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Chapter 1 

 

General Introduction 

 

 

1   General description of soybean products 

 

Soybean (Glycine max (L.) Merr.) is a diplodized tetraploid (2n = 40), and 

belonging to the Soja subgenus under the genus Glycine of the Leguminosae family. The 

Soja subgenus also contains G. soja, which is considered to be a wild species of soybean 

[1]. It grows in the fields, hedgerows, and riverbanks in many Asian countries including 

China, Korea, Japan, Taiwan, and the former USSR. 

Soybean is generally considered as one of the oldest cultivated crops, native to 

Northern and Central China [1]. The first mention of soybean appeared in a series of 

books known as Pen Ts’ao Kong Mu, written by emperor Sheng Nung in the year 2838 

B.C., which describes the floral diversity of China. Today, soybean is grown as a 

commercial crop in over 35 countries. The major producers of soybeans are the United 

States, Brazil, and Argentina, and the production of soybean in these countries accounts 

for 80% of the world’s soybean production. The largest consumer of soybean is China, 

and the consumption of soybean in China accounts for 60% of the world’s soybean 

consumption [2]. Soybean is grown primarily for the production of seeds, and is often  

used in the food and industrial sectors. Soybean is primarily used for oil extraction, 

which utilizes over 90% of the total soybean produced. Soybean oil is used for the 

manufacture of margarines, shortenings, and cooking oils in the food industry, and for 

the manufacture of inks, dyes, and biodiesel in the chemical industry [3, 4]. Soybean is 

therefore recognized as an important source of oil.   

On the other hand, the consumption of soybean-based foods derived from the 

whole bean has a long tradition in far eastern Asia. The whole beans were consumed as 

cooked beans, roasted soy flour, miso, soy sauce, natto, and tempeh, among others. The 
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latter four items are fermented foods. On the other hand, soymilk is prepared from 

soybean, and most of the soymilk produced is utilized for making tofu.     

 

 

 

 

In several countries, including Japan, about 30% of the soybean allocated for 

consumption is utilized for the production of soybean-based foods, whereas in USA and 

Brazil this amounts to only about 10% [5]. The aforementioned soy-based foods have 

been widely used in Japanese cuisines for a long time, and they play an essential role in 

the food culture of Japan. As shown in Fig. 1.1, about 1 million ton of soybeans are used 

for the preparation of soy-based foods [5]. Among the soy foods, the highest amount of 

Figure 1.1  Changes in the amount of annual soybean usage utilization for the various 

different soy-based foods [5]. 

Source: Ministry of Agriculture, Forestry and Fisheries, Food Industry Affairs Burea u’s 
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soybean is utilized for the production of tofu, followed by the production of miso and 

natto. These soy foods are consumed on a daily basis; however, the production of these 

soy foods is gradually decreasing in the recent times. This tendency indicates that the 

soy food markets may have reached a saturation point. Although the utilization of 

soybean for the manufacture of other soy foods has decreased gradually or has remained 

the same, the utilization of soybean for the production of soymilk is gradually 

increasing. Soymilk is primarily consumed as a drink; however, it is being increasingly 

used for the purpose of cooking in the recent years. According to the Japanese 

Agricultural Standard (JAS), soymilk is classified into three categories: regular soymilk, 

blended soymilk, and beverage-containing soymilk (Table 1.1). Among the three 

categories, the consumption of regular soymilk has been increasing most rapidly in the 

past 15 years (Fig. 1.2). Without additional components, soymilk has a bland taste and 

flavor; however, it can enhance the palatability when added to other foodstuffs. It is 

thought that the increase in soymilk production is due to the increasing use of regular 

soymilk as a seasoning during cooking. In this context, the demand for improving the 

flavor and taste of regular soymilk is presently increasing, so as to augment the use of 

soybean for cooking. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1.1  The varieties of soymilk classified according to the JAS. 

≥ 8% ≥ 3.8%

≥ 6% ≥ 3.0%

containing fruit juice ≥ 2% ≥ 0.9%

other ≥ 4% ≥ 1.8%

Concentration

of solid soybean

Protein

concentration

Beverage containing soymilk

Regular soymilk

Blended soymilk

Product
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2 Flavor and taste components in soybean 

 

In addition to the soy foods such as soymilk or tofu, which have been part of the 

traditional diets of east Asia, the components of soy proteins, such as soy protein isolate 

(SPI) or soy protein concentrate (SPC), are also important ingredients of many 

processed foods. The worldwide production and use of components of soy proteins have 

been increasing rapidly in the recent years due to their high nutritional values and 

numerous bioactivities. Nevertheless, the use of soybean as food material has been 

limited in the western world, because of its “grassy/beany” flavor [6]. These undesirable 

Figure 1.2  Changes in the annual soybean utilization for the different varieties of soymilk, 

classified according to the JAS.  

Source: Japan Soymilk Association’s database (2016) 
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flavors are primarily attributed to aldehydes, which are associated with the oxidation of 

polyunsaturated fatty acids by the LOX present in soybeans.  

Methods for suppressing LOX activity broadly involves: 1) breeding LOX-free 

soybeans [7-11] and 2) denaturing LOX activity by food processing. Thermal 

processing is very important for improving flavor quality, especially in the latter 

method, and is commonly employed on an industrial scale. LOX activity is controlled 

by directly heating the soybean seeds [12] or heating during soymilk extraction [13, 

14], which reduces the generation of off-flavors. These methods are used to produce 

soy foods with less undesirable grassy/beany flavor, which have increased the 

utilization of soybeans and soy foods across the world, especially in the western 

countries. 

Some studies are focusing on the total sugar content of soybean for improving its 

quality and taste. The total sugar content was found to affect the taste of tofu [15], and 

latter studies resulted in the production of the “Sayanami” cultivar, which refined the 

total sugar content of soybean [16].  

Although there are numerous studies attempting to improve the undesirable flavor 

of soybean, few studies directly contribute to improving its palatability. Considering 

the recent rise in the use of soymilk as a seasoning for cooking, it is important to focus 

on the new components of soybean or soymilk for enhancing the palatability of food. 

 

 

3 “Kokumi” taste as the contributor to food palatability  

There are many components related to taste quality, and umami is an important 

element which influences the taste quality of food. Acidic amino acids, including 

glutamic acid, and nucleic acids contribute to the umami taste of food [17]. Besides 

these components, guanylate analogs, amadori compounds of glutamic acid, acidic 

peptides, pyroglutamylated peptides, and organic acid glucosides also contribute to the 

umami taste [18-24]. In addition, it is known that MSG and nucleic acids such as IMP or 

GMP act synergistically in producing the umami taste. Kuninaka [25] and Sugita [26] 

reported that the detection threshold of MSG was markedly lowered in the presence of 
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IMP or GMP (Table 1.2). Besides these components, guanylate derivatives, betaine, 

pyroglutamylated peptides, organic acid amide, and aromatic amino acids are also 

known as umami taste-enhancing components [27-31]. Similar to these compounds, a 

variety of components with different properties work in a synergistic manner, to 

influence the overall taste as well the individual taste qualities.   

 

 

 

 

Although the umami taste is an important factor in improving the taste quality of 

food, the “koku” taste attribute is also recognized in Japan as an important factor, 

contributing to the palatability of food. “Koku” is the unique sensation caused by 

several stimulations of taste, aroma, and texture, which is expressed as the complexity 

of tastes in “koku”. Furthermore, this sensation spreads throughout the mouth and 

contributes to the richness or body of the taste, and lingers even after swallowing, 

resulting in the strong “koku” taste attribute. Therefore, “koku” comprises of three 

factors: complexity, richness (body), and continuity [32].  

The “kokumi” taste is a part of the “koku” taste attribute, and is a crucial factor 

for improving the overall taste quality of food. “Kokumi” is distinct from the five basic 

tastes, namely, sweet, salty, sour, bitter, and umami, and is defined by the three factors, 

which are: thickness (intensity remains after ~ 5 s of tasting), continuity (intensity 

lingers ~ 20 s after tasting), and mouthfulness (the reinforcement of the taste sensation 

Detection threshold

(g/dL)

MSG alone 1.20 × 10-2

IMP alone 2.50 × 10-2

GMP alone 1.25 × 10-2

MSG in 0.25% IMP 1.50 × 10-4

IMP + GMP (1:1 blend) 6.30 × 10-3

IMP + GMP (1:1 blend) in 0.8% MSG 1.30 × 10
-5

Table 1.2  The taste threshold of umami substances. 
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throughout the mouth) [33]. There are several reports on the “kokumi” taste components. 

The “kokumi” taste components themselves are almost tasteless, but the savory taste 

increases upon combining with the five basic taste qualities of food. A similar example 

has been empirically confirmed by studying soybean soup stock. It is assumed that the 

components that contribute to the “kokumi” taste of soybean soup stock are 

water-soluble. Such water-soluble components are probably present in soymilk as well, 

and act as a seasoning. Therefore, the identification of “kokumi” taste components in 

soybean seeds is essential for enhancing the value of soymilk as a seasoning during 

cooking. 

 

 

4 Analytical methods for studying “kokumi” taste components  

To identify the components that contribute to a particular taste, it is a common 

practice to isolate the key components by combining multiple separation and 

purification methods and identifying the components thus isolated by using Liquid 

Chromatography-Mass Spectrometry (LC-MS) and Nuclear Magnetic Resonance 

(NMR) [34].  

The taste of food is mainly attributed to five basic tastes, namely, salty, sour, 

sweet, bitter, and umami. Although the organic acids that contribute to the sourness of 

food are volatile components, most of the taste components are non-volatile. For this 

reason, unlike aromatic components which are volatile in nature, taste components are 

usually analyzed with HPLC [35]. Reverse Phase HPLC is used to analyze a wide range 

of targets, Normal Phase HPLC is used for analyzing saccharides that contribute to the 

sweetness of food [35], ion-exclusion chromatography is used to analyze minerals that 

contribute to the saltiness [36, 37], and ion-exchange chromatography is used to analyze 

amino acids and peptides that are responsible for the umami taste of food [38]. In 

addition to these methods, HILIC is being recently applied for analyzing hydrophilic 

components such as hydrophilic saccharides [39] or peptides [40]. Although these 

hydrophilic components have little or no retention on the C18 stationary phases, HILIC 

is an alternative chromatographic technique employed for analyzing such components.  



 

- 8 - 

 

Chapter 1 

Since the components that contribute to the “kokumi” taste of soymilk probably consist 

of water-soluble and hydrophilic components, it is thought that the HILIC method is 

more suitable for analyzing these components than the other analytical methods. 

 

 

4   Scope of this research 

 

Soybean has been an important food material in East Asia including Japan for a long 

time, and recently, has been recognized as a useful food material in Western countries, 

as well. The usage of soybean has been expanded to a large number of cooking scenes in 

Japan [41]. Under the circumstances that soybean is attracting attention as the 

sustainable source of protein and lipid [42], it is urgently requested to increase the value 

of soybean as the food material. Especially, it is the most important to improve the 

palatability of food products containing soybean or soybean extracts, but the research 

targeting on these points has been limited.  

Based on these backgrounds, this study was performed to identify the new taste 

components which are defined as “kokumi” taste components and accumulate the basic 

findings for promoting the effective use of these components.  

Chapter 2 reports the isolation and characterization of key contributors to the 

“kokumi” taste which are firstly identified from soybean seeds by using the sensory 

guided fractionation of soybean water extract and LC–MS analysis. Chapter 3 describes 

the diversity of contents of “kokumi” taste enhancers by using the soybean mini core 

collections which can represent a large proportion of the genetic diversity among 

soybean germplasm conserved in the NARO Genebank. Chapter 4 demonstrates the 

improvement effects of heat treatment of soybean seeds on the extractability of 

“kokumi” taste components.  
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Chapter 2 

 

Isolation and characterization of key contributors  

to the “kokumi” taste in soybean seeds 

 

 

1   Introduction 

 

Soybean (Glycine max (L.) Merr.) is a primary crop from the viewpoint of oil 

production. Soybeans contain about 20% oil in their seeds, and soybean oil is widely 

used for cooking, baking, and frying. Considerable research has been focused on these 

uses, and numerous attempts to improve oil quality and increase oil content have been 

put forth [1, 2]. On the other hand, soybeans are also comprised of 40% proteins and 

carbohydrates, which are known to have health benefits [3, 4]. For example, 7S globulin 

can reduce serum triglyceride levels [5], and oligosaccharides such as raffinose and 

stachyose are utilized by bifido-bacteria to improve the intestinal environment [6]. In 

addition to these applications, in many Asian countries including Japan, various types of 

soy-products such as miso, soy sauce, tofu, tempeh and soymilk are widely utilized. 

Miso and soy sauce are produced by fermentation and are used as seasonings.  

Fermented soy-products, especially soy sauce, abound world-wide. On the other 

hand, in Japan, roasted soybean seeds are used to make soup stocks for Japanese 

vegetarian foods. Soybean soup stocks are nearly tasteless, but the savory taste 

increases upon combination with other soup stocks made from dried kelp or mushrooms, 

which contain glutamic acid or guanylic acid and are known to impart an umami taste. 

Recently, in addition to soybean soup stocks, soymilk has also been widely used as a 

flavor enhancer, especially in Japanese Nabe (hot pot cooking), Ramen (noodles), and 

soups. Such products exhibit improved properties such as enhanced thickness, 

continuity, and mouthfulness. These effects were defined as “kokumi”, which is distinct 

from the five basic tastes [7–9]. Specifically, in Japan, “kokumi” is a concept that 

describes a certain mouthfeel, and is thought to be a key factor for palatability. Many 
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taste-improving components are present in various food materials such as 

sulfur-containing peptides in garlic and onions [7,  10],  N -(1-carboxyethyl)-6-

(hydroxymethyl) pyridinium-3-ol inner salt (alapyridaine) in beef broth [11], γ-glutamyl 

peptides in snap beans [8], Gouda cheese [12], and Parmesan cheese [13], and C17-C21 

oxylipins exhibiting 1-acetoxy-2,4-dihydroxy- and 1-acetoxy-2-hydroxy-4-oxo motifs 

in processed avocados [14]. Although many studies regarding such components have 

been reported, no data is available regarding the taste-improving components in soymilk 

or soybeans.  

In order to isolate and characterize the key taste contributors in soybeans, 

sensory-guided fractionation and taste sensory analysis were carried out in this study. 

The structures of contributors to the “kokumi” taste sensation in the water extract of 

soybean seeds were analyzed by LC-MS. The taste-improving effects of the identified 

compounds were evaluated quantitatively in basic model experiments. 

 

 

 

 

 

 

 

 

 

 

 

2   Materials and methods 

 

2.1   Materials  

 

γ-Glutamyl-tyrosine and γ-glutamyl-phenylalanine were purchased from BACHEM 

(Bubendorf, Switzerland). Saccharides and other materials in the control solution were 

Table 2.1  Quantitative analysis of γ-glutamyl peptides and oligosaccharides in low molecular 

weight fraction separated by UF membrane and soybean seeds.  

