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Abstract

Soybean [Glycine max (L.) Merr.] plants produce some

seeds (called stone or impermeable seeds) that do not

take up water for long periods of time. The present

investigation confirmed that the stone seed trait is

a feature of the seed coat: isolated embryos from

both stone and permeable seeds took up water equally

quickly. A whole, permeable seed typically imbibed

water initially through its dorsal side, forming wrinkles

in the seed coat and delivering water to the underlying

cotyledons. Later, some lateral movement of water

through the coat occurred, presumably through the air

spaces of the osteosclereid layer. Imbibition by seeds

was a two-phase process, the first dominated by hyd-

ration of the seed coat and the second by hydration

of the cotyledons, which was rate-limited by the coat.

When hydrated, coats of stone seeds were permeable

to water but their hydraulic conductivity, as measured

with a pressure probe, was smaller than that of coats

from permeable seeds by a factor of five. Hydrated

coats of both permeable and stone seeds showed

weak osmometer properties.

Key words: Cuticle, Glycine max, hydraulic conductivity,

imbibition, seed coat.

Introduction

Plants from ;15 families, including legumes (Fabaceae),
possess a feature known as hardseededness (Arechavaleta-
Medina and Snyder, 1981; Calero et al., 1981; Hill et al.,
1986; Baskin et al., 2000). Such plants produce a certain
fraction of seeds that imbibe water readily and others that

are impervious to water, even after long periods of soaking.
Recently, Ma et al. (2004) reported that the critical dif-
ference between permeable and impermeable (stone) seeds
of soybean is the continuity of the outermost cuticle. Small

cracks, visible with scanning electron microscopy (SEM),
were present in cuticles of permeable seeds but were absent
in those of stone seeds so that water was not admitted to
any part of the latter seed type. In the former type of seed,
the first visible sign of imbibition was wrinkling of the
seed coat typically on the dorsal side, the location of the

majority of the very small cracks in the cuticle.
It is assumed that the general function of seed coats

during imbibition is to allow water entry to the enclosed

embryo but to restrict the flow somewhat so that hydration
does not proceed too rapidly (Bewley and Black, 1978;
McDonald et al., 1988). Such rapid water uptake may lead
to cell damage that can negatively affect germination and
growth (Larson, 1968; Bewley and Black, 1978; Powell
and Matthews, 1978; Hahalis et al., 1996). Even with an

intact seed coat, there may be a time period during the
early stages of imbibition in which solutes are lost from
the cells of the embryo (Larson, 1968; Parrish and Leopold,
1977; Bewley and Black, 1978; Powell and Matthews,
1978; Duke et al., 1983). Therefore, quantifying the per-
meability of the seed coat to water and solutes would be

of great importance.
In the present study, it proved possible to measure

directly the permeability of isolated seed coats to water

(hydraulic conductivity, Lp), under standard conditions,
using a pressure probe and an osmometer. With the for-
mer instrument, a bulk flow of water through the coat
was induced and the hydraulic conductivity (the inverse of
the hydraulic resistivity) of the coat measured. Using the
osmometer, an instrument used in the past to measure the
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osmotic properties of reverse osmosis (RO) membranes
(Steudle and Heydt, 1988), gradients in osmotic pressure
were introduced so osmotic water flows across isolated
seed coats could be measured. Additionally, the leakage
(permeation) of certain salts and organic solutes was esti-
mated with this device. One would expect that the water
flow induced in the presence of a pressure (hydrostatic
Lph) would be larger than that measured in the presence of
an osmotic gradient (osmotic Lpo; Steudle and Peterson,
1998). This is so because there should be some apoplastic
water movement across the barrier. For roots, it has
been shown that this causes differences depending on the
nature of the driving force (Zimmermann and Steudle,
1998; Ranathunge et al., 2003).
Water uptake by seeds from soil follows a gradient in

water potential. On the soil side, this potential is usually
dominated by matric forces (Kramer and Boyer, 1995).
On the dry seed side, the water potential should be influ-
enced by matric and osmotic components (Vertucci,
1989), although the former is likely to be dominant. As
seeds hydrate, water flows are controlled by local conduc-
tivities and storage capacities for water (i.e. by ‘diffusiv-
ities’) besides the coat, and are driven by gradients of
water potential. Hence, information about differences be-
tween the Lph and Lpo of seed coats may be valuable.
The present study was designed to answer several

questions regarding soybean seed hydration.

1. Does the location of the initial wrinkles in the seed coat
correlate with the location of the initial hydration of
the underlying cotyledons?

2. After hydration of a specific zone of the seed coat,
does it play a special role in facilitating lateral move-
ment of water within itself? Could this help to
distribute water evenly in the seed as suggested by
McDonald et al. (1988)?

3. Is there any uneven hydration of the cotyledons due to
differential hydration of the seed coat, or is it partly or
entirely due to differences in the hydration capability of
the cotyledons?

4. Does the hydration of the seed follow first-order
kinetics as described by Leopold (1983)? If so, this
may indicate a rate limitation of uptake by the coat
rather than by the hydration of the cotyledons. Other-
wise one would expect a more complicated pattern of
water uptake.

5. How much does the water permeability of hydrated
coats of stone seeds differ from that of permeable seeds?

Materials and methods

Plant material

Seeds of soybean [Glycine max (L.) Merr.] were obtained from
plants grown outdoors at Agriculture and Agri-Food Canada in
London, Ontario, in 2003. Mature pods were picked and their seeds

carefully removed by hand. Prior to use, seeds were air-dried and
stored in the laboratory (;23 �C; 30–50% relative humidity). Seeds
from a variety that produces predominantly permeable seeds (cv.
Harovinton) were screened with a dissecting microscope; only those
without visible physical defects, such as cracks or necroses, were
retained. Impermeable seeds from cv. OX 951 were identified by
weighing before and after soaking in water for 24 h. Seeds that had
not gained weight were considered to be impermeable, and were
air-dried and used in subsequent experiments.

Visible aspects of seed hydration

Seeds of cv. Harovinton were hydrated either by submerging them
in tap water or by surrounding them with water-saturated filter
paper. Externally visible changes such as seed coat wrinkling and
increases in seed size were followed during periods of up to 10 h.
Seeds were removed at the desired intervals and photographed with
a Carl Zeiss, Vario-sonar Cyber-shot 3.3 Megapixel lens assembly
attached to a Sony DSC-F505V digital camera. In some cases, seed
coats were partially removed to show the desired areas of the un-
derlying cotyledons. Some seeds were then bisected longitudinally
and transversely to observe the internal hydration fronts. In a second
set of experiments, seed coats were removed prior to soaking.
Specimens were illuminated by two incident light sources posi-
tioned opposite to each other and adjusted so that wet areas of the
cotyledons appeared darker yellow in comparison with dry areas.
Seed parts were observed with a dissecting microscope (Carl Zeiss
Canada, Don Mills, Ontario, Canada), and photographed with a
digital camera (Q-Imaging, Retiga 2000R, Fast 1394, Cooled Mono,
12-bit; Quorum Technologies Inc., Guelph, Ontario, Canada).
To assess the importance of the seed coat in conducting water

laterally (circumferentially) during imbibition, water was supplied
to seeds on their dorsal, ventral, or abaxial sides. Petroleum jelly
was applied at the border of the area to be tested to confine the
water to the treatment area. The seed was then placed on a short,
plastic ring that had been cut open on one side to allow for seed
expansion. This assembly was lowered onto a piece of water-
saturated filter paper in a small Petri dish and the dish was covered.
After the desired time, the seeds were removed, cut, observed, and
photographed with the digital camera described above. Ten seeds
were used for each hydration treatment described above.

