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Abstract

:

The isoflavone changes occurring in mature soybeans during food processing have been well studied, but less information is available on the changes in immature soybeans during thermal processing. This study aimed to determine the effect of thermal processing by dry- or wet-heating on the changes in the isoflavone profiles of immature and mature soybeans. In the malonylglycoside forms of isoflavone, their deglycosylation was more severe after wet-heating than after dry-heating regardless of the soybean maturity. The malonyl forms of isoflavones in the immature seeds were drastically degraded after a short wet-heating process. In the acetylglycoside forms of isoflavone, dry-heating produced relatively low amounts of the acetyl types in the immature soybeans compared with those in the mature soybeans. These results were explained by the content of acetyldaidzin being relatively less changed after dry-heating immature soybeans but increasing four to five times in the mature soybeans. More of the other types of acetylglycoside were produced by dry-heating soybeans regardless of their maturity. Acetylgenistin in wet-heating was a key molecule because its content was unchanged in the immature soybeans during processing but increased in the mature soybeans. This determined the total acetylglycoside content after wet-heating. In contrast, most of the acetyl forms of isoflavone were produced after 90 to 120 min of dry-heating regardless of the seed maturity. It can be suggested that the pattern of isoflavone conversion was significantly affected by the innate water content of the seeds, with a lower water content in the mature soybeans leading to the greater production of acetyl isoflavones regardless of the processing method even if only applied for a relatively short time. The results suggested that the isoflavone conversion in the immature soybeans mainly follows the wet-heating process and can be promoted in the application of stronger processing.
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1. Introduction


Soybeans (Glycine max L.) are one of the most widely consumed legumes in the world. As well as their main role in providing protein, carbohydrates, and oil, soybeans are also a rich source of phytochemicals, particularly isoflavones [1,2]. The content of isoflavones, a type of flavonoid, is greater in soybeans than in other legumes [3]. The 12 major isoflavones in soybeans can be classified into four main forms: aglycones (daidzein, glycitein, and genistein); β-glycosides (daidzin, glycitin, and genistin); acetylglycosides (acetyldaidzin, acetylglycitin, and acetylgenistin); and malonylglycosides (malonyldaidzin, malonylglycosides, and malonylgenistin) [4,5]. Of these isoflavone groups, malonylglycosides are the predominant form in raw soybeans, followed by β-glycosides and acetylglycosides, with aglycones rarely observed [6]. Epidemiological studies have reported that the presence of different types of isoflavone in soybeans contributes to various biological activities, such as reducing the risk of cancer, cardiovascular disease, and osteoporosis, and relieving menopausal symptoms [7,8,9,10,11,12]. Among the four forms of isoflavones, the bioavailability of malonyl-conjugated isoflavones was lower than that of corresponding non-conjugated β-glycoside isoflavones [13], and that of isoflavone aglycons was highest because aglycones were more easily and quickly absorbed by the intestine [14]. Furthermore, some studies reported that non-conjugated glycoside isoflavones also possessed high-quality antioxidant activity similar to aglycones. Thus, soybeans with a high content of non-conjugated glycosides and aglycones had high-quality antioxidant activity [15].



Because of their grassy-beany flavor and bitter taste [16,17], raw mature soybeans are mainly consumed after thermal processing, such as boiling or roasting, which greatly improves the flavor of the soybeans and soy products [18,19,20]. It has also been reported that thermal processing causes the conversion or degradation of isoflavones [21,22,23,24]. The predominant isoflavone form (malonylglycosides) is usually converted into acetylglycosides and β-glycosides by thermal processing [25,26,27,28,29,30], with the patterns of conversion depending significantly on the severity of heating. In general, the increase in the contents of isoflavone acetylglycosides and β-glycosides occurs through the decarboxylation and deesterification of malonylglycosides, respectively [28,31]. The wet-heating method promotes deesterification more than dry-heating as it causes the rapid conversion of isoflavone malonylglycosides to β-glycosides rather than acetylglycosides [32,33]. Chien et al. [34] reported no changes in the glycosides and aglycones during dry-heating below 150 °C, but Huang and Chou [35] reported a decrease in the aglycones in soybeans steamed for 30 min at temperatures above 60 °C.



The changes in isoflavone content during thermal processing in mature soybeans have been widely reported, but those in immature soybeans have rarely been studied. Immature soybeans, also known as edamame or maodou, are harvested when the green seeds fill the pod and have a water content of 60 to 65% [36,37]. Immature soybeans are also rich in isoflavones. The difference in the isoflavone content between immature and mature soybeans is significantly affected by the cultivar. Simonne et al. [38] investigated the iso-flavone contents of immature and mature beans of five soybean cultivars and found that the immature beans contained twice the isoflavone content of the mature beans in four of the cultivars, whereas Kim et al. [39] reported that the mature soybeans of several cultivars contained more isoflavone than the immature soybeans. Immature soybeans also exhibit a beany off-flavor and unique taste compared with mature soybeans [40]. Traditionally, in East Asia, immature soybeans have also been consumed as vegetables and snacks after thermal processing, such as boiling [40]. Simonne et al. [38] studied the influence of processing methods, such as boiling and freeze-drying, on the distribution of isoflavones in immature soybeans, but the patterns of variation in isoflavone content in immature soybeans during thermal processing are still unclear, particularly compared with those in mature soybeans.



Therefore, the objectives of this study are: to compare the effects of thermal processing (dry- and wet-heating) on variations in the isoflavone profiles of immature and mature soybeans, and to determine the effect of the internal water content of soybeans on the isoflavone content during thermal processing by varying the soaking time of mature seeds before dry-heating. This study will provide basic information on utilizing isoflavones in soybeans with different levels of maturity.




2. Results and Discussion


2.1. Physiological Characteristics of Immature and Mature Soybeans


The physical characteristics of the raw immature and mature soybeans are shown in Table 1. The water contents of the immature and mature seeds were 66.87% and 13.04%, respectively. Takahashi et al. [37] reported that, in immature soybeans, the water contents of four different cultivars ranged from 61.5% to 76.8%, similar levels to those of the present study. It has also been reported that the moisture content of mature soybeans was 10–15%, a similar content to the present study [41,42]. The dry weight of 10 immature seeds (0.66 g) was significantly lower than that of 10 mature seeds (0.88 g) (Table 1). As expected, a remarkable difference in the SSC of the immature (2.75 °Brix) and mature seeds (15.76 °Brix) was also observed (Table 1). Sale and Campbell [43] reported that a dramatic reduction in the water content of soybeans was accompanied by a steady accumulation of dry matter and SSC during seed maturation from the R6 (immature) to the R8 (mature) stages. Figure 1 shows the morphologies of the immature and mature soybeans before and after thermal processing. After dry-heating, the immature and mature soybeans had shrunk, particularly the immature soybeans, whereas they had both swelled after wet-heating, particularly the mature seeds. A significant variation in seed color (green to yellow) was also observed, particularly for the immature soybeans, possibly because of the Maillard reaction [44].




2.2. The Variation in the Total Isoflavone Content and Four Isoflavone Forms of Soybeans during Thermal Processing


Many studies have reported the effect of thermal processing on the isoflavone profiles of mature soybeans or soy products [25,28,30,32]. However, studies comparing the thermal transformation or degradation of isoflavones in soybeans at different maturity levels are still limited. The variations in the total isoflavone content (TI) and in the other four forms of isoflavone (total isoflavone malonylglycosides (TIMG); total isoflavone acetylglycosides (TIAG); total isoflavone β-glycosides (TIG); and total isoflavone aglycones (TIA)) in immature and mature soybeans during thermal processing are shown in Figure 2.



