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Abstract

This is the first study to report the effects of frozen soil storage on adzuki and red kidney beans. Adzuki and red
kidney beans were stored for 15 months in polyethylene or paper bags under three different conditions: natural
cold energy storage in frozen soil, storage in a freezer at -20 °C, and storage at a constant temperature of 25 °C.
Samples were collected from every treatment group every 3 months, and qualities related to processing (bean
paste yield and cooked bean hardness), seed moisture content, one-hundred seed weight, seed density, and
sample physical properties (electrical conductivity and soluble solid content) were evaluated. Frozen soil storage
resulted in the least deterioration of important qualities in adzuki and red kidney beans. We also showed that the
electrical conductivity value and soluble solid content of the liquid used for soaking beans can be used to
evaluate the processing suitability of cooked beans.
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1. Introduction

Adzuki beans (Vigna angularis (Willd.) Ohwi et H. Ohashi) are widely grown in East Asian countries such as
China and Japan, as well as in the Korean Peninsula (Watanabe, 2000). These beans have high nutritional value.
Their protein content is approximately 20%; anthocyanin is abundant in the seed coat, and minerals such as zinc
also are abundant (Kagawa, 2010). These beans have traditionally been widely used in Japanese sweets, such as
dorayaki and amanatto (a boiled bean paste of adzuki and red kidney beans), and Chinese food items, including
jelly and steamed bread (Hatai, 1994).

Red kidney beans (Phaseolus vulgaris L.) were introduced from Latin America to Japan and are grown
worldwide. These beans also have high nutritional value and are used in amanatto (Kokubun, 2010).

Hokkaido, in the northernmost region of Japan, produces 86% of adzuki beans and 94% of kidney beans in this
region (Ministry of Agriculture, Forestry and Fisheries, 2010). Fluctuations in planted acreage and weather
conditions affect production. Therefore, it is important to develop storage methods that can ensure a stable
supply of high-quality beans (Kato, 2002). Long-term storage of red kidney beans under poor conditions leads to
the hard-to-cook (HTC) phenomenon, in which the suitability of the beans for processing declines (Moscoso et
al., 1984). Storage at high temperatures (30 °C) also reduced the processing suitability of adzuki beans (Yousif et
al., 2002).

In recent years, storage systems that use natural cold energy, rather than freezers that require fuel to operate and
cause greenhouse gases to be emitted, have been implemented as a measure to avoid global warming. About 140
such facilities were created in Hokkaido in June 2010 (Planning and Follow-up Group, Development Research
Division, Development Administration, 2010). Tsuchiya et al. (1994) reported that storage systems that used
natural cold energy are cost-effective, emit less carbon dioxide than freezers, and can reduce the global burden
on the environment. In particular, frozen soil storage that does not use power has been used to store vegetables
such as potatoes. Storage under these conditions positively affected quality and led to saccharification and sprout
inhibition. According to one study, the sugar content of potato stored in frozen soil storage for 4 months
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increased (Tsuchiya & Ryokai, 1990). However, no studies have reported the effects of frozen soil storage on
adzuki and red kidney beans.

In this study, adzuki and red kidney beans were stored under frozen soil storage by using a heat-pipe system;
stored in a freezer at -20 °C, which is known to be an effective method of maintaining food quality during long
storage; and maintained at a constant temperature of 25 °C, the usual temperature used for storing beans.
Processing suitability values of the beans after storage were compared across the three conditions, in order to
reveal the method that most efficiently and conveniently maintained processing suitability.

2. Materials and Methods
2.1 Plant Materials

Adzuki beans and red kidney beans were harvested in October 2009 at Otofuke, Tokachi, Hokkaido. The beans
were maintained at 5 °C in the dark until the assays were performed in March 2010.