Intercellular spaces of the osteosclereid layer

To measure the sizes of the intercellular spaces between the
column-like parts of the osteosclereids in the seed coats of cv.
Harovinton, small portions of the coats were removed from the
ventral, abaxial, and dorsal sides of eight seeds. Specimens were
briefly hydrated in water, stained with 0.01% (w/v) Cellufluor
(Polysciences; Warrington, PA, USA) for 1 min, rinsed with water,
cross-sectioned, and viewed with ultraviolet (UV) light using a Zeiss
Axiophot epifluorescence microscope (filter set: exciter filter G 365,
dichroitic mirror FT 395, and barrier filter LP 420; Carl Zeiss
Canada). Photographs of these coats were taken with the digital
camera described above, and printed so that the spaces between
osteosclereids could be measured manually.

Kinetics of water uptake by whole seeds

For a quantitative analysis of rates of imbibition, 10–12 seeds for
each of cvs Harovinton and OX 951 were weighed to an accuracy
of 0.1 mg, then submerged in tap water. Seeds were blotted,
reweighed, and returned to the water at the desired times (i.e. at
1 min intervals during the initial 2 h and subsequently up to
60 min intervals). Imbibition continued until the seeds attained
a constant maximum weight (wmax) or nearly so. In a second set of
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experiments, the seed coats of both cultivars were removed prior
to imbibition.
In the past, the rate of seed swelling during hydration has often

been described as being analogous to the imbibition of polymers by
solvents (for references, see Leopold 1983). In these kinetics, the
rate of solvent uptake (water), dw/dt, was assumed to be linearly
related to the water deficit in the seed which is wmax�w. Here, wmax

is its weight at full hydration and w is the actual weight of a seed at
time t. The linear relationship assumes that the water deficit would
also be linearly related to the difference in water potential between
the seed and its surroundings, which is the force driving water
uptake. The following relationship should be valid:

dw

dt
¼ kðwmax � wÞ: ð1Þ

Provided that the rate constant of water uptake, k, does not
change during hydration, Eq. (1) may be integrated to yield an
exponential time-course of hydration, as has often been observed in
the literature (Leopold, 1983),

w ¼ wmax � ð1� expð�ktÞÞ or �kt ¼ ln

�
wmax � w

wmax

�
: ð2Þ

In this model, it is assumed that the seed coat, rather than the
seed interior, limits imbibition. Therefore, determining the hydraulic
conductivity of the seed coat would be important. However, the
latter parameter could only be worked out from k, when the forces
driving the movement of water across the coat are known, i.e. the
water potential difference, which is difficult to measure.
In an alternative model, also used in seed physiology, one may

assume that the coat does not represent a significant resistance so
that water moves across a rather homogenous seed, largely made up
of the cotyledons. In this case, movement across the seed should
follow diffusion kinetics, i.e. movement from one differential shell
layer to the next should be driven by differences in water potentials
between shells analogous to Fick’s first law of diffusion. Then the
rate of swelling of a seed would be governed by the so-called ‘dif-
fusivity’ (D) that has the units of a diffusion coefficient (m2 s�1),
but represents a mass displacement of water rather than a diffusive
flow governed by a diffusion coefficient (Philip, 1958; Molz and
Ikenberry, 1974; Steudle and Boyer, 1985; Vertucci, 1989; Steudle,
1992). The processes of diffusion and diffusivity are fundamentally
different in nature, although they are formally described by the
same type of mathematics, which differs from the simple exponen-
tial type of kinetics given in Eqs (1) and (2). In fact, in some of the
experiments, deviations from the simple exponential behaviour
were seen that may be better described by a diffusion type of
kinetics. The soybean seeds used in this study may be approximated
as spheres with a radius (r) of ;3.5 mm (see Results). It is expected
that seed weight (w) will increase as imbibition proceeds, provided
that the spherical seeds behave like a homogenous material with
a constant diffusivity (D) during swelling, as described by Crank
(1975):

w

wmax

¼ 1� 6

p2
+
N

n¼1

1

n2
expð�D � n2p2t=r2Þ: ð3Þ

It is stated in Eq. (3) that the process can be described by a
complicated sum of exponentials that contain certain constants.
The terms on the right side of Eq. (3) with high values of n should
rapidly decline during the water uptake by a seed. Consequently,
there should be a pronounced linear range (when water uptake
is plotted logarithmically versus time). This is so because, as the
hydrated outer layer grows, its hydraulic resistance increases. At
a certain thickness, the hydrated layer may act as some kind of
a ‘coat’ and kinetics then tend to become formally similar to those

given in Eq. (2). The difference between the exponential and
diffusion kinetics is that the latter are usually faster than exponential
at early stages before they tend to become exponential.
In the current work, it was expected to see a diffusion type of

kinetics with decoated seeds and an exponential type with the
coated seeds. Things may be complicated by the fact that during
hydration, the constants k and D may vary, namely during the early
stages of imbibition. Also, diffusivities may be different in seed
coats as compared with the inner parts of seeds due to anatomical
differences.

Hydraulic conductivity of isolated seed coats

Seed coat preparation: A piece of seed coat ;8 mm in diameter,
still connected to parts of its subtending cotyledons, was cut from
the dorsal side of a dry seed using a Proxxon circular saw (blade
thickness 0.1 mm, diameter 22 mm) rotating at a speed of 20 000
rpm (Prox-Tech Inc., Hickory, NC, USA). The specimen was
hydrated with tap water until the coat could be separated from the
cotyledons. Some seed coats isolated in this fashion were inspected
with SEM and fluorescence microscopy according to Ma et al.
(2004).

