained with haematoxylin and observed with

bright-field optics.

Electron microscopic immunocytochemistry

Developing soybean cotyledons (35 days after flowering)

were cut into 2 mm pieces and fixed in 2.5% glutaraldehyde

in 50 mM sodium phosphate buffer, pH 7.2. Fixation was

carried out at room temperature for 4 h. After several washes

in phosphate buffer, the tissue was post-fixed in 1% aqueous

osmium tetroxide. The tissue was dehydrated in a graded

acetone series and embedded in Spurrs resin (Polysciences,

Inc. Warrington, PA, USA). Ultrathin sections were cut with

a diamond knife on an ultramicrotome and collected on

uncoated 200-mesh nickel grids. Immunocytochemistry was

performed essentially as described earlier (Krishnan et al.,

1986). Thin sections were reacted with δ-zein antibodies diluted

1 : 200 in TBS containing 1% BSA (Kim and Krishnan, 2003).

Sections were incubated with 10 nm anti-rabbit IgG colloidal

gold particles (Sigma Chemical Co., St. Louis, MO, USA) diluted

1 : 10 in a solution consisting of 10 mM Tris-HCl, pH 7.5, 500

mM NaCl, 0.1% Tween-20 with 1% BSA. The sections were

stained with 1% aqueous uranyl acetate and were examined

with a JEOL 1200 EX (Tokyo, Japan) transmission electron

microscope at 80 kV.
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