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ABSTRACT: A soybean experimental line (BSH-3) devoid of a subset of seed storage proteins 22 

was developed by crossing a mutant donor line ‘HS99B’ with a Chinese cultivar ‘Dongnong47’ 23 

(DN47). One dimensional and high-resolution 2-D gel electrophoresis revealed the absence of 24 

G1 (A1aB2), G2 (A2B1a), and G4 (A5A4B3) glycinin and the α' subunit of β-conglycinin in BSH-3 25 

seeds.  Despite the lack of these abundant seed proteins, BSH-3 seeds still accumulated 38% 26 

protein. BSH-3 seeds also accumulated high levels of free amino acids as compared to DN47 27 

seeds, particularly arginine, and the amount of several essential amino acids were significantly 28 

elevated in BSH-3 seeds. Elevated accumulation of α and β-subunit of β-conglycinin, G5 29 

glycinin, Kunitz trypsin inhibitor, and Bowman-Birk protease inhibitor indicates seed proteome 30 

rebalancing in BSH-3 seeds. Immunoblot analysis using sera from soybean allergic patients 31 

demonstrated the complete lack of a major allergen (α' subunit of β-conglycinin) in BSH-3 seeds. 32 

However, elevated levels of other allergens were found in BSH-3 seeds due to proteome 33 

rebalancing. Transmission electron microscopy observation of mature seeds of BSH-3 revealed 34 

striking differences in the appearance of the protein storage vacuoles when compared to DN47.  35 

 36 

KEY WORDS: Allergens, glycinins, β-conglycinin, proteome rebalancing, protein storage 37 

vacuole, soybean38 
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INTRODUCTION 39 

The two major commercially important components of soybean seeds are the protein and oil. 40 

North American soybean cultivars contain approximately 34-37% protein and 19% oil. Soybeans 41 

are an exceptional protein source since they contain a well-balanced amino acid profile with the 42 

exception of sulfur-containing amino acids.
1,2

 On account of the high protein quality and content, 43 

soybeans are extensively used in animal feed and more recently in aquaculture. The abundant 44 

seed storage proteins of soybeans are classified into 7S and 11S globulins based on their 45 

sedimentation coefficients.
3,4

 The 7S globulins are referred to as ß-conglycinin and are composed 46 

of three subunits, α' (72 kDa), α (70 kDa) and ß (52 kDa).
5
 The ß-conglycinin are glycoproteins 47 

and are encoded by multigene families. The 11S globulins are named as glycinin and are 48 

encoded by at least five genes (gy1, gy2, gy3, gy4, and gy5).
6
 Recently, a few additional glycine 49 

genes have been recognized some of which are either not expressed or expressed at very low 50 

levels.
7,8

 The products of five glycinin genes are classified into Group I and Group II based on 51 

their sequence homology. Additionally, Group II glycinins have been subdivided into Group IIa 52 

and Group IIb. Glycinins are synthesized are larger precursor proteins which are subsequently 53 

processed into an acidic and basic subunit that are held together by sulfide bonds. The members 54 

of the three groups of glycinins, though they exhibit high amino acid sequence homology, reveal 55 

differences at the carboxyl terminal end of the acidic subunit.
8 

56 

Glycinin and β-conglycinin account for about 70% of the total seed protein content of 57 

soybean.
9
 These two group of proteins are mainly responsible for the nutritive value of soybean 58 

seed proteins and impact the quality of food products derived from soybean. For example, the 59 

quantity and quality of tofu, which is made from soymilk, is influenced by the 7S and 11S 60 

protein subunit composition.
10

  Naturally occurring mutants or radiation induced mutations that 61 
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affect the accumulation of soybean seed storage proteins have been well documented in the 62 

literature.
11-16

 Japanese researchers have a developed a soybean line that lacks all the glycinin 63 

and β-conglycinin subunits by integrating different mutations through crossbreeding.
15

  64 

Similarly, soybean lines lacking β-conglycinin
17,18

 or both glycinin and β-conglycinin were 65 

developed by RNA interference.
19,20

 Even though these soybean lines lacked the major seed 66 

storage proteins, they were able to grow and reproduce normally indicating that these proteins 67 

are dispensable.  68 

Some of the soybean seed storage protein mutants have been biochemically 69 

characterized.
15,20

  Soybean mutant lines that lacked both the glycinin and β-conglycinin were 70 

reported to contain equivalent nitrogen content when compared to that of the wild-type 71 

cultivars.
15,20

 The absence of major seed storage proteins was compensated by the accumulation 72 

of free amino acids, especially arginine.
15

  The absence of the abundant seed proteins resulted in 73 

preferential increases in the accumulation of lipoxygenase, sucrose binding protein, agglutinin 74 

and the basic 7S globulin.
15

 Analyses utilizing systems biology techniques (proteomics, 75 

metabolomics, and transcriptomics) indicated that rebalancing of protein composition in mutant 76 

line is accomplished with small alterations to the seed transcriptome and metabolome.
20

