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Rate of dehydration greatly affects desiccation tolerance of recalcitrant seeds. This effect is presumably related to two
different stress vectors: direct mechanical or physical stress because of the loss of water and physicochemical damage of
tissues as a result of metabolic alterations during drying. The present study proposed a new theoretic approach to represent
these two types of stresses and investigated how seed tissues responded differently to two stress vectors, using the models
of isolated cocoa (Theobroma cacao) and ginkgo (Ginkgo biloba) embryonic tissues dehydrated under various drying condi-
tions. This approach used the differential change in axis water potential (��/�t) to quantify rate of dehydration and the
intensity of direct physical stress experienced by embryonic tissues during desiccation. Physicochemical effect of drying was
expressed by cumulative desiccation stress [�o

t f (�,t)], a function of both the rate and time of dehydration. Rapid dehydration
increased the sensitivity of embryonic tissues to desiccation as indicated by high critical water contents, below which
desiccation damage occurred. Cumulative desiccation stress increased sharply under slow drying conditions, which was also
detrimental to embryonic tissues. This quantitative analysis of the stress-time-response relationship helps to understand the
physiological basis for the existence of an optimal dehydration rate, with which maximum desiccation tolerance could be
achieved. The established numerical analysis model will prove valuable for the design of experiments that aim to elucidate
biochemical and physiological mechanisms of desiccation tolerance.

Drying rate affects desiccation tolerance or sensi-
tivity of recalcitrant seed tissues significantly. Fast
drying has been reported to allow the tissues of
several recalcitrant seeds to achieve greater desicca-
tion tolerance (Farrant et al., 1985, 1993; Normah et
al., 1986; Berjak et al., 1990, 1992, 1993; Fu et al., 1990;
Pammenter et al., 1991, 1999; Pritchard, 1991; Berjak
and Pammenter, 1997; Kioko et al., 1998; Pritchard
and Manger, 1998). Under slow drying conditions,
seed tissues have to spend a longer period of time at
intermediate water contents, at which aqueous-based
deleterious processes occur. Thus, fast drying may
minimize such deleterious effects associated with the
dehydration of the metabolically active tissues (Pam-
menter et al., 1991; Côme and Corbineau, 1996; Berjak
and Pammenter, 1997; Pritchard and Manger, 1998).
Pammenter and Berjak (1999) reviewed drying rate
effect on desiccation tolerance of recalcitrant seeds,
and proposed that different deleterious mechanisms
were probably involved in desiccation damage under
different conditions. Liang and Sun (2000) recently
found that there was an optimal drying rate for cocoa

(Theobroma cacao) embryonic axes, and that both
faster and slower drying were detrimental to achieve
maximum desiccation tolerance. It was hypothesized
that different stress vectors (e.g. physical and physi-
cochemical effect) might interact to modulate desic-
cation tolerance or sensitivity of recalcitrant seeds
(Liang and Sun, 2000).

A number of parameters such as water content,
water activity, and water potential were used to de-
scribe water status in studies of seed desiccation
tolerance (Roberts and Ellis, 1989; Vertucci and Roos,
1990, 1993; Pritchard 1991; Tompsett and Pritchard,
1993, 1998; Vertucci et al., 1994, 1995). Quantitative
responses of plant seeds to water stress and temper-
ature are commonly studied, using the hydrothermal
time model that was proposed by Gummerson
(1986). This empirical model has been further devel-
oped by the Bradford group (Bradford, 1990, 1995,
1996, 1997; Bradford and Somasco, 1994), and is pre-
sented by the following equation:

�HT � �T � Tb ��� � �b�g��tg (1)

where �HT is the hydrothermal time (megapascals-
degree-days); T and � are temperature and water
potential of the environment, respectively; Tb and
�b(g) are theoretic base temperature and base water
potential, respectively; and tg is the time of response.
Whereas the hydrothermal time model fits well the
population-based experimental data under many
conditions, it has been found that the underlying
assumption of the model is not satisfied (Kebreab
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and Murdoch, 1999, 2000). A mathematical model
based on thermodynamic considerations was sug-
gested by Li et al. (1991), which used the activation
energy as a measure of plant response to water stress.
The activation energy model investigates plant re-
sponses at combinations of a series of water stress
conditions and temperatures, and is able to identify
the relative sensitivity of physiological and biochem-
ical parameters to water stress. However, these two
approaches cannot be used to study the effect of
drying rate on desiccation tolerance of vegetative
tissues and recalcitrant seeds. Neither the hydrother-
mal time model nor the activation energy model
addresses the question of different stress vectors re-
lated to desiccation, and can be used to assess cumu-
lative stress (time function) under desiccation condi-
tions where water potential of plant tissue decreases
steadily. The present study proposes a novel thermo-
dynamic approach to carry out a quantitative analy-
sis on the stress-time-response relationship. The re-
sponse of plant tissues to desiccation is related to the
thermodynamic status of tissue water, rather than to
the actual water content. Thermodynamic parame-
ters are directly related to numerous biophysical and
physiological events that contribute to desiccation
stress.