Before thermal treatment (freeze-dried, FD), the TI of the mature soybeans (304.51 mg/100 g DW) was 1.6 times higher than that of the immature soybeans. The isoflavone form with the highest content in both the immature and mature soybeans was TIMG, followed by TIG, with small amounts of TIAG and TIA (Figure 2). These results were consistent with those of Kim et al. [39], who reported that the TI of mature soybeans was higher than that of immature soybeans, with malonylglycoside isoflavones being the predominant form in both immature and mature soybeans, followed by the β-glycoside, acetylglycoside, and aglycone isoflavone forms.



After thermal processing, the TI content tended to decrease regardless of the seed maturity and processing method. The TI content decreased significantly after wet-heating: in mature soybeans from 304.51 to 163.49 mg/100 g DW; in immature soybeans from 199.34 to 44.63 mg/100 g DW; compared with dry-heating: in mature soybeans to 200.32 mg/100 g DW; and in immature soybeans to 147.15 mg/100 g DW). This may have been caused by the difference in humidity between wet- and dry-heating affecting the transfer of thermal energy [34,45], which accelerates the decrease in TI content. This decrease in the TI content of thermally treated soybeans or soy products has been widely reported [13,29,38]. However, the present study has been the first to compare changes in TI content in soybeans at different maturity levels and after different processing methods. The significant decrease in the TIMG content was considered to be the main reason for the reduction in the TI content (Figure 2). As mentioned previously, malonylglycoside isoflavones are the predominant form in soybeans. Similar to the TI content, the content of TIMG in both the immature and mature soybeans tended to decrease after thermal treatment, and soybeans with a higher internal water content under wet-heating conditions promoted this decreasing trend (Figure 2(A-2,B-2)). The relative thermal instability of malonyl-conjugated β-glycoside isoflavones has been reported previously [34]. Wet-heating degraded malonyl isoflavones more than dry-heating because of the higher moisture content in wet-heat process [32,45].



The decrease in the TIMG content, usually accompanied by an increase in the TIAG content in soybeans processed by thermal treatments, such as roasting [46] and baking [47], or in processed soy products, such as cooked soybeans [48] and soy milk [31], has been widely investigated. The increase in the TIAG content was caused by the decarboxylation of malonyl isoflavones during heat processing. Similarly, in mature soybeans, significant increases in the TIAG content after thermal processing were also observed (Figure 2(A-3,B-3)), with dry-heating increasing its content from 3.09 to 41.47 mg/100 g DW, thus being more effective than wet-heating, which increased its content from 3.09 to 22.23 mg/100 g DW. The difference in the effect of dry- and wet-heating on TIAG content can be explained by the maximum degradation rate of malonyl to acetyl isoflavones under the dry-heat condition, while a low conversion rate of malonyl to acetyl isoflavones was found under the wet-heat condition [34]. It indicated that wet-heating tended to convert or degrade malonylglycosides to other isoflavone derivatives instead of acetylglycosides, while the decarboxylation of malonyl isoflavones also occurred simultaneously. However, immature soybeans showed the reverse behavior in response to dry- and wet-heating: like the mature soybeans, dry-heating increased the TIAG content of immature beans from 5.20 to 19.36 mg/100 g DW, whereas wet-heating significantly decreased the TIAG content from 5.20 to 2.04 mg/100 g DW. As there has been no comparative study on the variation in the TIAG content in immature soybeans under dry- and wet-heating conditions, the present study is the first to report that the variation in the TIAG content of immature soybeans after thermal processing is different from that of mature beans. This may have been caused by the higher internal water content of immature soybeans significantly promoting the transfer of energy under wet-heating compared with dry-heating conditions. This led to the rapid conversion of acetylglycosides to β-glycosides, or the degradation of acetylglycosides [34], a speculation also supported by Huang and Chou [35], who reported that the acetyl isoflavones content of soaked black soybeans decreased after steaming at 100 °C for 30 min. Under dry-heat conditions, the TIAG content of the mature soybeans increased significantly compared with the immature soybeans (Figure 2(A-3)). This could be interpreted as the variation in the TIAG content of immature soybeans with their higher internal water content under dry-heating being similar to that of mature soybeans under wet-heating.



Thermal processing also increased the TIG content by deesterifying malonylglycoside and acetylglycoside isoflavones [46,47,48,49,50]. The patterns of variation in the TIG content were significantly affected by the processing methods and level of seed maturity (Figure 2(A-4,B-4)). In mature soybeans, the effect of wet-heating, increasing the TIG content from 25.16 to 91.64 mg/100 g DW, was better than that of dry-heating, where it increased from 25.16 to 59.00 mg/100 g DW. This can be partly explained by the deesterification of acetylglycoside isoflavones to form β-glycoside isoflavones under wet-heating (Figure 2(A-3,B-3)). Huang and Chou [35] have also reported that the TIG content of mature soybeans increased as the temperature of the thermal treatment increased. In contrast, the opposite patterns were observed for immature soybeans. The TIG content after dry-heating, ranging from 23.40 to 57.30 mg/100 g DW, was higher than that after wet-heating, which ranged from 23.40 to 45.26 mg/100 g DW. As mentioned earlier, the high internal moisture content of the soybeans under wet-heating may have led to excessive energy transfer, leading to the further conversion or degradation of the β-glycoside isoflavones. Thermal processes, such as oven drying [46], baking [47], frying [48], steaming [35], and autoclaving [50], have been reported as important methods for increasing the TIG content of mature soybeans. However, the effect of dry- and wet-heating on the variation in the TIG content of immature soybeans has not been studied. The results suggest that, unlike mature soybeans, dry-heating is more suitable for processing immature soybeans and leads to a higher TIG content than wet-heating.



As mentioned earlier, TIA accounts for only a small proportion of the TI in soybeans. Figure 2(A-5,B-5) shows the variation in the TIA content at different maturity levels of soybeans after thermal processing. The TIA content remained stable in the mature soybeans during dry-heating but decreased significantly during wet-heating. Similar results on mature soybeans have also been observed by Kao et al. [51] and Aguiar et al. [50] for dry- and wet-heating, respectively. The isoflavone deglycosylation from glycoside form to aglycone was observed only under high temperature, possibly because it was difficult to break down the glycoside groups to form aglycones at relatively low temperatures [52]. The present study has shown that the variation in the TIA content of the immature soybeans was similar to that of mature soybeans. In this study, because we used only one cultivar, further studies using numerous cultivars are required to understand the isoflavone deglycosylation patterns of soybeans regarding whether the isoflavone changes among immature soybean cultivars by thermal processing are presenting the same patterns or not.




2.3. Correlation Analysis between Isoflavone Form and Corresponding Individual Isoflavones in Immature and Mature Soybeans


To clarify the patterns of how isoflavones changed for different maturity levels of soybeans during thermal processing, the correlations between the contents of the isoflavone form and corresponding individual isoflavones were analyzed. Table 2 and Table 3 show the variations in the content of 12 individual isoflavones (IMG (MDZI, MGLI, and MGNI), IAG (ADZI, AGLI, and AGNI), IG (DZI, GLI, and GNI), and IA (DZE, GLE, and GNE)) in immature and mature soybeans, respectively, after dry- and wet-heating. The profiles of 12 individual isoflavones detected by the reversed-phase high-performance liquid chromatography (HPLC) in immature and mature soybeans before treatment and after 120 min of thermal treatment are shown in Figure 3.



Of the three types of malonylglycoside isoflavones, MGNI (78.18 mg/100 g DW in immature soybeans; 141.25 mg/100 g DW in mature soybeans) and MDZI (62.32 mg/100 g DW in immature soybeans; 119.20 mg/100 g DW in mature soybeans) were the main isoflavones in the FD samples (Table 2 and Table 3). The deglycosylation of MGNI, MDZI, and MGLI was more severe after wet-heating than after dry-heating regardless of the level of the seed maturity. Significantly positive correlations (p < 0.001) between the contents of MGNI, MDZI, and MGLI individually and of TIMG were observed in all the samples (Table 4). The contents of the three types of malonyl isoflavone in the immature soybeans did not change after 30 min of dry-heating but drastically decreased after 30 min of wet-heating. Similar results have also been observed by Chien et al. [34], where moist-heating at 100 °C reduced the MGNI (standard compound) content more than dry-heating at 100 °C.



