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To understand the relationship between the organization of cellular water, molecular interactions, and desiccation tolerance,
dielectric behaviors of water and water-plasticized biomolecules in red oak (Quercus rubra) seeds were studied during
dehydration. The thermally stimulated current study showed three dielectric dispersions: (a) the relaxation of loosely-bound
water and small polar groups, (b) the relaxation of tightly-bound water, carbohydrate chains, large polar groups of
macromolecules, and (c) the “freezing in” of molecular mobility (glassy state). Seven discrete hydration levels (water
contents of 1.40, 0.55, 0.41, 0.31, 0.21, 0.13, and 0.08 g/g dry weight, corresponding to 21.5, 28, 211, 214, 224, 274,
and 2195 MPa, respectively) were identified according to the changes in thermodynamic and dielectric properties of water
and water-plasticized biomolecules during dehydration. The implications of intracellular water organization for desiccation
tolerance were discussed. Cytoplasmic viscosity increased exponentially at water content , 0.40 g/g dry weight, which was
correlated with the great relaxation slowdown of water-plasticized biomolecules, supporting a role for viscosity in metabolic
shutdown during dehydration.

Properties of water in biological systems were stud-
ied extensively using isothermal sorption measure-
ment (Schneider and Schneider, 1972; Clegg, 1978;
Lusher-Mattli and Ruegg, 1982; Rupley et al., 1983),
calorimetric method (Ruegg et al., 1975; Bakradze and
Balla, 1983; Vertucci, 1990), infrared and Raman spec-
troscopy (Careri et al., 1979; Luck, 1985; Cameron et
al., 1988), nuclear magnetic resonance (NMR) spec-
troscopy (Mathur-de Vre, 1979; Seewaldt et al., 1981;
Rorschach and Hazlewood, 1986; Ratkovic, 1987),
quasi-elastic neutron-scattering spectroscopy (Leh-
mann, 1984; Trantham et al., 1984), and dielectric re-
laxation techniques (Harvey and Hoekstra, 1972; Ka-
miyoshi and Kudo, 1978; Clegg et al., 1982; Pissis et al.,
1987; Bruni and Leopold, 1992; Pissis et al., 1996).
These studies revealed the great structural complexity
of water in biological systems. Interfacial water, which
is close to macromolecules and membranes, plays an
important role in determining the properties and
structures of macromolecules and membranes. These
water molecules, being part of a network of biological
interfaces, are dynamically oriented and exhibit re-
stricted motion (i.e. “bound”). In consequence, the
mobility and the ordering of water molecules are very
different from those of pure bulk or “free” water.
Changes in thermodynamic and motional properties

of water at different hydration levels indicate the ex-
istence of different fractions of water, which may vary
in structures and properties and presumably play dif-
ferent biological roles.

Anhydrobiotes, such as Artemia cysts, seeds, and
pollen, were frequently used to study the role of
water in biological functions because of their ability
to survive desiccation and to resume active life upon
addition of water. Isothermal sorption measurements
showed the presence of three hydration regions: a
strong water-binding region at low water content
(WC), a weak binding region at intermediate WC,
and a very loose binding region at high WC (Clegg,
1978; Vertucci and Leopold, 1987). More sensitive
differential scanning calorimeter (DSC), NMR, and
dielectric techniques identified the existence of at
least four or five fractions of water, presumably re-
lating to different interactions between water and
cellular constituents (Clegg, 1986; Ratkovic, 1987;
Vertucci, 1990; Pissis et al., 1996). These hydration
levels are correlated to the onset of various metabolic
activities in organisms. Physical properties of cells
are often directly related to the behavior of cellular
water (Clegg et al., 1982; Clegg, 1986; Bruni et al.,
1989).

The relationship between cellular water property
and desiccation tolerance was examined in a number
of studies. Seeds that can tolerate essentially complete
desiccation are called “orthodox” seeds, whereas
seeds that lose their viability after drying to a critical
WC are called “recalcitrant” (desiccation-intolerant)
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seeds. “Bound” water was reported to play an impor-
tant role in desiccation tolerance of organisms (Ver-
tucci and Leopold, 1987; Farrant et al., 1988; Pritchard,
1991; Sakurai et al., 1995). Some workers proposed
that desiccation intolerance of some seeds and vege-
tative tissues is associated with the lack of strong
water-binding sites (Vertucci and Leopold, 1987),
whereas others suggested that desiccation intolerance
is related to the requirement of structure-associated
water to maintain ongoing metabolism and cellular
membrane integrity (Farrant et al., 1988). However,
the loss of viability in many recalcitrant seeds occurs
at WC that is much higher than that of bound-water or
unfreezable water (Pammenter et al., 1991; Berjak et
al., 1992). The extent to which desiccation can be tol-
erated varies among recalcitrant species. No consistent
difference in water-binding characteristics or the
amount of freezable water is found between recalci-
trant and orthodox seeds (Sun, 1999b). The relation-
ship between cellular water organization and desicca-
tion tolerance is not resolved yet.

The thermally stimulated current (TSC) technique
is a powerful tool for investigating the mode of hy-
dration in biological systems. This technique is capa-
ble of providing information concerning the mobility
and rotational freedom of hydration water, hydration
sites, and mechanisms (Mascarenhas, 1980; Pissis et
al., 1987; Bruni and Leopold, 1992; Pissis et al., 1996).
TSC is based upon the dependence of the micrody-
namics of water dielectric relaxation on their sur-
roundings resulting in different dielectric relaxation
times for water in different fractions, and on the
influence of water on the dielectric relaxation mech-
anisms of other biomolecules. This method is very
sensitive for detecting small amounts of water in
different phases, and dipole concentration as low as
0.1 ppm can be measured accurately (Pissis et al.,
1991). The objective of the present study was to in-
vestigate the dielectric relaxation properties of water
and water-plasticized biomolecules in red oak (Quer-
cus rubra) seeds. The study offers valuable insight
into the organization of cellular water, molecular
interactions between water and other biomolecules,
and relationships between cytoplasmic viscosity, mo-
lecular mobility, and desiccation tolerance.

RESULTS

Critical WC and Water Potential (C) of
Desiccation Tolerance

Red oak seeds were unable to tolerate full desicca-
tion after maturation (Fig. 1A). Seed germination
decreased after embryos (axes and cotyledons) were
dried to WC , 0.35 6 0.02 g/g dry weight (80%
relative water loss). Cellular leakage increased
abruptly after seed tissues were dried to WC below
the critical level. The critical WC was similar to re-
ported values (Pritchard, 1991; Finch-Savage, 1992).
The effect of drying rate on desiccation tolerance was

reported elsewhere, using the same seeds. Drying
rate did not affect desiccation tolerance of red oak
seeds (Sun, 1999c).