 Here, we 77 

report the development and characterization of a soybean experimental line (BSH-3) that is 78 

devoid of several abundant seed storage proteins. 79 

 80 

MATERIALS AND METHODS 81 

Plant materials. Chinese cultivar ‘Dongnong47’ (DN47), a high-oil elite soybean cultivar, 82 

was selected as a recurrent parent. A soybean line (‘RiB’, also referred as ‘HS99B’) that lacks α' 83 

and α subunits of β-conglycinin and some components of group I and IIa glycinin
14,15

 was used 84 
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as an introgression line. For breeding purpose DN47 was used as the female parent and ‘HS99B’ 85 

as the male parent. A scheme outlining the steps involved in the development of a soybean 86 

experimental line (BSH-3) is depicted in Supplemental Figure 1. DN47 and BSH3 were grown in 87 

a field at the soybean experimental plot at the research farm of the Key Laboratory of Soybean 88 

Biology and Breeding/Genetics of the Chinese Agriculture Ministry. Blocks comprising four 89 

rows of plants for each line were 3 m in length and were positioned 70 cm apart, with a plant 90 

distance of 14 cm in a randomized complete block design (RCBD) with three replications. 91 

Seed protein, oil and fatty acid profile. Dry seeds of DN47 and BSH3 were harvested at 92 

maturity and stored at room temperature. Seeds from ten plants were pooled and ground to a fine 93 

powder with a coffee grinder. These seed samples were utilized for protein and amino acid 94 

analyses. Total nitrogen/protein of soybean seed was measured using the LECO model FP-428 95 

nitrogen analyzer (LECO Corporation, Michigan, USA). The protein content of seeds was 96 

determined by multiplying the nitrogen content value with a conversion factor of 6.25. Three 97 

biological replicates were evaluated per line. The oil content was quantified by near-infrared 98 

reflectance (NIR) spectroscopy (Tecator AB, Hoganas, Sweden). The fatty acid profiles of 99 

soybean were determined by gas chromatograph.
21

 Briefly, crushed seeds were extracted 100 

overnight with 5 mL of chloroform: hexane: methanol (8:5:2, v/v/v). Fatty acids from 100 µL 101 

aliquots of the extract were methylated with 75 µL of methanolic sodium methoxide:petroleum 102 

ether:ethyl ether (1:5:2, v/v/v). Fatty acids were separated utilizing Agilent Series 6890 capillary 103 

gas chromatograph (Palo Alto, CA, USA) that was fitted with an AT-Silar capillary column 104 

(Alltech Associates, Deerfield, IL, USA). Standard fatty acid mixtures were used for determining 105 

relative amounts of each fatty acid.  106 
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Protein isolation and immunoblot analysis. To isolate total seed proteins, 10 mg of dry 107 

seed powder was extracted with 1ml of sample extraction buffer (2% SDS, 60mM Tris-HCl, pH 108 

6.8, 10% glycerol and 5% β-mecaptoethanol), followed by boiling at 100° C for 5 min. The 109 

samples were clarified by centrifugation at 15800xg for 5 min. The resulting clear supernatant 110 

was designated as the total seed protein fraction and used for SDS-PAGE analysis. Sera from 111 

five patients with documented allergy to soybean were obtained from Plasma Lab International 112 

(Everett, WA). ImmunoCAP in vitro quantitative assay showed 7.1-24.5 kU/L soybean-specific 113 

IgE in the sera of these patients. Sera from these five soybean-allergic patients were pooled and 114 

used for immunoblot analyses at 1:1000 dilution. Electrophoresis and immunoblot analysis was 115 

performed as described earlier.
18 

116 

Trypsin and chymotrypsin inhibitor activity assays. Protease inhibitor assays were 117 

performed following established protocol.
22

 Briefly, dry seed powder (50 mg) was extracted with 118 

1 mL of 50 mM Tris-HCl, pH 8.0 by vigorously mixing on a vortexer for 10 min at room 119 

temperature. Following centrifugation at 15800xg for 5 min the clear supernatant was used to 120 

measure the trypsin or chymotrypsin inhibitory activity. Trypsin inhibitor activity was measured 121 

in 2 ml Eppendorf tubes. Trypsin (20 µg) was added to the assay mixture (Tris-HCl, 20 mM 122 