2.2 Storage Conditions

The beans were stored under frozen soil storage by using a heat-pipe system (NCE; temp.: 7.1 °C + 3.4; relative
humidity (RH): 84.8% + 4.4, Obihiro City, Hokkaido, Japan); in a freezer at -20 °C (FS; RH: 35.5% + 17.1); and
at a constant temperature of 25°C (CS; RH: 41.3% =+ 5.9). There was no difference in the temperature or
humidity of NCE storage, as measured in a study that spanned 1988 to 1993 (Tsuchiya & Ryokai, 1996).
Temperature and humidity for each storage condition and the outside environment in Hokkaido from March
2010 to February 2011 are shown in Figure 1 (Feng, 2015; Japan Meteorological Agency, 2015). The average
temperature from March 2010 to February 2011 in Obihiro City, Hokkaido, Japan, was 7.9 °C + 10.4, and
relative humidity was 72.6% + 6.2. There was no significant difference between the average temperature of NCE
storage and the external environment in Obihiro City (p <0.01).

A 1.4-kg portion of the bean sample was placed in polyethylene zipper bags (sealed bags, SB) having dimensions
of 270 mm x 280 mm x 0.04 mm (Daiwa Bussan Co., Ltd.). The average humidity in the SB remained stable
during the storage period (RH: adzuki beans, 54.8% + 7.1; red kidney beans, 55.0% + 4.2). The remaining
samples were stored in paper bags (PB; tertrapack; tare weight, 280 g; Japan Toyo Paper Co., Ltd.) having
dimensions of 830 mm x 417 mm x 0.4 mm.
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Figure 1. Changes in the temperature and humidity of each storage condition and Hokkaido, Japan from 3/2010 to
2/2011. NCE, natural cold energy (storage in frozen soil with a heat pipe type system ); FS, storage in a freezer at
20 °C; CS, storage at a constant temperature of 25 °C (Feng, 2015; Japan Meteorological Agency, 2015)

2.3 Sample Collection

From March 2010 to May 2011, a sample from each of the three storage conditions was collected every three
months (1.4 kg/time).

2.4 Seed Moisture Content

The seed moisture content (SMC) was measured using the AOAC method (Cunniff, 1995). The decrease in
moisture content was measured after the seeds were placed in an oven at 105 + 5 °C for 24 h.
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2.5 Seed Traits

Hundred-seed weight (100 SW) and seed density were measured, separately determining the weight of 100
randomly selected seeds of each type of stored beans. In addition, 50 g beans and 250 mL deionized water were
placed in a 500-mL measuring cylinder, the cylinder was sealed to prevent the entry of air, and the volume was
recorded. The weight (g) and volume (mL) values were used to calculate the seed density (g/mL) (Giami &
Okwechime, 1993).

2.6 Physical Properties and Processing Suitability

In order to measure the processing suitability of beans, 250 mL deionized water was added to 50 g bean seeds.
The beans were soaked for 18 h in an incubator at 25 °C, removed from the soaking liquid, and weighed. The
hydration coefficient was calculated (El-Refai et al., 1988). The liquid in which the beans were soaked was
collected and filtered, and its electrical conductivity and soluble solid content were measured using a digital
electric conductivity meter (DEC-1; Atago Co., Ltd.) and digital pocket refractometer (PAL-Patissier; Atago Co.,
Ltd.), respectively. Subsequently, the soaked beans were placed in a beaker, 250 mL deionized water was added,
and the beans were autoclaved for 20 min at 95 °C. They were then cooled at room temperature for 15 min, and
the liquid and beans were separated using a bamboo basket. The hardness of the cooked beans was measured
using a texture-analyser with a flat 2-mm diameter steel punch that was applied with a crosshead speed of 30 cm
min™ (Stable Micro System Co., Ltd.), according to the method described by Reyes-Moreno et al. (1994). A total
of 3*10 beans were punched individually for each treatment and the mean peak force was calculated in Newtons
per seed (N seed™). Finally, the seed coat of the cooked beans was separated by passing the beans through a
0.5-mm sieve, washing them three times with 1 L deionized water, and squeezed using a bleached cotton cloth
bag to prepare a raw bean paste. The yield of the paste was calculated as follows: bean paste yield = raw bean
paste dry weight/bean dry weight x 100.

2.7 Statistical Analysis

All the data are expressed as means + standard deviation (SD). Analysis of variance (ANOVA) with Tukey’s
studentized range (HSD) test was conducted using SAS 9.3, and differences were considered significant at p <
0.01.