Figure 1B shows the C of seed tissues with differ-
ent WC. The pressure-volume curve indicated that
cells started to plasmolyze at WC 5 approximately
1.4 to 1.5 g/g dry weight (21.3 to 21.5 MPa). The
critical C of desiccation tolerance for red oak seeds
was about 212.5 MPa (0.35 g/g dry weight). Using
extrapolation, the amount of matrically bound water
in tissues was calculated to be 0.22 6 0.01 g/g dry
weight (224.5 MPa). This result was consistent with
the data of differential hydration enthalpy (DH) cal-
culated from desorption isotherms (Fig. 1B, inset).
Primary hydration completed at WC 5 0.21 g/g dry
weight when DH reaches zero, according to Lusher-
Mattli and Ruegg (1982) and Rupley et al. (1983). At
WC , 0.21 g/g dry weight, water molecules were
adsorbed at the strong and weak binding sites. The

Figure 1. A, Desiccation tolerance of recalcitrant red oak seeds, as
determined by seed germination and electrolyte leakage method. B,
C of seed tissues at different WC. C at incipient plasmolysis was
estimated from pressure-volume curves (not shown). The content of
“matric” water was estimated to be 0.21 6 0.01 g/g dry weight. Data
at C , 240 MPa were not shown. The inset shows three types of
water according to the differential hydration enthalpy at different
seed WC.
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amount of strongly bound water was estimated to be
0.08 g/g dry weight.

Interpretation of TSC Thermograms

TSC plots of red oak seeds showed three dielectric
dispersions (Fig. 2). These relaxation peaks were de-
noted as peaks A, B, and C, according to the sequence
of their occurrence during warming. Peak A occurred
at temperature between 2150°C and 2100°C. Peak B
and peak C were normally observed at temperature
from 2100°C to 0°C and from 250°C to 40°C, re-
spectively. Peaks A, B, and C were due to the dipolar
disorientation. The possibility that their occurrence
was due to space charge relaxations of the ionic
origin was excluded. Experimental data were in an
excellent agreement with Equation 4 that describes
dipole depolarization processes (Fig. 3A).

The information obtained from TSC studies on cel-
lulose (Pissis, 1985), proteins (Pissis, 1989), saccha-
rides (Daoukaki-Diamanti et al., 1984; Pissis and
Daoukaki-Diamanti, 1986), and plant tissues (Pissis
et al., 1987; Bruni and Leopold, 1992, 1996) enables a
detailed evaluation on the biological and physical
nature of three relaxation peaks. A main contribution
to peak A comes from bulk water and loosely bound
water in seeds, i.e. the reorientation of water in fro-
zen water clusters or water layers around primary
hydration sites. Bulk water in a dilute biological so-
lution exhibits a TSC peak similar to that of macro-
scopic polycrystalline pure ice (Pissis et al., 1991).
Water molecules that bind at strong hydration sites
are generally “irrotational,” and do not contribute to

peak A. At very low WC, peak A is dominated by the
relaxation of small polar groups, such as short side-
chains of saccharides and proteins (Pissis and
Daoukaki-Diamanti, 1986; Pissis, 1989). Figure 3B
shows a typical TSC spectrum for a sample at very low
WC. The sample displayed three low-temperature dis-
persions (A1, A2, and A3) instead of a single peak. The
data suggested a multiplicity of relaxation times rep-
resenting several relaxation processes for peak A. The
appearance of peak A as a single peak at high WC was
therefore assumed to be due to the superposition of
several processes with a distribution of relaxation time
and activation energy. The dependence of the depo-
larization peak maximum temperature (Tm) of peak A

Figure 2. Representative plots of TSC versus temperature for red oak
seeds. Conditions of TSC experiments: polarization dc field, 3 kV/cm;
polarization temperature, approximately 22°C; polarization time, 3
min; and heating rate, 3°C/min. TSC plot of macroscopic polycrys-
talline pure ice (dashed line) was superimposed as a reference (data
from Apekis and Pissis, 1987).

Figure 3. A, The iterative curve fitting of a TSC spectrum with
Equation 6. Symbols are data points and the solid line represents the
curve fitting. WC of the sample was 0.37 g/g dry weight. B, The TSC
spectrum at the low-temperature region for a sample with WC 5 0.10
g/g dry weight. The sample displayed three low temperature disper-
sions (A1, A2, and A3, indicated by the dashed lines). The magnitude
was normalized to a dry weight of 0.50 g. Estimated values of peak
parameters are shown near individual peaks. The uncertainties of
curve fitting: 61°C in Tm, 60.02 eV in Ea, and a factor of approxi-
mately 3 in to.
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on WC is given in Figure 4. The Tm of peak A re-
mained almost constant during drying down to WC as
low as 0.13 g/g dry weight. Below this hydration
level, peak A began to split into three peaks, A1, A2,
and A3 (Fig. 3). Tm of peak A2 remained constant,
whereas Tm of peak A3 increased rapidly upon further
dehydration, indicating that the relaxation mechanism
of peak A3 was hydration-dependent (Fig. 4). This
hydration threshold corresponded to the appearance
of water molecules capable of undergoing fast reori-
entation (Seewaldt et al., 1981), or the boundary be-
tween very tight and intermediate water-binding sites
(Vertucci and Leopold, 1987).

Active water adsorption centers were previously
detected in seeds (Kamiyoshi and Kudo, 1978). Since
the possibility that peak B arises from space charge
relaxation is excluded, the contribution to peak B
comes mainly from the relaxation of water bound
tightly to hydroxyl groups, the main carbohydrate
chains, and the large polar parts of macromolecules.
The relaxation of large polar parts of macromolecules
depends heavily on the plasticizing action of water. In
view of the presence of high concentrations of soluble
carbohydrates in seeds, it is suggested that the dipo-
lar relaxation responsible for peak B is probably gov-
erned by the hydrated 2CH2OH groups (Bruni and
Leopold, 1992). WC greatly affected the relaxation
process of peak B. Figure 4 shows that peak B shifted
to higher temperatures when seeds were dried to WC
# 0.20 g/g dry weight, which correlates to the frac-
tion of “matrically bound” water (Fig. 1B). The de-
cline in Tm indicates that relaxation mechanisms get
faster with increasing WC. The dielectric relaxation
behaviors of water and water-plasticized biomol-
ecules in red oak seeds will be analyzed in greater
detail under separate subheadings.