CaCl2, pH 8.2) and incubated for 15 min at 37° C. To this assay mixture 1 mM BAPNA was 123 

added and incubated for additional 10 min. The reaction was terminated by the addition of 30% 124 

acetic acid and the absorbance at 410 nm was recorded. One trypsin inhibitor unit (TIU) was 125 

defined as the amount of inhibitor that reduces the absorbance of the non-inhibited reaction by 126 

0.01. Chymotrypsin inhibitor activity was measured by incubating known amounts to seed 127 

protein extracts with chymotrypsin (80 µg) in the assay buffer (Tris-HCl, 20 mM CaCl2, pH 7.8) 128 

at 37° C for 15 min. N-glutaryl-L-phenylalanine-4-nitroanilide (GLUPHEPA, 1 mM) was added 129 
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and the assay mixture was left for additional 45 min at 37° C. Reactions were terminated by the 130 

addition of 30% acetic acid and absorbance at 410 nm was recorded. One chymotrypsin inhibitor 131 

unit (CIU) was defined as the amount of inhibitor that decreases the absorbance of the non-132 

inhibited reaction by 0.01. 133 

Two-dimensional gel electrophoresis. Two-dimensional gel electrophoresis of soybean 134 

seed proteins was performed as described earlier.
23

 Coomassie stained gels were analyzed for 135 

proteome differences using Delta2D image analysis software.  136 

Amino acid analysis. Total amino acid content was determined by hydrolysis of soybean 137 

seed powder with 6N HCl for 22 h in sealed evacuated tubes at a constant boiling temperature of 138 

110º C.  An amino acid analyzer (Hitachi L-8000, Hitachi, Tokyo, Japan) was used to determine 139 

the amino acid composition of the hydrolysates. For the quantification of methionine and 140 

cysteine, duplicate samples were first subjected to an initial oxidation step using performic acid 141 

prior to acid hydrolysis. Samples were run in triplicates and subjected to appropriate statistical 142 

analysis. Free amino acid content was measured as described earlier.
22 

143 

Transmission electron microscopy. Dry seeds of DN47 and BSH-3 seeds were germinated 144 

on 1% water plates for 12 h in a 30º C incubator.  The seeds were dissected into 2-4 mm cubes 145 

with a razor and immediately fixed in 2.5% glutaraldehyde buffered at pH 7.2 with 50 mM 146 

sodium phosphate for 4 h at room temperature. Following the primary fixation, the seed samples 147 

were rinsed four times in sodium phosphate buffer.  Half of the seed samples were transferred to 148 

new vials and post-fixed for 1 h with 1% aqueous osmium tetroxide. The seed tissue was 149 

extensively washed in distilled water and dehydrated in a graded acetone series and infiltrated 150 

with Spurr’s resin as described earlier.
24

 Thin sections of the seed tissue were cut, collected on 151 
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cooper grids and stained with 0.5% uranyl acetate and 0.4% lead citrate. The stained sections 152 

were examined at 80 kV under JEOL 1200 EX (Tokyo, Japan) transmission electron microscope. 153 

 154 

RESULTS 155 

Development of soybean experimental line (BSH-3). β-conglycinin, the 7S globulins of 156 

soybean, is composed of three subunits of 72, 70 and 52 kDa, respectively.  All three subunits of 157 

β-conglycinin have been identified as allergens
25

 and the elimination of these subunits have been 158 

shown to improve nutritional quality and functionality of soybean proteins.
26,27

 We are interested 159 

in developing soybean cultivars lacking one or all subunits of β-conglycinin. Earlier we have 160 

described the development of advanced backcrossing breeding lines that are devoid of allergenic 161 

α-subunit of β-conglycinin.
22,28,29

 In addition to β-conglycinin, some of the 11S glycinins have 162 

also been shown to be food allergens.
30

 Thus, the development of soybean lines lacking the 163 

allergenic subunits of both the 7S β-conglycinin and the 11S glycinin will be desirable. Till now 164 

such hypoallergenic soybean lines have not been developed in a Chinese soybean genetic 165 

background.  In this study, we have used HS99B, a soybean line lacking several subunits of both 166 