Water status of plant tissue can be measured by its
chemical potential. The chemical potential of water
(�w) in a system is described by:

�w � �*w � RT ln aw � V� wP � mwgh (2)

where �*w is the chemical potential of pure water at
ideal reference conditions, R is the gas constant, T is
absolute temperature, aw is water activity, Vw is the
partial molar volume of water, P is the hydrostatic
pressure in excess of atmospheric pressure, and mwgh
is the gravitational term. The change in chemical
potential of cellular water is a direct measure of
desiccation stress. According to Equation 2, the dif-
ference in chemical potential of cellular water be-
tween two hydration states, A and B, can be de-
scribed by:

�A
w � �B

w � RT�ln aA
w � ln aB

w� � V� w�PA � PB� (3)

The level of desiccation stress is, therefore, propor-
tional to changes in osmotic potential and hydrostatic
pressure in cells. In the present study, isolated recal-
citrant cocoa and ginkgo (Ginkgo biloba) embryonic
tissues were used as models for such a quantitative
analysis of the stress-time-response relationship. The
change of water potential during drying, ��/�t, was
used to express the instant rate of dehydration and to
quantify the degree of desiccation stress. The integra-
tion of its time function [�o

t f (�,t)] , represents the
cumulative desiccation stress.

RESULTS

Change of Axis Water Potential under Controlled
Desiccation Conditions

By applying the Ohm’s law, water loss from em-
bryonic axes can be described by the following
equation:

Vw � ALp��o � �i� (4)

where Vw, A, and Lp are the rate of water loss (m3

s�1), surface area (m2), and hydraulic conductivity
(m s�1 pa

�1), respectively, of axes. �o and �i are
water potentials of drying air and axes, respectively.
Under the controlled desiccation conditions used in
the present study (i.e. constant relative humidity and
temperature), the rate of water loss from axes de-
pends mainly on changes in axis hydraulic conduc-
tivity and water potential during desiccation. Figure
1 shows changes in axis water content and water
potential at relative humidities of 33%, 88%, and 94%.
As reported previously (Li and Sun, 1999; Liang and

Figure 1. Changes in water content (A) and water potential (B) in
cocoa embryonic axes under three constant relative humidities at
16°C. Data points of the first drying phase in Figure 1A were fitted
with an exponential function (solid lines), and the rate constant of
water loss was shown near each drying curve. The decrease in water
potential in Figure 1B followed a linear function during the first phase
of drying, and the slope of the linear plots, ��/�t, was rate of
dehydration that measures desiccation stress intensity during drying.
Note the change of the slope in Figure 1B at water potential around
�12 to �15 MPa. Water in axis tissues at water potential below �12
to �15 MPa is osmotically inactive water and is held by matric and
molecular forces. Similar results were obtained with axes dried at
25°C.
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Sun, 2000), water loss from axes followed a simple
exponential function, until axes achieved the appar-
ent equilibrium with drying air. The rate constant of
water loss (�) was quantified through the following
equation:

WC � WCoexp���t� (5)

where WCo is the initial water content, and t is time
of drying.

Water potential was measured by the equilibrium
dehydration method through the desorption iso-
therm. Water potential decreased during dehydra-
tion. The decrease of water potential followed the
zero-order kinetics at the first stage. The negative
value of the slope (��/�t) of the first drying phase
was used to express as rate of dehydration (Fig. 1B).
Rate of dehydration (��/�t) decreased steadily as
relative humidity increased (Fig. 2A). Figure 2B
shows the linear relationship between rate of dehy-
dration and rate constant of water loss during dehy-
dration under various drying conditions at 16°C and
25°C.

Effect of Rate of Dehydration on Desiccation Tolerance

Desiccation tolerance of embryonic tissues was ex-
pressed with the critical water content, below which

axis germination decreased significantly and electro-
lyte leakage increased greatly. The effect of rate of
dehydration (��/�t) on desiccation tolerance of co-
coa axes is shown in Figure 3. As rate of dehydration
decreased, the critical water content decreased grad-
ually at first, but then increased rapidly when rate of
dehydration was very slow. An optimal rate of de-
hydration was observed at about 0.15 MPa h�1,
which achieved the lowest critical water content
about 0.6 g water g�1 dry weight in cocoa embryonic
axes. A maximum desiccation tolerance level was
previously reported at similar water content (Liang
and Sun, 2000).