TSC technique is very sensitive to transitions and is
used to study glass transition of polymers (van Turn-
hout, 1980). The high-temperature dielectric disper-

sion is related to the “freezing-in” of molecular mo-
bility (i.e. glass transition) in some systems (Smith
and Schmitz, 1988; Pissis et al., 1991, 1992a). WC had
a large influence on the Tm of dipole relaxation for
peak C in red oak seeds (Fig. 4). As WC decreased,
peak C shifted to higher temperatures. Our DSC
study confirmed the association between glass tran-
sition and dielectric relaxation for peak C. Figure 5
shows a comparison between Tm of peak C and glass
transition temperature (Tg). At WC , 0.25 g/g dry
weight, the Tm for peak C was almost identical to the
Tg, as measured by DSC. At WC . 0.25 g/g dry
weight, Tm was lower than the Tg. The cooling rate in
DSC study was from 2.5°C to 10°C/min, whereas
the cooling rate in TSC study was much higher
(. 20°C/min). Because freeze-induced dehydration
could be more severe at a slower cooling rate, the
difference in the cooling rate may account for the
observed discrepancy between Tg and Tm at WC
. 0.25 g/g dry weight. The relationship between
glass transition and desiccation tolerance of red oak
seeds was discussed elsewhere (Sun et al., 1994), and
therefore the significance of peak C will not be eval-
uated further in this study.

Seed WC and Magnitude of TSC Signals

Depolarization discharge dielectric relaxation (de-
polarization) discharge (Q), corresponding to the
area under a peak, is a measure of the number of
relaxation units that contribute to the peak. The mag-
nitude of Q of TSC peaks was a function of WC (Fig.
6). The Q of peak A, which was mainly attributed to
the presence of bulk water and loosely bound water
molecules, showed an interesting behavior as seed
WC decreased. The WC/Q relationship appeared to
exhibit a discontinuity at WC 5 approximately 0.55
g/g dry weight. The Q of peak A decreased slowly

Figure 5. A comparison between TSC peak C Tm and Tg obtained
with the DSC method. Samples were cooled and warmed at a rate of
2.5°C to 10°C/min during DSC measurements.

Figure 4. The dependence of TSC Tm on WC in red oak seeds. Solid
lines represent the best fit.
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during dehydration down to WC 5 0.40 g/g dry
weight. The rapid decline in the Q of peak A at
WC 5 0.40 to 0.20 g/g dry weight corresponded to
the loss of seed viability (Fig. 1A). At WC , 0.20 g/g
dry weight, the Q of peak A was very small, showing
that matrically bound water did not contribute much
to peak A.

The WC/Q relationship varied among three TSC
peaks. The Q of peak B, which was due to the pres-
ence of water on active water adsorption centers and
its plasticizing action on carbohydrate chains and the
polar groups of macromolecules, registered an inter-
esting increase when WC decreased from 0.80 to 0.40
g/g dry weight, but a sharp decline from 0.30 to 0.08
g/g dry weight. Thus the removal of water, even at a
WC far above the critical desiccation tolerance level,
has profound impact on the relaxation property and
mobility of biomolecules at biological interfaces. The
decrease in the Q of peak B at WC , 0.30 g/g dry
weight represented a significant loss of dipole relax-
ation units. At WC , 0.08 g/g dry weight, the Q of
peak B remained essentially unchanged, indicating a
minimum hydration level of relaxation mechanisms.

The Q of peak C, related to glass transition, showed
a steady decline during dehydration, an observation
similar to that of synthetic polymers (Pissis et al.,
1992a).

Figure 7 shows the relative magnitude of Q for
individual TSC peaks. The relative magnitude is ex-
pressed as the percentage of total depolarization
charge of all three peaks. It indicates the relative pool
size of dipole relaxation in samples at different WC.
At WC below the critical desiccation tolerance level,
the relative magnitude of peak A decreased rapidly,
whereas that of peak B increased quickly. The change
in the relative magnitude of peak A and peak B
reflects not only the decrease in the number of relax-
ation units in peak A, but also a shifting role of water
molecules at different hydration levels. The relative
magnitude of peak C remained unchanged, account-
ing for about 8% of the relaxation activity.

Dielectric Relaxation of Water in Red Oak Seeds

Information on the structure of water can be de-
rived by evaluating the peak parameters at different
WC. Figure 8 shows the values of pre-exponential
factor to, activation energy Ea, and the contribution
of peak A to static permittivity De as a function of
WC. These values should be considered as the “ap-
parent” values or “weighted” averages with a distri-
bution of relaxation times and activation energies,
because there exists a multiplicity of relaxation pro-
cesses for peak A. As WC was reduced from 0.84 to
0.30 g/g dry weight, Ea declined slowly from approx-
imately 0.26 to 0.22 eV, whereas to increased slightly
in the order of 1028 s. At WC , 0.30 g/g dry weight,
Ea decreased rapidly, whereas to increased exponen-

Figure 6. Q of individual TSC peaks in red oak seed samples with
different WC. The depolarization charge corresponded to the peak
area that was normalized to a dry weight of 0.50 g. Arrow indicates
the critical WC of desiccation tolerance. Solid lines were drawn
by eye.

Figure 7. The change in the relative magnitude of the Q of individual
TSC peaks in red oak seed samples as a function of WC. The relative
magnitude of individual peaks are expressed as the percentage of
total depolarization charge of all three peaks (A, B, and C). Arrow
indicates the critical WC of desiccation tolerance. Solid lines were
drawn by eye.
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tially. Ea and to changed in opposite directions. The
to for water in well-hydrated tissues was much
longer (.1029 s) than that of water in macroscopic
polycrystalline pure ice (1 3 10210 s). It appears that
in seed tissues no fraction of water behaves dielec-
trically like “free” water. Interfacial water has a
longer relaxation time compared with pure water
due to the increased hydrogen bond connectivity in
the vicinity of hydrophilic surfaces. Figure 8C shows
the contribution of peak A to the static permittivity.
The De exhibited a discontinuity at WC 5 approxi-
mately 0.52 g/g dry weight (Fig. 8C). When WC
decreased from 0.84 to 0.52 g/g dry weight, De de-
creased from 0.75 to 0.40, but then increases to 0.70.
The De decreased again upon further dehydration
and reached a minimum at WC 5 0.12 g/g dry
weight.

Figure 9 shows the linear relationship between ln
to and Ea for peak A, known as the compensation
effect (Peacock-Lopez and Suhl, 1982):

ln t0 5 lnt09 2 (Ea/kTc) (1)

where to is a constant and Tc is the compensation
temperature. The compensation effect exists in many
processes that require activation energy to proceed.
The derived equation is given in Table I. The Tc for
peak A is calculated to be 2135°C from the slope.
This value is much lower than those reported for ice
microcrystals in oil (2118°C), plant leaves (from
2101 to 291°C), and frozen carbohydrate solutions
(2117°C; Daoukaki-Diamanti et al., 1984; Pissis et al.,
1987). The physical nature of Tc is still unclear (Crine,
1987). The validity of the compensation effect law
indicated that relaxation mechanisms of different wa-
ter structures for peak A are related to each other
(Daoukaki-Diamanti et al., 1984; Pissis et al., 1987).