7S β-conglycinin and the 11S glycinin as male parent, and DN47, a high-oil elite Chinese 167 

cultivar, as a female parent in backcross breeding program as outlined in Supplemental Figure 1. 168 

To Transfer the desirable trait (lack of the allergenic subunits of 7S β-conglycinin and the 11S 169 

glycinin subunits) into Chinese soybean genetic background, successive backcross was carried 170 

out from 2008 to 2010.  BC2F2 generation was developed and selfed to achieve homozygosity 171 

(BC2F6 progeny) for the deficiency of the allergenic subunits of 7S β-conglycinin and the 11S 172 

glycinin subunits. The introgression of the desirable trait was monitored throughout the breeding 173 

scheme by SDS-PAGE. Soybean lines with the described protein composition were further 174 
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selected based on their agronomic performance. Finally, an advanced breeding line (BSH-3) with 175 

desirable agronomic characteristics was selected for further characterization. 176 

BSH-3 fail to accumulate several abundant seed storage proteins. The protein 177 

composition of DN47 and BSH-3 was examined by 1-D gel electrophoresis.  A comparison of 178 

the total seed protein profiles demonstrates the complete absence of the α' subunit of β-179 

conglycinin and a drastic reduction in the accumulation of the acidic and basic subunits of 180 

glycinin (Figure 1). The absence of these abundant seed proteins in BSH-3 seeds resulted in 181 

enhanced accumulation of α and β-subunits of β-conglycinin and A3 glycinin subunit.  We also 182 

fractionated the seed proteins by calcium precipitation
23

 into seed storage and non-storage 183 

protein fractions.  An examination of the seed storage protein fraction of DN47 and BSH-3 seeds 184 

confirmed similar changes that were observed with the total seed protein fraction (Figure 1).  185 

Interestingly, a comparison of non-storage protein fraction revealed no drastic changes in their 186 

profiles, though a slight increase in few proteins were also observed (Figure 1).  187 

 Additional comparison of DN47 and BSH-3 seeds was also performed by high-resolution 2-188 

D gel electrophoresis. The seed proteins of DN47 were resolved into numerous discrete protein 189 

spots.  Earlier studies have identified 2-D resolved protein spots by mass spectrometry.
31,32

 The 190 

most abundant protein spots of DN47 represented the different subunits of glycinin and β-191 

conglycinin. In contrast, 2-D gel analysis of BSH-3 seeds revealed that several abundant protein 192 

spots were missing.  BSH-3 failed to accumulate the α'subunit of β-conglycinin, glycinin G1, G2 193 

and G4. This observation was confirmed by overlaying the DN47 and BSH-3 2-D protein 194 

profiles using Delta2D software (Figure 2). The absence of these proteins was compensated by 195 

an increased accumulation of the α- and β-and subunit of β-conglycinin and glycinin G5 (Figure 196 

2). 197 
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Protein, oil and fatty acid profile of DN-47 and BSH-3 seeds. To investigate if loss of 198 

abundant seed proteins resulted in any alterations of seed components we examined the total 199 

protein and oil content of these seeds. Total nitrogen/protein content of DN47 and BSH-3 seeds 200 

were measured using LECO nitrogen analyzer. BSH-3 seeds, in spite of lacking several abundant 201 

seed proteins, had a higher protein content than DN47 (Supplemental Table 1). Determination of 202 

oil content with near-infrared reflectance spectroscopy revealed that DN47 had 3% higher oil 203 

content than BSH-3 (Supplemental Table 1). Analysis of the five major fatty acids of soybean 204 

seeds by gas chromatography showed differences in their profiles (Supplemental Table 1). A 205 

slight decrease in palmitic acid (16:0), stearic acid (18:0), and oleic acid (18:1) was observed in 206 

BSH-3 seeds when compared to that of DN47. In contrast, the amount of linoleic acid and 207 

linolenic acid was significantly higher in BSH-3 seeds (Supplemental Table 1).  208 

BSH-3 seeds accumulate high levels of free amino acids. Previous studies have shown that 209 

soybean mutants lacking the seed storage proteins accumulate high levels of free amino 210 

acids.
15,20

 To examine if similar situation also occurred in BSH-3 we determined the total and 211 

free amino acid content (Table 1). An examination of the total amino acid composition revealed 212 

a slight increase in several of the essential amino acids in BSH-3 when compared to that of DN-213 

47 (Table 1). The sulfur-containing amino acid (Met + Cys) content of BSH-3 was 59% higher 214 

than that of DN47. A comparison of the free amino acid content revealed significant increases in 215 

the concentration of several amino acids in BSH-3 seeds especially arginine and glutamic acid 216 