3. Results

The changes in SMC, seed traits, and processing suitability of adzuki and red kidney beans stored under the three
different conditions are shown in Tables 1-4.

3.1 Seed Moisture Content

The SMC of red kidney beans was higher than that of adzuki beans stored in PB (Tables 1 and 2). There was
almost no difference in the SMC of the two types of beans stored in the SB under the three storage conditions for
15 months. The SMC of both types of beans was greatest when they were stored in PB at NCE for 15 months,
and that of beans stored in PB at CS was the smallest. Thus, packaging in SB might suppress the variation in
moisture content of both types of beans.
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Table 1. Changes in the seed moisture content, hundred seed weight, seed density, and hydration coefficient of

adzuki beans

SB
Storage time Seed moisture content (%)
(months) NCE FS CS
0 12.3+1.0a 12.3+1.0a 12.3+1.0a
3 11.8+0.1a 12.3+0.1a 11.4£0.1a
6 11.8+0.1a 11.6+0.1a 11.8+0.0a
9 11.8+0.0a 12.2+0.3a 11.9£0.0a
12 12.3+0.1a 12.2+0.1a 11.9+0.4a
15 12.4+0.5a 12.240.1a 12.0+0.1a
Hundred seed weight (g)
NCE FS CS
0 13.2+0.1a 13.2+0.1a 13.2+0.1a
3 13.0+0.1a 13.3+0.2a 13.5+0.3a
6 13.1+0.1a 13.2+0.2a 13.1+0.2a
9 13.0+0.1a 13.1+0.1a 13.1+0.2a
12 13.1+0.1a 13.1+0.1a 12.84+0.2a
15 12.94+0.1a 13.1+0.1a 13.1+0.1a
Seed density (g/mL)
NCE FS CS
0 1.32+0.0a 1.32+0.0a 1.32+0.0a
3 1.32+0.0a 1.29+0.0a 1.33+0.0a
6 1.3240.0a 1.314+0.0a 1.33+0.0a
9 1.32+0.0a 1.32+0.0a 1.33+0.0a
12 1.32+0.0a 1.32+0.0a 1.32+0.0a
15 1.3240.0a 1.3240.0a 1.3240.0a
Hydration coefficient
NCE FS CS
0 235+4a 235+4a 235+4a
3 23949a 246+5a 243+5a
6 236+5a 235+4a 237+6a
9 238+0a 236+0a 237+1a
12 23740a 236+0a 237+2a
15 237+0a 236+0a 236+0a
PB
Storage time Seed moisture content (%)
(months) NCE FS CS
0 12.3+1.0a 12.3+1.0a 12.3+1.0a
3 14.1+0.2a* 12.44+0.0ab 8.6+0.2¢c*
6 15.3+0.3a* 12.4+0.1b 11.4+0.1c*
9 15.94+0.1a* 12.9+0.1b 9.1+0.1c*
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12
15

16.5+0.1a* 13.3+0.2b
15.6+0.2a* 12.69+0.1b*
Hundred seed weight (g)
NCE FS
13.240.1a 13.240.1a
13.9+0.2a 13.4+0.2ab
13.8+£0.2a 13.2+0.1ab
13.8+0.3a 13.2+0.2a
13.8+0.2a 13.2+0.1b
14.0£0.1a 13.1£0.1b
Seed density (g/mL)

NCE FS
1.32+0.0a 1.32+0.0a
1.33+0.0a 1.33+0.0a
1.32+0.0a 1.28+0.0a
1.32+0.0a 1.32+0.0a
1.32+0.0a 1.32+0.0a
1.32+0.0a 1.32+0.0a
Hydration coefficient

NCE FS

235+4a 235+4a
240+9a 241£10a
239+7a 236+5a
239+1a 239+3a
240+2a 238+0a
240+2a 238+0a

7.4+0.1c*
5.7+0.1¢c*

CS

13.2+0.1a
12.6+0.2b
13.1+0.1b
12.440.1b
12.1+0.0c
12.320.1c¢

CS

1.32+0.0a
1.35+0.0a
1.31£0.0a
1.32+0.0a
1.32+0.0a
1.32+0.0a

CS

235+4a
243+7a
236+5a
236+7a
236+5a
234+5a

NCE, natural cold energy (storage in frozen soil with a heat pipe type system ); FS, storage in a freezer at 20 °C;
CS, storage at a constant temperature of 25 °C; SB, sealed bags; PB, paper bags. Data are expressed as means +
SD (n = 3). The values with different superscript letters in the same row are significantly different among the
storage conditions (p < 0.01). The superscript * indicates significant difference in the data presented in the
columns compared with the values for 0 month (p < 0.01).