Dielectric Relaxation of Water-Plasticized Polar Groups

Figure 10 shows the values of to and Ea of peak B
as well as the contribution of peak B to De as a
function of WC. WC/to, WC/Ea, and WC/De rela-
tionships changed somewhat erratically as WC de-
creased to 0.55, 0.41, 0.31, 0.21, 0.13, and 0.08 g/g dry
weight. The relaxation property and mobility of polar
groups at biological interfaces were significantly al-
tered when WC decreased to these hydration levels.
The complex pattern of dielectric relaxation behav-
iors for water-plasticized polar groups was not un-
expected, as water plays a variety of structural roles
in seeds. However, the nature of such molecular
interactions remains to be resolved in future studies.

Figure 11 shows the relationship between WC and
dielectric relaxation time t of water-plasticized bi-Figure 8. The values of to (A), Ea (B), and the contribution to De (C)

of peak A in red oak seed samples as a function of seed WC. Solid
lines were drawn by eye.

Figure 9. The relationship between lnto and Ea of peak A (the
compensation effect). The linear regression is: lnto 5 2.76–84.2 Ea

(r 2 5 0.97). The compensation temperature Tc is 2135°C.
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omolecules. As WC decreased to ,0.40 g/g dry
weight, the apparent t increased exponentially,
showing that the relaxation mechanisms contributed
to peak B are greatly restricted and the molecular
mobility becomes increasingly slower. This increase
of t might be related to the rapid decrease in the
relaxation discharge Q of peak A (Figs. 6 and 7).

Figure 12 shows the relationships between to and
Ea of peak B. This compensation effect plot revealed
the existence of three different, WC-dependent com-
pensation laws for water-plasticized molecular relax-
ation in red oak seeds. Three compensation laws
operated at different hydration levels, i.e. WC # 0.08
g/g dry weight, 0.08 g/g dry weight , WC #0.20
g/g dry weight, and WC . 0.20 g/g dry weight.
These hydration levels corresponded to monolayer
hydration water (i.e. strongly bound water), weakly
bound water, and multilayer molecular sorption wa-
ter, respectively (Fig. 1B). This result offers insight
into how different fractions of water in seed tissues
may contribute to the relaxation properties of other
biomolecules. Tc for three hydration levels was cal-
culated to be 239, 225, and 268°C, respectively
(Table I). These Tc values are similar to those re-
ported for other biological systems (Pissis et al.,
1992a).

DISCUSSION

Cellular Water Organization in Recalcitrant Red
Oak Seeds

The organization of water in the cell is a critical
component in desiccation tolerance. Because irrevers-
ible changes occur in desiccation-intolerant organ-
isms during dehydration, our knowledge on the
properties of intracellular water is mainly derived
from studies using desiccation-tolerant anhydro-
biotes. The cell has a variety of fractions of interfacial
water, and their physical properties change with hy-
dration levels (Clegg, 1978, 1986; Bruni et al., 1989;
Vertucci, 1990). However, little is known about the
differences in the organization of cellular water be-
tween desiccation-tolerant and desiccation-intolerant
organisms.

Two hydration models have been proposed to ex-
plain the organization of water in the cell according
to the hydration behaviors of macromolecules and
the physical properties of intracellular water. The
first model depicts the formation of multilayers of

water molecules around primary hydration sites of
macromolecular structures. With increasing distance
from surfaces, the binding energy decreases and ap-
proaches to the value of bulk water at a remote
distance from macromolecular structures (Rupley et
al., 1983). Within the cell, however, no fraction of
water behaves like bulk or free water, as shown by

Figure 10. The values of to (A), Ea (B), and the contribution to De (C)
of peak B in red oak seed samples as a function of seed WC. Solid
lines were drawn by eye.

Table I. The compensation effect of dielectric relaxation of water and water-plasticized polar groups
in red oak seed tissues

Peak WC Compensation Effect Tc R2

g/g dry wt °C

A 0.04 , WC , 0.84 ln to 5 2.76 2 84.2 Ea 2135 0.97
B WC # 0.08 ln to 5 3.65 2 47.4 Ea 239 0.99
B 0.08 , WC # 0.20 ln to 5 21.64 2 44.7 Ea 225 0.99
B WC . 0.20 ln to 5 0.89 2 54.0 Ea 268 0.95

Dielectric Behavior of Recalcitrant Red Oak Seed Tissues
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the present TSC study on red oak seed tissues. NMR
study showed that even in maximally hydrated Ar-
temia cysts the properties of water were markedly
different from those of bulk or free water (Clegg,
1978; Seitz et al., 1981). The second model depicts
that water molecules are organized into discrete do-
mains and clusters within the cell. The “vicinal” wa-
ter network model suggests that the presence of var-
ious biological interfaces in the cell leads to the
structural differences of water among discrete water
domains or clusters. Different domains or clusters are
bridged by additional water to form “soluble path-
ways” or “channels of continuity” for the transfer of
metabolites and energy (Clegg, 1978; Drost-Hansen,
1982).

The results from the present study support the
second model for the organization of water in red
oak seeds, i.e. water molecules existing in discrete
domains and clusters within the cell rather than in
loosely bound multilayers around the primary hy-
dration sites. First, according to the first model the t
and Tm of loosely bound water molecules are ex-
pected to decrease with increasing WC, whereas
based on the second model the t and Tm are likely to
be independent of WC (Pissis et al., 1987). Our study
showed that the Tm of peak A in red oak seed tissues
remained constant at WC from 0.13 to 0.80 g/g dry
weight (Fig. 4). The multiplicity of peak A as shown
in Figure 3 also suggests the existence of a variety of
water structures in the tissues. Second, according to
the first model, the Q is expected to decrease with
decreasing WC. The results in the present study,
however, showed discontinuity in the WC/Q rela-
tionship for peak A at certain hydration levels, and
even an increase in the Q of peak B during early
dehydration (Fig. 6). Third, the complex patterns of
dielectric relaxation behaviors for water molecules
and water-plasticized biomolecules (Figs. 8, 10, and
12) provide convincing evidence for the existence of

an array of specific interactions between water and
cellular constituents. In consequence, water mole-
cules in different domains and clusters may exhibit
distinctive physical properties.

