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�Background and Aims Soybean (Glycine max) is among the many legumes that are well known for ‘hardseeded-
ness’. This feature can be beneficial for long-term seed survival, but is undesirable for the food processing industry.
There is substantial disagreement concerning the mechanisms and related structures that control the permeability
properties of soybean seed coats. In this work, the structural component that controls water entry into the seed
is identified.
�Methods Six soybean cultivars were tested for their seed coat permeabilities to water. To identify the structural
feature(s) that may contribute to the determination of these permeabilities, fluorescent tracer dyes, and light and
electron microscopic techniques were used.
�Key Results The cultivar ‘Tachanagaha’ has the most permeable seed coat, ‘OX 951’ the least permeable seed coat,
and the permeabilities of the rest (‘Harovinton’, ‘Williams’, ‘Clark L 67-3469’, and ‘Harosoy 63’) are intermediate.
All seeds have surface deposits, depressions, a light line, and a cuticle about 0�2 mm thick overlaying the palisade
layer. In permeable cultivars the cuticle tends to break, whereas in impermeable seeds of ‘OX 951’ it remains intact.
In the case of permeable seed coats, the majority of the cracks are from 1 to 5 mm wide and from 20 to 200 mm long,
and occur more frequently on the dorsal side than in other regions of the seed coat, a position that correlates with the
site of initial water uptake.
�Conclusions The cuticle of the palisade layer is the key factor that determines the permeability property of a
soybean seed coat. The cuticle of a permeable seed coat is mechanically weak and develops small cracks through
which water can pass. The cuticle of an impermeable seed coat is mechanically strong and does not crack under
normal circumstances. ª 2004 Annals of Botany Company
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INTRODUCTION

Seed coats can be described as being either permeable or
impermeable. A permeable (normal) seed imbibes water
readily when available, while an impermeable one does
not take up water for days or longer. Impermeable seeds
are commonly referred to as ‘hard’. ‘Hardseededness’ is
the reason for seed coat-imposed dormancy (Bewley and
Black, 1994), or physical dormancy (Baskin et al., 2000)
in a number of families. It is biologically beneficial for
long-term seed survival and can be important for wild
plants (Rolston, 1978; Tran and Cavanagh, 1984).
Soybean (Glycine max) and many other legumes have
hard seeds (Rolston, 1978). Hardseededness in soybeans
can protect against seed decay and improve agronomic
qualities under certain conditions (Tyler, 1997); but hard-
seededness is undesirable for the food processing industry.
Ideally, seeds should take up water quickly and synchro-
nously. This trait is particularly critical when whole seeds
are processed, such as for the production of soya milk,

soya sauce, tofu and miso. Yet, permeable seed coats
maybe susceptible to mechanical damage during pre-pro-
cessing of the seeds, leading to losses. Hence, breeding
programmes have been aimed at creating lines with seed
coats that are fairly permeable and reasonably strong. Seed
coat permeability is important to both scientific and indus-
trial communities.

The permeability property of a seed coat should
be related to its structure. A typical legume seed coat
contains several specialized areas, i.e. hilum, micropyle
and raphe, and the rest of the seed coat commonly
known as the extrahilar region (Fig. 1). The hilum is a
scar formed when the funiculus detaches from the seed at
maturity. The micropyle is the pore through which the
radicle emerges during seed germination. Earlier during
ovule development, the micropyle is formed where the
margins of the integuments meet. The raphe is a slightly
depressed area on the opposite side of the hilum from the
micropyle. In spite of a basic knowledge of the seed coat
structure, there is substantial disagreement concerning what
structural components are involved in controlling water
movement into the seed.
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To understand hardseededness, a comparison of hard and
normal seeds is necessary. In impermeable seeds, the hilum,
micropyle and raphe must be closed to water; while in
permeable seeds these regions may be the initial sites of
water entry, but published results on this point are variable
[Vigna unguiculata (Lush and Evans, 1980); soybean (Saio,
1976; Arechavalete-Medina and Snyder, 1981)]. In another
debate, the focus has been on the extrahilar region in both
permeable and impermeable seeds. Nevertheless, there is a
consensus that the palisade layer, which develops from the
outer epidermis of the outer ovular integument, is critical
in determining the permeability property of a seed coat
(Ballard, 1973; Werker, 1980/81; Tran and Cavanagh,
1984). But, the exact location and chemical nature of
the control point(s) have not been identified with certainty.
Suberin [Melilotus alba (Hamly, 1932)], cuticle [soybean
(Arechaveleta-Medina and Snyder, 1981; Calero et al.,
1981; Wolf et al., 1981)] and wax [Rhynchosia minima
(Rangaswamy and Nandakumar, 1985)] were all consid-
ered, but again there are discrepancies among the conclu-
sions. The same uncertainty exists for some special
structures associated with the palisade layer, such as
surface deposits (Harris, 1987; Chachalis and Smith,
2001), pits (Wolf et al., 1981) and the light line (Ballard,
1973). Surface deposits are covering materials on seed
coats and are apparently derived from the endocarp. Pits
are small depressions on the seed surface. A light line is a
region of palisade wall material that appears brighter than
the surrounding wall areas when observed with a
compound microscope; this line is located near the
outer surface of the palisade layer. Several more factors
have also been considered in connection with the
permeability property of seeds but, to date, none have
been experimentally proven.

The varied results and interpretations illustrate the com-
plexity of the issue, and the limited structural features inves-
tigated by individual researchers have not been sufficient
to establish a relationship between structure and function.
The present study is a detailed structural and permeability
analysis of soybean seed coats, and provides new insights
into the structural basis for control of water uptake.

MATERIALS AND METHODS

Soybean cultivars

Cultivars of soybean Glycine max (L.) Merr. included in the
study were: ‘Tachanagaha’, ‘Harovinton’, ‘Harosoy 63’,
‘Williams’, ‘Clark L 67-3469’ (abbreviated ‘Clark-i’),
and ‘OX 951’. All cultivars had yellow seed coats except
for ‘Clark-i’, which had a black seed coat. Seeds were hand-
harvested from plants grown during 1999, 2000 and 2001
on the experimental farms of Agriculture and Agri-Food
Canada, in Harrow and/or London, Ontario. Harvested
seeds were stored at room temperature.

