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We investigated the effect of hermetic long-term (9-year) storage at room temperature on the
chemical compositions and histological structure of soybean seeds that had been cultivated by two farming
systems [conventional farming (CF) or organic (natural) farming (OF)]. Soybean seeds had been harvested
from plants cultivated in the field under CF practices, or in a neighboring field where OF practices had
been used for over 3 years. Protein content, calcium (Ca), potassium (K) and phosphorus (P) content of
OF soybean seeds were higher than CF seeds just after harvesting. However, after long—term storage, pro-
tein content of OF soybean seeds was significantly higher than CF seeds. In addition, there were many
minerals with a higher content (in particular, K) of OF soybean seeds. The breaking strength and pH of OF
soybean seeds were higher than CF ones. Optical microscopic examination revealed collapsed tissue and
gaps in the internal and external parts of CF soybean seeds. Transmission electron microscopic pho-
tographs of CF soybean seeds confirmed the presence of collapsed cell walls and protein bodies. These
results indicate that the type of farming system (inorganic or organic fertilizers) used results in differences
in chemical compositions and histological structure of product during storage. In addition, our results indi-
cated that high Ca content of OF soybean seeds strengthened cell wall structure, and prevented the loss of

contents during storage.
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INTRODUCTION

Various methods, such as cool storage or CO, gas
storage, are used to keep farm products such as grains
and seeds (Calderwood et al., 1984; Zhou et al., 2002).
However, the quality of the products inevitably deterio-
rates during storage (Hoshi et al., 1982; Sripichitt et al.,
1989; Yamamoto and Shirakawa, 1999; Matsue et al.,
2003; Hou and Chang, 2004a, b). A number of physio-
logical and physicochemical changes take place and are
usually termed ageing (Narayan et al., 1988a, b; Zhou et
al., 2002). These changes affect colour, flavour, texture
and the occurrence of mold (Wilkins and Scholl, 1989;
Zhou et al., 2002). Until now, there have been few
reports (Benge et al., 2000; Asami et al., 2003) about
changes in quality (especially chemical composition) of
organically grown and conventional products under stor-
age; furthermore, reports of comparative tests have
shown that quality after storage is better in organic
products than in conventional products (Asami et al.,
2003; Lotter, 2003). This suggests that these differ-
ences may result from differences in the farming sys-
tems, in particular, the form of fertilizer (organic versus
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inorganic) used as a source of nutrition. However, there
is little data with regard to the chemical composition
and histological changes of products from conventional
farming (CF) or organic (natural) farming (OF) systems
after long—term storage. We assume that the degree of
deterioration is determined, to some extent, by the
histological structure of the cell walls and chemical com-
position (Narayan et al., 1988a,b; Zhou et al., 2002;
Asami et al., 2003).

The method of natural farming on equal terms with
OF was advocated in Japan by Okada (1982), who
emphasized the importance of soil health and microbial
biodiversity and is conceptually similar to the sugges-
tions of France (1921). Taken together, our results and
the reports by Okada (1982) and France (1921) indicate
that the type of farming system affects the morphology
of the products, and that the effect was mainly due to
the type of fertilizer that was used, namely chemical or
organic (Nakamura, 1988, 1989; Nakamura et al., 2003).
However, the effect of the type of farming on the mor-
phogenesis of products or change during cooking and
storage has not been clarified. On the other hand, the
OF system has attracted attention throughout the world
(Reganold et al., 2001; Tilman et al., 2002; Altieri and
Nicholls, 2003). However, until now the chemical and
histological differences between CF and OF products
have not been delineated (Woese et al., 1997; Brandt
and Mglgaard, 2001). In Japanese agriculture, use of the
OF system is presently in a minority, and the volume of
the products produced is small (Neera et al., 1992,
1999).

We studied the chemical compositions and histologi-
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cal changes of soybean seeds that had been cultivated
by CF or OF practices followed by harvest and
long—term storage to evaluate the significance of organic
substances and soil biota on the chemical compositions
and cell morphology of soybean seeds.