Relevance of Cellular Water Organization to
Desiccation Tolerance

The extent to which desiccation can be tolerated
varies among recalcitrant species (Vertucci and Far-
rant, 1995). A literature survey has revealed that their
critical water potentials appears at certain discrete
levels (around 21.5, 24, 212, 223, and 275 MPa;
Probert and Longley, 1989; Ellis et al., 1990, 1991;
Pritchard, 1991; Berjak et al., 1992; Poulsen and Erik-
sen, 1992, 1993; Pritchard et al., 1995; Farrant and
Walters, 1998; Pritchard and Manger, 1998; Tompsett
and Pritchard, 1998). We have recently reported the
critical WC of desiccation tolerance for 64 recalcitrant
seeds that exhibited in a continuous scale ranging
from 0.10 to 1.40 g/g dry weight (Sun, 1999a, 1999b).
When the critical hydration level of many recalcitrant
seeds was expressed in terms of water potential, the
values of critical water potential were observed to
form clusters around several discrete levels (approx-
imately 21.5, 24, 28, 212, 223, and 273 MPa).
Specific mechanisms associated with the degree of
desiccation tolerance in recalcitrant seeds remain un-
known. It is conceivable that dehydration might ini-
tiate deleterious events at specific hydration levels
and that the seed may not survive to a lower hydra-
tion level without relevant adaptive and protective
mechanisms. Using the sorption isotherm measure-
ment and TSC technique, the present study revealed
seven discrete hydration levels in red oak seed tis-
sues, corresponding to 21.5, 28, 211, 214, 224, 274,
and 2195 MPa, respectively. Relaxation properties
and mobility of intracellular biomolecules change
significantly when WC decreased to these hydration

Figure 11. The t of water-plasticized polar groups in red oak seeds
at 25°C as a function of WC. Data are calculated according to
Equation 2 from results shown in Figure 12. Arrow indicates the
critical WC of desiccation tolerance. Solid lines were drawn by eye.

Figure 12. The relationship between ln to and Ea of peak B (the
compensation effect). Note that the compensation effect of peak B is
hydration dependent.
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levels (Figs. 4, 6–8, and 10–12). These changes may be
associated with the loss of certain domains or clusters
of intracellular water during dehydration. These dis-
crete hydration levels were closely related to the
varying degrees of desiccation tolerance expressed
by various desiccation-intolerant seeds when com-
pared in terms of water potential. This observation is
suggestive of possible physiological significance for
these discrete hydration levels in desiccation toler-
ance. The present study represents an important step
elucidating molecular interactions between water
and cellular constituents and the relationship be-
tween the organization of cellular water and desicca-
tion tolerance.

Molecular Relaxation and Changes in
Cytoplasmic Viscosity

t of water molecules is related to the viscosity near
biological interfaces (Nimtz and Weiss, 1987). The t
of water molecules was used to calculate cytoplasmic
viscosity in red oak seed tissues. The cytoplasmic
viscosity increases exponentially as WC decreased to
,0.40 g/g dry weight (Fig. 13). At WC , 0.40 g/g
dry weight, the relaxation of water-plasticized bi-
omolecules (peak B) is greatly retarded (Fig. 11). The
change in relaxation behaviors of biomolecules is
apparently associated with this rapid increase in vis-
cosity during dehydration. The slowdown of molec-
ular mobility, as a result of the rapid increase in
viscosity, may be related to the depression of metab-
olism during dehydration. The levels of hydration in
anhydrobiotes are well correlated to the onset of
various biological functions (Clegg et al., 1982, 1986;
Bruni et al., 1989; Vertucci, 1990). In general, there
is essentially no metabolic activity occurring at WC
, 0.10 g/g dry weight. Upon the completion of the
primary hydration process, WC may increase to 0.20

to 0.30 g/g dry weight, corresponding to a hydration
region with “restricted” metabolism in which con-
certed enzymic activities in enzyme complexes can be
detected (Clegg, 1978, 1986; Bruni et al., 1989). After
the completion of the primary hydration process,
respiratory activity becomes measurable (Vertucci,
1990). Higher levels of metabolic coordinations or
conventional metabolism occur only at much higher
hydration levels (WC . 0.40 g/g dry weight for
seeds and .0.60 g/g dry weight for Artemia), which
permit the long-range transfer of metabolites and
energy sources between various organelles and other
compartments within the cells. During dehydration,
a progressive arrest of metabolic activities is ob-
served in many anhydrobiotes. The precise mecha-
nism that triggers the arrest of metabolism is not
clear yet. It has been proposed that an increase of
cytoplasmic viscosity during dehydration and an
eventual cytoplasmic vitrification may bring the in-
tracellular processes to a halt (Bruni and Leopold,
1992; Leopold et al., 1994; Sun and Leopold, 1997).
However, there is still lack of convincing experimen-
tal evidence to support this hypothesis. Previous
studies showed that cytoplasmic vitrification alone
was not sufficient to protect biological system during
desiccation and that the glass transition behaviors of
desiccation-tolerant and desiccation-intolerant seeds
and pollen appeared to be identical (Sun et al., 1994;
Buitink et al., 1996; Sun and Leopold, 1997).

In the present study the rapid increase in cytoplas-
mic viscosity during dehydration is correlated with
the great decrease in molecular relaxation and mo-
bility at a hydration range that is associated with the
arrest of metabolism in cysts, seeds, and pollen (Figs.
11 and 13). The significant decrease in molecular
mobility could impede the diffusion of reactants and
conformational changes of macromolecules that are
required for metabolic activities. The data support a
role for cytoplasmic viscosity in the metabolic shut-
down during dehydration. A rapid increase in vis-
cosity may serve as a mechanism regulating the met-
abolic depression in dehydrating tissues before the
cytoplasm enters into a glassy state.

Relationship between Cytoplasmic Viscosity and
Desiccation Tolerance

The cytoplasmic viscosity of desiccation-intolerant
red oak seeds was compared with that of desiccation-
tolerant cattail pollen and cowpea cotyledons. At WC
. 0.6 g/g dry weight, the viscosity in all three tissues
were measured to be similar (Fig. 13). At WC , 0.6
g/g dry weight, the viscosity of desiccation-
intolerant red oak seeds was much lower than that
reported for desiccation-tolerant seeds and pollen.
The viscosity in cattail pollen and cowpea cotyledons
increased exponentially at WC , 0.8 g/g dry weight
(Leprince and Hoekstra, 1998), whereas a significant
increase in the viscosity occurred in red oak seeds

Figure 13. The change of cytoplasmic viscosity in red oak cotyle-
dons during dehydration. Cytoplasmic viscosity was determined from
the dielectric relaxation time of water. Data of cattail pollen and
cowpea cotyledons were taken from Leprince and Hoesktra (1998).
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only when WC decreased to ,0.40 g/g dry weight
(Fig. 13). The observed difference cannot be dis-
counted by differences in techniques used and cellu-
lar compositions. Red oak and cowpea produce
starchy seeds, with low protein content and little
lipid, and therefore, the difference in their hydration
behaviors would not change the observed pattern
significantly. The comparison on viscosity is quite
interesting in view of the possible role of viscosity in
desiccation tolerance. The regulated shutdown of
metabolism is essential to achieve desiccation toler-
ance (Leprince and Hoekstra, 1998). The lower vis-
cosity in red oak seed tissues (increased significantly
only after desiccation to WC , 0.4 g/g dry weight)
may not be able to effectively control the formation of
reactive oxygen species during desiccation and to
minimize the oxidative damages. The loss of viability
of desiccation-intolerant seeds during drying is com-
monly associated with various oxidative damages
(Leprince et al., 1990; Finch-Savage et al., 1994; Li and
Sun, 1999).