Measurement of water uptake

Seeds used for permeability studies were harvested in
2000. All seeds were initially checked with a dissecting
microscope, and only those with no visible damage were
classed as ‘intact’ and were used for water uptake measure-
ments. For each cultivar, three to five seeds were tested.
Single seeds were weighed, immersed in tap water for a
specific time, removed from the water, blotted with cellu-
lose tissue, weighed again, and returned to the water. Seeds
were weighed at 1-min intervals during the first 30 min, at
5-min intervals for the next 30 min, and at 15-min intervals
for a further 1 h. A penultimate weight was taken at 3 h, and
a final measurement at 24 h. The rate of water uptake was
standardized by expressing it as weight increase (g) per
gram seed (initial) weight. Seeds that did not imbibe
water for a period of 24 h were classed as ‘impermeable’.

Detection of initial sites of water entry

Fluorescent tracer dyes were applied to seeds with
‘intact’ coats. For each cultivar, three to five individual
seeds were observed. Following incubation for 1 min to
30hin0�01%(w/v)Cellufluor1(Polysciences,Warrington,
PA, USA) or berberine hemi-sulfate (Sigma, St Louis,
MO, USA), the seeds were rinsed briefly with water and
observed with a Zeiss epifluorescence microscope under

A
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F I G . 1. A seed of ‘Harovinton’ viewed with a dissecting microscope. (A) Ventral side. Shown are the micropyle (red arrow), raphe (blue arrow), hilum (green
arrow), hilar fissure (green arrowhead), and the extrahilar region (asterisk). (B) Dorsal side. In this example the dorsal side of the seed coat is slightly wrinkled.

(C) Abaxial side, with flat surface. Scale bar = 2 mm.
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UV light (filter set: exciter filter G 365, dichroitic mirror
FT 395 and barrier filter LP 420; Carl Zeiss Canada,
Don Mills, Ontario, Canada). Free-hand sections were
also made from different regions of the seed coats and
examined with the fluorescence microscope. Non-fluor-
escent dyes, 1 % fast green, 1 % safranin and 0�5 %
toluidine blue O (TBO) were also tested for the same
purpose. Since the dye molecules are larger than those
of water, dye entry into the seed coat indicates a pene-
tration point for water.

Scanning electron microscopy (SEM)

Surface features of dry seed coats were examined with
SEM. Samples (approx. 1–2 mm2) from the abaxial and
dorsal regions were excised. Samples from the ventral
region were larger (approx. 2–3 mm2) and contained the
hilum, micropyle and raphe, plus a narrow surrounding
strip. For locations of these regions, refer to Fig. 1. For
each cultivar, two to four seeds were included. All samples
were coated with gold and examined with a Hitachi S570
scanning electron microscope at 15 kV.

Histochemical studies

Seeds were immersed in tap water until they were fully
hydrated. For seeds with impermeable coats (from ‘OX
951’), a small wound was made at one or both ends of
the seed to initiate hydration. To obtain an overall view
of seed coat tissues, seed coats were cut into small pieces,
briefly immersed in 0�01 % Cellufluor to stain cell walls
(Hughes and McCully, 1975), gently teased apart with dis-
secting needles, and observed with the fluorescence micro-
scope (as above). More detailed histochemical studies were
performed on free-hand sections from the abaxial, dorsal
and ventral areas of three to five seeds.

Detection of cutin. Sections were stained for cuticle with
Sudan VI, Sudan black B (Jensen, 1962) or Bismarck brown
Y–azure B (Graham and Joshi, 1996). Other sections were
stained with berberine–aniline blue (Brundrett et al., 1988),
Sudan red 7B or fluorol yellow 088 (Brundrett et al., 1991),
methods developed primarily for detecting suberin. Since
cutin shares certain similarities in chemistry with suberin
(Kolattukudy, 1980), a positive reaction on the surface
of the palisade layer would indicate the presence of a
cuticle.

Detection of cutin by isolation methods. Three procedures
were used. (1) Incubation in a mixture of ammonium oxalate
(1�6 %) and oxalic acid (0�4 %) at 35 �C for up to 2 weeks.
This is a conventional chemical method for isolating leaf
cuticles (e.g. Villena et al., 1999). (2) Treatment with 60 % or
80 % H2SO4 for up to 24 h on concavity slides. Cell walls
resistant to acid digestion were considered to contain cutin
(or suberin; Johansen, 1940, 190). (3) Incubation in a pecti-
nase solution (Sigma, St Louis, MO, USA) of about 6�8 units
mL�1 in citric acid (pH 4�0) for 2–6 weeks at room tempera-
ture, with the solution refreshed every 5 d. For each experi-
ment, the isolation progress was monitored with a light

microscope. At the end of each treatment, some areas of
cuticle were completely detached from the palisade cells,
but in other areas the cuticle was only loosened and sporadic;
adhering palisade cells were removed with fine needles.
The samples were washed with distilled water and examined
with differential interference contrast (DIC) optics.

Detection of lignin. Free-hand sections were treated with
phloroglucinol–HCl (Johansen, 1940, 194–195) and
observed with a light microscope.

Detection of callose. Sections were stained with 0�001 %
aniline blue in phosphate buffer at pH 8�0 (slightly modified
from Currier, 1957) and examined with UV illumination as
detailed above. Pectinase-isolated palisade cells (see
‘Detection of cutin by isolation methods’) were examined
the same way.

Viability test for cells in seed coats

Hydrated seed coats were kept in 0�01 % disodium fluor-
escein (Baker, Phillipsburg, NJ, USA) in 10 mM phosphate
buffer, pH 5�3 for 0�5–2 h. For dry seed coats, an incubation
of 6–12 h in the dye was necessary. After thorough rinsing
with the buffer, the samples were examined with a Zeiss
epifluorescence microscope under blue light (filter set: exci-
ter filter BP 546, dichroitic mirror FT 580 and barrier filter LP
590). For each cultivar, three to five seeds were examined.

Transmission electron microscopy (TEM)

Four cultivars were selected for this study: ‘Tachana-
gaha’, ‘Harovinton’, ‘Clark-i’ and ‘OX 951’. Samples
were excised from abaxial and dorsal regions of fully
hydrated seed coats of three seeds, and fixed in 3 % glutar-
aldehyde in 50 mM phosphate buffer (pH 6�8) for 12 h to 5 d.
Further fixation took place in 1 % OsO4 in the same buffer
overnight. Following dehydration in ethanol, tissues were
embedded in Spurr’s resin. Semithin sections (1�5 mm) were
stained with 0�05 % TBO in benzoate buffer at pH 4�4,
and examined with a light microscope. Ultrathin sections
(85–90 nm) were stained with uranyl acetate and lead citrate
and examined in a Philips CM 12 transmission electron
microscope.