Measurement of hydrostatic hydraulic conductivity (Lph): A pres-
sure probe similar to those used to measure water flow into and out
of roots was modified for use with seed coats (Fig. 1A). Using
a relatively large rod (4 mm diameter instead of the usual 1.5 mm),
pressure changes could be induced for calculating the hydraulic
conductivity (i.e. water flow in m3 of water per m2 surface area
per second and per MPa of applied pressure difference). The glass
capillary of the probe was 635 lm in diameter and 115 mm long.
The cylindrical ‘water reservoir’ connecting the capillary with the seed
coat had an 8 mm diameter and 9 mm depth (volume of ;450 mm3;
Fig. 1B). This provided a sufficient amount of water to be pushed
across the coat in the presence of a pressure gradient (from 0.02 to
0.07 MPa) set up between the probe and the external medium. Pres-
sures (P) in the probe were continuously recorded by a pressure
transducer (26PC6FA6D; Pressure range: 0–172 MPa; Honeywell,
Plymouth, Minnesota, USA) connected to a computer running the
Pfloek software program (version 1.08; University of Bayreuth,
Germany). Pfloek records pressure differences over time (rate
constants and half-times) and measures the elasticity of the set-up
(see below) required to evaluate water flows from P(t) curves
(Steudle and Heydt, 1988; Steudle, 1993).
Prior to mounting the seed coat, the probe and capillary were

filled with silicone oil and the reservoir with water. Then, a circular
piece of seed coat, isolated as described above, was draped over
a rubber O-ring (7 mm outer diameter, 4 mm inner diameter) and
inserted upside down on top of another rubber O-ring of the same
size into the filled water reservoir (Fig. 1B). The seed coat was
tightened into the reservoir in between the two rubber O-rings by
a metal cylinder ‘spacer’ (7 mm outer diameter, 4 mm inner diam-
eter) and a metal screw cap. As the screw cap was tightened, the
cylinder squeezed the O-rings together, creating a watertight seal
around the seed coat. According to the inner diameter of the coat
disc, the surface area of the seed coat available for water flow was
;12 mm2 (;p�22).
Once the coats were mounted, the pressure was allowed to

stabilize at a value around 0 MPa, and then pressure relaxation
experiments commenced. Each seed coat was tested with two
independent pressure relaxations to get a mean half-time of water
flow equilibration. A pressure relaxation involved quickly increas-
ing the pressure by pushing a specific volume of water toward the
seed coat. By monitoring the oil–water meniscus, the change in
volume was kept constant. The Pfloek program recorded the initial
pressure spike and its subsequent decrease with time, corresponding
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to the movement of water across the seed coat. Once the pressure
drop became linear, the initial slope of the line (kw

in) was determined
and used, along with the elastic modulus of the equipment, b
(MPa3m�3), and the seed coat surface area, A (m2), to calculate
Lph (m3s�1

3MPa�1) according to:

Lph ¼
kinw
b3A

: ð4Þ

For each seed coat, an average Lph was evaluated from the mean
of two initial slopes. Between relaxations, measurements of b were
conducted. This involved rapidly moving the meniscus toward the
coat and measuring the change in volume (DV) produced, which
referred to the corresponding change in pressure (DP) as described
by Steudle (1993):

b ¼ DP

DV
: ð5Þ

For each seed coat, at least three pressure peaks were produced
and the average b value calculated. Each cultivar was tested with
ten replicate coats. Collected data were first transformed with the
natural logarithm and then analysed in an unpaired t-test, assuming
unequal variances, at a confidence level of a ¼ 0.05 with SAS
(SAS Institute Inc., Cary, NC, USA).

Measurement of osmotic hydraulic conductivity (Lpo) and solute
permeability (Ps): A previously used osmometer (Steudle and
Heydt, 1988) was modified for seed coat samples (Fig. 2). The
lower reservoir of the osmometer was flooded with a solution of
potassium ferrocyanide fK4[Fe(CN)6]g with an osmolality of ;45
mOsmol (;0.11 MPa of osmotic pressure) as measured cryoscop-
ically with an osmometer (Osmomat 030; Gonotec, Berlin,
Germany). A seed coat, outer side up, was draped over a rubber O-
ring that had previously been placed around the lower reservoir. (In
some experiments, living aleurone cells in the seed coat were killed

by boiling the isolated coat in water for 5 min.) A teflon-coated grid
(pore diameter of 185 lm) was placed on top of the coat to prevent
its movement when internally pressurized. The grid was followed
by a metal spacer, and finally a screw cap to tighten the assembly in
place. The spacer and cap both had holes in the centre so that water
and test solutes could be applied to the outer side of the seed coat.
Initially, distilled water was added to the upper reservoir, and the

pressure building up in the osmometer was allowed to stabilize.
Pressure was detected with a silicone pressure transducer (XTM-
190M-7; maximum pressure: 0.34 MPa; Kulite Semiconductor
Products Inc., Ridgefield, NJ, USA), and again recorded by the
Pfloek program. The build-up of a pressure indicated that the seed
coat had some selective properties allowing a fairly rapid passage of
water but not of solutes, namely potassium ferrocyanide. Then the
water was replaced by one of three treatment solutions of measured
osmolality, i.e. K4[Fe(CN)6], ethanol, or NaCl, and again the
pressure was allowed to stabilize. After stabilization, the treatment
solution was always replaced with distilled water so that an
equilibrium pressure could be re-attained before adding the next
test solution. The osmotic hydraulic conductivity of the seed coats
(Lpo) was measured from osmotic relaxation curves obtained
following the addition of the non-permeating solute K4[Fe(CN)6] to
the upper chamber according to a procedure described earlier for

Fig. 1. Diagrams of the instrument used to measure the hydrostatic
hydraulic conductivity of seed coats. (A) Pressure probe. (B) Enlarged
and exploded sectional diagram of part of the pressure probe into which
seed coat preparations were sealed (box in A). See Materials and
methods for functional details.

Fig. 2. Diagram of the instrument used to measure the osmotic
hydraulic conductivities and solute permeabilities of seed coats. A
dilute solution of potassium ferrocyanide fK4[Fe(CN)6]g was in-
troduced into the lower compartment (l). Then the seed coat (sc) was
draped over an O-ring. A teflon grid (tg) and spacer (s) were lowered
onto the seed coat and the assembly tightened by screwing the upper
part to the lower part. Liquid forced into the upper chamber (u) was
removed and replaced with distilled water. The pressure in the lower
chamber was measured by a pressure transducer (pt). After an
equilibrium pressure had been reached, a test solute was added to the
upper chamber.
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artificial RO membranes (Steudle and Heydt, 1988). The equation
used to measure Lpo was:

Lpo ¼
V

A
3

lnð2Þ
Tw
1=23ðeþ piÞ ð6Þ

where Tw
1/2 is the half-time of the pressure change that corre-

sponded to water flow; e¼pi/[p�/DP]–1 (MPa), where pi and p�
refer to the osmotic pressures of the inner and outer chamber,
respectively (MPa); V is the volume of the lower chamber (in m3);
and A is the surface area (m2) of the seed coat preparation
separating the two compartments. The permeability of the seed
coats to NaCl and ethanol (Ps in m3s�1) was calculated from the
resulting biphasic pressure relaxations typical of responses in the
presence of permeating solutes (Steudle and Heydt, 1988). Solute
permeability was estimated using a relationship analogous to that
for the water:

Ps ¼
V

A
3

lnð2Þ
Ts
1=2

ð7Þ

where T s
1/2 is the half-time of the pressure change that corresponded

to the flow of the solute, s.
In the osmometer experiments, each treatment solution was tested

twice per seed coat. Five seed coat replicates were used for each
cultivar treatment. Lpo and Ps data were transformed with the
natural logarithm and then independently analysed in an unpaired
t-test, assuming equal variances, at a 95% confidence interval with
SAS (SAS Institute Inc.).