Material γ-Glu-Tyr γ-Glu-Phe Raffinose Stachyose 
 

Low molecular weight fraction  12.5 ± 1.12 17.2 ± 1.24 270 ± 15.4 1050 ± 21.2 (mg/100 mL) 

Soybean seeds
 a

  0.46 ± 0.10 0.66 ± 0.11 9.91 ± 0.87  39.1 ± 1.5 (g/kg) 

 
Data are presented as mean ± SE (n = 3)  
a Content of each substance is given as dry weight.                       

γ-Glu-Tyr; γ-glutamyl-tyrosine  

γ-Glu-Phe; γ-glutamyl-phenylalanine 
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purchased from WAKO Pure Chemical Industries (Osaka, Japan). All solvents were of 

LC-MS grade and were purchased from WAKO Pure Chemical Industries (Osaka, 

Japan). Soybeans (Glycine max (L.) Merr.) were provided by Fuji Oil Holdings Inc.  

 

2.2    Fractionation of water soluble components from soybeans  

 

Extraction of water soluble components from soybeans was carried out as 

following method. Dried soybean seeds (50 g) were autoclaved (120°C, 5 min) and 

powdered using a coffee grinder. The resulting powder was dispersed into distilled 

water (200 mL), and the dispersion was stirred for 60 min. The resulting slurry was 

centrifuged, and the supernatant was freeze-dried as the aqueous phase of heat-treated 

soybean seeds. This aqueous phase was stored at – 20°C until use. 

Ultrafiltration (UF) was carried out as following method. Freeze dried materials 

obtained from the aqueous phase described above (10 g) was dissolved in deionized 

water and filtered through 10,000 Da cut off membranes on a HIT-1-FUSO181 

(DAICEN MEMBRANE SYSTEMS, Tokyo, Japan) at room temperature to obtain high 

and low molecular weight fractions. Two fractions were freeze-dried and stored at 

-20°C until use. 

     Gel Permeation Chromatography (GPC) was carried out as following method. The 

low molecular weight fraction (0.5 g), which exhibited “kokumi” taste activity, was 

dissolved in 5 mL deionized water and the pH was adjusted to 4.0 with 1% formic acid. 

An aliquot of this solution (5 mL) was applied on a 70 × 5 cm glass column (Bio Rad 

Laboratories, CA, USA) filled with a slurry of BioGel P-2 (Bio Rad). The column was 

conditioned with water adjusted to pH 4.0 with 1% formic acid. Chromatographic 

separation was performed at a flow rate of 1.5 mL/min for 24 h. The effluent was 

monitored at 220 nm using an UV 900 ultraviolet detector (GE Healthcare, Uppsala, 

Sweden), and divided into five fractions (fraction 1-5) collected using a fraction 

collector DC-1200 (EYELA, Tokyo, Japan); each fraction was freeze-dried. These 

samples were subjected to sensory analysis and chromatographic subfractionation. 

     Preparative HPLC using Hydrophilic Interaction Chromatography (HILIC) 
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column was carried out as following method. The freeze-dried GPC fraction-3 (0.1 g) 

was dissolved in a 1:1 volume ratio mixture solution of water and acetonitrile 

containing 0.1 v/v% formic acid and separated by HPLC using an HILIC column 

(XBridge BEH Prep Amide column; 10 × 250 mm i.d., 5 μm; Waters). Preparative 

HPLC was performed on a Waters MassLynx preparative system (Waters, MA, USA) 

consisting of a 2535 quaternary gradient module, system fluidics organizer, 515 HPLC 

pomp, 2767 sample manager, 2998 photodiode array detector, and ACQuity QDa MS 

detector. Before injection, the sample was filtrated using a membrane filter (0.2 μm); a 

1 mL aliquot was injected. Chromatography was performed at a flow rate of 6 mL/min 

using formic acid (0.1% in water) as solvent A, and acetonitrile containing 0.1% formic 

acid as solvent B. The gradient was as follows: 95% B for 2 min; 95-85% B from 2 to 

22 min; 85-50% B from 22 to 30 min; 50-95% B from 30 to 31 min; 95% B from 31 to 

45 min. The effluent was monitored at 220 nm and with an MS (ESI-) detector, and 

separated into 6 fractions. The fractions were collected over 30 runs, and freeze-dried 

twice for taste dilution analysis and further separation. 

To further separate the “kokumi” taste components, the “kokumi” active HPLC 

fractions (fraction 3-4 and 3-5) were rechromatographed in a similar way as described 

above. The gradient was as follows: 95% B for 0.5 min; 95-85% B from 0.5 to 12 min; 

85-50% B from 12 to 20 min; 50-95% B from 20 to 21 min; 95% B from 21 to 30 min. 

Fractions 3-4 and fraction 3-5 were separated into 8 and 11 fractions, respectively. 

These fractions were collected over 20 runs, and freeze-dried twice for the following 

experiments. 

 

2.3   Identification and quantitative analysis of “kokumi” taste components  

 

Ultra Performance Liquid Chromatography-quadrupole-time-of-flight-mass spectrometry

 (UPLC-Q-TOF-MS) was carried out as following method. The identification of 

“kokumi” taste components in the selected fractions was performed as previously 

described with some modifications [15]. UPLC-MS was performed using a Waters 

Acquity UPLC system (Milford, MA) coupled to a Xevo QTOF-MS equipped with an 



 

- 17 - 

 

Chapter 2 

electrospray source operated in negative ion mode (ESI negative mode), with a 

lock-spray interface for accurate mass measurements. Leucine enkephalin was 

employed as the lock-mass compound. A solution of this compound (200 ng/mL in 50% 

acetonitrile, 50% water, and 0.1% formic acid) was infused directly into the MS at a 

flow rate of 20 µL/min. The capillary, sampling cone, and extraction cone voltages were 

set at 2700 V, 20 V, and 1 V, respectively. The source and desolvation temperatures were 

120°C and 450°C, respectively. The cone and desolvation gas flow rates were set at 50 

and 800 L/h, respectively. An aliquot of the extracted sample (3 µL) was injected into 

an Acquity UPLC BEH amide column (column size, 2.1 × 100 mm; particle size, 1.7 

µm). Mobile phases A (water and 0.1% formic acid) and B (acetonitrile and 0.1% formic 

acid) were used. The column temperature was set to 40°C. The buffer gradient consisted 

of 75% to 55% B for 0–10 min, 55% to 50% B for 10–10.1 min, 50% B for 10.1–15 min, 

and 75% B for 5 min, at a flow rate of 300 µL/min. In MS/MS mode, the collision 

energy was set at 10-40 V using collision energy ramping. 

Quantitative analysis of γ-glutamyl peptides and oligosaccharides was carried out 

as following method. The freeze-dried low molecular weight fraction and soybean seed 

powder were dissolved in 1:1 volume ratio mixture solution of water and acetonitrile 

containing 0.1% formic acid (25 mg/mL), filtered using a membrane (Vivaspin Turbo 15 

VS15T01, Sartorius, Göttingen, Germany), and analyzed by UPLC-Q-TOF-MS/MS 

using the parameters described above. Quantitative analysis was performed in triplicate 

by comparing the peak areas of the corresponding mass traces with those of defined 

standard solutions of each reference peptide and oligosaccharide. Data were  acquired 

with MassLynx software (Waters). External mass calibration was performed following 

the manufacturer’s provided protocol. 

 

2.4   Sensory analysis 

 

The sensory analysis was reviewed for adherence to ethical guidelines and 

approved by the research ethics board at the Graduate School of Agriculture, Kyoto 

University (H27-3). Seventeen panelists (eight males and nine females, 21-40 years old), 
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who gave informed consent for participating in the sensory tests, were trained in 

sensory experiments for at least 1 year for familiarity with the applied techniques.  

“kokumi” taste sensory analysis was carried out as following method. Sample 

solutions for sensory analysis were prepared as follows: the freeze-dried aqueous phase 

extracted from heat-treated soybean seeds (1 g) was dissolved in 10 mL distilled water; 

the freeze-dried low molecular weight fraction (0.4 g) and high molecular weight 

fraction (0.6 g) separated by the UF membrane were dissolved in 10 mL of distilled 

water. GPC fractions (0.1 g) and preparative HPLC fractions (50 mg) were dissolved in 

10 mL distilled water. All samples were dissolved in the control solution consisting of 

monosodium glutamate (0.02 w/v%), inosine monophosphate (0.01 w/v%), and sodium 

chloride (0.5 w/v%), and adjusted to pH to 6.5 with NaOH. These solutions were then 

presented in a dual standard discrimination test along with the control solution to the 

trained sensory panelists. The panelists were asked to judge whether the samples had an 

enhanced “kokumi” taste as compared to the control solution. To evaluate the “kokumi” 

taste profile of these samples, time course profiles of taste intensity (thickness; intensity 

~5 s after tasting, continuity; intensity ~20 s after tasting) and mouthfulness (the 

reinforcement of the taste sensation throughout the mouth) were evaluated [9]. Time 

course profiles of taste intensity were evaluated using a non-graduated 10 cm long 

linear scale (0 cm: low taste intensity; 10 cm: high taste intensity), and mouthfulness 

was evaluated using a non-graduated 10 cm long linear scale (0 cm: not detectable; 10 

cm: intensity perceived). Each sample (10 mL) was administered orally, and panelists 

were instructed to keep the sample in their mouths for 20 s, during which the taste 

intensity was monitored every 5 s. 

Determination of recognition threshold concentration of “kokumi” taste activity  

was carried out as following method. The taste recognition threshold of each substance 

in water and the control solution (described above) was determined by means of a 

three-alternative forced-choice test [16]. Solutions of each substance were presented in 

order of increasing concentrations (serial 1:1 dilutions), and panelists were asked to 

evaluate whether the solutions exhibited enhanced “kokumi” taste sensation as 

compared to the control solution. The taste threshold values of each substance were 
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determined as the concentration at which none of the panelists could distinguish the 

difference as compared to the control solution. The taste threshold was averaged in 

three different sessions. The values among individuals and separate sessions differed by 

no more than one dilution step. 

 

2.5   Statistical analysis 

 

In each sensory evaluation, differences between groups were compared with 

Dunnett's test and one-way analysis of variance (ANOVA) followed by Tukey’s test. p 

values less than 0.05 and 0.01 were considered statistically significant.  

  

 

 

 

 

Figure 2.1  Sensory analysis of “kokumi” taste sensation of control solution without additives 

and with aqueous extract of soybeans; fractions were separated using UF membrane.                                                                 

Data are presented as mean ± SE (n = 17), evaluated using a non-graduated 10 cm long linear 

scale. Asterisks indicate samples showing significant differences (Dunnett's test) from the 

control solution: ٭, p < 0.05; ٭٭, p < 0.01.   
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3   Results and discussion 

 

3.1   Taste-improving effects of soybean seeds 

 

To identify compounds with taste-improving activities in soybeans, the 

water-soluble extract was prepared. Generally, the water-extract of raw soybean seeds 

has a grassy smell and astringent taste owing to lipoxygenase activity [17, 18]. 

Therefore, soybean seeds were heat-treated to deactivate lipoxygenase prior to 

extraction. These heat-treated soybean seeds were powdered, dispersed in water, and 

kept for 60 min. After centrifugation, the aqueous phase was collected as an extract and 

freeze-dried. The aqueous phase was dissolved in water or in the control solution, and 

the taste was evaluated by a sensory panel. When the aqueous phase was dissolved in 

water, it was nearly tasteless or exhibited a slightly sweet flavor. On the other hand, the 

addition of the same amount of the aqueous phase to the control solut ion caused a 

significant increase in thickness (intensity at ~5 s after tasting), continuity (intensity 

~20 s after tasting), and mouthfulness (Fig. 2.1) as compared to the control solution 

only, without affecting the taste of the control solution. Since such effects are known as 

“kokumi”, it was thought that the aqueous phase from soybeans included some 

compounds that contributed to the “kokumi” taste sensation.  

 

3.2   Isolation of key contributors to “kokumi” taste sensation  

 

The aqueous phase extracted from heat-treated soybean seeds contained major 

soybean proteins (7S globlin, 11S glycinin, and lipophilic proteins), carbohydrates, ash, 

lipids, and other minor components. In order to determine whether the high or low 

molecular weight fraction contributed to the flavor, the aqueous phase was separated by 

a UF membrane with a molecular weight cut off profile of < 10,000. While major 

soybean proteins were mainly partitioned into the high molecular weight fraction (> 

10,000), carbohydrates were mainly separated into the low molecular weight fraction (< 

10,000). Sensory analysis revealed that the dispersion of freeze-dried powder in the 
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high molecular weight fraction was almost tasteless, but the dispersion of the low 

molecular weight fraction had a slightly astringent and sweet taste. The “kokumi” taste 

effects of the powders of the high and low molecular weight fractions were also 

evaluated upon dispersion in the control solution. The low molecular weight fraction 

demonstrated “kokumi” taste activity, and the strength of this effect was almost the 

same as that of the aforementioned aqueous phase, whereas the high molecular fraction  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2  Gel permeation chromatogram (A) and sensory analysis of “kokumi” taste sensation 

of fractions separated by UF membrane (B).                  

Taste intensity is presented as mean ± SE (n = 17), evaluated using a non-graduated 10 cm long 

linear scale. Asterisks indicate samples showing significant differences (Dunnett's test) from the 

control solution: ٭, p < 0.05; ٭٭, p < 0.01. 
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did not influence the taste profile of the control solution (Fig. 2.1). These results 

suggested that the key contributors to the “kokumi” taste sensation were water soluble 

and had comparatively low molecular weights. 

Next, the low molecular weight fraction was further separated by GPC 

fractionation, and the effluent was monitored at 220 nm. Five fractions (frac tion 1-5, 

Fig. 2.2A) were separated and individually freeze-dried for sensory evaluations .   

 

 

Figure 2.3  HILIC-HPLC total ion chromatogram (A) and sensory analysis of “kokumi” taste 

sensation of fractions separated by GPC fraction 3 (B).                 

Taste intensity is presented as means ± SE (n = 17), evaluated using a non -graduated 10 cm long 

linear scale. Asterisks indicate samples showing significant differences (Dunnett's test ) from the 

control solution: ٭, p < 0.05; ٭٭, p < 0.01.  
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Fraction 1 and 3 were slightly astringent and fraction 5 demonstrated an umami taste 

when dispersed in water. The other two fractions were almost tasteless in water. In 

addition, these fractions were evaluated in the control solution, and only fraction 3 

exhibited the “kokumi” taste sensation (Fig. 2.2B). Faction 3 likely contained peptides, 

as noted by the UV absorption at 220 nm. This fraction also contained saccharides (data 

not shown).  