MATERIALS AND METHODS

Materials

Seeds of soybean (Glycine max L. Merr. variety
Horei) were sampled during the harvest season (in
Nov.) from upland fields of CF and OF in the Tohoku
National Agricultural Research Center in Fukushima city
in a district in northeastern Japan.

Historically, the CF fields had been farmed conven-
tionally (receiving chemical fertilizers and agricultural
chemicals that were standard for the respective
district), while the OF fields had been cultivated natu-
rally for over 3 years without chemical fertilizers or agri-
cultural chemicals and using no-till planting and
weeding (which had been performed several times dur-
ing the course of this study). The soil conditions and
agricultural practices in Fukushima were reported in
detail by Nakamura et al. (2003). Approximately 500 g
of each material was used for this study.

Storage conditions

The materials were soybean seeds that had been
harvested in 1995 and stored for 9 years under hermetic
conditions at room temperature and shield from light.

Measurement of dry matter, protein, lipid and ash
contents after harvest and long—term storage

Samples (100 g) from harvest and long—term storage
(in Nov. 2004) were powdered, and the proximate com-
position was measured using the methods of Anonymous
(1990). Moisture content was measured by heating the
sample to 110°C for 18 h. Crude protein content was
measured by the Kjeldahl method. The coefficient of
conversion from the amount of nitrogen to crude protein
content was 5.71 based on the Standard Tables of Food
Composition in Japan (STFCJ 2001). Crude lipid con-
tent was measured by the Soxhlet Extraction System
(Sanyoh MFG Co. Ltd., Osaka, Japan). Crude ash con-
tent was measured by heating the sample to 600°C for
24 h.

Samples after harvest were measured for protein
and lipid content only. In addition, each food product
type was assayed in one (after harvest) or ten (after
long—term storage) replicates.

Simple qualitative analysis of mineral composi-
tions after harvest and long—term storage

To prevent trace metal contamination of the sam-
ples by laboratory equipment, all laboratory ware was
soaked in 2M HNO, for 48h, rinsed five times with dis-
tilled water, and then five times with deionized water
prior to use. Deionized water, of resistivity greater than
18Q/cm and pressure of 4kg/cm? at 25°C, was prepared
by passing singly ultra—pure water through Ultra Pure

Water System (type: CPW-100-CCS-1) (Advantec Toyo
Kaisha, Ltd., Tokyo, Japan). For measurement of toxic
metals, tissue samples (3 g) were digested with concen-
trated nitric acid (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan). Samples were heat—treated at 120°C on
a hot plate with hydrogen peroxide (Wako Pure
Chemical Industries, Ltd., Osaka, Japan) until sample
solution became transparent. By adding ultra—pure
water, sample solutions were adjusted to 100 mL total
volume.

Mineral content of each sample was analyzed for
detectable minerals by an Inductively Coupled Plasma —
Atomic Emission Spectrometer (IRIS intrepid XDL)
(Thermo Electron Co., Waltham, MA, USA). The final
reported values are the mean of three replicate determi-
nations. However, data of sodium (Na) was not shown
because a glass flask for the heat-treatment. Analysis
conditions were: delay time, 0; sample substitution time,
60; and largest integral time, 20 (low) and 10 (high).

Samples after harvest were measured calcium (Ca),
potassium (K) and phosphorus (P) levels only. In
addition, each sample was assayed in one (after harvest)
or three (after long—term storage) replicates.

Measurement of the breaking strength after
long-term storage

Ten soybean seeds of each group, which had
absorbed water for 24h at room temperature, were
divided into half. A blade plunger was used to cut the
middle of seeds at a speed of 2cm/min, and maximum
force was recorded by a rheometer (RT-1002A, Fudoh,
Tokyo, Japan) 20 times for each group and was regarded
as the breaking strength.