Results

Dimensions of seeds and anatomy

Soybean seeds were ellipsoid. Those from cv. Harovinton
were larger (8.0–8.4 mm long by 6.8–7.2 mm wide by
5.4–6.0 mm high) than those from OX 951 (7.0–7.5 mm
long by 5.0–5.5 mm wide by 4.8–5.1 mm high), measured
with the hilum side down. Externally, four sides of a seed
were distinguished, i.e. the ventral (containing the hilum,
Fig. 3A), the dorsal (opposite to the ventral, Fig. 3B), and
two intervening abaxial sides (Fig. 3C). Seed coats were
typical for legumes (Corner, 1951; Esau, 1977) and
consisted of four distinct layers (palisade, osteosclereid,
crushed parenchyma, and aleurone, and sometimes associ-
ated crushed endosperm) and two cuticles (Fig. 3D, E).
The sizes of the intercellular air spaces in the osteosclereid
layer varied greatly, being largest near the hilum (100614
lm high by 2367 lm wide, Fig. 3F), grading to smaller
at the abaxial side (3667 lm high by 1764 lm wide,
Fig. 3G) and smallest on the dorsal part of the coat (863
lm high by 1363 lm wide, Fig. 3H). The values given
here were each the average 6SD of 24 spaces (three
spaces per seed and eight seeds total).

Pattern of water uptake by soybean seeds

As seeds of cv. Harovinton took up water, they progressed
through a sequence of externally visible changes. Imbibi-
tion of a typical seed, as seen from one of its abaxial
sides, is illustrated in Fig. 4. Although some dry seeds had

very small ridges on their dorsal sides (Fig. 3B), most
were smooth coated (Fig. 4A). Within 45 min of being
immersed in water, the coat on the dorsal side began to
wrinkle (Fig. 4B). As imbibition continued, the affected
area became larger (Fig. 4C, D). By 2 h, conspicuous
ridges could also be seen on the abaxial sides near the
hilum (Fig. 4E). Ridges became more numerous and
extensive over the next hour (Fig. 4F–I), ultimately
involving the whole seed except for the hilum. After this
time, however, the seed coat became smoother as it ceased
to enlarge while the embryo with its cotyledons continued
to swell, filling more space within the coat (Fig. 4J–P).
After ;9 h, the seed coat became smooth again as the
embryo reached its maximum size (Fig. 4Q, R). This
description is for a typical permeable seed, but there were
variations in the timing of imbibition, and how the coat
changed during hydration (data not shown).
The hydration pattern of the interior of the seed,

consisting mainly of the two large cotyledons, was
followed by dissecting off parts of the seed coat after
various soaking times and observing the darker, hydrated
tissue. Water entry into the cotyledons always began on
the dorsal side under the wrinkled seed coat (Fig. 5A, B).
Shortly thereafter, water penetrated into the cotyledons
from the hilum and perhaps the abaxial sides. These initial
cotyledonary wetting patterns always correlated with the
locations of wrinkles in the overlying seed coat, with the
exception of the hilum which only bulged outward. About
2–3 h later, the arched hydrated areas of the cotyledons
approached each other (Fig. 5C). The cotyledons at the
dorsal and hilum ends continued to hydrate, creating
a slightly asymmetric, oval-shaped hydration front (Fig.
5D). The thickness of the hydrated tissue on all sides
became more uniform with time as the front progressed
toward the centre of the seed (Fig. 5E). Water absorption
by the cotyledons continued until they were completely
hydrated (after ;13–14 h of imbibition; Fig. 5F).
When the seed coats were removed prior to soaking, the

hydration pattern of cotyledons was altered; they hydrated
evenly over all their external surfaces from the outset.
When the cotyledons did not separate, their hydration was
uniform as described for the later stages in whole, intact
seeds as in Fig. 5E. In most cases, however, the
cotyledons did separate, allowing water to enter the space
between them. Then, in addition to the hydration of the
external surfaces, the internal surface (adaxial side) of
each cotyledon started to hydrate, creating a semicircular
wetting front (Fig. 5G). Due to this unusual and rapid
wetting, the adaxial surfaces had a unique, wrinkled and
flaky appearance (Fig. 5H) that presaged break up of the
tissue as the cotyledons neared full hydration (Fig. 5I).
To test the importance of lateral water flow through the

seed coat during imbibition, water was provided only to
specific locations on the seed surface. In seeds hydrated
only from the hilum side, water entered the seed coat and

Soybean seed imbibition 721

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/58/3/717/559685 by guest on 24 April 2024



progressed upward along the abaxial sides, as evidenced
by the wrinkling of the coat (Fig. 6A). The first areas of
the cotyledons to be hydrated were adjacent to the hilum.
However, water also moved circumferentially through the
seed coat and from there into the adjacent regions of the
cotyledons. Hence, an asymmetrical, oval-shaped hydra-
tion front was formed (Fig. 6B). In seeds hydrated from
the dorsal side, initial water uptake was rapid and the
areas of the cotyledons adjacent to the wrinkled coats

were the first to hydrate (Fig. 6C). Lateral movement of
the water was much less extensive than in the previous
case, so that the hydration front had only a shallow
concave shape as it moved dorsiventrally toward the
hilum side (Fig. 6D). Of the seeds hydrated on one of
their abaxial sides, only 13% took up water and, in these,
a few wrinkles formed in the seed coat (Fig. 6E). Rates of
imbibition were much slower than the hilum and dorsal
hydrations. The cotyledon adjacent to the wrinkled seed

Fig. 3. Whole soybean seed and accompanying seed coat cross-sections (cv. Harovinton). (A–C) External views of a seed. (A) The ventral side. Note
hilum (h), micropyle (m), and raphe (r). (B) The dorsal side with ridges (arrowheads). (C) One of the two abaxial sides with a side view of the hilum
(h). Bar¼2 mm. (D,E) Cross-section of a seed coat on the dorsal side. (D) Photomicrograph. The coat consisted of layers made up of the following
cells: palisade (pl), osteosclereid or hourglass (hg), crushed parenchyma (cp), and aleurone (al). (E) Photomicrograph with the positions of the outer
and inner cuticles indicated by solid lines between arrowheads. Photomicrograph courtesy of F Ma. Bar¼15 lm. (F–H) Cross-sections of a coat taken
from different sides of the seed. Notice the large changes in the heights of the osteosclereid (hourglass) cells and in the size of the intercellular spaces
between them. (F) Near the hilum. (G) Central abaxial side. (H) Dorsal side. Bars¼15 lm.
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coat formed a slightly concave hydration front (Fig. 6F).
When the localized hydration treatments were repeated
with decoated seeds, the fronts were typically convex in
all cases (Fig. 6G–I); this was most striking on the abaxial
side (Fig. 6I). Differences between hydration by sub-
mersion and hydration of localized areas from wet filter
paper were not due to variations in water supply, as
normal hydration patterns were obtained from seeds
entirely surrounded by wet filter paper.