MATERIALS AND METHODS

Plant Material

Red oak (Quercus rubra) seeds were collected at the nat-
ural seed-shedding period when WC declined to approxi-
mately 45% (i.e. approximately 0.8 g/g dry weight). To
prepare samples for TSC measurements, acorns were trans-
versely cut into discs with a thickness of approximately 1.5
mm and a diameter of approximately 1.2 cm. Transverse
sections were fully hydrated in distilled water, and then
dehydrated to various WC by equilibrating over saturated
solutions of NaCl (76% RH) and KCl (85% RH) at 5°C. WC
of seed tissues decreased to approximately 0.16 g/g dry
weight within 6 to 8 d in 76% RH.

Determination of Desiccation Tolerance

Desiccation tolerance of acorns was determined by
methods of germination and electrolyte leakage according
to Sun and Leopold (1993). In the germination test, acorns
that were air dried to different WC (slow drying) were
germinated in moist sand. Electrolyte leakage was mea-
sured using one cotyledon. The cotyledon was sliced into
small pieces (5 3 5 3 0.5 mm) that were immediately
rinsed for 2 to 3 min with distilled water to remove elec-
trolyte solutes on the surface. Sliced tissues were then
imbibed in distilled water. The conductivity of imbibition
water was measured after 1 h, and the leakage was ex-
pressed as a percentage of total electrolyte leakage after
boiling for 10 min. The other cotyledon was used for WC
measurement. The WC, below which seed viability de-
creased rapidly or electrolyte leakage increased sharply,
was considered as the critical WC of desiccation tolerance.

Measurement of Seed Water Potential

An isothermal equilibration method was used to deter-
mine water potential (C) in tissues because osmometric,

psychrometric, and hydrometric methods were limited to
the nominal range of C to 28 or 210 MPa. Sliced tissues
were equilibrated in closed containers at 5°C, 15°C, and 25°C
for 7 to 12 d over a series of glycerol solutions and saturated
salt solutions. The relationship between WC and C at equi-
librium was derived. Water potentials of seed samples are
given by:

C 5 RTln(RH/100)/V (2)

where R is gas constant, T is temperature, V is the partial
molal volume of water, and RH is relative humidity. DH
was calculated according to the Clausius-Claperon equa-
tion, using data at 5°C and 25°C.

TSC Measurement

The principles and procedures of the TSC technique
have been described extensively elsewhere (van Turnhout,
1980; Pissis et al., 1987). TSC measures the current gener-
ated by the thermally activated release of stored dielectric
polarization during controlled heating, and basically con-
sists of three steps: (a) The polarization of a sample by a
strong dc electric field at a temperature Tp, (b) “freeze in”
the polarization by cooling down to a sufficiently low
temperature To while the field is still on, and (c) the mea-
surement of the TSC spectrum during heating after the dc
field is disconnected. Our TSC measurements were carried
out with a sample holder configuration and electrode ar-
rangement that were described previously (Bruni and
Leopold, 1992). The arrangement using insulating elec-
trodes excluded the possibility of space charge relaxation
of ionic origin (i.e. dc conductivity). To perform a measure-
ment, the sample was polarized by a direct electrical field
of 3 kV/cm at approximately 22°C for 3 min, and rapidly
cooled (.20°C/min) with liquid nitrogen to 2180°C while
the field was on. TSC was measured during warming at a
constant rate of 3°C/min. After measurement, the sample
was dried at approximately 95°C under vacuum for at least
24 h to determine its WC.

Analysis of TSC Peaks

Temperature dependence of dipole relaxation follows
the Arrhenius equation:

t~T) 5 t0exp(Ea/kT) (3)

where to is the pre-exponential factor, Ea is activation
energy for dipole reorientation, and k is the Boltzmann
constant. In the case of dipole disorientation with a single
relaxation time, the depolarization current, I(T), is given by
the following equation:

I~T! 5
Q
to

exp S 2 Ea

kT D exp F 2 1
bto

E
To

T

exp S 2 Ea

kT9 D dT9G (4)

where Q is the initial polarization (relaxation discharge,
area under the peak), b is heating rate, and To is temper-
ature at which depolarization current starts to appear. The
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contribution of a peak to static permittivity, De is obtained
from the equation:

D« 5 Q/(A«0Ep) (5)

where A is the cross-sectional area of the sample, eo is the
permittivity of free space, and Ep is the polarization field (3
kV/cm). Peak parameters Ea and to were determined by
resolving Equation 4, using the following mathematical
approximation according to Christodoulides et al. (1988)
and Bruni and Leopold (1992):

I~T! 5
O
to

exp H2
Ea

kT
2 S T

Tm
D2

exp FEa

k ST2 Tm

TmT DGJ (6)

where Tm is temperature at which maximum depolariza-
tion current occurs in a peak (Bruni and Leopold, 1992).
The iterative curve-fitting analysis of TSC peaks was per-
formed using a procedure that was developed by Dr. F.
Bruni and inserted as a macro into the commercially avail-
able software “Igor” (WaveMetrics, Lake Oswego, OR).
The uncertainties of curve fitting were 61°C in the peak
temperature Tm, 60.02 eV in the activation energy Ea, and
a factor of approximately 3 in the pre-exponential factor to.
A total of 87 TSC experiments using tissues at different WC
were examined. Data of to, Ea, De, and t were smoothed by
two points (Figs. 8, 10, and 11), and the data of the inte-
grated peak signal were smoothed by three points (Fig. 6).

Determination of Tg

Tg of samples was determined using a DSC (DSC-2,
Perkin-Elmer, Foster City, CA and DSC-131, Setaram, Calu-
ire, France). Samples were hermetically sealed in alumi-
num pans and scanned at cooling and heating rates from
2.5°C to 10°C/min using an intracooling device. Tg was the
mid-point temperature in the change of specific heat ca-
pacity associated with glass transition.

Calculation of Cytoplasmic Viscosity

The viscosity h of the intracellular liquid is calculated
with the Debye equation:

h 5 tTk/~4pa3! (7)

where t is dielectric relaxation time of water molecules, a
is the radius of a water molecule, k is the Boltzmann
constant, and T is temperature (298 K; Grant et al., 1978).
The t of water molecules in seed tissues was calculated
according to Equation 3 with to and Ea of peak A (see
“Results”). Note that the ratio of dielectric relaxation time
between ice and liquid water is 1.1 3 106 at 0°C (Grant et
al., 1978) and that the t derived from Equation 2 has to be
corrected by a factor of 1.1 3 106. At WC , 0.15 g/g dry
weight, cytoplasmic viscosity cannot be calculated accu-
rately because the relaxation of small polar groups such as
short side chains of saccharides and proteins would have a
significant contribution to peak A.

Received April 10, 2000; accepted July 23, 2000.