Measurement of pH after long—term storage

The pH of soybean seeds after long—term storage
was measured using by a pH meter (F-53; Horiba,
Kyoto, Japan). The soybean samples (5g) were com-
bined with distilled water (20mL) in a test tube, and
were allowed to absorb the water at 4°C for 12h.
Samples were homogenized for 1 min at 10,000 rpm at
low temperature. The pH of the mixture was directly
measured by the electrode of a pH meter. Each sample
was assayed in three replicates.

Scanning electron microscopy after long-term
storage

The soybean seeds were cut 1x 1mm of surface of
seed coats and surface of seeds which stripped off seed
coat, and then mounted on aluminium holders with the
surface of seed coats and surface of the seeds which
stripped off seed coat. The specimens were coated with
Pt—Pd by an Ion Sputtering Device (Quick Auto Coater
JFC-1500, JEOL). The surface of seed coats and sur-
face of seeds which stripped off seed coat were exam-
ined under a scanning electron microscope (S—-2380N,
Hitachi, Tokyo, Japan).

Optical microscopy after long—term storage
In Nov. 2004, each sample was analyzed by optical
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microscopy. Ten equal-length soybean seeds were
randomly selected from storage bottles of each product
group (CF and OF); they were fixed in 5% glutaralde-
hyde (in 0.1 M phosphate buffer, pH 7.4), stored at 4°C
for 2 weeks, cut in two longitudinally, and stored in the
fixative at 4°C for 1 additional week. After dehydration
through a series of 50-to—100% ethanol washes, samples
were embedded in Technovit (Technovit 7100; Ohken
Co., Tokyo, Japan), and 3 um-thick, longitudinal sec-
tions were sliced using a microtome (Nippon Optical
Works, Tokyo, Japan). Sections were stained with a
0.1% toluidine blue and analyzed under an optical
microscope (BX-50; Olympus, Tokyo, Japan) (Fig. 1).

Fig. 1. Diagrams of cross-sections of soybean seeds used for
optical microscopy (OM).

Transmission electron microscopy after long—term
storage

Ten same-length soybean seeds (1x 1x 5mm)
selected by random sampling from each product group
(CF and OF) were fixed in 5% glutaraldehyde (in 0.1 M
phosphate buffer, pH 7.4) for 1 week. After being
washed with the sample buffer, they were post—fixed
with 1% osmic acid medium in 0.1 M phosphate buffer
(pH 7.4). Dehydration using a 50-to—-100% ethanol
series was performed before saturation with propylene
oxide. After embedding the seeds in epoxy resin (Epon
812: Ohken Co., Tokyo, Japan), ultra-thin sections
(90 nm thick) were prepared using an ultra—microtome
(MT 6000 Sorvall Instruments: Du Pont Co., Delaware,
USA). They were stained with 1% uranyl acetate and
lead citrate and observed under a transmission electron
microscope (H-800: Hitachi, Tokyo, Japan) with an
accelerating voltage of 100kV.

Statistical analysis
Means and standard errors of the proximate compo-
sition and proximate mineral compositions of each sam-

ple were calculated after long—term storage. A t—test
was used to determine significant differences between
the proximate compositions of CF and OF products after
long—term storage.

RESULTS AND DISCUSSION

Changes in the chemical and histological properties
of farming products occur after harvest and during
storage. For example, there are changes in smell, color
and texture (Narayan et al., 1988a, b; Zhou et al., 2002).
These changes are caused by consumption of organic
compounds (such as starch, protein, lipids, vitamins,
etc.) by respiratory processes and oxidation (Clark and
Snyder, 1991; Tanteeratarm et al., 1989; Angulo et al.,
1998; Zhou et al., 2002; Rukunudin et al., 2004).
Furthermore these chemical changes are effected by the
humidity (Patil et al., 1986) and temperature conditions
(Kaushik et al., 1987; Sorour and Uchino, 2004) during
storage, and they are accompanied by histological
changes (especially in texture) (Ojijo et al., 2000a, b;
Zhou et al., 2002).