(Table 1). Interestingly, the concentration of free methionine and free cysteine levels were lower 217 

in BSH-3 seeds (Table 1). 218 

Loss of abundant seed proteins results in altered levels of allergens in BSH-3 seeds. 219 
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Our earlier study has demonstrated that all the three subunits of β-conglycinin are potential 220 

allergens.
25

 The experimental line developed in this study (BSH-3) lacks some of the known 221 

allergens such as G1 and G2 glycinin and the α' subunit of β-conglycinin.  In order to examine if 222 

the loss of these proteins in BSH-3 has altered the profile of other soybean allergens, we 223 

performed immunoblot analysis. Ig-E antibodies from the sera from pooled soybean-sensitive 224 

patients reacted against the α’ subunit of β-conglycinin, which was completely absent in BSH-3 225 

seeds (Figure 3).  However, the Ig-E antibodies also cross-reacted with few other proteins that 226 

were not detected in DN-47 seeds. Since there is no strict correlation between IgE binding 227 

activity and allergenicity, it is not known if the cross-reactive proteins have any clinical 228 

relevance. Serum from pooled soybean-sensitive pigs reacted against all three subunits of β-229 

conglycinin present in DN-47 seeds (Figure 3). The reaction against the α and β-conglycinin was 230 

much stronger in BSH-3 seed extracts. A recent study has shown glycinin G5 is also a potential 231 

soybean allergen.
33

 Earlier, we have purified this purified protein and raised polyclonal 232 

antibodies.
34

 We utilized this antibody to examine any differences in the accumulation of this 233 

allergenic protein in DN47 and BSH-3 seeds.  Immunoblot analysis clearly demonstrates that 234 

BSH-3 seeds accumulated higher amounts of this potential allergen when compared to that of 235 

DN47 seeds (Figure 3). 236 

BSH-3 seeds accumulate elevated levels of KTi and BBi. Previously we have shown 50% 237 

isopropanol can be used to isolate trypsin and chymotrypsin inhibitors from soybean seeds.
22

  238 

50% isopropanol extracted proteins were used in western blot analysis to compare the KTi and 239 

BBi levels in DN47 and BSH-3 seeds.  Both KTi and BBi levels were markedly elevated in 240 

BSH-3 seeds when compared to that of DN47 (Figure 4). Similarly, trypsin and chymotrypsin 241 
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inhibitor activity measurement also clearly indicated that BSH-3 seeds exhibited higher trypsin 242 

and chymotrypsin inhibitor activities (Figure 4). 243 

Transmission electron microscopy of BSH-3 seeds reveals changes in the appearance of 244 

protein storage vacuoles. Previous studies have shown that suppression of 11S β-conglycinin 245 

proteins promotes the formation of endoplasmic reticulum derived protein bodies in soybean 246 

seeds.
17

 To examine if the loss of several abundant seed proteins in BSH-3 led to the formation 247 

of protein bodies we carried out electron microscopy observation of thin sections of DN47 and 248 

BSH-3 seeds. Even though small protein bodies were sporadically observed they were not 249 

routinely observed in BSH-3 seeds. Earlier we have shown that the morphology and structural 250 

integrity of protein storage vacuoles (PSV) is affected by post-fixation of soybean seeds with 251 

osmium tetroxide.
24

 Electron microscopy observation of osmicated thin sections of soybean 252 

seeds revealed prominent oil bodies and large protein storage vacuoles, the storage compartment 253 

for the native glycinin and β-conglycinin (Figure 5). The protein storage vacuoles in DN47 seeds 254 

were completely filled and had a uniform granular appearance. They also accumulated phytate 255 

crystals, which appear as small holes within the PSV (Figure 5).  Examination of thin-sections of 256 

osmicated BSH-3 seeds also revealed similar structural features as observed with DN47. In 257 

contrast, a comparison of DN47 and BSH-3 non-osmicated tissues revealed a drastic appearance 258 

of PSV. Like DN47, the BSH seeds contained numerous PSV containing phytate crystals.  259 

However, the appearance of PSV in BSH-3 were strikingly different from that of DN47. Narrow 260 

bands of light staining areas alternating with dark staining areas were prominently seen in these 261 

PSV (Figure 5). In contrast, the PSV in DN47 had uniform granular appearance without 262 

alternating dark and light staining regions (Figure 5). 263 

 264 
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DISCUSSION 265 

In this study, we have developed an advanced soybean breeding line, BSH-3 devoid of 266 

several abundant seed proteins.  High-resolution 2-D gel electrophoresis revealed the absence of 267 