In order to isolate the molecules that contributed to the “kokumi” taste sensation, 

GPC fraction 3 was further separated by preparative HPLC using an HILIC column 

because of the high polarity. The effluent was monitored using an MS detector, and 

was separated into 6 fractions (Fig. 2.3A); each fraction was freeze-dried and used for 

sensory analysis using the control solution as the solvent. As shown in  Figure 2.3B, the 

“kokumi” taste was only found in fraction 3-4 and 3-5. To obtain insight into the 

Figure 2.4  Total ion chromatograms of fractions 3-4 (A) and 3-5 (B) separated by HILIC-HPLC 
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chemical structures of the “kokumi” taste contributors, these fractions were further  

separated into sub-fractions by HPLC using an HILIC column (Fig. 2.4). These 

fractions were also subjected to sensory analysis as described above, and only fraction 

3-4-4 and 3-5-5 exhibited the “kokumi” tastes sensation (Fig. 2.5). As a result, the  

components of fractions 3-4-4 and 3-5-5 were speculated to be major contributors to  

 

 

Figure 2.5  Data are presented as means ± SE (n = 17), evaluated using a non-graduated 10 cm 

long linear scale.    

(A) Asterisks indicate samples showing significant differences (Dunnett's test) from the control 

solution: ٭, p < 0.05; ٭٭, p < 0.01. (B) Within the same evaluation points, values without a 

common letter were significantly different (p<0.05; Tukey’s test) 
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the “kokumi” taste sensation. However, the taste intensity of fraction 3 -5-5 was lower 

than expected (i.e., equal to the intensity of fraction 3-5 (Fig. 2.5B)). Since all of the 

sub-fractions of fraction 3-5 except for 3-5-5 did not exhibit the “kokumi” taste 

sensation, the effects of combining sub-fraction 3-5-5 with other sub-fractions were 

investigated. As shown in Figure 2.5B, fraction 3-5-9 and 3-5-10 combined with 

fraction 3-5-5 demonstrated a higher “kokumi” taste effect as compared to fraction 

3-5-5 alone. These results suggested that there were two “kokumi” taste contributors in 

the water extract of soybean seeds: one which imparted the “kokumi” taste sensation 

intrinsically, and another which enhanced the “kokumi” taste sensation when combined 

with “kokumi” taste components. In this case, the former and latter corresponded to 

3-5-5 and 3-5-9 or 3-5-10, respectively. In order to identify the contributors to the 

“kokumi” taste sensation, the chemical structures of these fractions were anal yzed. 

 

3.3 Structure determination of contributors to “kokumi” taste sensation  

 

LC-MS and LC-MS/MS analysis of fractions 3-4-4 and 3-5-5, which exhibited 

“kokumi” activity, indicated that these fractions contained different dipeptides. In 

fraction 3-5-5, an unfragmented deprotonation ion (C14H17N2O6
-
, [M-H]

-
, Rt = 1.75 

min, m/z = 309.1074) was detected by electrospray negative ionization mass 

spectrometry (Fig. 2.6A and 2.6B). Tandem mass spectrometry (MS/MS) (Fig. 2.6C) 

revealed [Glu-H2O-H]
-
 (m/z = 128.0356), [Tyr-H]

-
 (m/z = 180.0673), and 

[Tyr-NH3-H]
-
 (m/z = 163.0405) fragments, and the fragment ions detected in fraction 

3-5-5 matched those of the pure γ-glutamyl-tyrosine standard. Similarly, an 

unfragmented deprotonation ion (C14H17N2O5
-
, [M-H]

-
, Rt = 1.45 min, m/z = 

293.1139) was detected in fraction 3-4-4 by electrospray negative ionization mass 

spectrometry (Fig. 2.7A and 2.7B). MS/MS analysis (Fig. 2.7C) revealed 

[Glu-H2O-H]
-
 (m/z = 128.0363), [Phe-H]

-
 (m/z = 164.0720), and [Phe-NH3-H]

-
 (m/z = 

147.0458) fragments, and the detected fragment ions in fraction 3-4-4 matched those of 

the pure γ-glutamyl-phenylalanine standard. Fraction 3-5-9 and 3-5-10, which 

contained “kokumi” taste enhancers, were also analyzed using the same method. 
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Unfragmented deprotonation ions (C18H31O16
-
, [M-H]-, Rt = 4.37 min, m/z = 

503.1603; C24H41O21
-
, [M-H]

-
, Rt = 6.11 min, m/z = 665.2132) were detected in 

fractions 3-5-9 and 3-5-10 by electrospray negative ionization, respectively (Fig. 2.8A, 

2.8B, 2.9A, and 2.9B). MS/MS analysis (8C and 9C) revealed the loss of hexose 

fragments in fractions 3-5-9 ([M-Hex-H]
-
, m/z = 341.1082; [M-2Hex-H]

-
, m/z =  

 

 

Figure 2.6  Identification of γ-glutamyl-tyrosine by LC-MS/MS analysis.                                 

(A) extracted ion chromatogram data; (B) full mass data; (C) MS/MS data.  Each data point 

represents standard compound and fractionated sample. 
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 179.0561) and 3-5-10 ([M-Hex-H]-, m/z = 503.1602; [M-2Hex-H]
-
, m/z =341.1076; 

[M-3Hex-H]
-
, m/z = 179.0555). Upon comparison to the pure standards, the fragment 

ions of fractions 3-5-9 and 3-5-10 were identified as raffinose and stachyose, which are 

known to be contained in soybeans. Based on these data, γ-glutamyl-tyrosine and 

γ-glutamyl-phenylalanine were identified as contributors to the “kokumi” taste 

sensation in fractions 3-5-5 and 3-4-4, and raffinose and stachyose were identified as  

 

 

Figure 2.7  Identification of γ-glutamyl-phenylalanine by LC-MS/MS analysis.                                 

(A) extracted ion chromatogram data; (B) full mass data; (C) MS/MS data.  Each data point 

represents standard compound and fractionated sample.  
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“kokumi” taste enhancers in fractions 3-5-9 and 3-5-10. Although the presence of 

γ-glutamyl-tyrosine, γ-glutamyl-phenylalanine, raffinose, and stachyose in soybean 

seeds has been reported [19, 20], this is the first indication that these peptides and 

oligosaccharides contribute to the “kokumi” taste sensation in soybean extracts, 

soymilk, and their derivatives. 

 

 

Figure 2.8  Identification of raffinose by LC-MS/MS analysis.                                 

(A) extracted ion chromatogram data; (B) full mass data; (C) MS/MS data.  Each data point 

represents standard compound and fractionated sample.  
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3.4 Quantitative analysis of the contributors to “kokumi” taste sensation  

 

In order to determine the quantitative effect of the contributors to the “kokumi” 

taste sensation in soybean seeds, quantitative analysis of two γ-glutamyl peptides and 

two oligosaccharides in soybean seeds was carried out; the low molecular weight 

fraction of the soybean water extract separated by a UF membrane with a molecular 

Figure 2.9  Identification of stachyose by LC-MS/MS analysis.                                 

(A) extracted ion chromatogram data; (B) full mass data; (C) MS/MS data.  Each data point 

represents standard compound and fractionated sample.  
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weight cut off profile of < 10,000 was used. The γ-glutamyl-phenylalanine content was 

1.4 times greater than that of γ-glutamyl-tyrosine in the low molecular weight fraction 

of the soybean seed extract and soybean seeds (Table 2.1). On the other hand, the 

stachyose content was 3.9 times greater than that of the raffinose content in the low 

molecular weight fraction of the soybean seed extract and soybean seeds. These data 

suggest that these γ-glutamyl peptides and oligosaccharides were extracted by water 

without affecting the ratio. 

Previous studies showed that the γ-glutamyl peptide content was almost the same 

among the specific soybean varieties [19], and the oligosaccharide content  depended 

on the soybean variety [20]. Such discrepancies in γ-glutamyl peptide contents among 

studies might be due to the use of different soybean varieties, such as the case with 

oligosaccharides. To clarify the distribution of “kokumi” taste contributors in various 

soybean varieties, the determination of γ-glutamyl peptide and oligosaccharide 

contents in various soybean seeds is now ongoing in our laboratory.  

 

3.5 Sensory analysis of contributors to “kokumi” taste sensation  

  

In order to evaluate the contributors to the “kokumi” taste threshold, various 

concentrations of γ-glutamyl peptides and oligosaccharides were assessed in water (pH 

6.5) and the control solution by the ascending three alternative forced choice tests. The 

γ-glutamyl dipeptides exhibited a slightly bitter and astringent oral taste in water, 

which was reported previously [8, 12, 13]. On the other hand, these γ -glutamyl  

 

Table 2.2  “Kokumi” taste recognition threshold concentrations of γ-glutamyl peptides in 

control solution with or without oligosaccharides determined by three-alternative forced-choice 

test. 

 Peptide 
'Kokumi' taste threshold (μmol/L)   

 control solution control solution + oligosaccharides 

γ-Glu-Tyr 5.0  3.0  

γ-Glu-Phe 2.8  2.0  
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dipeptides imparted the “kokumi” taste sensation to a control solution containing 

monosodium glutamate, inosine monophosphate, and sodium chloride. Even though 

γ-glutamyl-tyrosine exhibited a high intrinsic taste threshold of 3.0 mmol/L in water, it 

showed a significantly lower “kokumi” taste threshold value of 5.0 μmol/L in the 

control solution (Table 2.2). Similar trends were found for γ-glutamyl-phenylalanine, 

and were in agreement with the results of other γ-glutamyl peptides [8]. Furthermore, 

these γ-glutamyl peptides exhibited lower “kokumi” taste thresholds in the control 

solution containing raffinose and stachyose (Table 2.2). In this experiment, these two 

oligosaccharides were added to the control solution in their natural concentration ratios 

to two γ-glutamyl peptides’ in the low molecular weight fraction, as shown in Table  

2.1. 

The time course profiles of the “kokumi” taste sensation intensity of the 

γ-glutamyl peptides and oligosaccharides were also evaluated. These substances were 

added to the control solution in their natural concentration ratios in the low molecular 

weight fraction, and the taste intensity was compared that in the control solution. In the 

control solution alone or with only oligosaccharides (data not shown), the taste 

intensity gradually decreased after oral administration (0 s) to 20 s (Fig. 2.10A). On 

the other hand, the taste intensity significantly increased (1.2 to 1.8 times) in the 

presence of the low molecular weight fraction or the γ-glutamyl peptides over the 

entire period. However, the addition of only two γ-glutamyl peptides to the control 

solution did not raise the intensity to that of the low molecular weight fraction. This 

prompted us to verify the combined effect of the two γ-glutamyl peptides and two 

oligosaccharides. Sensory analysis revealed that the combination of the γ -glutamyl 

peptides and oligosaccharides increased the taste intensity, and the intensity became 

almost equal to that elicited by the low molecular weight fraction (Fig. 2.10B; the scale 

is expanded to facilitate comparison). These results suggest that soybean 

oligosaccharides add to the “kokumi” taste activity of γ-glutamyl peptides. To the best 

of our knowledge, this is the first report of such phenomenon. The difference in the 

enhancement of the “kokumi” taste activity between raffinose and stachyose (Fig. 10) 

was assumed to be caused by the different concentrations utilized in the experiments 
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(Table 2.1). Interestingly, sucrose, which was present in soybean seeds and the low 

molecular weight fraction, did not enhance the “kokumi” taste sensation (Fig. 10). In 

the low molecular weight fraction, the sucrose content (1870 μg/ 100 mL) was higher 

than that of raffinose (6.9 times) and stachyose (1.8 times). However, among major the 

saccharides in soybean seeds, only sucrose did not enhance the “kokumi” taste activity. 

These results might indicate that each substance exhibited different reactivity with the  

 

Figure 2.10  Time course profile of “kokumi” taste sensation of γ-glutamyl peptides and 

oligosaccharides.                                             

Data are presented as means ± SE (n = 17), evaluated using a non-graduated 10 cm long linear 

scale. γ-EY; γ-glutamyl-tyrosine, γ-EF; γ-glutamyl-phenylalanine, Raf; raffinose, Sta; stachyose, 

Suc; sucrose.  (A) T ime course profile of “kokumi” taste substances vs. control. p < 0.05 for 

control versus (a) to (f) at 0 s, p < 0.01 for control versus (a) to (f) at 5 s to 20 s using Tukey’s test; 

(B) T ime course profile of “kokumi” taste substances added control solution. p < 0.05 for (b) 

versus (a), (d), and (f) at 5 s to 20 s. 
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“kokumi” taste receptor. Ohsu et al. [9] reported that the calcium -sensing receptor 

(CaSR) is a receptor for “kokumi” active substances such as γ-glutamyl peptides, and 

produced a desirable “kokumi” taste sensation in humans. Moreover, Medina et al. [21] 

recently reported that glucose, sucrose, and sucralose acted as positive allosteric 

modulators of CaSR. Our data might suggest that the use of a combination of 

γ-glutamyl peptides and oligosaccharides synergistically activate CaSR. The detailed 

mechanism behind the enhanced “kokumi” taste sensation by γ-glutamyl peptides and 

oligosaccharides is unclear, and is currently under investigation in our laboratory.  

 

 

4 Conclusions 

 

Key contributors to the “kokumi” taste sensation were identified in soybean 

seeds using fractionation, LC-Q-TOF MS/MS, and human sensory analysis. 

γ-Glutamyl-tyrosine and γ-glutamyl-phenylalanine caused the “kokumi” taste 

sensation at a low taste threshold in a control solution containing glutamic acid, 

inosine monophosphate, and sodium chloride. In addition, raffinose and stachyose 

exhibited a synergistic effect and enhanced the “kokumi” taste activity of γ -glutamyl 

peptides. Therefore, the combination of γ-glutamyl peptides and oligosaccharides 

caused an increase in taste intensity, and contributed to the “kokumi” taste sensation, 

which suggests that soybean extracts or soymilk could be used as “kokumi” taste 

sensation enhancers in food products. 

Studies on soybean varieties containing high concentrations of these contributors, 

as well as processing methods that enable the efficient extraction of such contributors 

are currently in progress, and the obtained results will lead to improved palatability of 

food products containing soybean extracts or soymilk. 
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Diversity of γ- glutamyl peptides and oligosaccharides,       

the “kokumi” taste enhancers,                             

in seeds from soybean mini core collections 

 

 

1   Introduction 

 

Soybean (Glycine max (L,) Merr,) is a primary crop from a food material 

viewpoint, because it contains approximately 20% oil, 40% protein, and 30% 

carbohydrate as the major components and also contains isoflavone, saponin, and 

minerals as minor seed components that have beneficial effects for human health [1–7]. 

Besides these well-known components, we recently reported that soybean seeds also 

contain “kokumi” taste components, such as γ-glutamyl-tyrosine and 

γ-glutamyl-phenylalanine, which enhance the thickness, continuity, and mouthfulness of 

food products [8]. Oligosaccharides, which are sufficiently present in soybean seeds,  

synergistically enhanced the “kokumi” taste sensation imparted by γ-glutamyl peptides. 

Therefore, soybean extracts or soy milk could be used as novel “kokumi” taste sensation 

enhancers in food products.  