LITERATURE CITED

Apekis L, Pissis P (1987) Studies of the multiplicity of
dielectric relaxation times in ice at low temperatures. J
Phys Coll 48: 127–133

Bakradze NG, Balla YI (1983) Crystallization of intracellu-
lar water in plant tissues. Biophysics 28: 125–128

Berjak P, Pammenter NW, Vertucci C (1992) Homoiohy-
drous (recalcitrant) seeds: developmental status, desicca-
tion sensitivity and the state of water in axes of Landol-
phia kirkii Dyer. Planta 186: 249–261

Berjak P, Vertucci C, Pammenter NW (1993) Effect of
developmental status and dehydration rate on character-
istics of water and desiccation-sensitivity in recalcitrant
seeds of Camellia sinensis. Seed Sci Res 3: 155–166

Bruni F, Careri G, Clegg JS (1989) Dielectric properties of
Artemia cysts at low water contents: evidence for a per-
colative transition. Biophys J 55: 331–338

Bruni F, Leopold AC (1992) Pools of water in anhydrobi-
otic organisms: a thermally stimulated depolarization
current study. Biophys J 63: 663–672

Buitink J, Walters-Vertucci C, Hoekstra FA, Leprince O
(1996) Calorimetric properties of dehydrating pollen:
analysis of a desiccation-tolerant and an intolerant spe-
cies. Plant Physiol 111: 235–242

Cameron IL, Ord VA, Fullerton GD (1988) Water of hy-
dration in the intra- and extracellular environment of
human erythrocyte. Biochem Cell Biol 66: 1186–1199

Careri G, Giansanti A, Gratton E (1979) Lysozyme film
hydration events: an IR and gravimetric study. Biopoly-
mers 18: 1187–1203

Christodoulides C, Apekis L, Pissis P (1988) Peak param-
eters from peak area to height ratio in thermally stimu-
lated depolarization and termoluminescence. J Appl
Physiol 64: 1367–1370

Clegg JS (1978) Hydration-dependent metabolic transi-
tions and the state of cellular water in Artemia cysts. In
JH Crowe, JS Clegg, eds, Dry Biological Systems. Aca-
demic Press, New York, pp 117–153

Clegg JS (1986) The physical properties and metabolic
status of Artemia cysts at low water contents: the “water
replacement hypothesis.” In AC Leopold, ed, Mem-
branes, Metabolism and Dry Organisms. Cornell Univer-
sity Press, Ithaca, NY, pp 169–185

Clegg JS, Szwarnowski S, McClean VER, Sheppard RJ,
Grant EH (1982) Interrelationships between water and
cell metabolism in Artemia cysts: X. Microwave dielectric
studies. Biochim Biophys Acta 721: 458–468

Crine JP (1987) Rate theory and polyethylene relaxations.
IEEE Trans Electric Insul El-22: 169–174

Daoukaki-Diamanti D, Pissis P, Boudouris G (1984) De-
polarization thermocurrents in frozen aqueous solutions
of mono- and disaccharides. Chem Phys 91: 315–325

Drost-Hansen W (1982) The occurrence and extent of vici-
nal water. In F Franks, SF Mathias, eds, Biophysics of
Water. John Wiley & Sons, New York, pp 163–169

Ellis RH, Hong TD, Roberts EH (1990) An intermediate
category of seed storage behavior: I. Coffee. J Exp Bot 41:
1167–1174

Dielectric Behavior of Recalcitrant Red Oak Seed Tissues

Plant Physiol. Vol. 124, 2000 1213



Ellis RH, Hong TD, Roberts EH (1991) An intermediate
category of seed storage behavior: II. Effects of prove-
nance, immaturity, and imbibition on desiccation-
tolerance in coffee. J Exp Bot 42: 653–657

Farrant JM, Pammenter NW, Berjak P (1988) Recalcitrance:
a current assessment. Seed Sci Technol 16: 155–156

Farrant JM, Walters C (1998) Ultrastructural and biophys-
ical changes in developing embryos of Aesculus hippocas-
tanum in relation to the acquisition of tolerance to drying.
Physiol Plant 104: 513–524

Finch-Savage WE (1992) Embryonic water status and sur-
vival in the recalcitrant species Quercus robur L.: evidence
for a critical moisture content. J Exp Bot 43: 663–669

Finch-Savage WE, Hendry GAF, Atherton NM (1994) Free
radical activity and loss of viability during drying of
desiccation-sensitive tree seeds. Proc R Soc Edinb 102B:
257–260

Grant EH, Sheppart RJ, South GP (1978) Dielectric Behav-
ior of Biological Molecules in Solution. Clarendon Press,
Oxford

Harvey SC, Hoekstra P (1972) Dielectric relaxation spectra
of water adsorbed on lysozyme. J Phys Chem 76:
2981–2994

Kamiyoshi K, Kudo A (1978) Dielectric relaxation of wa-
ter contained in plant tissues. Jpn J Appl Phys 17:
1531–1536

Lehmann MS (1984) Probing the protein-bound water with
other small molecules using neutron small angle scatter-
ing. J Phys Coll C7: 235–239

Leopold AC, Sun WQ, Bernal-Lugo I (1994) The glassy
state in seeds: analysis and function. Seed Sci Res 3:
267–274

Leprince O, Deltour R, Thorpe PC, Atherton NW, Hendry
GAF (1990) The role of free radicals and radical process-
ing systems in loss of desiccation tolerance in germinat-
ing maize (Zea mays). New Phytol 116: 573–580

Leprince O, Hoekstra FA (1998) The response of cyto-
chrome redox state and energy metabolism to dehydra-
tion support a role for cytoplasmic viscosity in desicca-
tion tolerance. Plant Physiol 118: 1253–1264

Li C, Sun WQ (1999) Desiccation sensitivity and activities
of free radical scavenging enzymes in recalcitrant Theo-
broma cacao seeds. Seed Sci Res 9: 209–217

Luck WAP (1985) Spectroscopic attempts to determine the
structure of water and of biopolymer hydration phenom-
ena. Opt Pura Appl 18: 71–82

Lusher-Mattli M, Ruegg M (1982) Thermodynamic
function of biopolymer hydration: I. Their determi-
nation by vapor pressure studies, discussed in an anal-
ysis of the primary hydration process. Biopolymers 21:
403–418

Mascarenhas S (1980) Biolectrets: electrets in biomaterias
and biopolymers. In GM Sessler, ed, Electrets. Springer-
Verlag, Berlin, pp 321–346

Mathur-de Vre R (1979) The NMR studies of water in
biological systems. Prog Biophys Mol Biol 35: 103–134

Nimtz G, Weiss W (1987) Relaxation time and viscosity of
water near hydrophilic surfaces. Z Physik B 67: 483–487

Pammenter NW, Vertucci CW, Berjak P (1991) Homeoio-
hydrous (recalcitrant) seeds: dehydration, the state of

water and viability characteristics in Landolphia kirkii.
Plant Physiol 96: 1093–1098