Evaluation of Cumulative Desiccation Stress

The effect of desiccation time on desiccation toler-
ance was evaluated using cumulative desiccation
stress during drying. Cumulative desiccation stress
of axes was quantified through the integration of the
water potential/time function during dehydration
[i.e. calculating the value of �o

t f (�,t); Fig. 4]. Figure 5
shows the cumulative desiccation stress of axes dur-
ing dehydration at relative humidities of 33%, 88%,
and 94%. The level of cumulative desiccation stress
depended on a number of factors, such as relative
humidity, dehydration time, and final water content
in axes. Under the rapid drying condition at low
relative humidity (e.g. 33%), cumulative desiccation
stress increased faster than under slow drying con-
ditions (Fig. 5A). However, under the slow drying
condition at high relative humidity (e.g. 94%), cumu-
lative desiccation stress would be remarkably high as
dehydration continued because dehydration time to
achieve the same lower water content increased ex-
ponentially as rate of dehydration decreased (Fig.
5B). Therefore, axes that were dried to the same
water content experienced greater cumulative desic-
cation stress under a slow dehydration condition
than under a rapid drying condition (Fig. 5B). In

Figure 2. A, Rate of dehydration (��/�t) of cocoa embryonic axes
under different humidity and temperature conditions. Vertical bars
indicate � SD under the same relative humidity. Bars smaller than the
symbols were not shown. B, The relationship between rate constant
of water loss (�) and rate of dehydration (��/�t).

Figure 3. The relationship between rate of dehydration and desicca-
tion tolerance of cocoa embryonic axes. The methods used to deter-
mine critical water content was described elsewhere (Sun and
Leopold, 1993; Li and Sun, 1999; Liang and Sun, 2000).

Modulation of Desiccation Tolerance of Cocoa and Ginkgo Embryos
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other words, slow drying must impose much greater
cumulative physiological stress.

Figure 6 shows the level of cumulative desiccation
stress when axes were dried to the respective critical
water content at different rates of dehydration. Cu-
mulative desiccation stress increased gradually as the
rate of dehydration decreased from 2.0 to 0.3 MPa
h�1. However, cumulative desiccation stress in-
creased drastically when the rate of dehydration was
lower than 0.2 MPa h�1.

Effect of Cumulative Desiccation Stress on
Desiccation Tolerance

A multiple correlation/regression analysis on the
relationship between desiccation tolerance, rate of
dehydration (��/�t), and cumulative desiccation
stress [�o

t f (�,t)] , was taken to examine the response
of embryonic axes to two different types of stress
vectors (i.e. direct mechanical or physical stress, and
cumulative physicochemical stress). Figure 7A shows
changes in ��/�t (MPa h�1) and �o

t f (�,t) (MPa � h)
for axes that were dehydrated at different relative
humidities and temperatures. The results indicate
that mechanical or physical stress would decrease
with increasing relative humidity, whereas cumula-
tive desiccation stress would increase. Cumulative
desiccation stress of axes dried at 25°C was less than
that at 16°C because axes dried slightly faster at the
higher temperature under the same relative humid-
ity. The ��/�t and �o

t f (�,t) were two interrelated
parameters during desiccation. Desiccation tolerance
of embryonic axes varied under different drying con-
ditions (Fig. 3), and both ��/�t and �o

t f (�,t) were
highly correlated with the critical water content of
cocoa embryonic axes. Regression analysis shows
that changes in ��/�t and �o

t f (�,t) accounted for
85% of the variation in desiccation tolerance for
embryonic axes dried under different conditions (Ta-
ble I). The maximum desiccation tolerance achieved
with relative humidity of approximately 88% corre-
sponded to a minimal value of combined desiccation
stresses in embryonic axes (Fig. 7, A and B).

Modulation of Desiccation Tolerance of Ginkgo
Embryos by Drying Rate

Cocoa is a tropical recalcitrant species. To make a
more general conclusion, we have performed a sim-
ilar quantitative analysis on the stress-time-response
relationship for desiccation tolerance of temperate

Figure 4. Integration of water potential-time functions for cocoa
embryonic axes dried under different humidity and temperature con-
ditions. The integral, �o

t f (�,t), expresses cumulative desiccation stress
for embryonic axes dried for a period of time t, during which water
potential of embryonic axes decreased from 0 to �.

Figure 5. Cumulative desiccation stress �o
t f (�,t), of cocoa embryonic

axes as the function of drying time (A) and residual water content (B)
under three relative humidities at 16°C. Cumulative desiccation
stress was calculated by integrating the water potential-time function,
as shown in Figure 4.