Of the acetylglycoside isoflavones, ADZI (5.20 mg/100 g DW in immature soybeans; 3.09 mg/100 g DW in mature soybeans) was the main acetyl isoflavone in the FD samples (Table 2 and Table 3). Only a trace amount of AGNI was detected in both the immature and mature soybeans, with no AGLI being detected. The three types of acetyl isoflavone in the soybeans of different maturity levels responded differently to thermal processing. The ADZI content changed relatively little in the dry-heated immature soybeans but increased by four to five times in the dry-heated mature soybeans. The ADZI content also decreased to undetectable levels in the wet-heated immature soybeans, but not in the wet-heated mature soybeans. More AGLI and AGNI were produced in the dry-heated soybeans regardless of the maturity level. The AGLI content of the immature soybeans did not change but increased slightly after wet-heating. The AGNI in wet-heating was a key molecule because its content was unchanged in the immature soybeans after processing but increased in the mature soybeans, thus determining the amount of total acetylglycosides after wet-heating. The increase in the AGNI content was greater than that in the contents of ADZI and AGLI, possibly because of the varying thermal stability of the three acetylglycoside isoflavones and the corresponding malonylglycoside isoflavones. In contrast, the content of most of the types of acetyl increased up to 90 to 120 min of dry-heating regardless of the seed maturity. Significant positive correlations were found between the contents of ADZI, AGLI, AGNI, and that of TIAG for all the treatment groups except for the wet-heated immature soybeans (Table 4). A high negative correlation between the contents of AGNI and TIAG was observed for wet-heated immature soybeans, unlike the significant positive correlations for the other samples. This indicated that the amount of total acetylglycosides depended mainly on the content of AGNI during thermal processing.



The β-glycosides, the non-conjugated form of isoflavones, are the second major group after malonylglycosides in raw soybeans [52,53]. Of the β-glycosides, the content of GLI (11.62 mg/100 g DW) was higher than that of DZI (3.71 mg/100 g DW) and GNI (8.08 mg/100 g DW) in the FD immature soybeans (Table 2), similar to results from Simonne et al. [38]. The content of GLI (7.53 mg/100 g DW) was relatively lower than that of DZI (7.56 mg/100 g DW) and GNI (8.64 mg/100 g DW) in the FD mature soybeans (Table 3), results that are consistent with those of Kim et al. [54]. During thermal processing, different patterns of variation in the contents of GLI, GNI, and DZI arose. In the mature soybeans, the increase in the GLI content was small after heating compared with a significant increase in the DZI and GNI contents, similar to results reported by Toda et al. [48]. In the immature soybeans, no significant differences (p > 0.05) in GLI content were observed between FD and thermally treated soybeans. The contents of DZI and GNI both increased significantly after thermal treatment regardless of the seed maturity and processing method. Wet-heating was also more efficient in increasing β-glycoside isoflavones than dry-heating. The contents of GNI and DZI of all the treated samples were significantly positively correlated (p < 0.001) with the TIG content (Table 4). A good correlation (p < 0.01) between the GLI and TIG contents during thermal processing was found in the mature soybeans but not in the immature soybeans (p > 0.05). This indicated that the patterns of variation in the TIG content of soybeans were dominated more by the contents of DZI and GNI than the content of GLI during thermal processing even though the GLI content was relatively high in both FD samples.



In the FD soybeans, only small amounts of DZE (immature soybeans, 0.77 mg/100 g DW; mature soybeans, 1.21 mg/100 g DW) and GNE (immature soybeans, 0.22 mg/100 g DW; mature seeds, 0.94 mg/100 g DW) were detected, with a trace amount of GLE. The contents of the three aglycones in the immature soybeans were relatively stable under dry-heating but decreased to undetectable levels after 90 min of wet-heating. Both types of thermal processing decreased the contents of the three aglycones in the mature soybeans, particularly wet-heating. The variations in the contents of the three aglycones with the temperatures of thermal processing have been contradictory: Xu et al. [52] reported that aglycones in soybean flour extracts were generated with heat treatments above 135 °C, but Huang and Chou [35] reported that the contents of GNE, DZE, and GLE in black soybeans decreased at steaming temperatures of 60 °C or above for 30 min. A good correlation between the contents of DZE and TIA was found in all the treatments except for the dry-heated immature soybeans (Table 4). However, only the GLE content was well correlated with the TIA content in the immature soybeans under dry-heating with the content of GNE being well correlated with the TIA content in the mature soybeans under wet-heating.



The three isoflavone types (daidzein, glycitein, and genistein) showed different conversion patterns under heat processing. The MDZI and MGNI decreased more rapidly in the initial 30 min than the MGLI. Moreover, the production of AGNI and GNI by heat processing were higher than that of other isoflavone types. Glycitein conjugate types had relatively low thermal-change compared to daidzein and genistein types regardless of the seed maturity. Similar results have been reported by Stintzing et al. [55], where glycitein carrying a meth-oxy group at 6 position of A-ring has higher stability upon dry-heating. Moreover, Mathias et al. [56] reported that the heat-induced loss of daidzein glycosides was higher than that of genistein glycosides. These results indicate that different deglycosylation rates among isoflavone types occur during different thermal process methods.




2.4. Verification of the Relationship between Soybean Water Content and Changes in Patterns of Isoflavone Contents


It is important to note the different patterns of variation in the contents of acetylglycoside and β-glycoside isoflavones during the dry- and wet-heating of soybeans at two maturity levels. The internal moisture content of the soybeans affected the composition of isoflavones during thermal processing. To confirm this assumption, fully mature soybeans were soaked in distilled water for 0, 1, 2, 4, and 8 h to obtain different internal water contents, then dry-heated, followed by further observations of the patterns of variation in isoflavone content after heating for 1 h. Figure 4A shows the variations in the moisture content of the soybeans after soaking. The water content of the soybeans gradually increased from 6.34% to 57.04% as the soaking time increased. The contents of TI and of the four forms of isoflavone, TMIG, TAIG, TIG, and TIA, in the fully mature soybeans before and after the 1-h dry-heat treatment are shown in Figure 4B, C, D, E, and F, respectively.



Before heating, no significant differences in the TI content were observed between the unsoaked and soaked soybeans. Wang and Murphy [24] have also reported that soaking at room temperature for 10 to 12 h significantly increased the moisture content from 11.03% to 63.23% and retained the TI of the soaked soybeans. Heating significantly decreased the content of TI and TIMG and increased the content of TIAG and TIG of the soybeans compared with the FD samples (Figure 4B–E). The highest amount of TIAG generated was found in the unsoaked soybeans (0 h), and the lowest amount in soybeans soaked for a long time. There were no significant variations in the TIG content between the unsoaked and soaked soybeans after dry-heating for 1 h. These results were consistent with this report that the immature and mature beans had a similar TIG content after a long period of dry-heating, with even immature soybeans showing a lower TIAG content than mature soybeans (Figure 2). In contrast, the TIA content of the unsoaked soybeans was reduced by dry-heating, but, the longer the soaking time, the more TIA was generated after heating (Figure 4F). These results were different from the results we reported before, which may have been caused by differences between natural soybeans with a higher internal water content and artificially made soybeans with a higher water content. This also confirmed the assumption that the internal moisture content of soybeans was an important factor affecting the different patterns of variation in isoflavone content in soybeans of different maturity.