Peacock-Lopez E, Suhl H (1982) Compensation effect in
thermally activated processes. Phys Rev B 26: 3774–3782

Pissis P (1985) A study of sorbed water on cellulose by the
thermally stimulated depolarization technique. J Phys D
Appl Phys 18: 1897–1908

Pissis P (1989) Dielectric study of protein hydration. J Mol
Liq 41: 271–289

Pissis P, Anagnostopoulou-Konsta A, Apekis L (1987) A
dielectric study of the state of water in plant stems. J Exp
Bot 38: 1528–1540

Pissis P, Anagonostopoulou-Konsta A, Apekis L,
Daoukaki-Diamanti D, Christodoulides C (1991) Di-
electric effects of water in water-containing systems. J
Non-Cryst Solids 131–133: 1174–1181

Pissis P, Anagnostopoulou-Konsta A, Apekis L,
Daoukaki-Diamanti D, Christodoulides C (1992a) Di-
electric studies on glass transitions in biological systems.
IEEE Trans Electric Insul 27: 820–835

Pissis P, Daoukaki-Diamanti D (1986) Dielectric study of
sorbed water in Gal. Chem Phys 101: 95–104

Pissis P, Konsta AA, Apekis L, Ratkovic S, Laudat J
(1992b) Temperature- and hydration-dependence of mo-
lecular mobility in seeds. J Thermal Anal 47: 1463–1483

Pissis P, Konsta AA, Ratkovic S, Todorovic S, and Laudat
J (1996) Temperature and hydration-dependence of mo-
lecular mobility in seeds. J Therm Anal 47: 1463–1483

Poulsen KM, Eriksen EN (1992) Physiological aspects of
recalcitrance in embryonic axes of Quercus robur L. Seed
Sci Res 2: 215–221

Pritchard HW (1991) Water potential and embryonic axis
viability in recalcitrant seeds of Quercus rubra. Ann Bot
67: 43–49

Pritchard HW, Manger KR (1998) A calorimetric perspec-
tive on desiccation stress during preservation procedures
with recalcitrant seeds of Quercus robur L. Cryo-Lett 19:
23–30

Pritchard HW, Tompsett PB, Manger K, Smidt WJ (1995)
Effect of moisture content on low temperature responses
of Araucaria hunsteinii seed and embryos. Ann Bot 76:
79–88

Probert RJ, Longley PL (1989) Recalcitrant seed storage
physiology in three aquatic grasses (Zizania palustris,
Spartina angelica and Porteresia coarctata). Ann Bot 63:
53–63

Ratkovic S (1987) Proton NMR of maize seed water: the
relationship between spin-lattice relaxation time and wa-
ter content. Seed Sci Technol 15: 147–154

Rorschach HE, Hazlewood CF (1986) Protein dynamics
and the NMR relaxation time T1 of water in biological
systems. J Magn Reson 70: 79–88

Ruegg M, Moor U, Blanc BH (1975) Hydration and ther-
mal denaturation of b-lactoglobulin: calorimetric study.
Biochim Biophys Acta 400: 334–342

Rupley HA, Gratton E, Careri G (1983) Water and globular
proteins. Trends Biochem Sci 8: 18–22

Sakurai M, Kawai K, Inoue Y, Hino A, Kobayashi S (1995)
Effects of trehalose on the water structure in yeast cells as

Sun

1214 Plant Physiol. Vol. 124, 2000



studied by in vivo 1H NMR spectroscopy. Bull Chem Soc
Jpn 68: 3621–3627

Schneider MJT, Schneider AS (1972) Water in biological
membrane: adsorption isotherms and circular dichroism
as a function of hydration. J Membr Biol 9: 127–140

Seewaldt V, Proestley DA, Leopold AC, Feigenson W,
Goodsaid-Zalduondo F (1981) Membrane organization
in soybean seeds during hydration. Planta 52: 19–23

Seitz PK, Chang DC, Hazelwood CF, Rorschach HE,
Clegg JS (1981) The self-diffusion of water in Artemia
cysts. Arch Biochem Biophys 210: 517–524

Smith LSA, Schmitz V (1988) The effect of water on the
glass transition temperature of poly(methylmethacry-
late). Polymer 29: 1871–1878

Sun WQ (1999a) Desiccation sensitivity of sixty-four trop-
ical, subtropical and temperate recalcitrant seeds. Asian
J Tropical Biol 3: 9–13

Sun WQ (1999b) Desiccation sensitivity of recalcitrant
seeds and germinated orthodox seeds: can germinated
orthodox seeds serve as a model system for studies of
recalcitrance? In M Marzalina, KC Khoo, N Jayanthi, FY
Tsan, B Krishnapillay, eds, Proceedings of IUFRO Seed
Symposium “Recalcitrant Seeds.” Forest Research Insti-
tute of Malaysia, Kuala Lumpur, pp 29–42

Sun WQ (1999c) State and phase transition behaviors of
Quercus rubra seed axes and cotyledonary tissues: rele-
vance to the desiccation sensitivity and cryopreservation
of recalcitrant seeds. Cryobiology 38: 371–385

Sun WQ, Irving TC, Leopold AC (1994) The role of sugar,
vitrification and membrane phase transition in seed des-
iccation tolerance. Physiol Plant 90: 621–628

Sun WQ, Leopold AC (1993) Acquisition of desiccation
tolerance in soybean. Physiol Plant 87: 403–409

Sun WQ, Leopold AC (1997) Cytoplasmic vitrification and
survival of anhydrobiotic organisms. Comp Biochem
Physiol 117A: 327–333

Tompsett PB, Pritchard HW (1998) The effect of chilling
and moisture status on the germination, desiccation tol-
erance and longevity of Aesculus hippocastanum L. seed.
Ann Bot 89: 249–261

Trantham EC, Rorschach HE, Clegg JS, Hazlewood CF,
Nicklow RM, Wakabayashi N (1984) The diffusive
properties of water in Artemia cells determined by quasi-
electron neutron scattering. Biophys J 45: 927–938

van Turnhout J (1980) Thermally stimulated discharge of
electrets. In GM Sessler, ed, Topics in Applied Physics,
Vol 33: Electrets. Springer-Verlag, Berlin, pp 81–215

Vertucci CW (1990) Calorimetric studies of the state of
water in seed tissues. Biophys J 58: 1463–1471

Vertucci CW, Farrant JM (1995) Acquisition and loss of
desiccation tolerance. In Kigel J and Galili G, eds, Seed
Development and Germination. Marcel Dekker, New
York, pp 237–271

Vertucci CW, Leopold AC (1987) The relationship between
water binding and desiccation tolerance in tissues. Plant
Physiol 85: 232–238

Dielectric Behavior of Recalcitrant Red Oak Seed Tissues

Plant Physiol. Vol. 124, 2000 1215