RESULTS

Permeabilities of soybean seed coats as indicated by
imbibition rates

Among the cultivars tested, seeds of ‘Tachanagaha’
imbibed water the most quickly, i.e. their coats were
very permeable. ‘Harovinton’, ‘Harosoy 63’, ‘Williams’
and ‘Clark-i’ also imbibed water rapidly and would also
be classed as permeable (Fig. 2). It normally took 12–24 h
for seeds of all these cultivars to achieve full hydration. In
the case of ‘OX 951’, 30–60 % of the seeds took up water
during a period of 24 h, while the rest did not—their coats
were impermeable (Fig. 2). Some of these seeds did not
imbibe water even during the next few days. Of the six
cultivars, four (‘Tachanagaha’, ‘Harosoy 63’, ‘Harovinton’
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and ‘OX 951’) were previously tested by Mullen and Xu
(2001), with similar results. Only data for the first 3 h are
shown in Fig. 2 because most concern was with early
imbibition.

Sites of water entry into seed coats. Wrinkles formed in
the seed coat of a permeable seed, first appearing within
1–5 min of incubation, and usually on the dorsal side. These
wrinkles spread toward the ventral side as imbibition
proceeded. Eventually, they all disappeared when the
seed was fully hydrated (by which time it was 2�2–2�4-
fold its original weight).

Of particular interest was the location of the initial sites of
water entry into the seed coat. If such sites are also large
enough to admit fluorescent, tracer dye molecules, the
permeable areas can be visualized with an epifluorescence
microscope following incubation in the tracer. Using Cellu-
fluor for 1 or 2 min resulted in bright wall staining of single or
clusters of palisade cells with expanded lumina (Fig. 3A–C).
However, in the case of very permeable seeds, staining was
sometimes observed in periclinal walls of the palisade
layer even after a short treatment time, precluding detec-
tion of initial sites of water entry (Fig. 3D). Points of
staining were usually on the dorsal side of the seed.
Dye entry in other locations of the extrahilar region was
rare but did occur. The hilum, micropyle and raphe were
not sites of initial water entry. In some seeds, slight stain-
ing was detected in these areas, but observation of sections
did not reveal deep penetration of the dye.

In ‘OX 951’, seed coat permeability was variable. A large
number of seeds did not take up water for hours or even days
(see above). In accordance with this result, no staining was
observed in palisade walls using Cellufluor. For those that
did imbibe water, it usually entered at the dorsal side
through a minute crack. Wrinkles were formed (albeit
slowly) and the cracked site was stained by Cellufluor
(Fig. 3E and F). In a few seeds, initial water uptake occurred
elsewhere in the extrahilar region, presumably also asso-
ciated with such cracks.

Berberine, another fluorescent tracer dye, was also suit-
able for detection of initial water entry, but non-fluorescent
dyes (safranin, fast green and TBO) were not. Samples

treated with the latter can only be examined with a dissect-
ing microscope, because the seed coats were too thick for a
compound microscope (with transmitted light). The limited
resolution of the dissecting microscope did not allow a
distinction between the stained surface deposits and cells
subtending the cracks. Also, the dyes tended to accumulate
on seed surface or the staining was diffuse, so that it was
hardly possible to make useful observations.

Surface features of seeds

All cultivars examined were quite similar to each other in
the overall structure of their seed coats, each having a
micropyle, a hilum, a raphe and an extrahilar region, as
documented for soybean and other legumes (Fig. 1). In
dry seeds, the hilum fissure was slightly open as observed
with a scanning electron microscope (Fig. 4A); sometimes
the outer end of the tracheid bar was visible, a feature not
obvious under light microscopes. The micropyle was either
open (Fig. 4A) or closed except in ‘OX 951’ which con-
sistently had a closed micropyle (Fig. 4B). The raphe was
slightly depressed, continuous with the rest of the seed coat
and without outgrowths (Fig. 4C). The raphe was rarely
cracked open slightly (Fig. 4D).

Surface deposits and cuticle. All seeds examined had
covering materials on their surfaces. Here one cultivar
(‘Clark-i’) is documented in some detail and the rest are
described briefly for the purpose of comparison. In a given
seed, the abaxial and dorsal sides of its coat were not notice-
ably different with respect to their endocarp deposits, but
there was variability between cultivars.

The surface was not evenly covered. ‘Clark-i’ seeds had a
few small regions devoid of covering materials and, thus,
the cuticle was exposed. This cuticle was rugulose (Fig. 5A).
On fractured seed coats, the cuticle was about 0�2 mm thick.
Large areas were covered with a thin layer of amorphous
material (Fig. 5B and C), which was often accompanied by
additional deposits, scattered (Fig. 5D) or abundant (Fig.
5E). In the latter case, the deposits appeared either randomly
distributed or in a honeycomb-like pattern. Very rarely,
there were scale-like, amorphous deposits directly on the
cuticle (Fig. 5F). There were crystal-like substances that
were aligned predominantly parallel to the honeycomb
‘walls’ and were piled up to varied heights (Fig. 5G and
H). In regions with limited accumulation of the crystal-like
substances, there was a better chance to observe their orien-
tations (Fig. 5I). In large deposits, crystal-like substances
were covered by amorphous layers (Fig. 5J). All types of
deposits could be seen in a single seed, but varied among
individual seeds.

‘Harovinton’ seeds had areas covered with an amorphous
material that was so thin that the rugulose pattern of the
cuticle was not obscured (Fig. 6A and B). Large areas were
covered by additional deposits (Fig. 6C and D), which were
similar to those in ‘Clark-i’ (Fig. 5C–F). In addition, frag-
ments of endocarp tissues were observed where endocarp
cells were sometimes discernable (Fig. 6E and F). These
tissues were morphologically variable (Fig. 6E and F); they
apparently detached from different depths of the endocarp.
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F I G . 2. Permeabilities to water of six cultivars. All seeds were produced in 2000
and measured in 2002. Only the first 3 h of measurement is shown. Standard
errors are provided for ‘Harosoy 63’ as an example. (Adding standard errors for

all cultivars would otherwise obscure many other data points.)
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In ‘Harosoy 63’, surface deposits were similar to those in
‘Clark-i’ and ‘Harovinton’. Some areas were covered by a
thick layer of amorphous materials. In ‘Tachanagaha’, both
a thin layer of covering material and additional deposits
were present (Fig. 6G–M), but were not as conspicuous
as in other cultivars. In ‘Williams’, the majority of the
seed surface was covered by a layer of amorphous material,
but there were few additional deposits.

‘OX 951’ seeds were almost entirely covered with surface
deposits that largely appeared as amorphous; as a result,
the morphology of the underlying cuticle was typically
obscured (Fig. 6N and O). Frequently the deposits were
heavy, but there were small areas with little covering mate-
rial (Fig. 6P and Q) where a few isolated crystals were
observed (Fig. 6Q).