The applied farming system itself affects the chemi-
cal and histological properties of the products (Yoshida
et al., 1984a, b, c; Benge et al., 2000; Brandt and
Mglgaard, 2001). In the present study, we observed
changes in the chemical compositions and histological
structure of the CF and OF soybean seeds under
long—term storage for 9 years under hermetic conditions
at room temperature and shielded from light. In the
present study, each of the sample products was kept in
good condition, and there was no evidence of mold,
harmful insect damage, or putrefaction (Fig. 2). There

Fig. 2. Photograph of each sample after long—term (9 years) stor-
age. CF: conventional farming, OF: organic farming. Bar(J
lem.

Table 1. Protein, lipid contents and mineral compositions of
the soybean seeds by conventional (CF) and organic
(OF) farming systems after harvest

Farming system

CF OF
Protein (% in dry weight) 33.1 35.1
Lipid 18.1 17.2
Ca (mglkg™" in dry weight) 1890 2010
K 17500 18100
P 4210 4510
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Table 2. Protein, lipid and ash contents of the soybean seeds by conventional (CF) and organic (OF) farming systems

after long—term storage

Farming system

CF OF
Mean S.D. Mean S.D. t-Test
Dry matter (%) 90.5 0.36 91.0 0.31 PO0.05
Protein (% in dry weight) 32.9 0.64 36.2 1.20 PO0.001
Lipid 8.71 1.07 8.75 0.77 PO0.05
Ash 3.82 0.14 3.96 0.16 PO0.05

S.D.: standard deviation.
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Fig. 3. The correlation of length and weight of soybean seeds
after long—term (9 years) storage. n[1 100.

Table 3. Difference of mineral contents of soybeans seeds by
conventional (CF) and organic (OF) farming systems
after long—term storage.

Farming system

CF OF
Difference
00100 mglkg* - K (0O 4250 mg)
0500 100 - Ca, P
0100 50 S Mg
01010 7n B, Ba, Ga, Mn, Sm

Not difference
Ag, Al, As, Au, Be, Bi, Cd, Ce, Co, Cr, Cu, Dy, Er, Eu, Fe, Gd,
Ge, Hf, Hg, Ho, In, Ir, La, Li, Lu, Mo, Nd, Ni, Pb, Pr, Pt, Ph, Ru,
Sb, Sc, Sn, Sr, Ta, Tb, Te, Ti, T1, Tm, V, W, Y, Yb, Zr,

Table 4. Comparison of breaking strength and pH of soybean seeds by conventional (CF) and organic (OF) farming

systems after long—term storage

Farming system

CF OF
Mean S.D. Mean S.D. t-Test
Breaking strength
0 2kgw) 16.7 3.5 17.7 2.0 PO0.05
pH 6.18 0.00 6.25 0.02 PO0.05

S.D.: standard deviation.

tended to be no differences in protein and lipid content
of soybean seeds after harvest (Table 1). In addition,
lipid content of soybean seeds of each group decreased
about 10 % after long—term storage (Table 1 and 2). In
the samples after long—term storage, however, the corre-
lation (r[J 0.8915) between length and weight of CF
soybean seeds was lower than that of OF seeds ([
0.9211) (Fig. 3), and the dry matter and protein con-
tent of the OF soybean seeds were higher (PO 0.05 and
0.001) than CF seeds (Table 2). On the other hand,
there were differences in the mineral compositions
(more than 100mg) of Ca, K and P content between CF
and OF soybean seeds after harvest (Table 1).
However, there was a great difference (more than
4000mg) in mineral content, in particular K content,
between CF and OF soybean seeds after long-term
storage (Table 3).