3.2 Seed Traits

The 100 SW of adzuki beans placed in SB was not significantly different across the three storage conditions
(12.1-14.0 g), whereas that of adzuki beans stored at NCE in PB was the greatest, indicating the highest retention
of moisture content (Table 1). On the other hand, there was no significant difference in the 100 SW of red kidney
beans stored under the three storage conditions in SB and PB (67.9-72.5 g; Table 2).

There were no changes in seed density of adzuki and red kidney beans, irrespective of the storage conditions or
packaging methods used (Tables 1 and 2).
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Table 2. Changes in the seed moisture content, hundred seed weight, seed density, and hydration coefficient of

red kidney

SB
Storage time Seed moisture content (%)
(months) NCE FS CS
0 13.2+0.2a 13.2+0.2a 13.24+0.2a
3 11.3£0.2a* 11.2+0.5a 11.5+0.3a*
6 12.0+0.2a* 12.5+0.2a 12.2+0.2a*
9 12.2+0.1a* 12.8+0.1a 13.3+0.2a
12 13.6+0.7a 13.3+0.8a 13.1+0.1a
15 11.8+0.2a* 11.8+0.5a 12.0+0.1a*
Hundred seed weight (g)
NCE FS CS
0 67.9+3.3a 67.9+3.3a 67.9+£3.3a
3 70.9+0.7a 68.6+2.0a 70.4+1.2a
6 70.5+0.8a 69.2+0.8a 69.3+2.0a
9 70.6+0.8a 67.9+2.0a 69.0£1.9a
12 69.9+1.1a 69.5+1.4a 67.8+0.6a
15 68.7+0.8a 67.8+1.4a 70.4+1.2a
Seed density (g/mL)
NCE FS CS
0 1.27+0.0a 1.27+0.0a 1.27+0.0a
3 1.25+0.0a 1.25+0.0a 1.26+0.0a
6 1.25+0.0a 1.26+0.0a 1.284+0.0a
9 1.25+0.0a 1.25+0.0a 1.25+0.0a
12 1.25+0.0a 1.25+0.0a 1.25+0.0a
15 1.2540.0a 1.2540.0a 1.2540.0a
Hydration coefficient
NCE FS CS
0 225+1a 225+1a 225+1a
3 226+t1a 227+1a 22442a
6 227+l1a 227+1a 225+1a
9 228+0a 224+1a 228+4a
12 229+5a 229+3a 229+1a
15 228+3a 228+3a 228+0a
PB
Storage time Seed moisture content (%)
(months) NCE FS CS
0 13.2+0.2a 13.2+0.2a 13.24+0.2a
3 14.6+0.3a 12.5+0.3b 7.2+0.5¢
6 17.1+0.7a* 13.2+0.1b 11.5£0.1b
9 20.24+0.8a* 12.9+1.4b 9.3+3.5b
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12 20.3+0.3a* 13.7£1.6b 10.2+0.2b
15 19.4+0.6a* 11.2+0.5b 9.8+0.9b
Hundred seed weight (g)

NCE FS CS
0 67.9+3.3a 67.9+3.3a 67.9+3.3a
3 72.5+1.9a 70.8+2.0a 70.9+1.1a
6 70.1£1.0a 69.4%1.1a 71.5£0.6a
9 69.9+0.9a 66.2+1.7a 67.9+1.6a
12 70.5+1.3a 68.5+0.8a 68.8+0.7a
15 68.7+0.8a 69.7+0.8a 70.7+£1.7a
Seed density (g/mL)
NCE FS CS
0 1.27+0.0a 1.27+0.0a 1.27+0.0a
3 1.25+0.0a 1.25+0.0a 1.26+0.0a
6 1.25+0.0a 1.26+0.0a 1.26+0.0a
9 1.25+0.0a 1.25+0.0a 1.25+0.0a
12 1.25+0.0a 1.25+0.0a 1.25+0.0a
15 1.25+0.0a 1.25+0.0a 1.25+0.0a
Hydration coefficient
NCE FS CS
0 225+1a 225+1a 225+1a
3 225+1a 227+2a 225+2a
6 225+3a 226+1a 224+1a
9 23243a 233+la 234+8a
12 231+la 234+3a 232+4a
15 229+2a 226+2a 223+43a