G1, G2, and G4 glycinin and the α' subunit of β-conglycinin in BSH-3 seeds. Interestingly, in 268 

spite of the absence of several abundant seed proteins, the overall protein content of BSH-3 is 269 

higher than the parental line, DN47. Analysis of BSH-3 seed protein composition reveals that the 270 

loss of abundant seed proteins has resulted in proteome rebalancing. The loss of these abundant 271 

proteins resulted in enhanced accumulation of α and β subunits of β-conglycinin and G5 glycinin 272 

subunit. Proteome rebalancing due to loss of abundant seed storage proteins has been previously 273 

reported.
15,20

 Japanese workers have developed a soybean line lacking both the glycinin and β-274 

conglycinin, yet the nitrogen content of these seeds was found to be similar to that of the wild-275 

type cultivars.
15

 The absence of the abundant seed proteins, however, resulted in preferential 276 

increase in the accumulation of lipoxygenase, sucrose binding protein, agglutinin and the basic 277 

7S globulin.
15

 Similarly, a transgenic soybean line lacking both glycinin and beta-conglycinin 278 

(SP-) was developed by RNA interference.
20

 Just as observed by the Japanese researchers,
15

 279 

these transgenic soybean line also revealed an increase in the accumulation of a few proteins. 280 

Thus, in cases where the abundant seed proteins are removed by either RNAi or integrating 281 

mutations it leads to proteomic rebalancing by promoting the accumulation of less abundant seed 282 

proteins to maintain overall nitrogen content of the seeds.
15,20 

283 

The absence of major seed storage proteins is compensated by the accumulation of free 284 

amino acids.
15,20

 We also found that there was a significant increase in the accumulation of free 285 

amino acids, especially arginine in the seeds of BSH-3 seeds. A marginal increase in several of 286 

the total amino acid was found in BSH-3 compared to DN47.  Statistically significant increases 287 
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in both of the essential and non-essential amino acid concentration was found in BSH-3 seeds 288 

compared to DN47 seeds. The sulfur amino acids (Met and Cys) content was also elevated seeds 289 

due to proteome rebalancing in BSH-3 seeds. The effect of removing the abundant seed proteins 290 

on the overall sulfur amino acid content of soybean seeds is debatable. A comparison of the 291 

amino acid composition of soybean seed reveals that glycinins are relatively rich in sulfur amino 292 

acids than β-conglycinins.
1
 Thus, it is to be expected that elimination of β-conglycinin could led 293 

to increased levels of sulfur-containing amino acids in soybean seeds.
35,36

 However, some studies 294 

have shown that elimination of β-conglycinin did not significantly elevate total sulfur amino acid 295 

composition of soybean seeds.
15,18,20

  In this study, we have observed a significant increase the 296 

sulfur amino acid content in BSH-3 seeds. This may be due an increase in the accumulation of 297 

Bowman-Birk protease inhibitor, a cysteine-rich protein. 298 

Soybean seed storage proteins, glycinin and β-conglycinin, which are synthesized in the 299 

endoplasmic reticulum (ER) are transported to protein storage vacuoles (PSV).  In cereals, the 300 

abundant seed proteins (prolamin) are directly deposited within the lumen of rough ER resulting 301 

in the formation protein bodies (PB). Protein bodies are normally found in soybean. However, 302 

the appearance of ER-derived protein bodies has been reported in transgenic soybeans where the 303 

accumulation of α' and α subunits of β-conglycinin were suppressed.
17

 The role of different 304 

glycinin and β-conglycinin subunits in the formation of PB have also been investigated.
36,37

 305 

Electron microscopic observation revealed a close relationship between the formation of PB and 306 

glycinin subunits. ER-derived PB were not seen in soybean mutants lacking glycinin group 1 307 

subunits, while the frequency of ER-derived PB was greatly increased in mutants accumulating 308 

higher amounts of glycinin group I subunits.
36,37

 Previous ultrastructural studies of soybean seed 309 

storage protein mutants have not observed any alterations in the morphology of PSV. In the 310 
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current study, we observed a striking difference in the appearance of PSV in BSH-3 seeds. 311 