Summarizing these observations, the endocarp deposits
can be categorized as three types: Type I—a layer of amor-
phous material in immediate contact with the palisade cuti-
cle (e.g. Figs 5B and 6A); Type II—large deposits of
amorphous/crystalline materials overlying Type I deposits
(e.g. Figs 5F and 6C); and Type III—occasional occurrence

of endocarp fragments on seed coat surface, as observed in
‘Harovinton’ (Fig. 5E and F).

None of the deposits was stained by Sudan dyes, but it is
interesting that they reacted differently to Cellufluor. Type
III deposits could be stained readily (Fig. 3H), Type II
deposits also concentrated the dye but not as intensely
(Fig. 3D and G), and Type I deposits apparently did not
pick up the dye.

Depressions and cracks. Depressed areas on seed surface,
commonly called ‘pits’ in the literature, were normally
shallow, but occasionally extended deep into the seed
coat (Fig. 7A–L). There were more depressions in the vici-
nity of the hilum than elsewhere, but their densities were
apparently a characteristic of the individual genotypes
(Wolf et al., 1981). Among the cultivars examined in the
present work, depressions were numerous in ‘Tachanagaha’
(Fig. 7A–D), ‘Williams’ (Fig. 7E–H) and ‘Harosoy 63’ (Fig.
7I), but rare in ‘Clark-i’, ‘Harovinton’ (Fig. 7J) and ‘OX
951’ (Fig. 7K and L). In the last three cultivars, deep depres-
sions were seldom seen (Fig. 7L). Some depressions had
cracks on the surface (Fig. 2C, H and I), except in ‘OX 951’.

A

E F G H

B C D

F I G . 3. Seeds incubated in Cellufluor and observed under UV light. (A) ‘Harovinton’ seed in dye for 1 min and section made from abaxial side. Surface
deposits stained (arrows), along with palisade walls subtending a crack (arrowhead). (B) and (C) ‘Tachanagaha’ seed 2 min in dye. Single cells (B) or groups of
cells (C) involved in crack formation as demonstrated with the dye (arrows). (D) ‘Tachanagaha’ seed 2 min in dye, with surface deposits (Type II) stained.
Areas free of large deposits were slightly stained in the outer periclinal walls of palisade layer (asterisks); this makes it difficult to detect initial sites of dye
entry. (E) Initial water uptake at dorsal side of ‘OX 951’ seed after 5�5 h in dye, with wrinkles formed as water moved in. White light micrograph from a
dissecting microscope. Double-headed arrow indicates the seed’s long axis. A crack in the centre of the wrinkled area is circled. (F) Crack in (E) observed with
UV light, illustrating intensely stained palisade walls. (G) ‘Harovinton’ seed in dye for 1 min. Heavy surface deposits at abaxial side stained. (H) ‘Harovinton’
seed in dye for 3 min, with endocarp tissue (Type III deposits, arrows) intensely stained; other deposits (Type II, lower half of micrograph) stained less

intensely. Scale bars: E = 1 mm; all others = 100 mm.
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In ‘intact’ seeds selected (see MATERIALS AND
METHODS), small cracks in the cuticle were almost always
visible with the scanning electron microscope, especially in
the five permeable cultivars. These cracks were narrow
splits (Fig. 8A–E), predominantly perpendicular to the
seed’s long axis. Most cracks were in the range of 1–5
mm wide and 20–200 mm long. They were usually present
on the dorsal side and less often on the abaxial side of a seed.
Cracks frequently occurred on flat areas of a seed coat
(Figs 6H–M and 8A–D), but there were cases where they
existed in depressions (see above). ‘Tachanagaha’ had more
cracks than others. Quantification of cracks was not
attempted owing to their unpredictable locations and
frequencies.

Cracks varied in depth. They were typically through the
outer periclinal walls of palisade cells as well as the cuticle,
and a few extended deep into the palisade layer (Fig. 8F) or
even cell layers underneath. But, it was not easy to deter-
mine their exact depths with a scanning electron micro-
scope. Nevertheless, cracks were readily detectable with
Cellufluor as sites of intense staining of the adjacent wall
material (Fig. 3B, C and F). There was an indication that
cracks were more likely to occur where surface deposits
were thin or missing (Figs. 6M, and 8C and E). In contrast

to the results obtained from the five cultivars with perme-
able seed coats, in impermeable seeds of ‘OX 951’ cuticular
cracks were absent. In some seeds a few cracks were
observed, but they were through the surface deposits and
did not extend as far as the cuticle (Fig. 8G and H). In this
cultivar, about half of the seeds took up water albeit slowly;
such seeds did have one or more cuticular cracks that
extended into the palisade (Fig. 8I).

Anatomy and histochemistry of seed coats

For the purpose of an anatomical study, the seed coat can
be simplified as consisting of a hilum and an extrahilar
region. In the hilum, there was a counterpalisade layer in
addition to a palisade layer (Fig. 9A). In the counterpalisade
layer, the inner periclinal walls were lignified more heavily
in the few cells around the hilar fissure than in cells farther
away (Fig. 9A). In the palisade layer adjacent to the lignified
counterpalisade cells, the outer periclinal walls stained inten-
sely with berberine–aniline blue, emitting a yellowish green
fluorescence under UV light (Fig. 9B). Underneath the hilum
was the tracheid bar (Fig. 9A and B). The extrahilar region
was made of, from outside to inside, the following layers:
palisade, hourglass, parenchyma tissue, aleurone and com-
pressed endosperm tissue (Fig. 9C and D). The focus of the
present anatomical study was on the abaxial region of the
seed coat; other regions were investigated less extensively
since preliminary observations showed that there was no
fundamental variation across the extrahilar area. Highlighted
below are, for the most part, novel features of soybean seed
coats. Special attention was paid to features that may con-
tribute to the permeability properties, such as cuticle and
surface deposits on the palisade surface.

Palisade layer. This tissue consisted of macrosclereids
that developed from the outer epidermis of the outer
integument. There were no intercellular spaces and the
cell walls were uniquely constructed. There was only a
primary wall at the outer periclinal end (Fig. 9E), but
also a thin secondary wall at the inner periclinal end.
The anticlinal walls were unequally thickened: in addition
to thickening along the entire length, there were longitudi-
nal thickening bars. Toward the outside, these bars were
thick and were packed together so that the cell lumina were
extremely small or absent (Fig. 9E). Under UV light, all
secondary walls emitted a dim, whitish blue autofluores-
cence. In a hydrated seed coat, palisade cells were swollen
so that cell lumina expanded and some outer tangential
walls were broken.