NCE, natural cold energy (storage in frozen soil with a heat pipe type system ); FS, storage in a freezer at 20 °C;
CS, storage at a constant temperature of 25 °C; SB, sealed bags; PB, paper bags. Data are expressed as means =+
SD (n = 3). The values with different superscript letters in the same row are significantly different among the
storage conditions (p < 0.01). The superscript * indicates significant difference in the data presented in the
columns compared with the values for 0 month (p <0.01).

3.3 Physical Properties and Processing Suitability

The hydration coefficient, electrical conductivity, soluble solid content, and hardness of beans stored under NCE
and FS conditions were not significantly different between the two types of beans (Tables 3 and 4). The values of
all the physical properties, except the hydration coefficient of adzuki and red kidney beans stored at CS,
significantly increased at 12 and 9 months (p < 0.01), respectively.

There was no significant difference in the paste yield of both the beans stored under NCE and FS conditions for
15 months (56.81-60.97% and 61.71-63.53%, respectively), whereas that of both the types of beans stored under
CS conditions decreased significantly (p < 0.01; Tables 3 and 4).

3.4 Correlation Between Physical Properties and Processing Suitability

The SAS software package was used to calculate the correlation coefficients between physical properties and
processing suitability. The hardness of adzuki beans was strongly positively correlated with both electrical
conductivity and the soluble solid content of the soaking liquid (rsg= 0.983, rpg= 0.935, rsg= 0.943, rpg = 0.944;
Figure 2). The correlation coefficients between physical properties and processing suitability of red kidney beans
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were similar to those of adzuki beans, as shown in Figure 3.

Table 3. Changes in physical properties and processing suitability of adzuki beans stored at different storage

conditions
SB
Storage time Electrical conductivity (uS/cm)
(months) NCE FS CS
0 900+0a 900+0a 900+0a
3 900+0a 900+0a 900+0a
6 900+0a 900+0a 900+0a
9 900+0b 900+0b 1067+58a*
12 900+0b 900+0b 1300+0a*
15 900+0b 900+0b 1467+58a*
Soluble solid content (Brix%)
NCE FS CS
0 0.4£0.1a 0.4+0.1a 0.4+0.1a
3 0.4+0.0a 0.4+0.0a 0.4+0.0a
6 0.4+0.0a 0.4+0.0a 0.4+0.0a
9 0.4+0.0a 0.4+0.0a 0.4+0.0a
12 0.4+0.0b 0.420.0b 0.6+0.0a*
15 0.4+0.0b 0.4+0.0b 0.6+0.0a*
Hardness of cooked beans (N/seed)
NCE FS CS
0 0.529+0.0a 0.529+0.0a 0.529+0.0a
3 0.534+0.0a 0.520+0.0a 0.505+0.0a
6 0.551+0.1a 0.535+0.1a 0.702+0.1a*
9 0.538+0.0b 0.537+0.1b 1.140+0.2a*
12 0.548+0.1b 0.505+0.1b 2.724+0.1a*
15 0.540+0.1b 0.517+0.0b 3.739+0.1a*
Yield of bean paste (%)
NCE FS CS
0 59.43+2.3a 59.434+2.3a 59.43+2.3a
3 59.13+3.2a 59.76+2.5a 58.684+2.7a
6 59.47+3.0a 59.83+4.0a 58.47+2.1a
9 60.97+2.3a 60.83+2.6a 52.73+1.8a
12 57.87+1.6a 60.40+1.0a 38.06+2.9b*
15 58.27+2.0a 58.00+3.3a 19.63+1.3¢*
PB
Storage time Electrical conductivity (uS/cm)
(months) NCE FS CS
0 900+0a 900+0a 900+0a
3 900+0b 900+0b 1333+58a
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900=+0b 900=+0b 1400+100a
900=+0b 900=+0b 1933+58a*
12 900=+0b 900+0b 2233+58a*
15 900=+0b 900=+0b 2600+100a*
Soluble solid content (Brix%)
NCE FS CS
0 0.4+0.1a 0.4+0.1a 0.4+0.1a
3 0.440.0a 0.4+0.0a 0.5+0.0a
6 0.440.0a 0.4+0.0a 0.5+0.0a
9 0.4+0.0b 0.4+0.0b 0.7+£0.0a
12 0.4+0.0b 0.4+0.0b 0.8+0.1a*
15 0.4+0.0b 0.4+0.0b 0.9+0.0a*
Hardness of cooked beans (N/seed)
NCE FS CS
0 0.529+0.0a 0.529+0.0a 0.529+0.0a
3 0.532+0.0a 0.518+0.0a 0.542+0.0a
6 0.530+0.1a 0.513+0.1a 0.539+0.0a
9 0.540+0.0b 0.512+0.1b 0.949+0.1a*
12 0.528+0.0b 0.496+0.1b 1.062+0.1a*
15 0.526+0.0b 0.500+0.0b 1.139+0.1a*
Yield of bean paste (%)
NCE FS CsS
0 59.43+2.3a 59.43+2.3a 59.43+2.3a
3 58.74+2 9a 58.60+4.4a 57.63+2.6a
6 59.93+4.1a 59.31+3.0a 57.96+2.5a
9 58.85+1.8a 59.83+1.9a 53.17+£3.3a*
12 57.88+2.1a 56.81+1.3a 46.18+3.2b*
15 58.55+1.1a 57.53+2.6a 44.10+0.8b*