Many γ-glutamyl compounds have been isolated, mainly from storage organs in 

higher plants [9–13]. Soybean seeds contain γ-glutamyl-tyrosine and 

γ-glutamyl-phenylalanine as described above, and these peptides were first reported by 

Morris and Thompson [13] as non-protein nitrogen. These peptides are synthesized 

during the ripening period and are rapidly degraded during germination. These data 

suggest that they may play an important role in the storage and metabolism of nitrogen, 

but the detailed mechanisms are still unknown. Morris and Thompson also reported 

that both γ-glutamyl-tyrosine and γ-glutamyl-phenylalanine were present at 

approximately 400 µg/g [13]; a study by Kasai et al. reported a content of 3.4 µmol/10 

seeds [14]. In either case, the amount of these γ-glutamyl peptides was almost the same 
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as the amount of free arginine or glutamic acid, which is known as the most abundant 

free amino acid in soybean seeds [14, 15]. However, this evidence was based on only a 

few specific cultivars, and until now, information regarding the genetic diversity of the 

contents of the γ-glutamyl peptides in soybean seeds was very limited. Soybean 

cultivars with increased contents of γ-glutamyl peptides have not been reported or 

released. 

On the other hand, the genetic diversity of oligosaccharides, including raffinose 

and stachyose, has been reported previously [16, 17]. Of soybean soluble sugars, 

raffinose is a minor sugar, whereas stachyose is the second major sugar, after sucrose. 

Using a worldwide collection consisting of 241 soybean germplasm, Hou reported that 

the raffinose content ranged from 0.1 to 19.9 mg/g, with a mean of 8.3 mg/g, and the 

majority of the germplasm contained 5 to 10 mg/g [17]. However, the stachyose content 

ranged from 0.2 to 69.6 mg/g, with a mean of 31.7 mg/g, and the majority contained 30 

to 40 mg/g. In correlation analyses, a positive [17] and negative [16] correlation 

between the content of raffinose and stachyose was reported, respectively. This 

contradiction is thought to be caused mainly by environmental factors, for example, 

whether or not the sample soybean seeds were grown in the appropriate regional 

weather condition. The contribution rate of the environmental effects that influence the 

content of oligosaccharides was not clear, but Hou et al. reported some accessions, for 

which the content of both raffinose and stachyose was high (PI91346 etc.) [17]. These 

accessions may be used as valuable germplasm for soybean breeding to develop 

varieties with high oligosaccharide content.  

As described above, the information about the content of γ-glutamyl peptides and 

oligosaccharides in soybean seeds is abundant, but the relationship between the content 

of γ-glutamyl peptides and oligosaccharides, which both contribute to the “kokumi” 

taste, is also unknown. In this study, to gain insight into the genetic variations and 

molecular mechanisms of accumulation of γ-glutamyl peptides and oligosaccharides in 

soybean seeds, we measured the content of these substances using Japan and World mini 

core collections, obtained from the National Agriculture and Food Research 

organization (NARO) Genebank in Japan, which can represent a large proportion of the 
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genetic diversity among soybean germplasm conserved in the NARO Genebank [18]. 

The accessions with unique characteristics regarding the content of γ -glutamyl peptides 

and oligosaccharides identified from this study will be useful for genetic research and 

soybean breeding to increase the content of “kokumi” taste enhancers’ and lead to the 

improved palatability of soy food. 

 

 

2   Materials and methods 

 

2.1   Materials 

 

Plant materials, a total of 170 soybean accessions were obtained from the NARO 

Genebank, Tsukuba, Japan. This set contained 90 accessions of the Japanese mini core 

collection (JMC) and 80 accessions of the World mini core collection (WMC) and was 

multiplicated in the field of NARO. JMC consisted of 13 breeding cultivars and 77 

landraces, and WMC consisted of 4 breeding cultivars and 76 landraces from 14 

countries or regions within Asia, Europe, and North America.  

Chemicals, γ-Glu-Tyr and γ-Glu-Phe were purchased from BACHEM (Bubendorf, 

Switzerland). Saccharides and the materials for the basic taste solution were purchased 

from WAKO Pure Chemical Industries (Osaka, Japan). All solvents were of LC-MS 

grade and were purchased from WAKO Pure Chemical Industries (Osaka, Japan). 

 

2.2   Extraction of γ-glutamyl peptides and oligosaccharides 

 

Soybean seeds were powdered by a grinder (MicroPowder, WEST Co., Ltd. 

Niigata, Japan) and dissolved in 1:1 water:acetonitrile solution, containing 0.1 % formic 

acid (25 mg/ml). The mixture was vortexed and sonicated at room temperature for 10 

min. Then, the suspension was centrifuged at 12,000 g for 10 min. The precipitate were 

dissolved again in 1:1 water:acetonitrile solution, containing 0.1 % formic acid (25 

mg/ml).  The mixture was vortexed and sonicated at room temperature for 10 min. 
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Then, the suspension was centrifuged at 12,000 g for 10 min. These two supernatants 

obtained by centrifugations were mixed and filtered through a membrane 

(VivaspinTurbo15, Sartorius, Goettingen, Germany) by centrifuging at 4,000 g for 20 

min, and the permeate was diluted 100-fold by a 1:1 water:acetonitrile solution, 

containing 0.1 % formic acid. This diluent solution was filtered through a 0.2 -μm 

membrane disc filter (MERCK MILLIPORE, Darmstadt, Germany) and analyzed by an 

UPLC-Q-TOF-MS/MS system, using parameters identical to those described below.  

 

2.3   Liquid Chromatography – quadrupole – time-of-flight – tandem mass 

spectrometry analysis 

 

The identification of the γ-glutamyl peptides and oligosaccharides in the soybean 

extract was performed as previously described with some modifications [20]. LC-MS 

was performed using a Waters Acquity UPLC system (Milford, MA) coupled to a Xevo 

QTOF-MS that was equipped with an electrospray source, operating in negative ion 

mode (ESI negative mode), with a lock-spray interface for accurate mass measurements. 

Leucine enkephalin was employed as the lock-mass compound and was directly infused 

into the MS at a flow rate of 20 µL/min. The concentration of leucine enkephalin was 

200 ng/mL (in 50% acetonitrile, 50% water, 0.1% formic acid). The capillary, sampling 

cone, and extraction cone voltages were set at 2700 V, 20 V, and 1 V, respectively. The 

source and desolvation temperatures were 120°C and 450°C, respectively. The cone and 

desolvation gas flow rates were set at 50 and 800 L/h, respectively. An aliquot of the 

extracted sample (3 µL) was injected into an Acquity UPLC BEH Amide column 

(column size, 2.1 × 100 mm; particle size, 1.7 µm). Mobile phases A (water and 0.1% 

formic acid) and B (acetonitrile and 0.1% formic acid) were used. The column 

temperature was set to 40°C. The buffer gradient consisted of 75% to 55% B for 0–10 

min, 55% to 50% B for 10–10.1 min, 50% B for 10.1–15 min, and 75% B for 5 min, at a 

flow rate of 300 µL/min. Data were acquired with MassLynx software (Waters). 

External mass calibration was performed following the manufacturer’s protocol.  
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2.4   Quantitative analysis of γ-glutamyl peptides and oligosaccharides 

 

Quantitative analysis was performed in triplicate by comparing peak areas for the 

corresponding mass traces with those of defined standard solutions of reference 

γ-glutamyl peptides and oligosaccharides. 

 

2.5   Statistical analysis 

 

Statistical analysis was performed using Excel (Microsoft, Redmond, WA) 

software. 

 

 

3   Results and discussion 

 

3.1 Quantification of the concentrations of γ-glutamyl peptides and 

oligosaccharides in the mini core collections 

 

We analyzed the content of the γ-glutamyl peptides and oligosaccharides of 170 

soybean accessions in the Japanese mini core collection (JMC) and World mini core 

collection (WMC) by UPLC-MS. All the accessions contained both γ-glutamyl peptides 

and oligosaccharides, but the content of these components was very different, 

depending on the accessions. Fig. 3.1 shows the extracted ion chromatograms (EIC) of 

the γ-glutamyl peptides and oligosaccharides. For example, the EIC of accession J5 

showed a large peak for the γ-glutamyl peptides, while the accessions J47 and J73 

showed a medium and small peak, respectively. With respect to the oligosaccharides, 

there were also high, medium, and low content types (ex. accession J53, J30, and W54, 

respectively), as shown by the EICs. Most of the accessions showed a similar EIC to 

that of J47 for the γ-glutamyl peptides and to that of J30 for the oligosaccharides, but 

several accessions in the Japan and world mini core collection showed a higher or lower 

content of γ-glutamyl peptides and oligosaccharides. Although the γ-glutamyl peptides 
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and oligosaccharides were separately analyzed in a previous study,  the methods of 

Figure 3.1  Extracted ion chromatograms (EIC) of γ-glutamyl peptides (A, B, C) and 

oligosaccharides (D, E, F) in unique soybean accessions from LC-MS analysis.                    

(A), (B), (C): accessions of high (J5), medium (J47), and low (J73) γ-glutamyl peptides (overwriting 

of γ-glutamyl tyrosine and γ-glutamyl phenylalanine), respectively.                                                          

(D), (E), (F): accessions of high (J53), medium (J30), and low (W54) oligosaccharides(overwriting 

of raffinose and stachyose), respectively.                                                               

1:γ-glutamyl phenylalanine (m/z = 293.1138), 2:γ-glutamyl tyrosine (m/z = 309.1071), 3:raffinose 

(m/z = 503.1602), 4:stachyose (m/z = 665.2131).                                     

In (A), (B), and (C), the relative value of x-axis was standardized by the intensity of high 

γ-glutamyl peptides accession (J5). In (D), (E) and (F), the relative value of x-axis was standardized 

by the intensity of high oligosaccharides accession (J53).  
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extraction and quantification used in this study enabled the measurement of these 

components in a single analysis for each of the soybean accession with a wide range of 

characteristics, thereby contributing to the efficient analysis of a large number of 

samples. 

 

3.2   Profiles of the concentrations of the γ-glutamyl peptides and 

oligosaccharides in soybean seeds 

 

Table 3.1 summarizes the maximum, minimum, and mean values of the 

concentrations of the γ-glutamyl peptides and oligosaccharides in the JMC and WMC. 

The average content of γ-glutamyl tyrosine and γ-glutamyl phenylalanine in the overall 

accessions from both collections was 74.8 mg/100 g FW and 89.1 mg/100 g FW, 

respectively. The content of these γ-glutamyl peptides in soybean seeds was first 

reported by Morris and Thompson [13]. Although they showed that the content of these 

γ-glutamyl peptides was almost the same in one soybean variety, our data clearly 

indicated that the content of γ-glutamyl phenylalanine was slightly higher than that of 

γ-glutamyl tyrosine in soybean seeds. Based on the fact that we analyzed a total of 170 

accessions from the core collections, we can conclude that the difference between the 

two γ-glutamyl peptides is common in soybean varieties. On the other hand, the average 

content of raffinose and stachyose in the overall accessions was 0.8 g/100 g FW and 3.1 

g/100 g FW, respectively, and these profiles almost corresponded with previous reports 

[16, 17].  

 

Table 3.1  Mean, maximum, and minimum content of γ-glutamyl peptides and oligosaccharides 

in the JMC and WMC. 

JMC: Japanese mini core collection. WMC: World mini core collection  

 1 

  mg/100 g FW   g/100 g FW 

 
γ-Glu-Tyr 

 
γ-Glu-Phe 

 
Raffinose 

 
  Stachyose   

  Mean Max Min   Mean Max Min 
 

Mean Max Min   Mean Max Min 

JMC 64.5  128 32.6 
 

71.4  136 44.5 
 

0.84  1.59  0.39  
 

3.25  4.79  0.79  

WMC 86.3  149 45.9   108.9  280 74.7   0.74  1.21  0.44    3.00  3.80  1.40  



 

- 44 - 

 

Chapter 3 

. 

The two mini core collections used in this study were collected from 15 different 

countries or regions, but the majority was collected from Japan (JMC) and China, India, 

Indonesia, Nepal, and South Korea (WMC). These countries or regions were mostly in 

Asia, and there were some accessions that showed unique characteristics with respect to 

the content of the γ-glutamyl peptides and oligosaccharides (Table 3.2). For the mean 

content of the γ-glutamyl peptides, the accessions originating from India, Indonesia, 

Nepal, and Pakistan showed higher values than the accessions originating from China, 

Japan (JMC), and South Korea, which were presumed to be the places of origin of the 

soybean. Accessions originating from the former 4 countries were grouped into a 

different cluster from the East Asia countries, such as Japan, China, and Korea; this 

cluster was found to be closest to wild soybean (Glycine soja Sieb. & Zucc.) accessions, 

which were presumed to be the direct ancestor of the soybean by population analysis, 

based on the shared allele distance of genotype information [18, 19]. Considering this 

finding, our results, shown in Table 3.2, suggested that in East Asia, the content of the 

Table 3.2  Mean content of γ-glutamyl peptides and oligosaccharides by country/region.  

  No. of     

accessions 

mg/100 g FW   g/100 g FW 

  γ-Glu-Tyr γ-Glu-Phe   Raffinose Stachyose 

China 18 85.1  98.9    0.77  2.93  

Cambodia 1 79.5  92.3  
 

0.75  3.12  

India 9 94.0  112.6  
 

0.70  3.02  

Indonesia 8 94.5  116.0  
 

0.78  3.16  

Japan 90 64.5  71.4  
 

0.84  3.25  

Korean peninsula 4 80.5  111.9  
 

0.82  3.25  

Malaysia 1 55.8  74.9  
 

0.78  3.09  

Nepal 11 91.0  132.9  
 

0.70  2.66  

Pakistan 2 131.5  135.1  
 

0.57  2.44  

Philippine 3 74.5  98.4  
 

0.67  2.98  

Sweden 1 45.9  79.1  
 

0.69  3.54  

South Korea 13 77.7  98.0  
 

0.77  2.96  

Taiwan 4 82.6  115.1  
 

0.79  3.11  

Thailand 4 82.7  103.6  
 

0.70  3.24  

United States 1 68.0  83.7  
 

0.58  2.57  

Overall mean 170 74.8  89.1    0.80  3.11  

 1 
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γ-glutamyl peptides may have gradually decreased in the course of domestication, 

whereas accessions with ancestral genetic characteristics were still cultivated in the 4 

countries, i.e., India, Indonesia, Nepal, and Pakistan. In soybean breeding, the unique 

accessions in these 4 countries may be effective for increasing the content of γ-glutamyl 

peptides and contribute to the improvement of taste quality of soy food. The average 

content of oligosaccharides in the East Asian countries observed in this study was 

similar to that in a previous study [17], and there was less variation among the 15 

countries, compared to that reported for the γ-glutamyl peptides. 