It is notable that, the longer the soaking time, the less TIAG was produced after heating. Lee and Lee [46] reported that the content of acetyl isoflavones in soybeans soaked for 12 h did not change during 120 min of oven drying but that, in unsoaked soybeans, it increased significantly after roasting at 200 °C. This indicated that soybeans with a higher internal water content produced a lower amount of acetyl isoflavones after heating, which confirmed the previous assumption that the water content of soybeans significantly affected the pattern of isoflavone conversion. Therefore, the differences between the content of acetyl isoflavones in mature and immature soybeans after heating were caused by the difference in the internal water content. The increase in the content of aglycone isoflavones was highly related to soaking and heating, results similar to those of Lima et al. [57], who found no significant difference in the content of aglycones in soybeans soaked at 25 °C but a significant increase after soaking for 1 h at 70 °C.





3. Materials and Methods


3.1. Chemical Reagents


The HPLC-grade acetonitrile and water (Daejung Chemical & Metals Co., Siheung, Korea) were used as mobile phases for isoflavones analysis. Standards of isoflavone aglycones (daidzein, glycitein, and genistein) and β-glycosides (daidzin, glycitin, and genistin) were purchased from LC Laboratories (Woburn, MA, USA). Isoflavone acetylglycosides (acetyldaidzin, acetylglycitin, and acetylgenistin) were obtained from Nacalai tesque (Kyoto, Japan), and malonylglycosides (malonyldaidzin, malonylglycitin, and malonylgenistin) were obtained from GenDEPOT (Katy, TX, USA).




3.2. Soybean Cultivation


Soybean seeds (Glycine max L. cv. Pungwon) used in this study were provided by the Pulmuone Food Co. (Chungbuk, Korea). The cultivar ‘Pungwon’ was registered to the Korea Seed & Variety Service (Gimcheon, Korea) in 2007 and had earlier matu-ration period and high content of isoflavones (more information described in Oh et al. [58]). The soybeans were germinated for 24 h at room temperature in a dark culture room after soaking with distilled water for 4 h. The germinated soybeans were planted in a horticultural soil (Baroker, Seoulbio Co., Eumseong, Korea) in pots (Plastic pot, 24 × 27 × 18 cm) in early June 2020 and then grown in the greenhouse of Kyung Hee University (Yongin, Korea) under natural sunlight. The average of temperature during the soybean growing season was 18–22 °C in June; 22–30 °C in July and August; 19–26 °C in September; 12–23 °C in October (based on Korean meteorological administration data). The average solar radiation period was 14 h/day in June to August and 12.5 h/day in September and October (based on Korean meteorological administration data). The average of relative humidity was 45–55% from June to October. The potted soybeans were maintained with several irrigations per week in the early stage of soybean plants and with daily irrigation in the period of seed formation. The soybean seeds were harvested at the immature stage on September 10 when the pods of soybeans contained green seeds that filled the pod cavity and harvested at the mature stage on October 10 when 95% of the pods exhibited the light brown color with dehydrating, as shown in Figure 1 in a previous report [36].




3.3. Physical Characteristics of Immature and Mature Seeds


The harvested soybean samples were weighed before and after freeze-drying. The dry weight of the immature and mature soybeans was expressed as the weight (g) of 10 raw seeds based on the mean value of ten replicates. The water content (%) was calculated as follows: 100 × [fresh weight (g) − dry weight (g)]/[fresh weight (g)]. Fresh soybeans (0.3 g) were ground with a pestle and a mortar and added 0.6 mL of distilled water to measure the soluble solid content (SSC). After stirring the mixture, the sample was centrifuged at 14,240× g for 15 min. The SSC of the supernatant was evaluated using a hand refractometer (Atago Co., Tokyo, Japan) and expressed as degree of Brix (°Brix).




3.4. Thermal Treatment


The immature and mature soybean seeds were processed using three thermal processing methods: (1) freeze-drying (FD) at −80 °C for 72 h in a vacuum freeze-dryer (IlshinBioBase. Co. Ltd., Dongducheon, Korea) and stored in a −20 °C refrigerator; (2) dry-heating at 100 ± 3 °C for 30, 60, 90, and 120 min with a convective dryer (Koencon Co., Ltd., Hanam, Korea); and (3) wet-heating (steaming) at 100 ± 3 °C for 30, 60, 90, and 120 min with a steam cooker. All experiments were carried out in triplicate. The thermally treated samples were freeze-dried and stored in a −20 °C refrigerator before isoflavone analysis.




3.5. Extraction of Isoflavones


All samples were finely ground using a commercial grinder (JL-1000, Hibell, Hwaseong, Korea). The isoflavones extraction was performed by previously described method [59]. Briefly, 20 mg of ground sample mixed with 58% aqueous acetonitrile (1 mL, v/v) in a shaking incubator for 24 h at 25 °C and 120 rpm after sonication for 30 min. The supernatant was obtained after centrifuging at 14,240× g for 5 min. Then, two-fold volume of distilled water was added to dilute the supernatant. The diluted supernatant was filtered through a 0.45 μm hydrophilic PTFE membrane syringe filter (Futecs Co., Ltd., Daejeon, Korea) and used for isoflavones analysis.




3.6. Determination of Isoflavones


Extracts were analyzed using HPLC (Waters 2695 Alliance HPLC; Waters Inc., Milford, MA, USA) with the octadecylsilane column (Prontosil 120–5-C18-SH-EPS 5.0 μm (200 × 4.6 mm; Bischoff, Leonberg, Germany). According to the previously published method [59], the solvent A (0.1% formic acid in water) and solvent B (0.1% formic acid in acetonitrile) were used as mobile phase with the flow rate of 0.8 mL/min. The mobile phase B gradient was as follows: 16–25%, 0 to 35 min; 25–50%, 35 to 40 min; 50–65%, 40 to 47 min; 65–16%, 47 to 50 min. The injection volume was 5 μL. The peaks of 12 standard isoflavones were detected at 254 nm (Water 996 photodiode array detector (Waters Inc.)).




3.7. Statistical Analysis


All experiments were carried out in triplicate with the data expressed as the mean with standard error (n = 3). Analysis of variance was performed using SAS software (Enterprise guide 7.1 version, SAS Institute Inc., Cary, NC, USA). Significant differences between experimental treatments were evaluated using Tukey’s student range test, with a significance level defined at p < 0.05.





4. Conclusions


This is the first study to compare the patterns of isoflavone changes between soybeans at two maturity levels after thermal processing. Overall, the patterns of the isoflavone changes in the soybeans depended significantly on the soybean maturity and the processing method, which affected the decarboxylation of malonylglycoside or the deesterification of acetylglycoside isoflavones. The decreases in the TI in all the samples were mainly caused by the decrease in the TIMG during thermal processing. The deglycosylation of the three types of malonyl isoflavones was more severe in wet- than in dry-heating regardless of the seed maturity. In the acetylglycoside isoflavones, dry-heating produced a relatively low amount of acetyl isoflavones in the immature seeds compared with that in the mature seeds. The ADZI was relatively less changed in the dry-heated immature seeds but increased significantly in the processed mature seeds. AGLI and AGNI were produced in greater amounts in the dry-heated samples regardless of the seed maturity. The AGNI in wet-heating was the key molecule because its content remained unchanged in the immature soybeans during processing but increased in the mature soybeans, which determined the total amount of acetylglycoside in wet-heating. Wet-heating increased the amount of β-glycoside isoflavones in the mature soybeans more than in dry-heating, while, interestingly, the immature soybeans exhibited the opposite behavior. The aglycone isoflavones were stable under dry-heating, but their contents decreased significantly after wet-heating. The internal moisture content of the soybeans was an important factor affecting the deglycosylation of isoflavones during thermal processing, also confirmed by the verification experiment (Section 2.4). This is the first study to highlight the importance of the internal water content of soybeans on the distribution of isoflavones during thermal processing. The results of the present study will provide basic information on the different uses of immature and mature soybeans after thermal processing.