In cross-sections of seed coats, depressions in the pali-
sade layer had thin anticlinal walls that were slightly
squeezed. These walls were not able to fully recover
their shapes in hydrated seed coats (Fig. 7M and N).
Also, they were not as bright as those in other areas
under UV light, suggesting less modification with phenolic
substances (Fig. 7O).

The cuticle was not easy to detect by staining methods.
Staining with Sudan VI, Sudan black B, Bismarck brown Y–
azure B (or –TBO), Sudan red 7B or fluorol yellow 088 did
not clearly demonstrate a cuticle in any cultivar. With the

A

A

C D

B

F I G . 4. SEM of the ventral side of seeds. (A) ‘Clark-i’. The micropyle is
open (arrow) and the hilum fissure is slightly open (asterisk). (B) Closed
micropyle in ‘OX 951’. (C) Raphe in ‘OX 951’, marked by arrows. (D)
Raphe in ‘Clark-i’ slightly open (arrows). Scale bars: A, C and D = 200 mm;

B = 50 mm.
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F I G . 5. Surface features of ‘Clark-i’ observed with SEM. (A) An area beside the hilum, free of surface deposits. Cuticle rugulose pattern. (B) Dorsal side, with
thin layer of surface deposits. (C) Enlarged from boxed area in B, illustrating amorphous deposits. (D) An area at dorsal side covered with a thin layer of
surface deposits, on top of which are a few additional large deposits. (E) An area beside the hilum, with heavy large deposits in the form of a honeycomb on a
thin layer of amorphous deposits. (F) An area at abaxial side, with scale-like deposits directly on cuticle. (G) Abaxial side, with heavy deposits. (H) Enlarged
from boxed area in G, showing crystal-like accumulations (arrows). (I) Abaxial side with a few crystals (arrows). (J) Abaxial side, with an accumulation of

crystals (arrows) on which are layers of amorphous materials (arrowheads). Scale bars = 5 mm.
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H I

F I G . 6. Surface features of seed coat. (A–F) ‘Harovinton’: (A) area beside hilum, covered with a thin layer of amorphous deposits of Type I (asterisks); (B)
enlarged from (A)—the covering is so thin that the morphology of the underlying cuticle is not fully obscured; (C) abaxial side—heavy deposits (Type II) on
top of the thin layer, appearing as isolated or forming a honeycomb pattern; (D) dorsal side, with heavy deposits (Type II); (E) abaxial side, with a fragment of
endocarp tissue (Type III deposits) on top of other deposits; (F) similar to E, but cells of endocarp tissue readily recognizable (asterisks). (G–M)
‘Tachanagaha’: (G) large area beside hilum, nearly free of surface deposits; (H) dorsal side, with a thin layer of amorphous materials (cracks are
marked with arrows); (I) abaxial side; some large deposits on top of a thin layer of amorphous materials; with cracks (arrows); (J) dorsal side—
enlarged view of amorphous deposits—arrows point to cracks; (K) abaxial side, with accumulation of crystals (arrows) and amorphous deposits
(asterisk)—cracks both in deposit material and in cuticle (arrowheads); (L) at dorsal side, with similar deposit materials as in K—a crack (arrowhead)
in cuticle; (M) dorsal side, with crack (arrow) in cuticle with little deposit. (N–Q) ‘OX 951’: (N) abaxial side, with surface deposits irregular; (O) enlarged
from an area similar to N, showing multilayered deposits (circle); (P) dorsal side, with a thin layer of deposit material; (Q) beside the hilum, with little deposit

material and a few single crystals. Scale bars: A, C, G, K–N, O and Q = 10 mm; B, D and P = 5 mm; E, F and H–J = 50 mm.
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berberine–aniline blue procedure, ‘OX 951’ displayed a
yellowish-green cuticle under UV light (Fig. 9G) and
other cultivars gave a weak staining (e.g. in ‘Tachanagaha’;
Fig. 9H). On a fractured seed coat observed with SEM, the
cuticle was sometimes distinguishable from the outer peri-
clinal walls (Fig. 10A and B). In ultrathin sections, ‘OX

951’ exhibited a well-defined, dense cuticle (Fig. 10D).
Similar results were obtained for ‘Harovinton’ and
‘Clark-i’. The cuticle in ‘Tachanagaha’ showed loose and
thin regions (Fig. 10E).

The palisade cuticle isolated by either concentrated sul-
phuric acid or pectinase varied according to the cultivar.

A

E

I J K L

M N O

F G H

B C D

F I G . 7. Examples of depressions on seed coats. (A–D) ‘Tachanagaha’: (A) small circular depression near hlium of unknown depth; (B) long depression near
hilum; (C) circular depression near hilum, with cracked deposit material; (D) circular depression at abaxial side, accompanied by some deposit material. (E–H)
‘Williams’: (E) dorsal side—low magnification image depicting the numerous, shallow depressions; (F) shallow depression near hilum; (G) a rare case of deep
depression, at dorsal side; (H) depression at dorsal side, with broken cuticle where deposit material is minimal. (I) ‘Harosoy 63’: depression at dorsal side with
small cracks in cuticle. (J) ‘Harovinton’: shallow depressions. (K and L) ‘OX 951’: (K) depression near hilum, without cracks; (L) as in K, but deeper. (M and N)
‘Williams’: palisade layer with depressions at abaxial side in semithin sections stained with TBO: (M) anticlinal walls of palisade cells in the depression are thin
and twisted; (N) as in M, but outer periclinal walls in depression region cracked open. (O) ‘OX 951’— free-hand section from abaxial side of hydrated seed
coat under UV light. Dimmer autofluorescence in anticlinal walls of the depression region than other regions. Scale bars: A–D and F–L = 10 mm; E = 100 mm;

M–O = 20 mm.
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Largesheetsofcuticlewereobtainedfrom‘OX951’(Fig.10F).
But normally only small pieces of cuticle were obtained
from other cultivars; this was especially the case with
‘Tachanagaha’ (Fig. 10G). Although appearing structurally
similar, the cuticle from ‘OX 951’ was especially mechani-
cally strong, because it did not break easily when touched
with dissecting needles. The ammonium oxalate–oxalic acid
procedure failed to isolate cuticles from any cultivar.