Interestingly, these differences were evident only when post-fixation with osmium tetroxide was 312 

omitted. Earlier we have demonstrated the profound effect of osmium tetroxide on the 313 

appearance and structural integrity of PSV in soybeans.
24

 Osmium tetroxide primarily interact 314 

with lipids and forms cross-links with proteins facilitating their structural integrity. Since BSH-3 315 

seeds fail to accumulate several abundant proteins, the absence of post-fixation with osmium 316 

tetroxide may have resulted in weekend cross-linking of proteins in PSV leading to their altered 317 

morphology. 318 

 Soybean seed proteins have been identified as significant food allergens. Approximately 2% 319 

adults and 5-8% of infants in USA and Europe are allergic to soybeans.
39

 About 33 soybean 320 

proteins ranging in molecular weight from 7 to 71 kDa have been reported to bind IgE antibodies 321 

from soybean allergic patients. Gly m Bd 30 K, Gly m Bd 28 K, Gly m Bd 60 K, and Gy1 and 322 

Gy2 glycinin proteins have been identified and studied in some detail.
30,40-42

 Soybean meal is the 323 

predominant protein source in animal feed. Research has shown soybean meal can elicit 324 

immunological response in monogastric animals and may affect the optimal growth of poultry 325 

and livestock.
43,44

 β-conglycinin, the 7S storage protein of soybean, has been identified as the 326 

most allergenic protein in the soybean meal.  On account of the importance of soybean in animal 327 

feed and human diet, attempts have been made to develop hypoallergenic soybeans. Two 328 

approaches have been undertaken to develop hypoallergenic soybeans. The first approach 329 

involves identification of mutants from soybean germplasm collections. Currently mutants 330 

lacking the individual or all the three subunits of β-conglycinin has been identified and exploited 331 

in breeding programs to develop hypoallergenic soybean cultivars. Biotechnology approaches 332 

have also been employed to eliminate the suppression of allergens in soybean. Gene-silencing 333 
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techniques have been employed to eliminate the p34/Gly m Bd 30 K
45

 and Gly m 5.
18

 334 

Interestingly, the elimination of abundant seed proteins results in proteome rebalancing.  In the 335 

current study, we have observed that the elimination of major allergens (α' subunit of β-336 

conglycinin and subset of glycinin) in BSH-3 seeds has resulted in an increase in the 337 

concentration of other allergens. It situations where the abundant seed proteins are eliminated it 338 

is important to monitor the levels of all potential allergens. Thus, development of hypoallergenic 339 

soybeans will be a major challenge on account of significant intrinsic allergenicity of several of 340 

the soybean proteins. 341 

ABBREVIATIONS 342 

 ER, endoplasmic reticulum; BBi, Bowman Birk protease inhibitor; chymotrypsin inhibitor; 343 

GLUPHEPA, N-glutaryl-L-phenylalanine-4-nitroanilide;  KTi, Kuntiz trypsin inhibitor; NIR, 344 

near-infrared reflectance; PB, protein bodies; PSV, protein storage vacuole. 345 
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 482 

FIGURE CAPTIONS 483 

Figure 1. SDS-PAGE analysis of of DN47 and BSH-3 seed proteins.  Total seed proteins (Panel 484 

A), calcium precipitated storage proteins (Panel B) and residual proteins after calcium 485 

precipitation (Panel C) were fractionated by SDS-PAGE on a 12% gel and visvuaized with 486 

Coomassie Blue. Proteins in BSH-3 whose abundance is either increased (shown with a green 487 

arrow) or decreased (shown with a red arrow) are shown  (Panel B). Note unlike the calcium 488 

precipitated seed storage proteins, the protein profile of residual proteins after calcium 489 

precipitation are very similar (Panel C). M, protein markers, lane 1, DN-47; and lane 2, BSH-3.  490 

 491 

Figure 2. Overlay of 2D gels of DN-47 and BSH-3 seed proteins using Delta2D software. Seed 492 

proteins of DN-47 and BSH-3 were individually separated by isoelectric focusing on IPG strips 493 

and then by SDS-PAGE on 13.5% gels. Images of Coomassie Blue stained gels were imported 494 

into Delta2D, assigned two different colors (green = DN-47; red = BSH-3) and overlaid to 495 

provide a combined fusion image. The red color denotes those protein spots that were found to 496 

be higher in BSH-3. Yellow demonstrates similar protein quantities in each, green color 497 

demonstrates absence of that particular protein species in BSH-3 seeds. Spots 1, 2 and 3 498 
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represent the 7S β-conglycinin subunits and spots 4-8 represents the different glycinin subunits. 499 