 

3.3 Diversity of the concentrations of the γ-glutamyl peptides and 

oligosaccharides in the Japanese Mini core Collection (JMC) and World Mini core 

Collection (WMC) 

 

The mini core collection used in this study had also been previously used for 

analyzing the variation in phenolic content of seed coats [21] and the diversity of seed 

cesium accumulation [22]. For these traits, a wide variation was detected among the 

mini core collections in the two studies. Following the previous study [22], we analyzed 

the diversity of the concentrations of the γ-glutamyl peptides and oligosaccharides for 

individual corrections, JMC and WMC. Wide variations were also detected among the 

JMC and WMC accessions for the content of the γ-glutamyl peptides and 

oligosaccharides in this study (Fig. 3.2). The γ-glutamyl tyrosine content ranged from 

32.6 mg/100 g FW to 127.6 mg/100 g FW in the JMC and from 45.9 mg/100 g FW to 

148.8 mg/100 g FW in the WMC. The γ-glutamyl phenylalanine content ranged from 

44.5 mg/100 g FW to 135.7 mg/100 g FW in the JMC and from 45.9 mg/100 g FW to 

280.2 mg/100 g FW in the WMC. The content of these γ-glutamyl peptides showed a 

normal distribution, and the mean content of γ-glutamyl phenylalanine was 1.1- to 

1.3-fold higher than that of γ-glutamyl tyrosine in the JMC and WMC, as described 

above. Some accessions showed a high γ-glutamyl tyrosine and γ-glutamyl 

phenylalanine content, and these unique characteristics suggest new types of soybean 

accessions that have never been reported. For example, accession numbers J5 and J 1  
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showed almost 2-fold and 1.6-fold higher content of γ-glutamyl tyrosine and γ-glutamyl 

phenylalanine, respectively, than the average content in the JMC (Table 3.3, see also 

Table 3.1). In addition, the average content of γ-glutamyl tyrosine and γ-glutamyl 

phenylalanine in each of the top 10 accessions was 1.5-fold and 1.4-fold higher in the 

JMC, respectively, and 1.5-fold and 1.4-fold higher in the WMC, respectively, than the 

overall mean (Table 3.3, see also Table 3.1). These accessions may be useful for 

effectively increasing the content of γ-glutamyl peptides in soybean breeding. For the 

profiles of the oligosaccharides, the raffinose content ranged from 0.39 g/100 g FW to 

1.59 g/100 g FW in the JMC and from 0.44 g/100 g FW to 1.21 g/100 g FW in the WMC. 

The stachyose content ranged from 0.79 g/100 g FW to 4.79 g/100 g FW in the JMC and  

Figure 3.2  Frequency distribution of the content of the γ-glutamyl peptides and oligosaccharides 

in the JMC and WMC.  

(A) γ-glutamyl tyrosine, (B) γ-glutamyl phenylalanine, (C) Raffinose, (D) Stachyose. 
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from 1.40 g/100 g FW to 3.80 g/100 g FW in the WMC. The content of these 

oligosaccharides also showed a normal distribution, and these profiles almost 

corresponded with the previous reports [17]. The distribution range of γ-glutamyl 

peptides in JMC was slightly lower than that of WMC, although the distribution pattern 

of oligosaccharides in JMC was slightly higher than that of WMC. These results might 

Table 3.3  List of the top 10 accessions in the JMC (A) and WMC (B) with a high content of 

γ-glutamyl peptides. 

            

accession No 
mg/100 g FW 

 
g/100 g FW 

γ-Glu-Tyr γ-Glu-Phe 
 

Raffinose Stachyose 

(JMC_γ-Glu-Tyr) 
     

J5 127.6  135.7  
 

0.74  2.97  

J55 112.0  70.1  
 

1.33  4.44  

J1 104.6  118.8  
 

0.74  3.44  

J28 95.4  106.2  
 

0.89  3.41  

J17 90.2  75.6  
 

0.59  3.12  

J89 87.6  63.5  
 

0.41  3.18  

J33 85.3  75.9  
 

1.35  4.47  

J14 84.9  100.4  
 

1.22  3.91  

J45 84.7  62.9  
 

0.78  3.84  

J27 83.8  82.2  
 

0.75  2.95  

mean 95.6  89.1  
 

0.88  3.57  

(JMC_γ-Glu-Phe) 
     

J5 127.6  135.7  
 

0.74  2.97  

J1 104.6  118.8  
 

0.74  3.44  

J28 95.4  106.2  
 

0.89  3.41  

J14 84.9  100.4  
 

1.22  3.91  

J52 75.6  96.7  
 

0.82  3.65  

J22 70.9  96.5  
 

0.73  2.73  

J87 60.4  94.6  
 

0.59  3.36  

J83 68.3  91.4  
 

1.05  4.79  

J2 78.9  89.7  
 

0.79  2.99  

J25 75.8  89.3  
 

0.76  3.13  

mean 84.2  101.9  
 

0.83  3.44  

      

 1 

(A) 
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derive from the different genetic background between JMC and WMC about  the 

accumulation mechanism of γ-glutamyl peptides and oligosaccharides. Interestingly, 

accession numbers J14 in the JMC and W39 in the WMC showed a high content of the 

γ-glutamyl peptides and oligosaccharides (Table 3.3 and 3.4). Since there were no 

reports that have detected or measured simultaneously the content of γ -glutamyl 

accession No 
mg/100 g FW  g/100 g FW 

γ-Glu-Tyr γ-Glu-Phe  Raffinose Stachyose 

(WMC_γ-Glu-Tyr) 
     

W46 171.8  148.0  
 

0.61  2.65  

W57 148.8  132.0  
 

0.65  2.68  

W26 138.1  120.1  
 

1.09  2.88  

W45 128.8  138.9  
 

0.87  3.73  

W67 126.3  134.5  
 

0.58  2.76  

W80 124.8  113.5  
 

0.67  2.91  

W39 123.8  133.6  
 

0.95  3.54  

W34 121.7  91.5  
 

0.78  2.58  

W65 120.8  102.0  
 

0.62  2.98  

W75 120.2  128.0  
 

1.06  2.89  

mean 132.5  124.2  
 

0.79  2.96  

(WMC_γ-Glu-Phe) 
     

W54 68.1  280.7  
 

0.44  1.40  

W74 77.7  158.8  
 

0.79  3.17  

W46 171.8  148.0  
 

0.61  2.65  

W58 104.8  146.2  
 

0.50  1.52  

W13 114.7  139.4  
 

0.95  3.30  

W45 128.8  138.9  
 

0.87  3.73  

W52 85.5  135.9  
 

0.64  3.14  

W67 126.3  134.5  
 

0.58  2.76  

W39 123.8  133.6  
 

0.95  3.54  

W57 148.8  132.0  
 

0.65  2.68  

mean 115.0  154.8    0.70  2.79  

 1 

(B) 
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peptides and oligosaccharides in various soybean seeds, these two unique accessions 

might be a valuable source for breeding to increase the content of both the “kokumi” 

taste enhancers. In future studies, we will investigate the genetic and environmental 

effects on the content of the γ-glutamyl peptides and oligosaccharides in the JMC and 

WMC. 

 

  

Table 3.4  List of the top 10 accessions in the JMC (A) and WMC (B) with a high content of 

oligosaccharides 

            

accession No 
mg/100 g FW 

 
g/100 g FW 

γ-Glu-Tyr γ-Glu-Phe 
 

Raffinose Stachyose 

(JMC_Raffinose) 
     

J31 51.2  61.9  
 

1.59  4.20  

J53 79.7  62.8  
 

1.52  4.56  

J54 58.6  68.8  
 

1.35  4.38  

J33 85.3  75.9  
 

1.35  4.47  

J55 112.0  70.1  
 

1.33  4.44  

J56 62.1  46.6  
 

1.32  3.96  

J14 84.9  100.4  
 

1.22  3.91  

J67 64.8  63.4  
 

1.22  4.42  

J42 66.1  68.4  
 

1.17  3.52  

J43 50.4  52.0  
 

1.16  3.29  

mean 71.5  67.0  
 

1.32  4.12  

(JMC_Stachyose) 
     

J83 68.3  91.4  
 

1.05  4.79  

J53 79.7  62.8  
 

1.52  4.56  

J33 85.3  75.9  
 

1.35  4.47  

J55 112.0  70.1  
 

1.33  4.44  

J67 64.8  63.4  
 

1.22  4.42  

J54 58.6  68.8  
 

1.35  4.38  

J31 51.2  61.9  
 

1.59  4.20  

J56 62.1  46.6  
 

1.32  3.96  

J14 84.9  100.4  
 

1.22  3.91  

J45 84.7  62.9  
 

0.78  3.84  

mean 75.2  70.4  
 

1.27  4.30  

      

      

 1 

(A) 
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3.4 Correlation analysis between the content of the γ-glutamyl peptides and 

oligosaccharides 

 

We investigated the relationships among the γ-glutamyl peptides and 

oligosaccharides in seeds of the JMC, WMC, and the set of JMC and WMC (Table 3.5 

(A), (B), and (C)). A significant positive correlation was detected between the content 

accession No 
mg/100 g FW  g/100 g FW 

γ-Glu-Tyr γ-Glu-Phe  Raffinose Stachyose 

(WMC_Raffinose) 
     

W30 68.3  77.8  
 

1.21  2.68  

W26 138.1  120.1  
 

1.09  2.88  

W62 101.3  89.8  
 

1.08  2.74  

W75 120.2  128.0  
 

1.06  2.89  

W25 78.2  102.6  
 

1.02  3.07  

W14 119.8  112.2  
 

0.97  2.99  

W39 123.8  133.6  
 

0.95  3.54  

W13 114.7  139.4  
 

0.95  3.30  

W31 63.5  78.7  
 

0.94  2.71  

W43 75.9  112.0  
 

0.93  2.73  

mean 100.4  109.4  
 

1.02  2.95  

(WMC_Stachyose) 
     

W4 69.7  87.6  
 

0.87  3.80  

W55 90.6  116.1  
 

0.63  3.78  

W45 128.8  138.9  
 

0.87  3.73  

W39 123.8  133.6  
 

0.95  3.54  

W1 45.9  79.1  
 

0.69  3.54  

W73 84.3  127.3  
 

0.59  3.42  

W8 66.4  105.3  
 

0.60  3.41  

W61 72.3  98.6  
 

0.85  3.39  

W3 49.3  92.4  
 

0.72  3.37  

W68 75.6  122.9  
 

0.95  3.30  

mean 80.7  110.2    0.77  3.53  

 1 

(B) 
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of γ-glutamyl-tyrosine and γ-glutamyl-phenylalanine in the JMC (r = 0.59),WMC (r = 

0.55), and the set of JMC and WMC (r = 0.57). In the WMC, there was a very unique 

accession (W54) that contained a large amount of γ-glutamyl-phenylalanine (280.7 

mg/100 g FW) compared to γ-glutamyl-tyrosine (68.1 mg/100 g FW), and this accession 

affected the positive correlation between the content of the γ-glutamyl peptides in the 

overall accessions (Fig. 3.3). In the overall accessions, except for W54, a strong 

positive correlation was detected between these γ-glutamyl peptides (data not shown). 

 

 

 

Table 3.5  Correlations between the content of the γ-glutamyl peptides and oligosaccharides in 

the (A) JMC ,(B) WMC, and (C) JMC+WMC 

(A) 

  γ-Glu-Tyr γ-Glu-Phe Raffinose Stachyose 

γ-Glu-Tyr -    0.59 ** 0.07  0.19  

γ-Glu-Phe 
 

- -0.06  0.06  

Raffinose 
  

-   0.68 ** 

Stachyose       - 

 1 

(B) 

  γ-Glu-Tyr γ-Glu-Phe Raffinose Stachyose 

γ-Glu-Tyr -   0.55 ** 0.01  -0.08  

γ-Glu-Phe 
 

- -0.11 0.03  

Raffinose 
  

-   0.45 **  

Stachyose       - 

 1 

(C) 

  γ-Glu-Tyr γ-Glu-Phe Raffinose Stachyose 

γ-Glu-Tyr -   0.57 ** 0.05  0.09  

γ-Glu-Phe 
 

- -0.08 0.05  

Raffinose 
  

-   0.58 **  

Stachyose       - 

 1 ** indicate significant difference at 1% levels.  
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.     This positive correlation suggested that these γ-glutamyl peptides might be 

concurrently regulated in soybean seeds irrespective of JMC and WMC. Generally, in 

plants, glutathione (GSH; γ- glutamyl-cysteinyl-glycine) is a major redox buffer, and 

toxic heavy metals are detoxified through a GSH-dependent pathway [23, 24]. In 

Arabidopsis thaliana, GSH is maintained by the γ-glutamyl cycle, which involves GSH 

synthesis and degradation. In this pathway, the γ-glutamyl bond in GSH is first cleaved 

by γ-glutamyl transpeptidase and then, transferred to another amino acid [25]. In 

soybean seeds, no evidence was available, but we presumed that the cleaved γ -glutamyl 

bond was transferred to tyrosine or phenylalanine, forming γ-glutamyl tyrosine and 

γ-glutamyl phenylalanine, respectively, within the same pathway. If our assumption is 

true, this pathway may play an important role in regulating and genetically increasing  

 

 

Figure 3.3  Relationship between the γ-glutamyl tyrosine and γ-glutamyl phenylalanine content 

in soybean seeds of the overall accessions. Black and white circles indicate JMC and WMC, 

respectively. 
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the content of these γ-glutamyl peptides. Other plants belonging to Leguminosae also 

contain γ-glutamyl peptides, such as γ-glutamyl leucine, γ-glutamyl valine (kidney bean 

[26]), and γ-glutamyl β-phenyl β-alanine (Azuki bean [12]). Performing genetic analysis, 

based on the results of this study, may contribute to the elucidation of the control 

mechanism for the accumulation of γ-glutamyl peptides in leguminous plants, including 

soybeans. 

Additionally, a positive correlation was detected between the content of raffinose 

and stachyose in the JMC (r = 0.68), WMC (r = 0.45), and the set of JMC and WMC (r 

= 0.58). Hou et al. also detected a positive correlation between these oligosaccharides 

[17], but Hymowitz et al. detected a negative correlation [16]. The factors causing these 

contradicting reports were unclear. Several accessions had both a high content raffinose 

and stachyose, especially in the JMC, in which 8 accessions (J31, J53, J54, J33, J55, J56, 

J14, J67) ranked in the top 10 accessions for raffinose and stachyose content (Table 

3.3). 

As described above, there were some accessions containing high levels of the 

γ-glutamyl peptides and oligosaccharides in the seeds. A strong and positive correlation 

was not detected between the content of the γ-glutamyl peptides and oligosaccharides in 

the JMC and WMC, but these unique accessions, including those with the high levels of 

γ-glutamyl peptides or oligosaccharides found in this study, are valuable for soybean 

breeding to simultaneously increase the content of the γ-glutamyl peptides and 

oligosaccharides, which may contribute to the “kokumi” taste enhancement. 