A light line was a constant feature of all cultivars. It
appeared as a narrow band near the outer end of the palisade

layer under white light illumination (Fig. 9E). In sections
stained with berberine–aniline blue, the light line, along
with the cuticle, emitted an intense yellowish-green fluor-
escence under UV light while the rest of the palisade walls
were less bright (Fig. 10H). The light line was particularly
evident in the palisade layer above the tracheid bar (Fig. 9B).
By using the aniline blue stain for callose under UV light,
the light line appeared as a greenish-blue region that was
brighter than the rest of the layer in either sections (Fig. 10I)
or enzyme-isolated cells (Fig. 9F). The staining pattern was

A

D

G H I

E F

B C

F I G . 8. Cracks in seed coats. (A) Cracks at abaxial side in ‘Harovinton’. (B–D) Dorsal side in ‘Williams’: (B) cracks involve single cells (arrows); (C) a crack
occurs where surface deposits are missing; (D) cracks close to each other. (E) Crack at dorsal side in ‘Harosoy 63’, occurring where deposits are missing. (F)
‘Tachanagaha’: an example of severe damage in seed coat. Arrow pointing to anticlinal wall of palisade cell. (G–I) ‘OX 951’: (G) cracks in heavy deposits at
dorsal side; (H) cracks near edge of deposits at dorsal side; (I) crack near hilum in surface deposits and into palisade walls. Scale bars: A, C and D = 50 mm;

B and E–I = 10 mm.
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F I G . 9. Structure and histochemistry of seed coats. (A) Free-hand section through hilum of ‘OX 951’, treated with phloroglucinol–HCl. Inner periclinal walls
of counterpalisade layer (CP) are red, indicating lignin. Reaction most intense in a region around hilar fissure (arrow). Tracheid bar (TB) heavily lignified,
while palisade layer (PL) not. (B) Section of ‘Clark-i’ through hilum stained with berberine–aniline blue. Light line is demonstrated by fluorescence (arrow),
being most intense in the region below hilar fissure. Counterpalisade layer and tracheid bar also heavily stained. (C) Semithin section from abaxial region in
‘Clark-i’, stained with TBO. All cell layers are illustrated: palisade layer (PL), hourglass layer (HG), compressed parenchyma (PA), aleurone layer (AL) and
compressed endosperm (CE). Cells of AL have thick outer periclinal walls and thin inner periclinal walls. (D) Dorsal region in ‘Harovinton’, processed as in
(C): hourglass cells (HG) short and compressed parenchyma (PA) narrow. (E) Abaxial region in ‘Clark-i’, processed as in C: light line evident (arrows). (F)
Macrosclereid of ‘Harovinton’, isolated by pectinase and stained with aniline blue. Secondary wall is fluorescent, with the light line region (arrowhead) more
intense. (G) Free-hand section from ‘OX 951’ stained with berberine–aniline blue. Palisade cuticle visible (arrows) overlying the light line. (H) Section from
‘Harovinton’ stained as in G, with palisade cuticle barely visible (arrows). (I) Osteosclereid of ‘Harovinton’ isolated by pectinase and observed with DIC
optics: wide outer end, narrower inner end and thickened wall in middle region. (J and K) Hourglass layer of ‘Harosoy 63’, partially macerated seed coat,
stained with Cellufluor: (J) outer end, without intercellular spaces; (K) inner end, with intercellular spaces. (L) Portion of compressed parenchyma of ‘Harosoy
63’, with branched cells. Treated as in J. (M–O) Aleurone layer: (M) peeled-off preparation from hydrated ‘Harovinton’ seed coat, stained with TBO,
depicting dense protoplasts and unevenly thickened anticlinal walls; (N) cuticle from outer periclinal side of ‘Harovinton’, isolated by sulphuric acid and
observed with DIC optics; (O) vitality staining of ‘Harosoy 63’ with disodium fluorescein. Those cells that accumulated the dye were alive, and the few that did

not were dead. Scale bars: A–D and G–I = 50 mm; E and F = 10 mm; J–O = 100 mm.
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A
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F I G . 10. Palisade cuticle and light line. (A–C) Dry seed coat fractured and observed with SEM: (A) a region near hilum in ‘Williams’—cuticle (arrows)
tightly adheres to periclinal walls; (B) abaxial side in ‘Harovinton’—surface deposits (asterisks), and palisade cuticle (arrows) are clearly seen; (C) ‘OX 951’,
with surface deposits (asterisks) on cuticle (arrows)—outer end of the anticlinal wall in one cell visible (arrowhead), corresponding to the light line region. (D)
Abaxial side in ‘OX 951’ observed with TEM. Palisade cuticle (arrows) conspicuous and near uniformly dense. There are surface deposits (asterisks). (E)
Abaixial side in ‘Harovinton’ observed with TEM. Cuticle has loose regions (arrows). (F) Palisade cuticle of ‘OX 951’ isolated by pectinase. Large sheets of
cuticle easily obtained. (G) Palisade cuticle of ‘Tachanagaha’ isolated by pectinase. Cutilce normally in small pieces (arrows), along with palisade cells
(asterisks). (H) Section from hilum region of hydrated seed coat of ‘OX 951’. The light line is fluorescent (arrows) following staining with berberine-aniline
blue. (I) Section from ‘Tachanagaha’ stained with aniline blue, illustrating a light line. (J) Palisade layer of ‘Clark-i’ observed with TEM. Light line appears as
electron-lucent (black double-head arrow). The periclinal wall is marked with white double-head arrow. There are surface deposits (asterisks, Type II). Scale

bars: A and C = 5 mm; B = 2 mm; D, E and J = 0�5 mm; F and G = 10 mm; H and I = 100 mm.
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similar to that obtained with berberine–aniline blue. With
SEM, the light line was found to be where the secondary
thickening bars were tightly appressed to each other. In
ultrathin sections, the light line was represented by the
outer ends of the secondary walls as an electron-lucent
region (Fig. 10J), apparently more obvious in ‘Clark-i’
and ‘Harovinton’ than in the other cultivars.

Hourglass layer. This layer was made of osteosclereids,
or hourglass cells (Fig. 9C, D and I). Cells were longest (in
the anticlinal direction) near the hilum, became shorter
farther away, and were shortest in the dorsal region (Fig.
9C and D). In partially macerated seed coats, this layer was
found to have a sealed outer face and a mesh-like inner face
(Fig. 9J and K).

Parenchyma. The few layers underneath the hourglass
layer were severely compressed in a dry seed coat, but
the cells could partially regain their original shapes when
hydrated (Fig. 9C and D). All cells were connected to their
neighbours by branches (Fig. 9L).