NCE, natural cold energy (storage in frozen soil with a heat pipe type system ); FS, storage in a freezer at 20 °C;

CS, storage at a constant temperature of 25 °C; SB, sealed bags; PB, paper bags. Data are expressed as means =
SD (n = 3). The values with different superscript letters in the same row are significantly different among the
storage conditions (p < 0.01). The superscript * indicates significant difference in the data presented in the
columns compared with the values for 0 month (p <0.01).
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Table 4. Changes in the physical properties and processing suitability of red kidney beans stored at different
storage conditions

SB

Storage time

Electrical conductivity (uS/cm)

(months) NCE FS CS
0 800+0a 800+0a 800+0a
3 800+0a 833+58a 800+0a
6 800+0a 800+0a 800+0a
9 800+0b 800+0b 900+0a*
12 800+0b 800+0b 900+0a*
15 800+0b 800+0b 1100+0a*
Soluble solid content (Brix%)
NCE FS CS
0 0.4+0.1a 0.4£0.1a 0.4£0.1a
3 0.4+0.0b 0.4+0.0b 0.5+0.0a*
6 0.4+0.0a 0.4+0.0a 0.4+0.0a
9 0.4+0.0b 0.4+0.0b 0.5+0.0a*
12 0.4+0.0b 0.4+0.0b 0.5+0.0a*
15 0.4+0.0b 0.4+0.0b 0.5+0.0a*
Hardness of cooked beans (N/seed)
NCE FS CS
0 1.127+0.0a 1.127+0.0a 1.127+0.0a
3 1.151+0.1a 1.119£0.1a 1.175+0.3a
6 1.117+0.1a 1.107+0.1a 1.184+0.2a
9 1.113+0.1b 1.064+0.1b 3.826+0.2a*
12 1.131£0.1b 1.085+0.0b 3.939+0.2a*
15 1.109+0.2b 1.055+0.2b 5.968+0.5a*
Yield of bean paste (%)
NCE FS CS
0 63.53+2.8a 63.53+2.8a 63.53+2.8a
3 62.70+4.1a 62.51+4 .4a 61.06+4.7a
6 62.56+2.3a 62.02+2.7a 61.04+3.0a
9 61.9242.6a 62.04+3.3a 43.03+3.6b*
12 61.90+2.9a 62.84+3.0a 41.30+1.3b*
15 62.09+1.3a 62.84+3.0a 26.13+0.8b*
PB
Storage time Electrical conductivity (uS/cm)
(months) NCE FS CS
0 800+0a 800+0a 800+0a
3 800+0a 800+0a 933+58a
6 800+0a 800+0a 800+0a
9 800+0b 800+0b 1100+0a*
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12 800+0b 800+0b 1100+0a*
15 800+0b 800+0b 1000+0a*
Soluble solid content (Brix%)
NCE FS CS
0 0.4£0.1a 0.4£0.1a 0.4£0.1a
3 0.4+0.0b 0.4+0.0b 0.5£0.0a
6 0.4+0.0a 0.4+0.0a 0.4+0.0a
9 0.44+0.0b 0.44+0.0b 0.6+0.0a*
12 0.4+0.0b 0.4+0.0b 0.6+0.0a*
15 0.4+0.0a 0.4+0.0a 0.4+0.0a
Hardness of cooked beans (N/seed)
NCE FS CS
0 1.127+0.0a 1.127+0.0a 1.127+0.0a
3 1.188+0.1a 1.111+0.0a 1.262+0.1a
6 1.207+0.0a 1.066+0.1a 1.208+0.2a
9 1.199+0.0b 1.104+0.0b 2.267+0.0a*
12 1.202+0.0b 1.114+0.0b 2.275+0.0a*
15 1.075+0.0b 1.136+0.0b 2.220+0.0a*