Spots 9 and 10 represents the KTi and BBi, respectively.  500 

Figure 3. Detection of allergens in DN47 and BSH-3 seeds. Total seed proteins were separated 501 

on a 10% SDS-PAGE gels. Resolved proteins were stained with Coomassie Blue (Panel A) or 502 

transferred to nitrocellulose membrane and incubated with pooled sera from soybean-sensitive 503 

patients (panel B) or sera from pooled pig sera (panel C) or glycinin A3-specific antibodies. 504 

Immunoreactive proteins were detected by chemiluminescence using anti-human IgE horseradish 505 

peroxidase conjugate, anti-pig IgG horseradish peroxidase conjugate and anti-rabbit IgG  506 

horseradish peroxidase conjugate, respectively. M, protein markers, lane 1, DN-47; and lane 2, 507 

BSH-3.  508 

Figure 4. Kunitz (KTi) and Bowman Birk (BBi) protease inhibitors in DN47 and BSH-3 seeds. 509 

50% isopropanol-soluble proteins were resolved on a 15% SDS-PAGE gels. Resolved proteins 510 

were stained with Coomassie Blue (Panel A) or transferred to nitrocellulose membrane and 511 

incubated with BBi peptide antibodies (panel B) or KTi antibodies (panel C). Trypsin (KTi) and 512 

chymotrypsin inhibitor (BBi) activity was measured using N-benzoyl-L-argine ethyl ester and N-513 

glutaryl-L-phenylalanin-4-nitroanilide as substrates, respectively (panel D). Inhibitor units were 514 

defined as the amount of inhibitor that decreases the absorbance of the non-inhibited reaction by 515 

0.1. Significantly different means are indicated by ** (p≤0.05).  516 

Figure 5. Transmission electron microscopy observation of DN47 and BSH-3 seeds.  PSV, 517 

protein storage vacuole; OB, oil bodies. 518 

519 
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Table 1. Protein-bound and free amino acid content of DN47 and BSH-3 seeds. 520 

_______________________________________________________________________ 521 

  A.A. F.A.A 

  DN47 BSH-3 DN47 BSH-3 

Essential amino acid 
  

Thr 1.40±0.08 1.48±0.03 0.0117±0.0015 0.0170±0.0017* 

Val 1.51±0.06 1.70±0.02** 0.0147±0.0035 0.0147±0.0006 

Met 0.38±0.08 0.67±0.04** 0.0127±0.0035 0.0057±0.0015* 

Ile 1.56±0.10 1.54±0.03 0.0037±0.0006 0.0067±0.0006* 

Leu 2.74±0.03 3.00±0.01** 0.0050±0.0000 0.0070±0.0000* 

Phe 1.82±0.04 1.88±0.02 0.0327±0.0116 0.0280±0.0010 

Lys 2.29±0.03 2.44±0.02** 0.0160±0.0000 0.0200±0.0010* 

T.E.A.A 11.70±0.15 12.69±0.06** 0.0963±0.0189 0.0990±0.0036 

Non-essential amino acid 
  

Asp 3.93±0.07 4.13±0.06* 0.0553±0.0015 0.0627±0.0035 

Ser 1.81±0.06 2.13±0.04** 0.0107±0.0006 0.0103±0.0006 

Glu 5.98±0.15 6.55±0.07** 0.0540±0.0035 0.1003±0.0021* 

Gly 1.46±0.02 1.59±0.01** 0.0093±0.0006 0.0123±0.0012* 

Ala 1.48±0.02 1.53±0.03* 0.0133±0.0032 0.0183±0.0015* 

Cys 0.49±0.04 0.72±0.03** 0.0337±0.0055 0.0300±0.0017 

Tyr 1.10±0.09 1.06±0.01 0.0107±0.0097 0.0157±0.0040 

His 0.91±0.03 0.98±0.01* 0.0040±0.0010 0.0163±0.0025* 

Arg 2.44±0.11 2.99±0.06** 0.0647±0.0081 0.5660±0.0671* 

Pro 1.77±0.07 1.88±0.02  0.0110±0.0020 0.0180±0.0026* 

T.A.A. 33.06±0.26 36.26±0.37** 0.3617±0.0169 0.9507±0.0787* 

T.S.A.A. 0.87±0.11 1.39±0.07** 0.0463±0.0090 0.0357±0.0006 

Total N 38.37±0.73 40.68±0.14** 
 

  522 
Dry seed powder from triplicate samples were analyzed by HPLC to measure the total and free amino acid from DN47 523 
and BSH-3. Significantly different means are indicated by * (p≤0.05) or ** (p≤0.01). 524 

  525 
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