Endosperm. The endosperm was represented by an aleur-
one layer and a mass of compressed tissue. The aleurone
was the outermost endosperm layer and was characterized
by thick outer periclinal walls, thin inner periclinal walls,
and unevenly thickened anticlinal walls (Fig. 9C and M).
There was a cuticle abutting the outer periclinal walls;
this inner cuticle could be isolated by either sulphuric
acid (Fig. 9N) or pectinase. Aleurone cells had dense pro-
toplasts and were the only living cells in the entire seed coat
(Fig. 9M and O). No difference was detected among the
cultivars with regard to endosperm structure.

DISCUSSION

The aim of the present work was to locate the structural
features of soybean seed coats that determine their perme-
ability properties. Among the six selected cultivars, seed
coats from five were variously permeable (‘Tachanagaha’,
‘Harovinton’, ‘Williams’, ‘Clark-i’ and ‘Harosoy 63’), as the
seeds imbibed water quickly upon immersion in water
(Fig. 2). Seed coats of ‘OX 951’ were variable in their
permeability, about half allowing a slow rate of water uptake
and the other half being impermeable for 1 or more days.
This range of permeability of the cultivars provided an ideal
opportunity to seek correlating anatomical features.

Cell layers of the seed coat

The cells of the soybean seed coat exhibited tremendous
heterogeneity in structure. The cells in the palisade layer
were tightly packed (Fig. 9E). The hourglass layer was aer-
enchymatous (Fig. 9C, D and K) and, thus, cannot make a
seal to water flow. In fact, some legumes have intercellular
spaces in the outer end as well as in the inner end of the layer
[e.g. Melilotus (Jha and Pandey, 1989); Pisum sativum (van
Dongen et al., 2003)] and are more porous than in soybean.
Hourglass cells in the dorsal region were shorter than in other
regions (Fig. 9C and D) and could be overlooked if samples
were not properly prepared (Pereira and Andrews, 1985;

McDonald et al., 1988). Deeper into the seed coat was a
region of dead parenchyma tissue. The only living cell
layer was the aleurone (Fig. 9M and O) that was bordered
by a mass of compressed endosperm tissue.

The aleurone layer is able to mobilize its reserves
(McCleary and Matheson, 1974, 1975, 1976) and protect
the embryo (Matsui et al., 1996) during germination, but it
is not known whether it plays any role in controlling the
imbibition process. There is a cuticle on the aleurone.
Developmentally, this cuticle is initially on the inner surface
of the inner integument and later adheres to the aleurone
layer when the integument degenerates (Chamberlin et al.,
1994). But this cuticle does not constitute a barrier to water.
This is because (a) there was no noticeable difference
between permeable and impermeable cultivars in this fea-
ture, (b) wounding to convert an impermeable seed to a
permeable one did not need to be as deep as in the aleurone
layer (e.g. Arechavaleta-Medina and Snyder, 1981), and (c)
the aleurone is located deep in the seed coat; therefore, it
cannot affect the initial water uptake by the external layers.
Nevertheless, the unique construction (specialized walls and
living protoplasts) of the aleurone may exert some control
over the rate of water flow into the embryo. A steady and
even water uptake by the embryo would assure its optimum
performance during imbibition; otherwise, imbibition
damage would occur (Taylor et al., 1992).

The structural features discussed so far have convinced
us that efforts in locating a water barrier should be focused
on the palisade layer. There are several issues to
consider.

Surface deposits

Three types of surface deposits in soybean have been
described, but these may not have the same origin. There
is no doubt about the endocarp origin of Type III deposits
(Fig. 6E and F): the endocarp tissue is ripped off the fruit
wall and stays on the seed, as described earlier for soybean
(Wolf et al., 1981; Vaughan et al., 1987) and some other
legumes (Newell and Hymowitz, 1978). Early work also
produced strong evidence that Type II deposits were derived
from the endocarp, based on a morphological comparison of
the deposits and the endocarp (Wolf et al., 1981; Newell and
Hymowitz, 1978). The ontogenetic identity of Type I depos-
its is hard to determine. The possibility cannot be excluded
that the palisade layer contributes to it. A developmental
study would clarify this matter.

The surface deposits exhibited some inter-cultivar varia-
tions in morphology, but a chemical characterization would
be more desirable for a functional consideration. Unfortu-
nately, this subject has not been well investigated. In mung-
bean (Watt et al., 1977) and soybean (Hahalis et al., 1996),
staining with Cellufluor suggested the presence of cellulose
in the deposits. In the present work, it was found that
the main component of Type III deposits was cellulose
(Fig. 3H), Type II deposits may contain considerable
non-cellulosic material in addition to cellulose, and Type
I deposits had no or little cellulose (Fig. 3G). Harris (1987)
postulated that surface deposits reduced seed coat perme-
ability in soybean based on the fact that deposits were light
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in a permeable cultivar (‘Hardee’) and heavier in an
impermeable one (‘Brachett’). Do the surface deposits con-
stitute a hydrophobic layer? A classic way of approaching
this issue has been using organic solvents. Wolf et al. (1981)
noticed differential responses of surface deposits to differ-
ent solvents, but no clear correlation with permeabilities
was established. Arechavaleta-Medina and Snyder (1981)
found that soaking hard soybean seeds for 24 h in hexane,
chloroform or acetone did not make them permeable, but
treatment in methanol or ethanol did. Wax was implied by
some authors (Williams, 1950; Calero et al., 1981; Ragus,
1987), but this idea was not confirmed by the results of the
present study and a preliminary chemical analysis (unpubl.
res.). Recently, a hydrophobic protein was detected on the
surface of soybean seeds, and its amount is usually parallel
to the density of surface deposits (Gijzen et al., 1999, 2003).
The crystal-like deposits are probably formed from this
hydrophobic protein. But the present study did not indicate
a relationship between the protein and seed coat permeabil-
ity, because some of the permeable seed coats had heavy
deposits (e.g. ‘Harovinton’ and ‘Clark-i’).

Light line

The light line has traditionally been regarded as resulting
from the difference in the refraction of light due to a change
in chemical composition of palisade walls (e.g. M. alba;
Hamly, 1932, 1935). It was also suggested that the light line
is a region where the microfibrils changed from a longitu-
dinal to a transverse orientation (Scott et al., 1962; Werker,
1980/81) but this was not the case in soybean (Fig. 10J). The
light line is not merely an optical phenomenon caused by
chemical modifications (see below), but is a real structure; it
is where the secondary walls are tightly appressed to one
another (Fig. 10C).