Next, we observed the morphological cell structure

of CF and OF soybean seeds after long-term storage.
By scanning electron microscopy, there was no differ-
ence in the morphological structure of the surface of the
seed coat and surface of seeds which stripped off seed
coat between CF and OF soybean seeds (Fig. 4).
Cross—sections of soybean seeds were used for optical
microscopy (Fig. 1). CF soybean seeds of soybean con-
tained many collapsed areas in parts A-D (Figs. 5a, c, e
and g; asterisks), whereas only few such areas were
found in OF soybean seeds (Figs. 5b and f; asterisks).
Of special note, cotyledon cells of CF soybean seeds
were transformed (Fig. 5g). Optical microscopic analy-
sis revealed that there were many collapsed areas and
gaps in the external and internal parts of the CF soy-
bean seeds, but not in those of OF seeds (Fig. 5). The
storage conditions in this study were thought to be too
severe (the samples were kept at ambient temperature).
Nevertheless, the OF products nearly maintained their
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Fig. 4. Scanning electron microscopic photographs of surface of seed coat (a, b) and surface of seeds which stripped off seed

TR lslad Y

80 umg

a2 52 Zaa

coat (c, d) of soybean seeds after long—term (9 years) storage. a, c: CF, b, d: OF. Bar{d 50 (a, b) and 8 (¢, d) pm.

original morphology. These results indicate histological
differences between CF and OF soybean seeds and
suggest that CF soybean seeds became porous under
storage, resulting in leakage of cell contents. Cross—sec-
tions of part C of soybean seeds were observed by
transmission electron microscope (Fig. 1). In seeds of
the CF soybean, collapsed cell walls (Figs. 6a, e, 7c, €;
asterisks) and protein bodies (Figs. 6¢ and 7a; black
arrows) were observed. The plasma membrane of the
CF soybean seeds was broken, and internal organelles
were observed flowing out (Fig. 7c; white arrows).
No collapsed organelles were detected in the seeds of
the OF soybeans (Figs. 6 and 7). Study of the OF soy-
bean seeds revealed clear protein bodies (Figs. 6b and
7b; PB), lipid granules (Fig. 7b; LG) and thick cell
walls (Figs. 7d and f; CW). In addition, protein bodies
were systematically surrounded by clear lipid granules
(Fig. 7b), and internal organelles were completely con-
tained by the thick cell walls (Fig. 7d).

Just after harvest, Ca content of CF soybean seeds
was lower (120mg) than OF ones (Table 1). The Ca
which exists in cell wall has functions such as the main-
tenance of cell wall structure by combination between
cell wall components (Tobias et al., 1993; White and
Broadley, 2003). In the cell wall of plants, Ca decreases
under threshold concentration for maintaining the cell
wall structure sometimes, and happen the Ca deficiency,
for example cracking of the skin in tomato fruit (White
and Broadley, 2003). Plants that have low Ca content
show advanced ageing of tissue and increases in bacte-
rial infections. Therefore, low molecular weight con-
tents may escape from tissue which has low Ca content
(Fig. 5). In this study, after 9 years of storage, the cell
morphological structure (in particular, the cell wall) of
CF soybean seeds collapsed (Figs. 7c and e). We
believe that the cell wall of CF soybean seeds collapses
during long-term storage because of low Ca content.
The breaking strength (an index of tissue strength) of
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Fig. 5. Optical microscopic photographs of part A (a, b), B (¢, d), C (e, f) and D (g, h) of soybean seeds after long—term (9
years) storage. a, c, e, g: CF, b, d, f, h: OF. C: cotyledon cells. Black arrow: inner layer, White arrow: outer layer.
Asterisks mark collapsed areas in soybean seeds. Bar[J 50 zm.
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Fig. 6. Transmission electron microscopic (TEM) photographs of part C of soybean seeds after long—term (9 years) storage.
a, c, e: CF, b, d, f: OF. CW: cell wall, LG: lipid granule, PB: protein body, SG: starch granule. Asterisks: gaps and
collapsed parts, Black arrows: collapsed parts. Bar[d 2 zm.
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e