Author Contributions


Conceptualization, S.H.E.; methodology, S.Q., S.J.K. and S.H.E.; software, S.Q.; validation, S.H.E.; formal analysis, S.Q. and S.D.; investigation, S.Q.; resources, S.H.E.; data curation, S.Q. and Y.J.L.; writing—original draft preparation, S.Q.; writing—review and editing, S.J.K. and S.H.E.; visualization, S.Q. and S.D.; supervision, S.H.E.; funding acquisition, S.H.E. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by Radiation Technology R&D program (NRF-2017M2A2A6A05018538) through the National Research Foundation of Korea funded by the Ministry of Science and ICT. This work was also supported by the National Research Foundation of Korea (NRF) grant funded by the Korean government (MSIT) (NO. NRF-2019R1A2C1009623).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Samples of the compounds are not available from the authors.




References


	



O’Keefe, S.; Bianchi, L.; Sharman, J. Soybean nutrition. J. Nutr. Metab. 2015, 1, 1006. [Google Scholar]

	



Kim, H.K.; Kang, S.T.; Cho, J.H.; Choung, M.G.; Suh, D.Y. Quantitative trait loci associated with oligosaccharide and sucrose contents in soybean (Glycine max L.). J. Plant Biol. 2005, 48, 106–112. [Google Scholar] [CrossRef]

	



Ollberding, N.J.; Lim, U.; Wilkens, L.R.; Setiawan, V.W.; Shvetsov, Y.B.; Henderson, B.E.; Kolonel, L.N.; Goodman, M.T. Legume, soy, tofu, and isoflavone intake and endometrial cancer risk in postmenopausal women in the multiethnic cohort study. J. Natl. Cancer Inst. 2012, 104, 67–76. [Google Scholar] [CrossRef] [PubMed]

	



Jung, Y.S.; Rha, C.S.; Baik, M.Y.; Baek, N.I.; Kim, D.O. A brief history and spectroscopic analysis of soy isoflavones. Food Sci. Biotechnol. 2020, 29, 1605–1617. [Google Scholar] [CrossRef] [PubMed]

	



Lim, Y.J.; Lyu, J.I.; Kwon, S.J.; Eom, S.H. Effects of UV-A radiation on organ-specific accumulation and gene expression of isoflavones and flavonols in soybean sprout. Food Chem. 2021, 339, 128080. [Google Scholar] [CrossRef]

	



Hoeck, J.A.; Fehr, W.R.; Murphy, P.A.; Welke, J.A. Influence of genotype and environment on isoflavone contents of soybean. Crop Sci. 2000, 40, 48–51. [Google Scholar] [CrossRef]

	



Barnes, S.; Peterson, T.G. Biochemical targets of the isoflavone genistein in tumor cell lines. Proc. Soc. Exp. Biol. Med. 1995, 208, 103–108. [Google Scholar] [CrossRef] [PubMed]

	



Adlercreutz, H.; Honjo, H.; Higashi, A.; Fotsis, T.; Hämäläinen, E.; Hasegawa, T.; Okada, H. Urinary excretion of lignans and isoflavonoid phytoestrogens in Japanese men and women consuming a traditional Japanese diet. Am. J. Clin. Nutr. 1991, 54, 1093–1100. [Google Scholar] [CrossRef]

	



Knight, D.C.; Eden, J.A. A review of the clinical effects of phytoestrogens. Obstet. Gynecol. 1996, 87, 897–904. [Google Scholar]

	



Xu, B.; Chang, S.K.C. Total phenolics, phenolic acids, isoflavones, and anthocyanins and antioxidant properties of yellow and black soybeans as affected by thermal processing. J. Agric. Food Chem. 2008, 56, 7165–7175. [Google Scholar] [CrossRef]

	



Severson, R.K.; Nomura, A.M.Y.; Grove, J.S.; Stemmermann, G.N. A prospective study of demographics, diet, and prostate cancer among men of Japanese ancestry in Hawaii. Cancer Res. 1989, 49, 1857–1860. [Google Scholar] [PubMed]

	



Lee, H.P.; Lee, J.; Gourley, L.; Duffy, S.W.; Day, N.E.; Estève, J. Dietary effects on breast-cancer risk in Singapore. Lancet 1991, 337, 1197–1200. [Google Scholar] [CrossRef]

	



Yerramsetty, V.; Gallaher, D.D.; Ismail, B. Malonylglucoside conjugates of isoflavones are much less bioavailable compared with unconjugated β-glucosidic forms in rats. J. Nutr. 2014, 144, 631–637. [Google Scholar] [CrossRef] [PubMed]

	



Lee, C.H.; Yang, L.; Xu, J.Z.; Yeung, S.Y.V.; Huang, Y.; Chen, Z.Y. Relative antioxidant activity of soybean isoflavones and their glycosides. Food Chem. 2005, 90, 735–741. [Google Scholar] [CrossRef]

	



Izumi, T.; Pikula, M.K.; Osawa, S.; Obata, A.; Tobe, K.; Saito, M.; Kataoka, S.; Kubota, Y.; Kikuchi, M. Soy isoflavone aglycones are absorbed faster and in higher amount than their glucosides in humans. J. Nutr. 2000, 130, 1695–1699. [Google Scholar] [CrossRef] [PubMed]

	



Wolf, W.J. Lipoxygenase and flavor of soybean protein products. J. Agric. Food Chem. 1975, 23, 136–141. [Google Scholar] [CrossRef]

	



MacLeod, G.; Ames, J.; Betz, N.L. Soy flavor and its improvement. Crit. Rev. Food Sci. Nutr. 1989, 27, 219–400. [Google Scholar] [CrossRef]

	



Cai, J.S.; Zh, Y.Y.; Ma, R.H.; Thakur, K.; Zhang, J.G.; Wei, Z.J. Effects of roasting level on physicochemical, sensory, and volatile profiles of soybeans using electronic nose and HS-SPME-GC–MS. Food Chem. 2021, 340, 127880. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Guo, S.; Liu, Z.; Chang, S.K. Off-flavor related volatiles in soymilk as affected by soybean variety, grinding, and heat-processing methods. J. Agric. Food Chem. 2012, 60, 7457–7462. [Google Scholar] [CrossRef]

	



Endo, H.; Ohno, M.; Tanji, K.; Shimada, S.; Kaneko, K. Effect of heat treatment on the lipid peroxide content and aokusami (beany flavor) of soymilk. Food Sci. Technol. Res. 2007, 10, 328–333. [Google Scholar] [CrossRef]

	



Villares, A.; Rostagno, M.A.; García-Lafuente, A.; Guillamón, E.; Martínez, J.A. Content and profile of isoflavones in soy-based foods as a function of the production process. Food Bioprocess Technol. 2011, 4, 27–38. [Google Scholar] [CrossRef]

	



Muliterno, M.M.; Rodrigues, D.; Lima, F.S.; Ida, E.L.; Kurozawa, L.E. Conversion/degradation of isoflavones and color alterations during the drying of okara. LWT 2017, 75, 512–519. [Google Scholar] [CrossRef]

	



Chan, S.G.; Murphy, P.A.; Ho, S.C.; Kreiger, N.; Darlington, G.; So, E.K.F.; Chong, P.Y.Y. Isoflavonoid content of Hong Kong soy foods. J. Agric. Food Chem. 2009, 57, 5386–5390. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Chang, S.K.; Liu, Z. Isoflavone profile in soymilk as affected by soybean variety, grinding, and heat-processing methods. J. Food Sci. 2015, 80, C983–C988. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.H.; Lee, B.W.; Kim, B.; Kim, H.T.; Ko, J.M.; Baek, I.Y.; Seo, W.T.; Kang, Y.M.; Cho, K.M. Changes in phenolic compounds (Isoflavones and Phenolic acids) and antioxidant properties in high-protein soybean (Glycine max L., cv. Saedanbaek) for different roasting conditions. J. Korean Soc. Appl. Biol. Chem. 2013, 56, 605–612. [Google Scholar] [CrossRef]

	