According to many studies light line is responsible for
the impermeability of seed coats (see Hyde, 1954), but this
idea has been largely abandoned since both permeable and
impermeable seeds have a light line (see Werker, 1980/81).
Nevertheless, some more recent studies tended to revitalize
the old idea. Harris (1987) reported a more prominent light
line in a hardseeded cultivar of soybean (‘Brachett’) than
in a soft-seeded one (‘Hardee’). Yet, there has been no
experimental proof that the light lines are causal factors for
the permeability differences. Some authors detected cal-
lose in the light lines of impermeable seeds [Trifolium ssp.
(Bhalla and Slattery, 1984); Stylosanthes scabra (Serrato-
Valenti et al., 1993)] and considered this to be the reason
for hardseededness, but proof has been lacking. It is impor-
tant to understand that callose simply cannot be a barrier to
water because, being a b-1,3-glucan, it is a hydrophilic
substance. Furthermore, since callose does not constitute a
complete sheath covering the palisade layer (Fig. 10J).
Even a complete callose sheath normally acts as a semi-
permeable membrane (readily allowing movement of
water but not of solutes), as in the endosperm of Cucumis
melo (Yim and Bradford, 1998). Electron-dense (osmio-
philic) and electron-lucent light lines were observed in pea
(Harris, 1983) and Indigofera parviflora (Manning and van
Staden, 1987a), respectively; in neither case were the wall

modifications discussed in connection with the permeabil-
ity properties of the seed coats. Staining of the light line
was detected with either berberine–aniline blue or aniline
blue alone (Fig. 9B), indicating phenolics and callose
(Brundrett et al., 1988), but again there was no noticeable
difference between permeable and impermeable cultivars
in the staining patterns. At the ultrastructural level, there
was some difference in staining intensity of the light lines
among the cultivars, but this observation was not in line
with the observed permeabilities (see Results). It seems
highly unlikely that the light line plays a role in controlling
seed coat permeability to water.

Cuticle of the palisade layer

The only structural feature that clearly and consistently
correlates with seed coat permeability is that of the cuticle
covering the palisade layer. Previously, Arechavaleta-
Medina and Snyder (1981) converted impermeable soybean
seeds to permeable ones by carefully scraping off a small
area of the cuticle, but were unable to explain how the
cuticles made intact permeable and impermeable seeds dif-
ferent, because these cuticles were virtually identical at the
light microscopic level. In the present study, the use of SEM
revealed small cracks in the cuticles of permeable seeds
from five soybean cultivars but not in the cuticles of
impermeable ones (from ‘OX 951’). Some seeds of ‘OX
951’ did take up water; now it is concluded that this was
because they had minute cuticular cracks (Fig. 3E and F).
Further, the positions of the cuticular cracks coincide with
the initial sites of hydration, which typically were on the
dorsal side of the seed (Fig. 3A–F). It is well known that
major damage to a seed coat will result in a highly perme-
able localized area so that the seed will hydrate quickly.
According to the present study, many similar but slower
events are occurring on a micro-scale over a larger area in an
uninjured and apparently intact seed as water enters through
the naturally occurring small cracks in the cuticle. This
phenomenon is completely different from permeability
brought about by opening the strophiole (or lens), an out-
growth on the raphe in some other legumes (Martin and
Watt, 1944; Ballard, 1973; Kelly and van Staden, 1987;
Manning and van Staden, 1987b; Baskin, 2003).

To the best of our knowledge, this is the first detailed
report of these small, cuticular cracks associated with the
palisade layer of legume seeds. Why have they not been
noticed before? The main reason is their small size (1–5 mm
wide and 20–200 mm long). The cracks are beyond the limit
of resolution of the dissecting microscope and cannot be
visualized with a compound microscope either (the intact
seed coats being too thick for light to penetrate). They were
apparent in the present study only with the use of SEM.
Their presence was also demonstrated with the use of fluor-
escent dyes (Cellufluor and berberine), but not with non-
fluorescent dyes (safranin, fast green and TBO). The high
sensitivity of fluorescent dyes is essential to highlight the
staining of minute wall areas subtending the cuticular cracks
during the initial stage of hydration. Non-fluorescent dyes
[fast green (Powell and Matthews, 1979); food colouring
dyes (Arechavaleta-Medina and Snyder, 1981)] can be used
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to detect macroscopic injuries in seed coats, but are not
recommended for detection of the small cracks normally
present in permeable seed coats.

It is not known what causes the small cuticular cracks to
form. They are apparently not an artifact of SEM specimen
preparation because they can also be detected with fluor-
escent tracer dyes, their presence correlates with seed coat
permeability to water, and their distribution correlates with
the sites of initial water uptake. It can only be speculated
that stresses, such as fluctuations in temperature and relative
humidity, on the palisade layer during seed desiccation and
storage are responsible. The dorsal side is probably more
susceptible to such stresses because the seed coat is heavily
curved (Fig. 1B) and is very thin in this area (Fig. 9D).
Formation of depressions might be expected to put a strain
on the palisade layer but, strangely, they do not lead to the
production of many cracks (Fig. 7A–L), the majority of
cracks being found in flat regions. These observations
explain why there is no perfect correlation between the
presence of depressions and seed coat permeability (Wolf
et al., 1981; Harris, 1987). A developmental study will be
required to trace the origins of the cracks.

Why are cracks more prevalent in some cultivars than in
others? The thickness of the cuticle is almost constant
(about 0�2 mm), and its surface features per se are not fun-
damentally different among the cultivars. Based on the pre-
sent investigation it can be said that, in general, the strength
of the cuticle is critical. Both light and electron microscopic
studies suggested that seeds of ‘OX 951’ possessed a denser
cuticle than other cultivars (Figs. 9G and H, and 10D and E).
The greater strength of the cuticle of ‘OX 951’ became
apparent when this layer was isolated; it tore much less
readily than those of other (permeable) cultivars. Is there
any functional connection between surface deposits and
cuticular cracks? In permeable cultivars, there was an
indication that areas with deposits have fewer cracks than
in bare areas (Figs 6M and 8C). But surface deposits alone
did not make a seed impermeable because some cracks
were deep enough to include the cuticle as well (Fig. 8A
and D). In ‘OX 951’, the seed coats would be impermeable
when the few cracks are superficial (Fig. 8G and H)
and would be permeable when they extend through the
cuticle (Fig. 8I).

In conclusion, the results of the present study have docu-
mented the presence of hitherto unknown small cracks that
normally occur in the cuticle covering the palisade layer of
soybean seed coats. The presence or absence of these cracks
appears to control the permeability property of the seed coat
to water. Thus, the condition of hardseededness in soybean
can be at least partially attributed to a strong cuticular
structure that is resistant to cracking. At the same time,
the cuticle of an impermeable seed is not unbreakable;
this idea could explain how the seed coats of many wild
plants ‘soften’ over extended periods of time.
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