Fig. 7. TEM photographs of part C of soybean seeds after long—term (9 years) storage. a, c, e: CF, b, d, f: OF. C: cytoplasm,
CW: cell wall, LG: lipid granule, PB: protein body. Asterisk: collapsed parts, Black arrows: collapsed parts, Large
black arrows: boundary between cell walls, White arrows: plasma membrane. Bar(] 500 nm.
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CF soybean seeds after long—term storage was lower
than OF ones (Table 4). In addition, the loss of con-
tents of CF soybean seeds was revealed by optical
microscopy (Fig. 5) and a decrease of dry matter and
other chemical compositions was observed (Table 2).
In this study, there was a great difference in K contents
(OF:0 4250 mg) between CF and OF soybean seeds
after long—term storage in comparison with the data
after harvest (Table 1 and 3). It is thought that the
low pH of CF soybean seeds after long—term storage may
be caused by the loss of K which exists mostly in the
cytoplasm (Table 4). Conceivably, the strong cell walls
of OF soybean seeds help maintain the histological
structure of seeds during long—term storage. Generally,
the dry weight of farming products decreases (Krishnan
et al., 2004), and chemical composition changes during
storage (Narayan et al., 1988a, b; Zhou et al., 2002).
However, there are no reports like this study, comparing
the chemical and histological changes in CF and OF
products under long—term storage. The results of this
study make it clear that CF practices accelerate the
deterioration of the cellular morphological properties of
its products. After all, the low Ca contents of CF soy-
bean seeds caused fragile cell walls and loss of contents
in this study.

We believe that the difference in the chemical and
histological characteristics between CF and OF soybean
seeds was caused by the type of applied fertilizer,
namely chemical or organic. It is known that the proper-
ties of soil subjected to inorganic farming differ from soil
subjected to organic farming in physiochemical (Clark et
al., 1998; Gunapala and Scow, 1998; Liebig and Doran,
1999; Schjgnning et al., 2002) and biological points
(Nakamura et al., 2000; Fujita and Fujiyama, 2001a, b;
Hirano et al., 2001). The OF fields in the present study
contained a rich soil fauna which in turn is likely to
affect the physicochemical properties of the soil
(Nakamura et al., 2003). In the OF soybean field, soil
properties [depth: 00 16 cm, pH: 5.350 5.66, electrical
conductivity (EC): 30.90 45.5uS, organic carbon
(Org—-C): 1.80 4.8%, cation exchange capacity (CEC):
19.10 25.6 meq/100g, and base—saturation: 36.5[1 59.8% |
differed from those of the CF fields (depth: 00 22 cm,
pH: 5.60, EC: 5b54.7uS, Org-C: 1.6%, CEC:
22.0meq/100 g, and base—saturation: 36.1%). Also, the
mean of the total number of enchytraeids found in soil
samples from the study period (Oct. 1991 to Oct. 1998)
in the OF soybean field was 549.9 individuals/m* (soil
depth: 000 5cm), in contrast with that of the CF field,
which had 16.7 individuals/m*) (Nakamura et al., 2003).
In addition, there were no earthworms in the CF field
throughout the study period, but abundant earthworms
were observed in the OF field (Nakamura et al., 2003).
These results from the present study resemble the
tendencies of the soil properties of both field types (CF
and OF) in other reports (Schjgnning et al., 2002;
Lotter, 2003). Thus, both biological and physicochemi-
cal factors may affect product quality of the different
farming systems (Nakamura, 1988, 1989; Woese et al.,
1997; Brandt and Mglgaard, 2001; Nakamura et al.,

2003). We guessed that the difference of change of CF
and OF soybean seeds during long—term storage was
caused by initial Ca contents. In another report (Kujira
and Nakayama, 1997), there was a difference (OF: [
13mg/100 g, no significance) of Ca contents between CF
and OF green soybean seeds after harvest. Therefore,
we consider that the absorption of Ca is inhibited by
antagonism between minerals, in particular N, P, K
which is present at higher levels due to chemical fer-
tilizer in CF soybean fields.
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