Yield of bean paste (%)
NCE FS CS
0 63.53+2.8a 63.53£2.8a 63.53+2.8a
3 62.86x1.1a 63.17+2.8a 61.57+5.2a
6 61.71+4.6a 62.16+4.5a 61.47+4.0a
9 63.00+1.0a 63.23+2.1a 48.61+2.8b*
12 62.00+5.0a 62.08+3.0a 47.61+4.2ab*
15 62.43+£2.3a 60.51+4.0a 44.50+1.6b*

NCE, natural cold energy (storage in frozen soil with a heat pipe type system ); FS, storage in a freezer at 20 °C;
CS, storage at a constant temperature of 25 °C; SB, sealed bags; PB, paper bags. Data are expressed as means =+
SD (n = 3). The values with different superscript letters in the same row are significantly different among the
storage conditions (p < 0.01). The superscript * indicates significant difference in the data presented in the
columns compared with the values for 0 month (p <0.01).
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Figure 2. Correlation between yield of bean paste (A, rSB =-0.970, rPB = -0.861), soluble solid content (B, rSB
=0.943, rPB= 0.944), electrical conductivity (C, rSB = 0.983, rPB = 0.935), and hardness of cooked adzuki
beans stored at different storage conditions (p < 0.01, n = 48)
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Figure 3. Correlation between yield of bean paste (A, rSBs =-0.970, rPBs = -0.875), soluble solid content (B,
rSBs = 0.751, rPBs = 0.686), electrical conductivity (C, rSBs = 0.942, rPBs = 0.919), and hardness of cooked red
kidney beans stored at different storage conditions (p < 0.01, n = 48)
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4. Discussion

Adzuki and red kidney beans stored in SBs in frozen soil for 15 months showed good processing suitability that
was similar to that obtained after storage at -20 °C. In particular, sensory evaluation of both the beans stored in
SB in the frozen soil was significantly higher than that of beans stored using other methods. Therefore, a
temperature of 7.1 °C and RH of 55.0% (SB in frozen soil storage) were considered the best storage conditions
for adzuki and red kidney beans. In order to maintain a high RH and low temperature in frozen soil storage, a
heat pipe is used to transfer cold energy to the underground storage location. This process does not require power
and saves energy by using natural conditions to maintain a cold environment (Tsuchiya, 2004). It is likely that
frozen soil storage can be efficiently implemented in Hokkaido, Japan, which has a cold climate.