Yuan, J.P.; Liu, Y.B.; Peng, J.; Wang, J.H.; Liu, X. Changes of isoflavone profile in the hypocotyls and cotyledons of soybeans during dry heating and germination. J. Agric. Food Chem. 2009, 57, 9002–9010. [Google Scholar] [CrossRef]

	



Zhang, Y.C.; Lee, J.H.; Vodovotz, Y.; Schwartz, S.J. Changes in distribution of isoflavones and β-glucosidase activity during soy bread proofing and baking. Cereal Chem. 2004, 81, 741–745. [Google Scholar] [CrossRef]

	



Wang, H.J.; Murphy, P.A. Mass balance study of isoflavones during soybean processing. J. Agric. Food Chem. 1996, 44, 2377–2383. [Google Scholar] [CrossRef]

	



Jackson, C.J.C.; Dini, J.P.; Lavandier, C.; Rupasinghe, H.P.V.; Faulkner, H.; Poysa, V.; Buzzell, D.; DeGrandis, S. Effects of processing on the content and composition of isoflavones during manufacturing of soy beverage and tofu. Process Biochem. 2002, 37, 1117–1123. [Google Scholar] [CrossRef]

	



Yu, X.; Meenu, M.; Xu, B.; Yu, H. Impact of processing technologies on isoflavones, phenolic acids, and antioxidant capacities of soymilk prepared from 15 soybean varieties. Food Chem. 2021, 345, 128612. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.J.; Murphy, P.A. Isoflavone content in commercial soybean foods. J. Agric. Food Chem. 1994, 42, 1666–1673. [Google Scholar] [CrossRef]

	



Andrade, J.C.; Mandarino, J.M.G.; Kurozawa, L.E.; Ida, E.I. The effect of thermal treatment of whole soybean flour on the conversion of isoflavones and inactivation of trypsin inhibitor. Food Chem. 2016, 194, 1095–1101. [Google Scholar] [CrossRef]

	



Murphy, P.A.; Barua, K.; Hauck, C.C. Solvent extraction selection in the determination of isoflavones in soy foods. J. Chromatogr. B Biomed. Appl. 2002, 777, 129–138. [Google Scholar] [CrossRef]

	



Chien, J.T.; Hsieh, H.C.; Kao, T.H.; Chen, B.H. Kinetic model for studying the conversion and degradation of isoflavones during heating. Food Chem. 2005, 91, 425–434. [Google Scholar] [CrossRef]

	



Huang, R.Y.; Chou, C.C. Heating affects the content and distribution profile of isoflavones in steamed black soybeans and black soybean koji. J. Agric. Food Chem. 2008, 56, 8484–8489. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, V.; Rani, A.; Dixit, A.K.; Bhatnagar, D.; Chauhan, G.S. Relative changes in tocopherols, isoflavones, total phenolic content, and antioxidative activity in soybean seeds at different reproductive stages. J. Agric. Food Chem. 2009, 57, 2705–2710. [Google Scholar] [CrossRef] [PubMed]

	



Takahashi, Y.; Sasanuma, T.; Abe, T. Accumulation of gamma-aminobutyrate (GABA) caused by heat-drying and expression of related genes in immature vegetable soybean (edamame). Breed. Sci. 2013, 63, 205–210. [Google Scholar] [CrossRef] [PubMed]

	



Simonne, A.; Smith, M.; Weaver, D.B.; Vail, T.; Barnes, S.; Wei, C.I. Retention and changes of soy isoflavones and carotenoids in immature soybean seeds (Edamame) during processing. J. Agric. Food Chem. 2000, 48, 6061–6069. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.L.; Berhow, M.A.; Kim, J.T.; Chi, H.Y.; Lee, S.J.; Chung, I.M. Evaluation of soyasaponin, isoflavone, protein, lipid, and free sugar accumulation in developing soybean seeds. J. Agric. Food Chem. 2006, 54, 10003–10010. [Google Scholar] [CrossRef]

	



Simonne, A.H.; Weaver, D.B.; Wei, C.I. Immature soybean seeds as a vegetable or snack food: Acceptability by American consumers. Innov. Food Sci. Emerg. Technol. 2000, 1, 289–296. [Google Scholar] [CrossRef]

	



Rubel, A.; Rinne, R.W.; Canvin, D.T. Protein, oil, and fatty acid in developing soybean seeds. Crop Sci. 1972, 12, 739–741. [Google Scholar] [CrossRef]

	



Gogoi, N.; Farooq, M.; Barthakur, S.; Baroowa, B.; Paul, S.; Bharadwaj, N.; Ramanjulu, S. Thermal stress impacts on reproductive development and grain yield in grain legumes. J. Plant Biol. 2018, 61, 265–291. [Google Scholar] [CrossRef]

	



Sale, P.W.G.; Campbell, L.C. Patterns of mineral nutrient accumulation in soybean seed. Field Crop Res. 1980, 3, 157–163. [Google Scholar] [CrossRef]

	



Im, M.H.; Choi, J.D.; Choi, K.S. The oxidation stability and flavor acceptability of oil from roasted soybean. J. Agric. Food Chem. Biotechnol. 1995, 38, 425–430. [Google Scholar]

	



Duan, S.; Kwon, S.J.; Eom, S.H. Effect of thermal processing on color, phenolic compounds, and antioxidant activity of Faba bean (Vicia faba L.) leaves and seeds. Antioxidants 2021, 10, 1207. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.W.; Lee, J.H. Effects of oven-drying, roasting, and explosive puffing process on isoflavone distributions in soybeans. Food Chem. 2009, 112, 316–320. [Google Scholar] [CrossRef]

	



Coward, L.; Smith, M.; Kirk, M.; Barnes, S. Chemical modification of isoflavones in soyfoods during cooking and processing. Am. J. Clin. Nutr. 1998, 68, 1486S–1491S. [Google Scholar] [CrossRef] [PubMed]

	



Toda, T.; Sakamota, A.; Takayagi, T.; Yokotsuka, K. Changes in isoflavone compositions of soybean foods during cooking process. Food Sci. Technol. 2000, 6, 314–319. [Google Scholar] [CrossRef]

	



Niamnuy, C.; Nachaisin, M.; Laohavanich, J.; Devahastin, S. Evaluation of bioactive compounds and bioactivities of soybean dried by different methods and conditions. Food Chem. 2011, 129, 899–906. [Google Scholar] [CrossRef] [PubMed]

	



Aguiar, C.L.; Haddad, R.; Eberlin, M.N.; Carrão-Panizzi, M.C.; Tsai, S.M.; Park, Y.K. Thermal behavior of malonylglucoside isoflavones in soybean flour analyzed by RPHPLC/DAD and eletrospray ionization mass spectrometry. LWT 2012, 48, 114–119. [Google Scholar] [CrossRef]

	



Kao, T.H.; Lu, Y.F.; Hsieh, H.C.; Chen, B.H. Stability of isoflavone glucosides during processing of soymilk and tofu. Food Res. Int. 2004, 37, 891–900. [Google Scholar] [CrossRef]

	



Xu, Z.; Wu, Q.; Godber, J.S. Stabilities of daidzin, glycitin, genistin, and generation of derivatives during heating. J. Agric. Food Chem. 2002, 50, 7402–7406. [Google Scholar] [CrossRef] [PubMed]

	



Sakthivelu, G.; Akitha Devi, M.K.; Giridhar, P.; Rajasekaran, T.; Ravishankar, G.A.; Nikolova, M.T.; Angelov, G.B.; Todorova, R.M.; Kosturkova, G.P. Isoflavone composition, phenol content, and antioxidant activity of soybean seeds from India and Bulgaria. J. Agric. Food Chem. 2008, 56, 2090–2095. [Google Scholar] [CrossRef]

	



Kim, J.J.; Kim, S.H.; Hahn, S.J.; Chung, I.M. Changing soybean isoflavone composition and concentrations under two different storage conditions over three years. Food Res. Int. 2005, 38, 435–444. [Google Scholar] [CrossRef]