Kinetics of water uptake by permeable and stone
seeds with and without seed coats

Water uptake into intact, permeable seeds of cv. Harovin-
ton commenced within 10 min, entered a more linear
phase between 240 min and 540 min, and began to plateau
after ;840 min (Fig. 7A). In striking contrast, stone seeds
from cv. OX 951 took up no measurable quantities of
water for the whole of this time (Fig. 7A). When seeds
from which the coats had been removed were immersed in
water, imbibition proceeded roughly twice as fast as that
of intact Harovinton seeds. In this case, the initial phase of
up to 45 min was rapid as the cotyledons hydrated (Fig.
7A). Water uptake by decoated stone seeds was just as
quick as that by decoated permeable seeds (Fig. 7A).
When imbibition curves of intact seeds of cv. Harovinton

were fitted exponentially according to Eq. (2), there was
a good correlation (R2¼0.99, Fig. 7B). However, it was
obvious that imbibition was more complex than indicated

by Eq. (2). Initially, the rate of water uptake was relatively
slow, suggesting a relatively low rate of imbibition of the
outer part of the seed, i.e. of the coat. As the coat hydrated,
its Lp increased, resulting in a second phase of hydration of
the cotyledons with a higher initial rate. When the data of
the initial phase were not incorporated in the exponential
plot, the second phase appeared to be quite homogenous,
i.e. Eq. (2) did apply (Fig. 7C).
During the imbibition of seeds of both varieties lacking

a coat, the overall process could also be fitted exponen-
tially with high correlation coefficients (Fig. 7D, F).
However, here too there was an initial phase that differed
from the rest. However, unlike the rate for intact seeds,
initial phases were rapid, indicating a kind of diffusion-
type kinetics for the swelling of the seed [see Eq. (3)]
when terms with n >1 are neglected; see Materials and
methods, and Discussion. Again, when the data points of
the first phases were removed and the rest replotted, there
was a homogenous slower phase of water uptake, as one
would expect from diffusion kinetics (Fig. 7E, G).

Hydrostatic Lp

Measurements of hydrostatic hydraulic conductivity (Lph)
were made of the hydrated, isolated coats from cvs
Harovinton and OX 951. The surfaces of these showed
no mechanical damage (as seen with fluorescence and
SEM) caused by their hydration and removal from the
cotyledons (data not shown). The four sharp spikes to the

Fig. 4. Time series (A–R) hydration of a typical, individual soybean seed (cv. Harovinton). Numbers indicate the times (min) after the beginning of
imbibition. Pictures illustrate external changes as a dry seed (0 min) becomes almost fully imbibed at 600 min (10 h). Bar¼2 mm.
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left in the graph in Fig. 8A were measures of changes in
pressure resulting from specific changes in volume, so that
the elastic modulus of the system (b) could be calculated
as needed to calculate Lph [Eq. (4)]. The time-course of
a pressure relaxation for a cv. Harovinton-derived coat
began when a volume of water was displaced toward the
coat to generate the driving force for water flow (Fig. 8A,
right side of graph). Correction for momentum in the

system quickly reduced this pressure to some extent,
creating the initial sharp spike. Water continued to flow
under pressure through the seed coat, gradually reducing
the pressure in the chamber where it was being measured.
The initial momentum spikes, with half-times of a fraction
of a second, were not included in the Lph calculations.
Instead, the longer second phase of the relaxation curves,
representing water flow across the coat, was analysed.

Fig. 5. Hydration of cotyledons of permeable seeds (cv. Harovinton) obtained by totally immersing whole seeds (A–F) or decoated seeds (G–I). (A, B)
A seed with dorsal wrinkles; coat partially dissected away. (A) Dorsal view. The hydrated cotyledon (*) corresponds to the wrinkled part of the seed
coat (between arrows). (B) Abaxial view. The hydrated cotyledon (*) corresponds (arrows) to the wrinkled part of the seed coat. (C) Cross-section,
hilum side down. Cotyledon hydration fronts from dorsal and hilum sides (arrowheads) have not yet merged. (D) Cross-section. Hydration fronts
merged around cotyledons. The hydrated zone in cotyledons is thicker on the hilum side (between arrowheads) than on the dorsal side (between
arrows). (E) Cross-section. Later stage of hydration in which the fronts have evened out and progressed further toward the centre of the seed. (F) Cross-
section of a fully hydrated seed. (G) Seed that had been decoated prior to soaking. Water entered the cotyledons evenly on all surfaces, including those
of the adaxial side (*). (H) Adaxial surface of part of a cotyledon. Note conspicuous flakes of tissue (arrows) and the uneven surface (arrowheads). (I)
Adaxial side of a fully hydrated, decoated cotyledon. Note large cracks and extensive lifting of surface tissue (arrows). Bars¼1 mm.
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Relaxation curves with steep slopes were obtained with
seed coats of cv. Harovinton, indicating a rapid passage of
water (Fig. 8A). On the other hand, seed coats of OX 951
transmitted the water much more slowly and, thus, the
resulting rate of pressure reduction was much lower than
that observed in cv. Harovinton coats (Fig. 8B). As seen
in Table 1, the average Lph of the permeable cultivar,
Harovinton, was ;5-fold (500%) greater than that of the
Lph for OX 951 seed coats. The Lph for Harovinton was
significantly greater than that for OX 951 at a¼0.05
(n¼10 coats per cultivar, t¼4.43, P¼0.0007). This 5-fold
difference in Lph was applied to the water imbibition data
for intact Harovinton seeds (Fig. 7A). It was assumed that
the resulting line, positioned just above the intact OX 951
data, would represent the approximate imbibition values
for hydrated coats of OX 951.

Osmotic properties of the seed coat

Isolated coats from permeable, impermeable, and heat-
killed impermeable seeds exhibited properties of weak
osmometers. Responses were variable, however, and there
were no clear differences amongst the coats. With
K4[Fe(CN)6] in the lower chamber and distilled water in
the upper, the pressure stabilized at a positive value (Fig. 9).
Then the distilled water in the upper chamber was
replaced by a more concentrated K4[Fe(CN)6] solution,
setting up a gradient that drew water from the lower
chamber, lowering its pressure (Fig. 9A). Another stable
pressure was reached after ;40 min, and this did not
change even after many hours. When the solution in the
upper chamber was changed back to distilled water, the
osmotic gradient reversed and water slowly entered
the lower chamber, once again increasing the measured
pressure (data not shown). Osmotic hydraulic conduct-
ivities were calculated using the half-times of the pressure
drops or increases; however, no significant differences
were observed between cultivars at a¼0.05 (n¼5 coats
per cultivar, t¼0.52, P¼0.61; Table 1). Although pressure
equilibria were reached, the intensity of the reactions (i.e.
the pressure drop or increase) was far less than that of
a perfect osmometer. Using NaCl instead of K4[Fe(CN)6]
in the upper chamber resulted in the same changes (Fig.
9B). However, when ethanol was added to the upper
chamber, biphasic curves were frequently obtained (Fig.
9C). In this case, water initially left the lower chamber,
reducing the measured pressure. However, as the ethanol
diffused from the upper chamber through the seed coat
into the lower chamber, the osmotic gradient between the
chambers was reduced, and the measured pressure rose
again. When the ethanol was replaced with distilled water,
a second biphasic curve was generated. This time, water
was drawn into the lower chamber by the ethanol that had
diffused into it. Then, as the ethanol diffused through the
seed coat into the upper chamber, the osmotic gradient