The hardness of cooked beans and the amount of paste yield are important values that can predict whether the
HTC phenomenon might occur. Frozen soil storage and storage at -20 °C efficiently maintained the hardness and
paste yield of both the types of beans. However, both the bean parameters increased remarkably after constant
storage at 25 °C. This finding is in agreement with that of Kato et al. (2000), who showed that adzuki beans
stored for extended periods at high temperatures needed a longer time to cook to attain the same tenderness as
beans stored under more suitable conditions. Liu et al. (1992) also showed that long-term storage of cowpeas at
30 °C increased the seed hardness from 15.8 to 91.2 N-g”', whereas there was no change in seed hardness of
beans stored at -18 °C. Similarly, the hardness of common beans (Phaseolus spp.) stored at 30-35 °C increased
by 3—6 N per seed (Del-Valle & Stanley, 1995).

To determine the association between high temperature and HTC, Nakazato et al. (1986) investigated the effects
of high temperature on kidney beans stored at high, medium, and low temperatures. They found a positive
correlation between the hardness of beans and the insoluble pectin present in the cell walls and showed that
beans stored at high temperature had the highest amount of insoluble pectin. On the other hand, Bhatty (1990)
found that lignin content varied between beans that cooked quickly and those that took a long time to cook
(1.2-1.7%). Therefore, insoluble pectin and lignin are considered to be responsible for the development of HTC.

The processing suitability was better when the beans were placed in SB and PB in frozen soil storage, storage at
-20 °C for 15 months, or constant storage at 25 °C for 6 months. Berrios et al. (1999) reported that black beans
stored constantly at 4.5 °C with an RH of 50-60% exhibited the high-quality characteristics found in fresh beans,
such as shorter cooking time, smaller quantities of solid loss and electrolyte leaching, and lower percentage of
hardshell, than those found in beans stored under other conditions (23-25 °C; RH, 30-50%). Storage of legumes
for extended periods at high temperatures (30 °C) increases the thickness of the cotyledon cell wall, especially of
the middle lamella and secondary cell wall (Hincks & Stanley, 1987). In our research, we found that constant
humidity (SB storage) was associated with poor processing suitability of beans stored at 25 °C (a relatively high
temperature). Beans stored at this temperature also showed poor processing suitability when the storage humidity
was lower. However, humidity had no effect on the processing suitability of beans stored at -20 °C (FS) or 7.1 °C
(NCE).

Electrical conductivity and soluble solid content of both types of beans showed no change after storage in frozen
soil or in a -20 °C freezer for 15 months; however, constant storage at 25 °C for 3 to 9 months significantly
increased the electrical conductivity and soluble solid content. Storage of legume seeds under poor conditions
(high temperature and RH) for extended periods damages their cell membrane, allowing divalent cations to leak
from the cells (Liu, 1995).

The SMC was retained by storing the adzuki beans in SB. Similarly, features associated with high quality
(percentage weight loss, moisture content, fatty acid content, and color) of corn grains stored in sealed
enclosures were well maintained with minimal damage by insects at the completion of the storage trial (Gras et
al., 1990).

Bean hardness had a high positive correlation and paste yield had a negative correlation with electrical
conductivity and soluble solid content of the soaking liquid of adzuki and red kidney beans. This finding
suggests that the electrical conductivity and soluble solid content of the liquid used to soak beans may be used to
evaluate the processing suitability of cooked beans and the paste yield of adzuki and red kidney beans.
Nasar-Abbas et al. (2008) reported that solute and electrolyte leakage and the hardness of faba beans stored at
5-50 °C increased with increasing storage temperature. The soluble solid content of soaking liquid of soybeans
stored under different storage conditions was correlated with processing suitability (Hira, 1983). Therefore, some
researchers have hypothesized that electrical conductivity and the release of soluble solid content from bean cells
might reduce their water affinity and water-holding capacity in accordance with osmotic principles, thereby
affecting the processing suitability of beans (Jones & Boulter, 1983; Berrios et al., 1999; Nasar-Abbas et al.,
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2008).
5. Conclusions

The results of this study indicated that the deterioration of processing suitability of adzuki and red kidney beans
could be inhibited by using frozen soil storage. When both types of beans were stored in sealed bags in a natural
cold storage system, their taste was retained and the HTC phenomenon was prevented. Electrical conductivity
value and soluble solid content of the liquid used for soaking beans may be used to evaluate the processing
suitability of cooked beans.
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