	



Stintzing, F.C.; Hoffmann, M.; Carle, R. Thermal degradation kinetics of isoflavone aglycones from soy and red clover. Mol. Nutr. Food Res. 2006, 50, 373–377. [Google Scholar] [CrossRef]

	



Mathias, K.; Ismail, B.; Corvalan, C.M.; Hayes, K.D. Heat and pH effects on the conjugated forms of genistin and daidzin isoflavones. J. Agric. Food Chem. 2006, 54, 7495–7502. [Google Scholar] [CrossRef] [PubMed]

	



Lima, F.S.; Kurozawa, L.E.; Lda, E.L. The effects of soybean soaking on grain properties and isoflavones loss. LWT 2014, 59, 1274–1282. [Google Scholar] [CrossRef]

	



Oh, Y.; Kim, K.; Yun, H.; Park, K.; Suh, S.; Moon, J.; Cho, S.; Kim, Y.; Kim, S.; Park, H.; et al. A new soybean cultivar, ”Pungwon” for sprout with disease resistance, lodging resistance and high yielding. Korean J. Breed. Sci. 2007, 39, 502–503. [Google Scholar]

	



Lim, Y.J.; Lim, B.; Kim, H.Y.; Kwon, S.J.; Eom, S.H. Deglycosylation patterns of isoflavones in soybean extracts inoculated with two enzymatically different strains of lactobacillus species. Enzym. Microb. Technol. 2020, 132, 109394. [Google Scholar] [CrossRef] [PubMed]








[image: Molecules 26 07471 g001 550] 





Figure 1. Morphologies of immature and mature soybeans after dry- and wet-heating for different times. 
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Figure 2. Changes in the total isoflavone (TI), total isoflavone malonylglycosides (TIMG), total isoflavone acetylglycosides (TIAG), total isoflavone β-glycosides (TIG), and total isoflavone aglycones (TIA) contents of immature and mature soybeans during dry-heating (A) and wet-heating (B). Data are shown as mean ± SE (n = 3). Different letters indicate significant differences at p < 0.05 by Tukey’s studentized range (HSD) test. 
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Figure 3. Twelve isoflavones of immature and mature soybean seeds after 120 min of dry- and wet-heat treatment determined by HPLC. 1, daidzin (DZI); 2, glycitin (GLI); 3, genistin (GNI); 4, malonyldaidzin (MDZI); 5, malonylglycitin (MGLI); 6, acetyldaidzin (ADZI); 7, acetylglycitin (AGLI); 8, malonylgenistin (MGNI); 9, daidzein (DZE); 10, glycitein (GNE); 11, acetylgenistin (AGNI); 12, genistein (GNE). 
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Figure 4. Water content of mature seeds during serial soaking (A), and isoflavone contents in soaked seeds after freeze-drying (FD) and dry-heating (B–F). (A), water content; (B), total isoflavone (TI); (C), total isoflavone malonylglycosides (TIMG); (D), total isoflavone acetylglycosides (TIAG); (E), total isoflavone β-glycosides; (F), total isoflavone aglycones. Data are shown as mean with standard error (n = 3). Asterisks indicate statistically significant differences (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ns indicates no significance). 
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Table 1. Physical characteristics of immature and mature soybean seeds.
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	Seed

Maturity
	Water Content

(%)
	Dry Weight

(g/10 ea)
	SSC

(°Brix)





	Immature
	66.87 ± 0.32 a
	0.66 ± 0.02 b
	2.75 ± 0.18 b



	Mature
	13.04 ± 0.22 b
	0.88 ± 0.03 a
	15.76 ± 0.31 a







SSC means soluble solids content. Different letters (a, b) in a column indicate significant differences at p < 0.05 by Tukey’s studentized range (HSD) test. Results are given as mean ± SE (n = 10).
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Table 2. Isoflavone content (mg/100 g DW) in immature soybeans during thermal processing.
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FD

(0 Min)

	
Dry-Heating

	
Wet-Heating




	

	

	
30 Min

	
60 Min

	
90 Min

	
120 Min

	
30 Min

	
60 Min

	
90 Min

	
120 Min






	
Malonyl

glycosides

	
MDZI

	
62.32 ± 1.54 a

	
63.38 ± 9.37 a

	
34.81 ± 3.21 b

	
29.62 ± 3.55 b

	
23.01 ± 2.31 b,c

	
23.16 ± 2.64 b,c

	
9.39 ± 1.27 c,d

	
4.01 ± 0.08 d

	
2.03 ± 0.34 d




	
MGLI

	
29.26 ± 2.47 a

	
26.09 ± 7.54 a

	
18.51 ± 3.35 a,b

	
10.51 ± 1.80 b,c

	
7.70 ± 0.63 b,c

	
5.73 ± 0.42 c

	
1.57 ± 0.44 c

	
0.62 ± 0.21 c

	
N.D.




	
MGNI

	
78.18 ± 0.21 a

	
72.87 ± 9.58 a

	
57.24 ± 4.00 a,b

	
40.79 ± 6.04 b,c

	
37.21 ± 4.76 b,c

	
38.68 ± 2.06 b,c

	
20.07 ± 1.80 c,d

	
7.13 ± 0.83 d

	
4.23 ± 0.48 d




	
Acetyl

glycosides

	
ADZI

	
5.20 ± 0.29 a

	
2.80 ± 0.62 b,c

	
2.64 ± 0.40 b,c

	
4.39 ± 0.70 a,b

	
5.66 ± 0.70 a

	
1.06 ± 0.20 c

	
0.68 ± 0.05 c

	
N.D.

	
N.D.




	
AGLI

	
N.D.

	
Tr.

	
0.36 ± 0.19 a

	
2.56 ± 0.77 a

	
3.65 ± 1.23 a

	
N.D.

	
N.D.

	
N.D.

	
N.D.




	
AGNI

	
Tr.

	
0.12 ± 0.12 c,d

	
2.20 ± 0.26 c,d

	
4.02 ± 1.83 b

	
9.94 ± 1.27 a

	
2.25 ± 0.25 c,d

	
2.86 ± 0.13 c

	
2.25 ± 0.17 c,d

	
2.04 ± 0.16 c,d




	
β-glycosides

	
DZI

	
3.71 ± 0.53 c

	
5.16 ± 1.17 b,c

	
6.23 ± 0.59 b,c

	
10.11 ± 2.81 a,b,c

	
15.45 ± 1.80 a

	
8.91 ± 1.47 a,b,c

	
11.72 ± 1.51 a,b

	
10.55 ± 1.02 a,b,c

	
9.11 ± 0.70 a,b,c




	
GLI

	
11.62 ± 1.16 a

	
11.30 ± 3.98 a

	
10.82 ± 1.37 a

	
10.84 ± 2.27 a

	
11.70 ± 1.50 a

	
8.62 ± 1.08 a

	
7.42 ± 1.12 a

	
6.24 ± 0.80 a

	
7.31 ± 0.48 a




	
GNI

	
8.08 ± 0.96 e

	
10.26 ± 1.90 d,e

	
14.30 ± 0.57 c,d,e

	
22.52 ± 2.20 a,b,c

	
30.16 ± 2.90 a

	
19.16 ± 1.80 b,c,d

	
26.12 ± 2.22 a,b

	
25.47 ± 2.30 a,b

	
19.9 ± 1.41 b,c




	
Aglycones

	
DZE

	
0.77 ± 0.12 a

	
0.33 ± 0.03 a

	
N.D.

	
0.61 ± 0.24 a

	
0.75 ± 0.32 a

	
N.D.

	
N.D.

	
N.D.

	
N.D.




	
GLE

	
Tr.

	
0.28 ± 0.14 a

	
0.74 ± 0.42 a

	
1.13 ± 0.25 a

	
1.03 ± 0.42 a

	
N.D.

	
N.D.

	
N.D.