 

 

4 Conclusions 

 

Wide variations were detected among the JMC and WMC accessions for the 

content of the γ-glutamyl peptides and oligosaccharides, as well as for the phenolic 

content of seed coats or the accumulation of seed cesium, which has been previously 

reported. Particularly, we reported for the first time the tendency for the γ -glutamyl 

phenylalanine content to be slightly higher than that of γ-glutamyl tyrosine in soybean 
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seeds, based on the results of this study. Furthermore, our results indicated that there 

were unique accessions, including those with a high content of γ-glutamyl peptides and 

a high content of oligosaccharides. Although a positive correlation was not detected 

between the content of the γ-glutamyl peptides and oligosaccharides, these unique 

accessions may contribute to the elucidation of the control mechanism for the 

accumulation of γ-glutamyl peptides and oligosaccharides in leguminous plants, 

including soybean seeds, by performing a genetic analysis. These studies will lead to an 

increase in the “kokumi” taste components in soybean seeds and improve the 

palatability of soy food. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

- 55 - 

 

Chapter 3 

References 

 

[1] Broun, P., Gettner, S. & Somerville, C. Genetic engineering of plant lipids. Annu. 

Rev. Nutr. 19, 197–216 (1999). 

[2]  Thelen, J. J. & Ohlrogge, J. B. Metabolic engineering of fatty acid biosynthesis in 

plants. Metab. Eng. 4, 12–21 (2002). 

[3] Moure, A., Sineiro, J., Domínguez, H. & Parajó, J. C. Functionality of oilseed 

protein products: a review. Food Res. Int. 39, 945–963 (2006). 

[4] MacMasters, M. M., Woodruff, S. & Klaas, H. Studies on soybean carbohydrates. 

Ind. Eng. Chem. 13, 471–474 (1941). 

[5] Potter, S. M., Baum, J. A., Teng, H., Stillman, R. J., Shay, N. F. & Erdman Jr, J. W. 

Soy protein and isoflavones: their effects on blood lipids and bone density in 

postmenopausal women. Am. J. Clin. Nutr. 68, 1375–1379 (1998).  

[6] Rao, A. V. & Gurfinkel, D. M. The bioactivity of saponins: triterpenoid and steroidal  

glycosides. Drug Metabol. Drug Interact. 17, 211–236 (2000). 

[7] Bellaloui, N., Smith, J. R., Gillen, A. M. & Ray, J. D. Effects of maturity, genotypic 

background, and temperature on seed mineral composition in near-isogenic soybean 

lines in the early soybean production system. Crop Sci. 51, 1161–1171 (2011). 

[8] Shibata, M., Hirotsuka, M., Mizutani, Y., Takahashi, H., Kawada, T., Matsumiya, K., 

Hayashi, Y. & Matsumura, Y. Isolation and characterization of key contributors to 

the “kokumi” taste in soybean seeds. Biosci. Biotechnol. Biochem. 81, 2168–2177 

(2017). 

[9] Mütsch-Eckner, M., Meier, B., Wright, A. D. & Sticher, O. γ-glutamyl peptides from 

Allium sativum bulbs. Phytochemistry 31, 2389–2391 (1992). 

[10] Kasai, T., Shiroshita, Y. & Sakamura, S. γ-glutamyl peptides of Vigna radiata seeds. 

Phytochemistry 25, 679–682 (1986). 

[11] Zacharius, R. M., Morris, C. J. & Thompson, J. F. The isolation and characterization  

of γ-L-glutamyl-S-methyl-L-cysteine from kidney beans (Phaseolus vulgaris). 

Arch. Biochem. Biophys. 80, 199–209 (1959). 

[12] Koyama, M. & Obata, Y. Isolation and structure of γ-L-glutamyl-L-β-phenyl-



 

- 56 - 

 

Chapter 3 

β-alanine, a new γ-glutamyl peptide from Phaseolus angularis W F. Wight (Azuki 

bean). Agric. Biol. Chem. 30, 472–477 (1966). 

[13] Morris, C. J. & Thompson, J. F. The isolation and characterization of γ-L-glutamyl-

L-tyrosine and γ-L-glutamyl-L-phenylalanine from soybeans. Biochem. 1, 706–709 

(1962). 

[14] Kasai, T., Sakamura, S., Ohashi, S. & Kumagai, H. Amino acid composition of 

soybean; Part V. Changes in free amino acids, ethanolamine and two γ-glutamyl 

peptides content during the ripening period of soybean. Agric. Biol. Chem. 34, 

1848–1850 (1970). 

[15] Akazawa, T., Yanagisawa, Y. & Sasahara, T. Concentrations of water-soluble 

nitrogen and amino acids as criteria for discriminating vegetable-type and 

grain-type soybean cultivars. Breed. Sci. 47, 39–44 (1997). 

[16] Hymowitz, T., Collins, F. I., Panczner, J. & Walker, W. M. Relationship between 

the content of oil, protein, and sugar in soybean seed. Agron. J. 64, 613–616 

(1972). 

[17] Hou, A., Chen, P., Alloatti, J., Li, D., Mozzoni, L., Zhang, B. & Shi, A. Genetic 

variability of seed sugar content in worldwide soybean germplasm collections. 

Crop Sci. 49, 903–912 (2009). 

[18] Kaga, A., Shimizu, T., Watanabe, S., Tsubokura, Y., Katayose, Y., Harada, K., 

Vaughan, D. A. & Tomooka, N. Evaluation of soybean germplasm conserved in 

NIAS genebank and development of mini core collections. Breed. Sci. 61, 566–592 

(2012). 

[19] Hymowitz, T. On the domestication of the soybean. Econ. Bot. 24, 408–421 (1970).  

[20] Takahashi, H., Kamakari, K., Goto, T., Hara, H., Mohri, S., Suzuki, H., Shibata, D., 

Nakata, R., Inoue, H., Takahashi, N. & Kawada, T. 9 -oxo-10(E),12(Z),15(Z)-

octadecatrienoic acid activates peroxisome proliferator-activated receptor α in 

hepatocytes. Lipids 50, 1083–1091 (2015). 

[21] Phommalath, S., Teraishi, M., Yoshikawa, T., Saito, H., Tsukiyama, T., Nakazaki, 

T., Tanisaka, T. & Okumoto, Y. Wide genetic variation in phenolic compound 

content of seed coats among black soybean cultivars. Breed. Sci. 64, 409–415 



 

- 57 - 

 

Chapter 3 

(2014). 

[22] Takagi, K., Kaga, A., Ishimoto, M., Hajika, M. & Matsunaga, T. Diversity of seed 

cesium accumulation in soybean mini-core collections. Breed. Sci. 65, 372–380 

(2015). 

[23] Cobbett, C. S., May, M. J., Howden, R. & Rolls, B. The glutathione-deficient, 

cadmium-sensitive mutant, cad2-1, of Arabidopsis thaliana is deficient in 

γ-glutamylcysteine synthetase. Plant J. 16, 73–78 (1998). 

[24] Marrs, K. A. The functions and regulation of glutathione S-transferases in plants. 

Annu. Rev. Plant Physiol. Plant Mol. Biol. 47, 127–158 (1996). 

[25] Griffith, O. W., Bridges, R. J. & Meister, A. Evidence that the γ-glutamyl cycle 

functions in vivo using intracellular glutathione: Effects of amino acids and 

selective inhibition of enzymes. Proc. Natl. Acad. Sci. USA 75, 5405–5408 (1978). 

[26] Dunkel, A., Kӧster, J. & Hofmann, T. Molecular and sensory characterization of 

γ-glutamyl peptides as key contributors to the kokumi taste of edible beans 

(Phaseolus vulgaris L.). J. Agric. Food Chem. 55, 6712–6719 (2007). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

- 58 - 

 

Chapter 4 

Chapter 4 

 

Thermal treatments of soybean seeds enable to improve the 

quality of soymilk by enhancing the extraction efficiency of 

“kokumi” taste components 

 

 

1 Introduction  

 

In Japan, soybeans (Glycine max (L.) Merr.) have long been regarded as an 

important food material. Various types of soy-products, such as miso, soy sauce, tofu, 

yuba, and soymilk, are widely utilized in many kinds of Washoku (Japanese cuisine) or 

Japanese-style meals. In these soy-products, the consumption of soymilk has increased 

by 140 % over the last five years in Japan [1]. In many cases, soymilk is added to or 

blended with various types of beverages to serve consumers, but recently, the 

opportunities to use soymilk during cooking have been gradually increasing in order to 

impart or enhance the palatability of cuisine in restaurants and at home. Soymilk is 

added to not only Japanese cuisine but also Western and Asian cuisine to enhance the 

“kokumi” taste. The “kokumi” taste is distinct from the five basic tastes and is defined 

as a function of imparting properties of enhanced thickness, continuity, and mouthfeel  

[2]. Specifically, in Japan, “kokumi” is thought to be a key factor increasing 

palatability in foods by modifying a certain mouthfeel. In this context, it is worth 

identifying “kokumi” taste components and increasing them in soymilk in order to 

improve the palatability of food using soymilk as a seasoning ingredient. We recently 

reported that soybean seeds contained “kokumi” taste components, such as 

γ-glutamyl-tyrosine and γ-glutamyl-phenylalanine. We also found oligosaccharides are 

present in soybean seeds, exhibiting a synergistic or enhancing effect on the “kokumi” 

taste sensation evoked by γ-glutamyl peptides [3]. The content of the “kokumi” taste 

components in soymilk, such as γ-glutamyl peptides and oligosaccharides may change 

depending on the soybean variety and processing method. In the previous study, we 
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investigated the diversity of “kokumi” taste components in soymilk from various 

soybean seeds of mini-core collection, and found some accessions that contained 

higher “kokumi” taste components in seeds [4]. This result indicates the possibility 

that the breeding contributes the development of soybean variety with high content of 

“kokumi” taste components. The another approach for increasing the “kokumi” taste 

components in soymilk is to improve the processing methods of soymilk production. 

However, there are no reports about this approach. 

There are wide variations in the production process of soymilk around the world. 

A traditional process comprises the following steps. First, whole soybeans are soaked 

for more than 10 hours. Thereafter, soybeans are ground to a slurry and heated. 

Soymilk is then obtained by filtration of the slurry [5]. This process generates lipid 

peroxide derivatives like n-hexanal by lipoxygenase and other related enzymes, and 

these derivatives are responsible for off-flavors (beany flavors). Off-flavors have been 

a serious problem in soymilk production, and many works have been dedicated to 

controlling lipoxygenase activity to reduce these flavors [6-11]. One of the most 

effective treatments for preventing the lipoxygenase activity is to grind water-soaked 

soybeans at high temperatures [10], but this thermal treatment affects protein solubility, 

which is an important index of soymilk quality. In these studies, the thermal treatments 

are normally carried out during grinding or after filtration of the soymilk. However, 

there are few reports on the direct thermal treatment of soybeans prior to the 

preparation of soymilk.  

As described above, the thermal treatment is considered to be one of the most 

important processes in soymilk production to reduce the generation of off -flavor. 

However, it is possible that thermal treatment improves soymilk quality by increasing 

taste-related components, such as the “kokumi” taste components. Therefore, the 

objective of this study was to evaluate the effectiveness of thermal treatments as a tool 

for increasing “kokumi” taste components in soymilk without reducing protein 

solubility. Thermal treatment was carried out before or during the grinding process. We 

compared the effectiveness of three heating methods (steam autoclave, microwave 

heating, and dry heating) of soybean seeds to establish a suitable method to produce 
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soymilk containing plenty of “kokumi” taste components.   

 

 

2 Materials and methods 

 

2.1   Materials 

 

γ-Glutamyl-tyrosine and γ-glutamyl-phenylalanine were purchased from 

BACHEM (Bubendorf, Switzerland). Saccharides and other materials in the control 

solution were purchased from WAKO Pure Chemical Industries (Osaka, Japan). All 

solvents were of LC-MS grade and were purchased from WAKO Pure Chemical 

Industries (Osaka, Japan). Dehulled soybeans (Glycine max (L.) Merr.) were provided 

by Fuji Oil Holdings Inc. 

 

2.2   Preparation of heated soybean seeds 

 

Soybean seeds were subjected to heat treatments under the following conditions 

(Table 1). Steam autoclave heating (AC) was carried out using an Autoclave MAC-601 

(TOKYO RIKAKIKAI, Tokyo, Japan). Soybean seeds (80 g) were placed in a 1 L 

beaker and the beaker was set in the autoclave for heating. For AC heating, the 

humidifying step (“Preparation of humidified soybean” in the left line of Fig. 1) was 

skipped, because soybean seeds absorbed about 10% water by per sample seed weight 

during AC treatment. To obtain the same water absorption for the three heating 

methods, we prepared soybean seeds that absorbed the same percentage of water by 

weight before heat treatment for MW and DH treatment (“Preparation of humidified 

soybean”). That is, soybean seeds (80 g) were spread out on a stainless steel tray and 

sprayed uniformly with 8 mL of water  prior to thermal treatment (“Thermal 

treatment” step in Fig. 1). 

Microwave heating (MW) was carried out using a household microwave oven 

(NE-EH211, Panasonic, Osaka, Japan). Humidified soybean seeds prepared as 
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described above (40 g) were spread out on a dish with a diameter of 20 cm and were 

heated in the microwave oven. 

Dry heat heating (DH) was carried out using dry oven DX302 (Yamato Scientific, 

Tokyo, Japan). Soaked soybean seeds (80 g) were spread out on a stainless-steel tray 

(20 cm × 30 cm), and the tray was set in the dry oven and heated.  

All heated samples prepared using these three methods were dried by heating in 

dry oven at 80°C for 20 min (“Drying” in the left line of Fig. 1) and then used for the 

preparation of soymilk. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Treatment Treatment code NSI 

Control  
  

Unheated fresh soybean Unheated 82.1 ± 1.3 

   
Thermal treatment   

 Dry heat (110°C_60 min) DH60 65.6 ± 2.1 

 Dry heat (110°C_120 min) DH120 54.3 ± 2.2 

 Dry heat (110°C_150 min) DH150 39.2 ± 2.5 

 Dry heat (110°C_180 min) DH180 36.7 ± 2.6 

    Autoclave (110°C_3 min ) AC3 65.3 ± 2.3 

 Autoclave (110°C_5 min ) AC5 54.2 ± 1.1 

Autoclave (110°C_7 min ) AC7 38.5 ± 1.9 

    Microwave (500 W_10 s) MW10 74.1 ± 2.5 

 Microwave (500 W_20 s) MW20 67.6 ± 1.3 

 Microwave (500 W_30 s) MW30 53.6 ± 1.8 

 Microwave (500 W_40 s) MW40 40.4 ± 1.2 

 1 

Table 4.1  Effect of thermal treatments before the grinding process on the nitrogen solubility of 

soybean seeds. 

Data are presented as mean ± SE (n = 3) 
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2.3   Preparation of soymilk samples. 

 

Preparation of soymilk was carried out as previously described with some 

modifications [10]. After thermal treatment, dried soybean seeds (50 g) were soaked in 

water (250 mL) at 3°C for 12 hours (“Soaking soybean seeds” in the left line of Fig. 1). 