Fig. 6. Hydration of permeable seeds (cv. Harovinton) following
localized application of water. (A, B) Seed hydrated through the hilum
side. (A) External view of the seed. Wrinkles in the coat extend along
one side (to the left in the photograph). (B) Cross-section through the
seed. Cotyledon hydration was most advanced at the hilum end, and
a cup-shaped hydrated zone extended along the abaxial sides of the
seed; this zone would eventually reach the dorsal end. Concave
hydration front indicated by arrowheads. (C, D) Seed hydrated through
the dorsal side. (C) Whole seed with partially dissected coat. The
hydrated cotyledon (*) was located under the wrinkled part of the coat.
(D) Cross-section of a seed showing the concave hydration front
(arrowheads). (E, F) Seed hydrated through the abaxial side. (E) Whole
seed with two large ridges in the coat. (F) Cross-section of seed.
Slightly concave hydration front in a cotyledon (arrowheads). (G–I)
Cross-sections of seeds that had been decoated prior to localized
applications of water. Hydration fronts were convex in all cases
(arrowheads). (G) Hilum side hydration. (H) Dorsal side hydration. (I)
Abaxial side hydration. Bars¼1 mm.
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Fig. 7. Time-courses of soybean seed hydration, n¼12 seeds. (A) Overview comparison of cvs OX 951 (stone seeds; circles) and Harovinton (permeable seeds; triangles) with and without seed
coats. In addition, the linear part of the data from coated seeds of Harovinton (up to 540 min) was reduced by 5-fold and replotted (3). This represents the estimated water uptake of stone
seeds if their coats could be hydrated, based on the 5-fold (500%) difference in hydraulic conductivity measured with the pressure probe (see Fig. 8). Bars indicate the SD. (B–G) Graphs and
insets as titled, and fitted exponentially [Eq. (2)].
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was again reduced and the pressure in the lower chamber
decreased. Ethanol permeability was estimated from the
second phase of the curves, but there were no differences
between cultivars at a¼0.05 (n¼5 coats per cultivar,
t¼0.36, P¼0.73; Table 1).

Discussion

Hydration kinetics of permeable seeds

In agreement with the previous study of Ma et al. (2004),
the earliest external sign of hydration of permeable seeds
was a wrinkling of the dorsal seed coats. In seeds that
already had small wrinkles, these were enlarged, and in
seeds with smooth coats, similar wrinkles were created.
These undulations formed when water was absorbed by
the dry walls of the cells of the coat, increasing their
volumes, and the force of this expansion was sufficient to
separate the coat from the cotyledons in localized regions.
The idea of Heil et al. (1992) that wrinkling ensues when
water dissolves the middle lamella is not tenable, as pectic
substances are not soluble in water at room temperature.
Examples of solvents used for dissolving the middle
lamella include 0.5% ammonium oxalate at 70–80 �C,
a macerating solution including acetic acid, ethanol, and/
or hydrochloric acid at 60 �C, or treatment in 5%
pectinase at 37 �C (Jensen, 1962).
The initial stage of cotyledon hydration in intact

soybean seeds could be predicted from external observa-
tions of the wrinkles in the seed coat. When seed coats
were partially dissected away from the cotyledons, the
position of the hydrated cotyledon parts in each seed
correlated with the wrinkled dorsal area of the seed coat.
Subsequently, water also passed through the hilum,
wetting the cotyledons in this area; the hydrated hilum
bulged outward during this process. When water was
applied to specific sides of the seeds, the initial results
were much the same in the dorsal and hilum sides.
Movement of water into the abaxial sides was variable
and usually absent (in 87% of the cases). When it did
occur, abaxial hydration was slow and displayed a slightly
concave front. Hahalis et al. (1996) and Chachalis and

Table 1. Hydrostatic (Lph) and osmotic (Lpo) hydraulic conductivity and solute permeability (Ps) values comparing hydrated seed
coats of Glycine max with other plant tissues

The values given are averages 6SD (n¼10 for Lp and n¼5 for Ps). Different letters in the first two columns indicate statistically significant
differences (t-test, P <0.05).

Specimen Lph6SD3108 (m s�1 MPa�1) Lpo6SD3108 (m s�1 MPa�1) Ps6SD3109 (m s�1) Referencea

Glycine max
cv. OX 951 seed coat 1361 a 3169 a, b EtOH: 190650 a 1

NaCl: ND
cv. Harovinton seed coat 67622 b 3265 a, b EtOH: 220670 a 1

NaCl: ND
Oryza sativa primary root 3.8–5.0 1.1–9.2 – 2, 3
Hordeum distichon primary root 0.3–4.3 0.3–4.3 – 4
Zea mays primary root 1–46 0.–5 Sucrose: 3.0 5–8

NaCl: 6–14
Allium cepa primary root 14 0.02–2 NaNO3: 0.7 9, 10
Leaf cuticles ;1.7310�5–3.4310�4 – – 11
Fruit cuticles ;4.3310�4–2.2310�3 – – 11

a References: 1, this study; 2, Ranathunge et al. (2003); 3, Miyamoto et al. (2001); 4, Steudle and Jeschke (1983); 5, Steudle et al. (1987); 6, Steudle
and Frensch (1989); 7, Zhu and Steudle (1991); 8, Peterson et al. (1993); 9, Melchior and Steudle (1993); 10, Melchior and Steudle (1995); 11,
Riederer and Schreiber (2001).

Fig. 8. Examples of hydrostatic Lp charts. Half-times are inversely
proportional to Lph. Vertical lines on the left hand sides are pressure
spikes used to calculate the tissue elastic modulus values (b). Pressure
relaxations are indicated by arrows. (A) Seed coat of cv. Harovinton
gave a short half-time. (B) Seed coat from stone seed of cv. OX 951
gave a long half-time.
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Smith (2000), who worked with soybean cvs KWS-E and
Sapporo, reported that the rate of water uptake strictly at
the hilum side was much less than that at the dorsal and
abaxial sides. Their contrasting results could have been
due to varietal differences, or to inadvertent wetting of the
dorsal and hilum sides since water creep was apparently
not prevented with a waterproof barrier.
As imbibition of whole seeds proceeded, hydration

fronts became concave, indicating that either the edges of
the cotyledons or the seed coat had preferentially trans-
mitted water laterally. When the water supply was limited
to the dorsal, hilum or abaxial sides, the front shapes were
concave in coated seeds but convex in decoated seeds,
proving that the circumferential movement had occurred

through the coats. Such a role for the seed coat has been
described earlier by McDonald et al. (1988). The lateral
movement of water was more rapid on the hilum side, the
location of the largest air spaces in the osteosclereid layer.
In trials with intact seeds, hydration did not commence

from the adaxial (inner) surfaces of the cotyledons. These
were appressed together tightly enough to prevent notice-
able water entry to this area. On the other hand, when the
seeds were decoated, the cotyledons usually separated
enough to allow water to contact their adaxial surfaces,
and water was absorbed evenly through these. However,
Pietrzak et al. (2002), who used nuclear magnetic
resonance imaging (NMR) to observe water entry into
soybeans of cv. Colibri, interpreted their data in terms of
a free movement of water in the ‘void’ between the
cotyledons. Unfortunately, their observation intervals were
too far apart (30 min) to allow observation of the initial
imbibition patterns.