	
N.D.




	
GNE

	
0.22 ± 0.11 a,b

	
0.70 ± 0.12 a,b

	
0.74 ± 0.17 a,b

	
0.87 ± 0.21 a

	
0.89 ± 0.14 a

	
0.07 ± 0.07 b

	
0.22 ± 0.14 a,b

	
N.D.

	
N.D.








Data are shown as mean with standard error (n = 3). Different letters (a–e) in a row indicate significant differences at p < 0.05 by Tukey’s studentized range (HSD) test. N.D. indicates not detected; Tr. Indicates trace amount.
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Table 3. Isoflavone content (mg/100 g DW) in mature soybeans during thermal processing.
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FD

(0 Min)

	
Dry-Heating

	
Wet-Heating




	

	

	
30 Min

	
60 Min

	
90 Min

	
120 Min

	
30 Min

	
60 Min

	
90 Min

	
120 Min






	
Malonyl

glycosides

	
MDZI

	
119.20 ± 11.24 a

	
68.96 ± 4.43 b

	
57.43 ± 3.54 b,c

	
47.09 ± 2.40 b,c,d

	
31.92 ± 1.20 d,e

	
48.00 ± 2.54 b,c,d

	
35.03 ± 1.36 c,d,e

	
20.91 ± 0.64 d,e

	
18.34 ± 1.20 e




	
MGLI

	
24.18 ± 5.96 a

	
21.53 ± 1.52 a

	
22.27 ± 2.22 a,b

	
15.58 ± 2.61 b,c

	
14.15 ± 1.38 b,c

	
16.22 ± 2.80 b,c

	
12.87 ± 2.84 c

	
4.65 ± 0.28 c

	
4.09 ± 0.22 c




	
MGNI

	
141.25 ± 7.92 a

	
89.11 ± 3.38 b

	
80.17 ± 3.10 b

	
68.91 ± 2.22 b,c,d

	
52.48 ± 3.44 d,e

	
63.58 ± 0.59 b,c

	
52.53 ± 0.48 c,d

	
32.76 ± 1.20 e

	
26.17 ± 0.76 e




	
Acetyl

glycosides

	
ADZI

	
3.09 ± 0.35 d

	
5.74 ± 0.56 d

	
10.46 ± 0.61 b,c

	
15.83 ± 1.97 a

	
12.23 ± 0.98 a,b

	
5.96 ± 0.29 d

	
5.65 ± 0.30 d

	
6.32 ± 0.11 d

	
6.81 ± 0.35 c,d




	
AGLI

	
N.D.

	
2.13 ± 0.83 c

	
6.12 ± 1.48 b,c

	
12.67 ± 1.04 a

	
8.67 ± 2.17 a,b

	
3.77 ± 0.66 b,c

	
3.22 ± 0.65 b,c

	
2.85 ± 0.25 c

	
3.57 ± 0.66 b,c




	
AGNI

	
Tr.

	
5.62 ± 0.34 e

	
14.51 ± 0.78 b

	
21.10 ± 0.53 a

	
20.58 ± 1.61 a

	
6.57 ± 0.06 d,e

	
9.09 ± 0.19 c,d

	
9.42 ± 0.22 c,d

	
11.84 ± 0.35 b,c




	
β-glycosides

	
DZI

	
7.56 ± 0.80 e

	
11.22 ± 0.66 d,e

	
19.53 ± 1.11 b

	
19.92 ± 0.61 b

	
19.07 ± 0.88 b

	
13.62 ± 1.00 c,d

	
17.97 ± 0.58 b,c

	
20.03 ± 0.58 b

	
27.45 ± 0.38 a




	
GLI

	
7.53 ± 1.96 a,b

	
7.71 ± 0.86 b

	
15.05 ± 0.43 a,b

	
14.47 ± 1.09 a,b

	
10.37 ± 0.98 a,b

	
14.82 ± 1.82 a,b

	
17.30 ± 2.20 a

	
13.97 ± 0.97 a,b

	
16.75 ± 0.57 a




	
GNI

	
8.64 ± 1.99 e

	
16.83 ± 0.58 d

	
29.26 ± 1.04 c

	
33.99 ± 0.87 b,c

	
31.11 ± 2.08 b,c

	
21.07 ± 0.18 d

	
30.52 ± 0.71 b,c

	
36.74 ± 0.91 b

	
47.44 ± 1.62 a




	
Aglycones

	
DZE

	
1.21 ± 0.35 a

	
0.50 ± 0.10 a,b

	
0.78 ± 0.11 a,b

	
0.63 ± 0.05 a,b

	
0.59 ± 0.09 a,b

	
0.38 ± 0.03 b

	
0.29 ± 0.15 b

	
0.31 ± 0.16 b

	
0.57 ± 0.13 a,b




	
GLE

	
Tr.

	
N.D.

	
N.D.

	
N.D.

	
N.D.

	
0.38 ± 0.02 a

	
N.D.

	
N.D.

	
N.D.




	
GNE

	
0.94 ± 0.14 a

	
0.61 ± 0.08 a,b,c

	
0.70 ± 0.07 a,b,c

	
0.90 ± 0.12 a

	
0.72 ± 0.04 a,b

	
0.27 ± 0.06 c

	
0.30 ± 0.02 b,c

	
0.40 ± 0.10 b,c

	
0.45 ± 0.10 b,c








Data are shown as mean with standard error (n = 3). Different letters (a–e) next to data in a row indicate significant differences at p < 0.05 by Tukey’s studentized range (HSD) test. N.D. indicates not detected; Tr. Indicates trace amount.
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Table 4. Correlation coefficients between isoflavone forms and individual isoflavones in thermally treated soybeans.
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Seed

Maturation

	
Heating Methods

	

	
MDZI

	
MGLI

	
MGNI






	
Immature

	
D z

	
TIMG

	
0.983 ***

	
0.931 ***

	
0.970 ***




	
W y

	
TIMG

	
0.999 ***

	
0.976 ***

	
0.944 ***




	
Mature

	
D

	
TIMG

	
0.996 ***

	
0.712 ***

	
0.987 ***




	
W

	
TIMG

	
0.996 ***

	
0.889 ***

	
0.997 ***




	

	

	

	
ADZI

	
AGLI

	
AGNI




	
Immature

	
D

	
TIAG

	
0.704 **

	
0.963 ***

	
0.967 ***




	
W

	
TIAG

	
0.902 ***

	
-

	
−0.537 *




	
Mature

	
D

	
TIAG

	
0.961 ***

	
0.955 ***

	
0.980 ***




	
W

	
TIAG

	
0.901 **

	
0.844 ***

	
0.983 ***




	

	

	

	
DZI

	
GLI

	
GNI




	
Immature

	
D

	
TIG

	
0.939 ***

	
0.410 ns

	
0.946 ***




	
W

	
TIG

	
0.972 ***

	
−0.314 ns

	
0.953 ***




	
Mature

	
D

	
TIG

	
0.943 ***

	
0.769 ***

	
0.956 ***




	
W

	
TIG

	
0.983 ***

	
0.687 **

	
0.976 ***




	

	

	

	
DZE

	
GLE

	
GNE




	
Immature

	
D

	
TIA

	
−0.053 ns

	
0.892 ***

	
0.420 ns




	
W

	
TIA

	
1.000 ***

	
-

	
-




	
Mature

	
D

	
TIA

	
0.601 *

	
-

	
0.202 ns




	
W

	
TIA

	
0.727 **

	
-

	
0.658 **








z and y indicate dry-heating and wet-heating, respectively. *, **, and *** indicate significances at p < 0.05, p < 0.01, and p < 0.001 in Tukey’s HSD test. ns indicates no significance at the test. Data of 12 individual isoflavones, TIMG, TIAG, TIG, and TIA, for correlation analysis were calculated by the time-dependent dry-heating and wet-heating values, ranging from 0 to 120 min treatments.
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