Then the soaked soybeans and water were homogenized at 8000 rpm for 10 min with 

an EXCEL AUTO HOMOGENIZER (Nihon Seiki Seisakusyo, Tokyo, Japan) with the 

temperature adjusted to 25°C (“Grinding” step in Fig. 1). The resulting slurry was 

immediately heated in boiling water and maintained above 95°C for 5 min (“Heating in 

boiling water” in Fig. 1). The heated slurry was immediately cooled in an ice bath for 

30 min and then centrifuged at 15,000 rpm at 4°C for 30 min. The supernatant 

collected was the soymilk. For soybean seeds without thermal treatment, soaked 

soybean seeds were ground at various temperatures (“Heat grinding” step in the right 

line of Fig. 1). The following steps were carried out according to the same method that 

was used for the seeds thermally treated. 

 

2.4   Determination of the nitrogen solubility index (NSI) 

 

The NSI of each thermally treated sample was analyzed as previously described 

according to the AOCS official method [12]. Initially, a 3.5 g powdered sample was 

added to 100 ml of water. The mixture was then stirred for 1 h at 25°C and centrifuged 

at 1000 g for 10 min to obtain a supernatant and pellet. The pellet was extracted with 

100 ml water for 1 h at 25°C and then centrifuged at 1000 g for 10 min again to obtain 

another supernatant and pellet. The resultant supernatants were combined and made up 

to 250 mL by adding water. The nitrogen levels were determined after filtration by the 

Kjeldahl method. The NSI was calculated as the percentage of the nitrogen extracted of 

the total nitrogen in the sample.  
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2.5   Quantitative analysis of γ-glutamyl peptides and oligosaccharides. 

 

The prepared soymilk samples were diluted 100 times in a 1:1 volume ratio of 

water to acetonitrile containing 0.1% formic acid, filtered using a membrane (Vivaspin 

Turbo 15 VS15T01, Sartorius, Göttingen, Germany), and analyzed by Ultra 

Performance Liquid Chromatography-quadrupole-time-of-flight-mass spectrometry 

(UPLC-Q-TOF-MS/MS) using the parameters as previously described with some 

modifications [13]. UPLC-MS was performed using a Waters Acquity UPLC system 

(Milford, MA) coupled to a Xevo QTOF-MS equipped with an electrospray source 

Figure 4.1  Overview of the preparation of soymilk. MW: Microwave, AC: Autoclave, DH: Dry Heat  
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operated in a negative ion mode (ESI negative mode) with a lock-spray interface for 

accurate mass measurements. Leucine enkephalin was employed as the lock-mass 

compound and was directly infused into the MS at a flow rate of 20 µL/min. The 

concentration of leucine enkephalin was 200 ng/mL (in 50% acetonitr ile, 50% water, 

0.1% formic acid). The capillary, sampling cone, and extraction cone voltages were set 

at 2700 V, 20 V, and 1 V, respectively. The source and desolvation temperatures were 

120°C and 450°C, respectively. The cone and desolvation gas flow rates were set at 50 

and 800 L/h, respectively. An aliquot of the extracted sample (3 µL) was injected into 

an Acquity UPLC BEH amide column (column size, 2.1 × 100 mm; particle size, 1.7 

µm). Mobile phases A (water and 0.1% formic acid) and B (acetonitrile and 0.1% 

formic acid) were used. The column temperature was set to 40°C. The buffer gradient 

consisted of 75% to 55% B for 0–10 min, 55% to 50% B for 10–10.1 min, 50% B for 

10.1–15 min, and 75% B for 5 min, at a flow rate of 300 µL/min. Quantitative analysi s 

was performed in triplicate by comparing the peak areas of the corresponding mass 

traces with those of the defined standard solutions of each reference peptide and 

oligosaccharide. Data were acquired with MassLynx software (Waters). External mass 

calibration was performed following the manufacturer’s provided protocol. The 

relative extraction efficiency of the “kokumi” taste components in each of the thermal 

treated soybeans was calculated according to the following equation:  

Relative extraction efficiency of “kokumi” taste components = C thermal / Cunheated 

where Cthermal is the content of “kokumi” taste components when thermal treated 

soybeans were used as the source material (mg / 100 g), and Cunheated is the content of 

the “kokumi” taste components when unheated fresh soybeans were used as the source 

material (mg / 100 g) 
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2.6   Nitrogen extraction ratio 

 

The nitrogen extraction ratio showed the relative value of extraction efficiency 

of the nitrogen in each of the thermal treated soybeans. Nitrogen content was measured 

by Kjeldahl method using the following equation: 

Nitrogen extraction ratio = NCthermal / NCunheat 

where NCthermal is the total extractable nitrogen content when thermal treated soybeans 

were used as the source material (g / 10 g), and NCunheat is the total extractable nitrogen 

content when unheated fresh soybeans were used as the source material (g / 10 g)   

 

2.7   “Kokumi” taste components / nitrogen Extraction ratio (K/N ratio)  

 

The K/N ratio showed the relative value between the extraction efficiency of 

“kokumi” taste components and nitrogen in each of the thermal treated soybeans. The 

content of “kokumi” taste components and nitrogen were analyzed as described above.  

K/N ratio = K/N 

where K is the relative extraction efficiency of ex tractable “kokumi” taste components 

when thermal treated soybeans were used as the source material, and N is the nitrogen 

extraction ratio when unheated fresh soybeans were used as materials.  

 

2.8   Microstructure analysis 

Each sample of thermally treated soybean seeds was observed using a scanning 

electron microscopy (SEM) (SU8239, Hitachi, Japan) with an SE (U) detector 

equipped with a Cryo unit (Alto2500, Gatan Oxon, UK). A tiny metal tube including a 

thermally treated seed sample was rapidly frozen in slush nitrogen and then cleaved 

and sublimated at - 95°C for 10 min. The cleaved surface was coated with platinum 

using an ion spatter and observed at 1.5 kV of acceleration voltage.  
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2.9. Statistical analysis. 

 

All experiments were performed triplicate. In each analysis, differences 

between groups were compared with one-way analysis of variance (ANOVA) followed 

by Tukey’s test. p values less than 0.05 were considered statistically significant.  

 

 

3   Results and discussion 

 

3.1   Effects of thermal treatment before grinding soybeans on the nitrogen 

solubility and extraction efficiency of “kokumi” taste components  

 

The NSI of thermal treated soybean seeds are shown in Table 1. Although the unheated 

fresh sample showed the highest NSI (82.1), the NSI of thermal treated samples 

decreased with the heating conditions. The extraction efficiency of the “kokumi” taste 

components γ-glutamyl-tyrosine (γ-Glu-Tyr), γ-glutamyl-phenylalanine (γ-Glu-Phe), 

raffinose (Raf), and stachyose (Sta) in thermal and non-thermal treated soybean seeds 

are shown in Fig. 2. 

Regardless of the thermal treatment (AC, MW and DH), the extraction efficiency of the 

“kokumi” taste components increased with an increase in the heating time concomitant 

with a decrease in the NSI (see also Table 1). These data showed that the “kokumi” 

taste components were extracted more efficiently by heating soybean seeds. Of the 

three heating methods, the DH treatment extraction efficiency of “kokumi” taste 

components did not increase remarkably; the maximum value of the relative extraction 

efficiency of γ-Glu-Tyr, γ-Glu-Phe, Raf and Sta, obtained by long heating for 150 or 

180 min, was 1.358, 1.362, 1.428, and 1.203, respectively (Fig. 2A). For the AC7 

treatment, exhibiting a NSI (38.5 in Table 1) similar to that (39.2 in Table 1) of DH150, 

the extraction efficiency of the “kokumi” taste components was higher than that of the 

DH150 treatment, that is, the values of γ-Glu-Tyr, γ-Glu-Phe, Raf, and Sta was 1.847, 

1.692, 1.695, and 1.625, respectively (Fig. 2B). Furthermore, the MW40 treatment, 
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which showed a NSI similar to that of DH150 and AC7, had the highest extraction 

efficiency of “kokumi” taste components of the three thermal treatments (Fig. 2C; the 

maximum values of γ-Glu-Tyr, γ-Glu-Phe, Raf, and Sta, attained by heating for 40 s, 

was 2.156, 1.859, 2.147, and 1.865, respectively). These results suggest that MW is the 

best way to increase the extraction efficiency of “kokumi” taste components. It should 

be noted that the higher extraction efficiency of the “kokumi” taste components was 

achieved by MW compared to the other methods with similar NSI values, which 

reflects the same degree of protein denaturation. The effects of heating on the 

extraction of intracellular components were previously investigated in tomato and 

carrot. Dewanto et al. reported that thermal processing enhanced the nutritional value 

of tomatoes by increasing the amount of bioaccessible lycopene extracted and total 

antioxidant activity despite insignificant changes in the total phenolic and flavonoid 

content as well as a decrease in Vitamin C contents in thermally treated tomatoes  [14]. 

Kidmose et al. reported that a significantly higher content of sucrose and carotene was 

obtained by thermal treated carrots. As in the case of thermally treated tomatoes and 

carrots, it is possible to enhance the extraction efficiency of the “kokumi” taste 

components by the AC and MW treatment, while preventing a decrease in the NSI and 

protein solubility, which is an important element of soymilk quality. 
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3.2   Effect of thermal treatment during the grinding of soybean seeds on the 

extraction efficiency of “kokumi” taste components  

 

The extraction efficiency of the “kokumi” taste components was investigated 

Figure 4.2  Effect of thermal treatment on extraction efficiency of “kokumi” taste components. 
Extraction efficiency of each component is presented as means of SE (n = 3). Different letters 
indicate significant differences (p < 0.05) according to Tukey’s test.  
(A), (B), and (C): DH, AC, and MW treatment before grinding, respectively. (D): Thermal treatment 
during grinding 
Relative extraction efficiency of “kokumi” taste components = Cthermal / Cunheated  Cthermal– The 
content of “kokumi” taste components when thermal treated soybeans were used as  the source 
material (mg / 100 g), Cunheated- The content of “kokumi” taste components when unheated fresh 
soybeans were used as the source material (mg / 100 g)  
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using soybean seeds, which were subjected to grinding at various temperatures (3°C, 

25°C, 60°C, and 90°C). Results are shown in Fig. 2D. In this figure, ‘25°C’ had the 

same results as the ‘Unheated’ samples of AC, MW, and DH treatments in Fig. 2A, B, 

and C, respectively. The extraction efficiency of “kokumi” taste components from 

thermally treated samples increased depending on the heating condition (at 60°C, the 

values of γ-Glu-Tyr, γ-Glu-Phe, Raf, and Sta was 1.043, 1.024, 1.094, and 1.053, 

respectively; at 90°C, the value of γ-Glu-Tyr, γ-Glu-Phe, Raf, and Sta was 1.281, 1.280, 

1.248, and 1.212, respectively), and in the case of cooling (3°C), the extraction 

efficiency significantly decreased compared to the thermal and non-thermal treatment 

conditions (the value of γ-Glu-Tyr, γ-Glu-Phe, Raf, and Sta was 0.751, 0.794, 0.812, 

and 0.715, respectively). Increases in extraction efficiency by the thermal treatment 

were lower than those of the AC and MW treated (Fig. 2). These data suggest that  the 

extraction efficiency of “kokumi” taste components were affected more by the timing 

of the thermal treatment of soybean seeds i.e., heating before grinding had a greater 

effect than during grinding. 

Grinding soybeans at high temperature (90°C) has been selected as the 

appropriate method to produce soymilk with less off-flavor than previously reported 

[10]. In our case, too, it is likely that the generation of the off-flavor was inhibited by 

grinding at 90°C compared to grinding at 3°C, 25°C, or 60°C. Furthermore, grinding 

soybeans at 90°C resulted in greater amount of “kokumi” taste components as shown 

in Fig. 2D. This suggests that grinding of soybean seeds under high temperatures 

improves the quality of soymilk with respect to taste as well as flavor.  However, in this 

study, the heating of soybeans, especially using MW, prior to grinding more effectively 

enhanced the amount of extracted “kokumi” tastes components compared to heating at 

90°C during the grinding process. This indicates the possibility that the heating of 

soybean prior to grinding is superior to the heating during the grinding process as a 

processing method for obtaining soymilk with high amount of “kokumi” taste 

components. To promote the application of thermal treatment of soybeans prior  to 

grinding in order to produce high-quality soymilk, we should test if the generation 

off-flavors during the preparation process of soymilk is prevented by such a thermal 
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treatment of soybean seeds prior to the grinding step in future studies. We had 

preliminary results that lipoxygenase, including lipoxygenase-2, which is thought to be 

mainly responsible for the generation of the off-flavor [15-17], is deactivated by the 

thermal treatment of soybean, thereby reducing off-flavor production during the 

grinding process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data are presented as mean ± SE (n = 3) 
1 Nitrogen extraction efficiency = NC thermal / NCunheat 

NCthermal– Total extractable nitrogen content when thermal treated soybeans were used as the 

source material (g / 10 g), NCunheat - Total extractable nitrogen content when unheated fresh 

soybeans were used as the source material (g / 10 g)  
2 K/N ratio =K/N 

K– The relative extraction efficiency of extractable “kokumi” taste components when thermal 

treated soybeans were used as the source material, N– nitrogen extraction ratio when unheated 

fresh soybeans were used as the source material.  

Table 4.2  Effect of thermal treatment before and during the grinding process on the nitrogen 

content and “kokumi” taste components/nitrogen extraction ratio in soymilk. 