Role of the seed coat in hydration of permeable versus
stone seeds

The dramatic difference between the lack of hydration of
stone seeds (from cv. OX 951) and the rapid hydration of
permeable seeds (from cv. Harovinton) is clearly a feature
of the seed coat, as seen from the experiments where the

coat was removed prior to soaking. During the most linear
phase of the hydration, embryos without coats absorbed
water more than twice as fast as those of coated
Harovinton seeds, a result that is similar to the findings of
others (Larson, 1968; Bewley and Black, 1978; Powell

and Matthews, 1978; McDonald et al., 1988; Chachalis
and Smith, 2000). The rapid hydration of the isolated
embryos caused them to break apart during the later stages
of imbibition, an observation also in agreement with
several previous reports and with the well-known role of

the seed coat in modulating water delivery to the embryo
(see Introduction). Unlike the abaxial faces of the
cotyledons that remained quite smooth even during later
stages of rapid hydration, the adaxial faces developed

folds and produced large flakes of tissue. This face and
the edges of the cotyledons were prone to cracking after
longer hydration times.
Additional information on the role of the seed coat

during the hydration of permeable seeds was gained from
a detailed analysis of the imbibition curves. Water uptake
by permeable seeds, both intact and decoated, exhibited
two distinct phases: an initial one and a longer subsequent

phase that was exponential (i.e. consistent with first-order
kinetics). In the case of decoated seeds, the initial phase
was rapid as the cotyledons began to hydrate evenly over
their exposed surfaces. However, as this proceeded, the
uptake of water slowed down and became exponential,

probably due to the hydrated layers within the cotyledons
becoming thicker and, therefore, less conductive so that the

Fig. 9. Example charts of osmotic experiments from which seed coat
permeabilities to various solutes were calculated. (A) Heat-killed seed
coat from cv. OX 951. A solution of K4[Fe(CN)6] with an osmotic
pressure of 42 mOsmol (;0.1 MPa) was added to the lower chamber,
and distilled water to the upper one. After a stable pressure was
reached, the water in the latter was replaced by a 73 mOsmol solution
of K4[Fe(CN)6] as indicated by the arrow. (B) Seed coat from cv.
Harovinton. The lower chamber contained a 45 mOsmol solution of
K4[Fe(CN)6]. After pressure stabilization, NaCl (a 584 mOsmol
solution) was added (arrow). (C) Heat-killed seed coat from cv. OX
951. The lower chamber contained 45 mOsmol K4[Fe(CN)6]. Ethanol
(900 mOsmol) and distilled water were added to the upper chamber as
indicated (arrows).
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hydration of the inner parts was increasingly delayed [see
Eq. (2)]. The issue has been dealt with both theoretically
and experimentally for plant tissue (Philip, 1958; Molz and
Ikenberry, 1974; Steudle and Boyer, 1985; Westgate and
Steudle, 1985; Steudle, 1992) in terms of diffusion kinetics
[‘diffusivity’; see Eq. (3)]. It has been also shown for seeds
in key papers (Phillips, 1968; Waggoner and Parlange,
1976; Vertucci, 1989). Figure 10 demonstrates semilog
plots of water uptake according to Eq. (2). For whole seeds
of Harovinton (Fig. 10A), the initial phase was linear
(constant k), but the rate was relatively slow due to coat
hydration. Then the rate increased as seeds moistened. In
decoated seeds (Fig. 10B), the initial phases of semilog
plots were curvilinear (up to t¼20 min), and uptake rates
were fairly rapid. However, as rates slowed down, the
overall uptake became exponential to a good approxima-
tion, as expected from typical diffusion kinetics [see
Materials and methods and Eq. (3)]. The fact that there
was a fairly long linear part may indicate that (i) diffusion
kinetics could be used to describe uptake in the absence of
coats and (ii) the changes in the diffusivity (D) were
relatively small. In both cases (Fig. 10A, B), when the
seeds approached saturation, it was difficult to measure the
uptake rates accurately because of uncertainties in the true
final weight (wmax). Therefore, the semilog curves would
bend either upwards or downwards depending on the esti-
mated wmax. On the other hand, the accuracy of the wmax

measurements was better than 6SD of w, so the convex
bending of the curves was instead due to increasing dif-
fusivities as the seeds moistened.
When the water uptake of coated seeds was analysed,

curves were homogenous and exponential provided that the
initial slow phase was omitted, which we attribute to
soaking of the coat with water. The intact seeds apparently
have a rate limitation at the coat rather than in the interior
of the seed. This means that measurements of the Lph or
Lpo of seed coats should be quite important for un-
derstanding the hydration pattern of seeds. However, this
would require that coats be removed from the seeds
without significant alterations that could artificially increase
their hydraulic conductivity. Of course, the absolute values
of coat Lph and Lpo would relate to the rate constants (half-
times) of the exponential part of swelling curves. However,
calculations of Lph and Lpo from uptake rates would only
be possible if the forces driving water flow across the coats
were known as well, i.e. the differences in water potential
between the outside and inside of seeds.
Following seed imbibition in more detail is necessary to

verify the idea of diffusion kinetics in quantitative terms.
However, this would require a non-destructive method to
measure the progression of internal hydration. In the case
of intact seeds, the first phase was a lag mainly repre-
senting the need first to hydrate the seed coat, a process
beginning from the dorsal side, followed by the hilum
side, and eventually extending around the whole seed

coat. The remainder of the imbibition process was then
nicely exponential, but slower than that for the decoated
seeds. This suggested that the hydrated coat, now more
permeable than it was initially, was still rate-limiting for
water uptake rather than the progressive hydration of the
embryo. It is indicated in the Results that, at least for soy-
bean, some caution is necessary when interpreting overall
seed imbibition in terms of first-order kinetics as has been
done in the past [Leopold, 1983; Eq. (2)]. The fact that
good correlations were obtained in the experiments of

Fig. 10. Semilog plots of relative water uptake [Eq. (2)]. (A) For intact
Harovinton seeds, the initial phase of imbibition was slow (small slope)
due to the resistance of the coat. Once the coat was hydrated, the rate
(slope) increased to linear (exponential phase). The linear part of the line
indicated a constant diffusivity and was fitted between 180 min and 600 min.
(B) For decoated OX 951 seeds, the initial uptake rate was fairly rapid
and the overall rate became exponential as is typical of diffusion ki-
netics [Eq. (3)]. The linear part of this line was fitted between 30 min
and 120 min. In both cases (A, B), when the seeds approached
saturation, errors in measuring wmax increased. This is evident when
wmax is artificially increased or decreased by the value of the standard
deviation because the curves bend upward or downward, respectively.
However, since the accuracy in measuring wmax was better than 6SD of
w, it is concluded that the convex bending of the curves was not due to
the uncertainty in measuring wmax. Rather, diffusivities (rates) increased
as seeds became moistened. Filled triangles indicate data from Fig. 7A
inputted into Eq. (2); open squares or circles indicate the same data as
the filled triangles except the wmax was increased or decreased by its
standard deviation.
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other authors does not prove simple first-order kinetics as
shown here. A closer look at water uptake is required.