Treatment 

Nitrogen 

Extraction 

Efficiency
1
 

“kokumi” taste components /  

nitrogen extraction ratio (K/N ratio) 2 

γ-Glu-Tyr γ-Glu-Phe Raf Sta 

Thermal treatment before grinding      

      Unheated fresh soybean (Control) 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 000 

        Dry heat (110°C_60 min) 0.96 ± 0.06 1.26 ± 0.11 1.23 ± 0.09 1.32 ± 0.12 1.17 ± 0.11 

  Dry heat (110°C_120 min) 0.93 ± 0.04 1.40 ± 0.12 

 

1.40 ± 0.10 1.49 ± 0.11 1.28 ± 0.13 

  Dry heat (110°C_150 min) 0.92 ±0.04 1.60 ± 0.12 1.60 ± 0.11 1.68 ± 0.13 1.42 ± 0.13 

  Dry heat (110°C_180 min) 0.91 ± 0.03 1.68 ± 0.13 1.69 ± 0.12 1.76 ± 0.15 1.51 ± 0.14 

        Autoclave (110°C_3 min) 0.98 ± 0.04 1.22 ± 0.14 1.18 ± 0.11 1.21 ± 0.11 1.20 ± 0.09 

  Autoclave (110°C_5 min) 0.95 ± 0.03 1.87 ± 0.17 1.79 ± 0.12 1.81 ± 0.16 1.78 ± 0.15 

Autoclave (110°C_7 min) 0.91 ± 0.05 2.12 ± 0.19 1.94 ± 0.14 1.89 ± 0.17 1.85 ± 0.17 

         Microwave (500 W_10 s) 0.99 ± 0.03 1.23 ± 0.11 1.07 ± 0.11 1.27 ± 0.11 1.22 ± 0.11 

  Microwave (500 W_20 s) 0.96 ± 0.04 1.39 ± 0.12 1.29 ± 0.13 1.49 ± 0.12 1.48 ± 0.12 

  Microwave (500 W_30 s) 0.94 ± 0.04 2.07 ± 0.21 1.87 ± 0.13 2.09 ± 0.21 1.90 ± 0.14 

  Microwave (500 W_40 s) 0.91 ± 0.05 2.39 ± 0.22 2.06 ± 0.19 2.38 ± 0.23 2.07 ± 0.19 

            Thermal treatment during grinding      

        3°C 1.28 ± 0.03 0.59 ± 0.01 0.62 ± 0.02 0.63 ± 0.02 0.56 ± 0.04 

  25°C (same as control) 1.00 ± 0.00 1.00 ± 0.00  1.00 ± 0.00  1.00 ± 0.00  1.00 ± 0.00 

  60°C 0.96 ± 0.06 1.08 ± 0.10 1.06 ± 0.09 1.14 ± 0.08 1.09 ± 0.09 

  90°C 0.86 ± 0.05 1.41 ± 0.11 1.40 ± 0.11 1.45 ± 0.12 1.41 ± 0.11 

 1 
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3.3   Effect of thermal treatment before or during grinding soybean seeds on the 

extraction of nitrogen 

 

As the protein content in soymilk is of great importance from nutritional 

viewpoints, the amount of nitrogen in soymilk was measured. A comparison of the 

nitrogen extraction efficiency for each thermal treatment is shown in Table 2. As a 

control, unheated fresh soybeans were ground at 25°C and the amount of nitrogen in 

the soymilk was determined (the sample correspond to that of “Unheated fresh 

soybeans in Thermal treatment before grinding” and that of “25°C of Thermal 

treatment during grinding” in Table 2). The amount of nitrogen in this control was 

0.094 g/10 g soymilk. This value was in accordance with the value described in the 

literature [10] and set as a reference value. Other data are expressed as the relative 

value against this control. In the case of thermal treatment before grinding, nitrogen 

extraction efficiency gradually decreased with an increase in heating time, and a 

decrease in NSI was observed regardless of the heating method. Similarly, in the case 

of thermal treatment during grinding, the nitrogen extraction efficiency decreased with 

the increase in the grinding temperature. The decrease in the nitrogen extraction 

efficiency by thermal treatment was assumed to be caused by the denaturation of 

glycinin and β-conglycinin, which are the main components of the soluble protein 

fraction, and the resultant formation of insoluble aggregates of denatured protein 

molecules [18]. Interestingly, for the thermal treatment before grinding, the degree of 

the decrease in the nitrogen extracted was slightly lower than that of heating at 90°C 

during grinding even though temperatures more than 100°C were employed in the case 

of thermal treatment before grinding. This can be explained by the effects of the water 

content on the heat-induced denaturation of proteins. Previous reports indicated that 

the denaturation temperature of protein is normally elevated by the decrease of the 

water content [19,20]. In the case of thermal treatment during grinding, soybeans 

absorbed water sufficiently, and the protein denaturation temperature was lower than 

100°C. However, in the case of heating before grinding, the low amount of adsorbed 

water should cause an increase in denaturation temperature above 100°C. Therefore, 
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we can speculate that heating before grinding under low moisture conditions prevents 

excess protein denaturation, leading to higher nitrogen content in soymilk. Commercial 

soymilk is supplied to consumers after adjusting the content of the soluble materials, 

i.e., Brix. Considering this commercial requirement, the amount of “kokumi” taste 

components determined in this study should be standardized by Brix to evaluate the 

actual “kokumi” taste in soymilk. We did not measure the Brix of soymilk, but the 

value of extracted nitrogen in Table 2 can be used instead of Brix. In this context, the 

ratio of the “kokumi” taste components to extracted nitrogen (K/N) was calculated for 

all the samples. All K/N values are shown in Table 2. Grinding soybeans at a low 

temperature (3°C) resulted in the highest extraction efficiency (1.28) for nitrogen in 

soymilk as shown in Table 2, but had the lowest extraction efficiency of the “kokumi” 

taste components (Fig. 2D). Therefore, this sample had the lowest K/N ratio, which 

suggests that grinding soybeans at 3°C was not suitable for producing soymilk with 

desired “kokumi” taste. Grinding soybeans at 90°C, which is the standard process for 

commercial soymilk production, had a higher K/N ratio than other temperature 

conditions and is regarded as more suitable method for getting soymilk with a 

“kokumi” taste. However, the K/N ratios of soymilk prepared from soybeans heated at 

90°C during grinding were not greater than the K/N ratios of soymilk prepared from 

soybeans thermally treated before grinding, particularly with long heating times (150 

and 180 min for DH, 5 and 7 min for AC, 30 and 40 s for MW).  

Moreover, the K/N ratio reached values twice that of the control by AC and MW 

heating for 7 min and 40 s, respectively. These data suggest that the thermal treatment 

of soybeans before grinding is a suitable method for producing soymilk with high 

“kokumi” taste components while maintaining protein levels.  

 

 

3.4   Effect of thermal treatment before grinding on microstructure of soybean 

seeds 

 

To evaluate the effect of thermal treatments on the microstructure of soybean 
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seeds before grinding, we observed SEM images of thermally treated soybean. The 

microstructure of unheated fresh soybeans (control) and DH120, AC5, and MW30 

treated soybean samples are presented in Fig. 3. Thermal treated samples which are 

selected in this figure show almost the same NSI (≠ 54). Cells of unheated fresh 

soybeans exhibited elongated shapes and have nearly straight cell walls. Lamellar 

structure, which plays an important role in cell-to-cell binding, was observed in the 

middle of cell walls. This demonstrated that the organelles and cytoplasm in fresh 

soybean cells were firmly protected by the matrix. Soybean seeds subjected to DH120 

treatment showed partially distorted cell walls, but the middle lamellar structure 

remained in the gap between walls. With AC5 and MW30 treatment, cell structures 

were more damaged than in DH120 treated samples. For the cell structure of AC5 

seeds, the cell walls were widely distorted, and the middle lamellar structure partially 

disappeared. MW30 treated seeds had the most drastic changes with irregular cell 

structures, cracked cell walls, and disappearance of the middle lamella.  

These structural changes might be caused by degradation of pectinacious 

materials during the thermal treatment as previously reported in the case of cooked 

carrots [21]. Once the middle lamella disappears after the thermal treatment, the cell 

wall may be easily broken by the grinding process. In addition, MW treatment causes 

rapid dehydration in tissues, resulting in the collapse and folding of cell walls  [22]. 

Cells expanded by water absorption are dehydrated by internal heating from 

microwaves, which causes the rapid removal of water from the cytoplasm and the rapid 

reduction of the cytoplasmic volume. This mechanism may account for the damage to 

some cells observed in the SEM image. “Kokumi” taste components, such as 

γ-glutamyl peptides and oligosaccharides, are synthesized during the ripening period 

of soybean seeds, and degradated during germination. Because these components are 

not changed during germination in case that the seeds are thermally treated (data not 

shown), it is thought that the enzymes involved in the synthesis and/or degradation of 

these components may be deactivated. Therefore, we can speculate that these 

“kokumi” taste components are not synthesized newly by the thermal treatment of 

soybean seeds. Based on this speculation, changes in cell structure depicted by 
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electron-micrography may the release of these components, which are thought to be 

located originally in the vacuole or cytosol [23], to the cell matrix. As described above, 

under the same NSI conditions, the MW treatment exhibited the most efficient 

extraction of the “kokumi” taste components of the three treatments. Such efficient 

extraction of “kokumi” taste components can be attributed to the severe deformation 

and destruction of cell structures in soybean seeds subjected to MW treatment. 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Our results suggest that the degree of cell damages derived from the heat treatment is 

closely related to the extraction efficiency of the “kokumi” taste components. Previous 

studies found the same tendency in thermally treated tomatoes and carrots [14,22]. 

Furthermore, in a recent study, Jayathunge et al. reported that the extraction efficiency 

of lycopene increased more in tomato juice when using both thermal and non-thermal 

processing tools, such as ultrasonic and pulsed electric fields techniques than only use 

Figure 4.3  Effect of thermal treatment before grinding on the microstructure of soybean seeds 

by SEM analysis. (A) Unheated, (B)DH120, (C)AC5, (D)MW30 Bars = 10 μm 
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of thermal processing [24]. Combined use of thermal and non-thermal processes could 

cause dramatic changes to the cell structure and extract lycopene more effectively. By 

applying these technologies to soybean, it will become possible to produce soymilk 

with more of “kokumi” taste components.  

 

 

4 Conclusions 

 

Results of this study demonstrated that the thermal treatment of soybean seeds before 

grinding was effective in enhancing the amount of the “kokumi” taste components in 

soymilk while maintaining the nitrogen yield. The extraction efficiency of the 

“kokumi” taste components changed with the type of thermal treatment. The AC and 

MW treatments had a higher extraction efficiency than the DH treatment or thermal 

treatment during grinding. In particular, the extraction efficiency of the “kokumi” taste 

components of MW40 treatment increased more than twice as much as the unheated 

control. Thermal treatment of soybean seeds disrupted cell walls and deformed cell 

structures. The degree of cell damage derived from the heat treatment was closely 

related to the extraction efficiency of the “kokumi” taste components. These findings 

suggest that instead of the standard processes, thermal treatment before grinding can 

contribute to the production of a soymilk with more “kokumi” taste components. This 

‘new’ soymilk may meet the diverse needs of consumers and play a role in the creation 

of a new food culture. 
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Summary 

 

In this thesis, I identified the “kokumi” taste components in soybean seeds, and then 

evaluated the diversity of these components using the soybean mini core collection. 

Additionally, I found that the thermal treatments of soybean seeds enabled to improve 

the quality of soymilk by enhancing the extraction efficiency of ‘kokumi’ taste 

components. The findings in each chapter are summarized as follows:  

 

 

Chapter 2 

Isolation and characterization of key contributors to the “kokumi” taste in 

soybean seeds 

 

The water extract of soybean seeds (Glycine max (L.) Merr.) is nearly tasteless, 

but “kokumi” taste sensation was confirmed upon addition of a basic umami solution 

containing glutamic acid, inosine monophosphate, and sodium chloride. To identify the 

key contributors to the “kokumi” taste sensation in soybean seeds, I carried out the 

sensory-guided fractionation using Ultrafiltration, Gel Permeation Chromatography, and 

Preparative HPLC, taste sensory analyses, and LC-MS/MS analyses. 

γ-glutamyl-tyrosine and γ-glutamyl-phenylalanine were identified as contributors to 

‘kokumi taste’; specifically, these γ-glutamyl peptides imparted the “kokumi” taste 

sensation at a low taste threshold in a basic umami solution, although these γ-glutamyl 

dipeptides exhibited a slightly bitter and astringent oral taste in water. γ 

-glutamyl-tyrosine exhibited a high intrinsic taste threshold of 3.0 mmol/L in water, it 

showed a significantly lower “kokumi” taste threshold value of 5.0 μmol/L in the basic 

umami solution. Raffinose and stachyose, which are sufficiently present in soybean 

seeds, exhibited a synergistic effect in regard to the enhanced “kokumi” taste sensation 

of γ-glutamyl peptides. This is the first report that the combined use of γ -glutamyl 

peptides and oligosaccharides can increase the “kokumi” intensity, which suggests that 

soybean extracts or soymilk can be used to enhance the “kokumi” taste sensation in 
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food products. 

 

 

Chapter 3 

Diversity of γ- glutamyl peptides and oligosaccharides, the “kokumi” taste 

enhancers, in seeds from soybean mini core collections 

 

I recently found that soybeans contain γ-glutamyl peptides and oligosaccharides, 

and these components play an important role in imparting the “kokumi” taste to foods.  

To gain insight into the genetic diversities and molecular mechanisms of accumulation 

of γ-glutamyl peptides and oligosaccharides in soybean, this study reports the contents 

of these components using the Japan and World mini core collections  (JMC and WMC). 

Similar to other previously reported traits such as phenolic content of seed coats and the 

diversity of seed cesium accumulation, wide variations were detected among the 

accessions in the core collections with respect to the content of γ-glutamyl peptides and 

oligosaccharides. The average content of γ-glutamyl tyrosine and γ-glutamyl 

phenylalanine in the overall accessions from both collections was 74.8 mg/100 g FW 

and 89.1 mg/100 g FW, respectively. The content of these γ-glutamyl peptides showed a 

normal distribution, and the mean content of γ-glutamyl phenylalanine was 1.1- to 

1.3-fold higher than that of γ-glutamyl tyrosine in the JMC and WMC. Furthermore, a 

significant positive correlation was detected between the content of γ -glutamyl-tyrosine 

and γ-glutamyl-phenylalanine in the JMC (r = 0.59), WMC (r = 0.55), and the set of 

JMC and WMC (r = 0.57). There were some accessions containing high levels of the 

γ-glutamyl peptides and oligosaccharides in the seeds. A strong and positive correlation 

was not detected between the content of the γ-glutamyl peptides and oligosaccharides in 

the JMC and WMC, but these unique accessions, including those with the high levels of 

γ-glutamyl peptides or oligosaccharides found in this study, are valuable for soybean 

breeding to simultaneously increase the content of the γ-glutamyl peptides and 

oligosaccharides, which may contribute to the ‘kokumi’ taste enhancement.  
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Chapter 4 

Thermal treatments of soybean seeds enable to improve the quality of 

soymilk by enhancing the extraction efficiency of ‘kokumi’ taste  

components 

 

This study reports the influence of thermal treatment for soybean seeds before 

grinding in soymilk processing on increasing the extraction efficiency of ‘kokumi’ taste 

components, which were consisted of γ-glutamyl-tyrosine, γ-glutamyl-phenylalanine, 

raffinose and stachyose. In thermal treatment before grinding, autoclave (AC) and 

microwave (MW) treatment, extraction efficiency of ‘kokumi’ taste components 

increased significantly (about two times higher than that of unheated control) if the NSI 

was below about 55 compared to that of dry heat (DH) treatment before grinding or the 

thermal treatment during grinding. Furthermore, AC and MW treatment before grinding 

(under NSI 55) provided the soymilk maintaining nitrogen yield. These thermal 

treatments for soybean seeds itself disrupted cell walls and changed in cell structures , 

and caused the elevated release of contents such as γ-glutamyl peptides or 

oligosaccharides which are thought to be located in the vacuole or cytosol  from the cell 

matrix. The degree of cell damages derived from the heat treatment highly correlated 

with the extraction efficiency of the ‘kokumi’ taste components.  These findings suggest 

that instead of the standard processes, the thermal treatment before grinding can 

contribute to produce soymilk with more of ‘kokumi’ taste components. 
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