Permeabilities of isolated seed coats to water and
solutes

Using a pressure probe, it was possible to measure the
permeability of isolated, hydrated seed coats to water
directly. In view of the water-resistant properties of the
dry stone seed coats, one might have expected that they
would have a very low permeability to water even when
hydrated. However, their Lph was, on average, smaller
than that of the permeable seed coats by ‘only’ a factor of
five or 500%. At first sight, the permeability of stone seed
coats seems much higher than expected. However, one
has to consider that during removal of coats from the
embryos (although carefully done by imbibition after ex-
cising part of the seed), some alteration, namely to the outer
side, may have occurred. Even when using completely
intact coat preparations, the access of water to the inner
side caused rapid hydration and expansion of the coat that
may have increased its Lph. Hence, the relatively small
difference between hydrated coats of cvs Harovinton and
OX 951 of ‘only’ a factor of five is understandable. The
high variability in the Lph values obtained for the seed
preparations also indicates that some damage may have
been done to the outer part of their coats. These ideas
remain speculative as no cracks visible with SEM or
fluorescence were introduced to the coats of hydrated OX
951 seeds. They do indicate that once the coats of stone
seeds are hydrated, they are capable of conducting water,
and one would expect to observe a slow imbibition if this
were to occur in whole seeds. The fact that such an
imbibition does not occur indicates that in whole seeds,
the seed coat is not hydrated, and this is consistent with
the finding that such seeds are covered with a continuous
outer cuticle (Ma et al., 2004). Using a pressure probe
for measuring the hydraulic conductivity of roots and cells
is well established. Although there is confidence in the
methods for isolating and fixing seed coats, some
improvements may be possible.
When the current results were compared with previous

measurements of water permeability of roots, or of cuticles
from leaves and fruits, it was evident that hydrated seed
coats were more permeable (Table 1). This is plausible
because, in roots, the presence of an endodermis and often
an exodermis, both containing Casparian bands and fre-
quently suberin lamellae, can restrict radial water transport.
For leaves and fruits that are constantly exposed to the
atmosphere, their cuticles must be highly effective at
retaining water to prevent desiccation. Although the water
permeabilities of leaf and fruit cuticles are variable between
tissues and species, they are typically much lower than
those observed for soybean seed coats (see Tables 1 and 2
in Riederer and Schreiber, 2001). The much smaller

hydraulic conductivity of cuticles as compared with seed
coats should be due to the fact that, in the latter, a continuous
cuticle is missing. Additionally, seed coats are more perme-
able to water because they are composed of dead cells and,
thus, do not have cell membranes that are assumed to have
a smaller hydraulic conductivity than the porous apoplast of
living tissue (Steudle and Peterson, 1998).
Isolated seed coats were tested for their ability to act as

osmometers. One would expect that most of the resistance
to water and solute flow through the seed coat would be
provided by its two, thin cuticles, one covering the
palisade layer and the other the aleurone layer (Fig. 3E;
Ma et al., 2004). If these are intact, typical cuticles, they
should repel water and hydrophilic solutes and it could be
assumed that the seed coats would not behave as osmotic
barriers with a reasonable selectivity (high reflection
coefficient). It was surprising, therefore, to find that this
was not the case. The coats of both cvs Harovinton and
OX 951 did show distinct, although weak, osmotic
properties and some selectivity of solutes against water as
revealed in the osmometer experiments. However, com-
pared with cell membranes, these osmotic responses were
small. The observed osmotic properties were not a function
of the aleurone, the only layer of cells in the coat with
some living cells (Yaklich et al., 1992; Ma et al., 2004),
since killing the remainder of these cells did not alter the
osmotic properties of the seed coats. In the presence of the
osmolyte K4[Fe(CN)6] (considered to be quite wall
impermeant; Ranathunge et al., 2005), the pressures built
up in the osmometer were substantially lower than one
would expect for a reflection coefficient of unity. Osmotic
responses to the ‘impermeant’ polar solute K4[Fe(CN)6]
just consisted of one ‘water phase’, indicating an in-
discernible permeation of this solute. This was most
probably due to repulsion of the [Fe(CN)6]

4� ion by fixed
negative charges in the walls of the cells. Similarly, NaCl
was also not measurably permeant. In contrast, the
uncharged, small solute ethanol did permeate, creating
biphasic responses in pressure like those of artificial mem-
branes and also of living plant cells, but with much longer
half-times (Steudle and Tyerman, 1983; Steudle and
Heydt, 1988; Ye et al., 2004). In the case of coats from
Harovinton, it was surprising that a pressure equilibrium
could be reached, as the continuity of the outer cuticle is
known to be interrupted by small cracks (Ma et al., 2004).
Their reaction times to solution changes were slow com-
pared with those of a living cell (Steudle and Tyerman,
1983; Ye et al., 2006) and the pressure changes obtained
were far below those of a perfect osmometer (Table 1).
These results indicate that the part of the seed coat
providing the resistance to salt but not ethanol is a lipophilic
structure and is, perhaps, the inner cuticle of the coat.
The fact that seed coats behave as weak osmotic barriers

should be important in view of the fact the coats are said
to retain solutes within the seed, at least to some extent
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(Larson, 1968; Parrish and Leopold, 1977; Bewley and
Black, 1978; Powell and Matthews, 1978; Duke et al.,
1983). This means that the loss of valuable solutes
(electrolytes, sugars, etc.) from embryos of swelling seeds
would be limited. On the other hand, the rate of water
uptake would be sufficient for embryo hydration due to
a relatively high seed coat Lp. It is thought that these
properties are caused by the composite structure of the
coats which contain thin cuticles and layers of cell walls
that would have differing hydraulic properties.
In conclusion, the present research has provided a variety

of information related to the hydration of soybean seeds.
Water initially enters the coat of a permeable seed from the
dorsal side, and shortly after from the hilum side, wetting
the adjacent parts of the cotyledons. Lateral water move-
ment through the osteosclereid layer is minor at the dorsal
end (where the intercellular spaces are smaller), but is exten-
sive at the hilum end (with larger air spaces). When seed
coats were present, they dominated the overall water uptake
at any stage. Hence, except for a short period required for
the hydration of coats, imbibition curves were exponential.
Different from literature data, the present report provides
detailed data from the beginning stages of imbibition,
showing that there is a slow initial phase of water uptake
that was interpreted in terms of seed coat hydration. The
slow phase was followed by a second, more rapid one
attributed to the hydration of the cotyledons. The second
phase was strictly exponential, again indicating a rate
limitation by the hydrated coat. Decoated seeds from both
varieties showed a diffusion type of kinetics of water uptake
as theoretically expected. When coats of stone seeds were
removed from the seed by hydration, their permeability to
water increased but remained ;5-fold less than that of
similarly treated coats from permeable seeds. From a phys-
iological point of view, it is plausible that the water
permeability of hydrated seed coats is greater than that of
roots, and much greater than that of cuticles of leaves and
fruits. According to their anatomy, hydrated coats of both
stone and permeable seeds exhibited properties of a weak
osmometer with low selectivity.
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