Figure 6. Cumulative desiccation stress [�o
t f (�,t)] , of cocoa embry-

onic axes that were dried to the respective critical water content
under different rate of dehydration at 16°C and 25°C. Inset, Cumu-
lative desiccation stress were plotted on a logarithmic scale.

Liang and Sun
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ginkgo embryos. Rate of dehydration, cumulative
desiccation stress, and critical water content of
ginkgo embryos under various relative humidities
are shown in Figure 8. The result of correlation/
regression analysis is presented in Table I. Changes
in ��/�t and �o

t f (�,t) accounted for 64% of the vari-
ation in desiccation tolerance for ginkgo embryos
dried under different conditions, and the maximum
desiccation tolerance at 88% relative humidity again
corresponded to a minimal value of combined desic-
cation stresses in embryos.

DISCUSSION

Effects of drying rate on desiccation tolerance of
recalcitrant seeds are widely reported (Pammenter
and Berjak, 1999). However, the mechanism by which

drying rate affects desiccation tolerance has not been
fully understood, and needs to be examined within a
theoretic framework of physical and physicochemical
stresses. Many studies reported that fast drying al-
lowed recalcitrant seed tissues to survive to lower
water (Farrant et al., 1985; Normah et al., 1986; Berjak
et al., 1990, 1992, 1993; Pammenter et al., 1991, 1998,
1999; Pritchard, 1991; Berjak and Pammenter, 1997;
Potts and Lumpkin, 1997; Kioko et al., 1998; Pritchard
and Manger, 1998). The improvement in desiccation
tolerance under fast drying conditions was generally
attributed to the fact that recalcitrant seed tissues
spent less time at the partially dried state. Under
slow drying conditions, seed tissues spent a longer
period of time at intermediate water contents, at
which deleterious processes occur. Thus, fast drying
was expected to minimize such deleterious processes
(Pammenter and Berjak, 1999). However, this concept
was called into question by our recent study, which
discovered the existence of an optimal drying rate for
cocoa embryonic axes (Liang and Sun, 2000). Both
faster drying and slower drying were detrimental,
and increased the sensitivity of embryonic axes to
desiccation (Fig. 3). Identical result was also obtained
with temperate ginkgo embryos (Fig. 8). The exis-
tence of an optimal drying rate suggested that desic-
cation damage could be minimized by studying the
mechanism by which the drying rate affects desicca-
tion tolerance of recalcitrant seed tissues. The present
study have quantitatively examined the stress-time-
response relationship for cocoa and ginkgo embry-
onic tissues during desiccation.

Desiccation damage to recalcitrant seed was a func-
tional of two interrelated parameters: the rate and
duration of dehydration. Embryonic tissues may be
viewed as a viscoelastic system, and the mechanical
or physical stress upon desiccation is proportional to
rate of dehydration expressed by the negative value
of the slope (��/�t) of the water potential/drying
time plot (Figs. 1B and 2A). The effect of drying time
was supposedly related to cumulative damages be-
cause of physicochemical effect or metabolic alter-
ations upon desiccation. Although a direct quantifi-
cation of cumulative physicochemical or metabolic
stresses during desiccation proves to be difficult,
such cumulative desiccation stress can be indirectly
assessed, using a theoretic approach, through the
integration of the tissue water potential/time func-
tion [i.e. �o

t f (�,t) during dehydration (Figs. 4–6 and
8). The response of recalcitrant cocoa and ginkgo
embryonic tissues to the rate of dehydration was
complex. Embryonic tissues were more sensitive to
desiccation at both high and low rates of dehydra-
tion. Maximum desiccation tolerance was achieved
with an optimal rate of dehydration at approximately
0.15 MPa h�1 for both species (Figs. 3 and 8). Desic-
cation tolerance of embryonic tissues under different
conditions was highly correlated with the rate of
dehydration (��/�t) and cumulative desiccation

Figure 7. A, Rate of dehydration (��/�t) and cumulative desiccation
stress �o

t f (�,t), of cocoa embryonic axes dried under various relative
humidities at 16°C and 25°C. B, The influences of ��/�t and �o

t f (�,t)
on desiccation tolerance of embryonic axes. The three-dimensional
surface was drawn with fitted regression equation (see Table I). The
maximum desiccation tolerance of embryonic axes (the valley of the
three-dimensional surface) corresponded to relative humidity around
approximately 88%, as indicated by the arrow in Figure 7A.
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stress �o
t f (�,t) , at both 16°C and 25°C (Figs. 7, 8, and

Table I). These data suggest that different stress vec-
tors interact to modulate desiccation tolerance or sen-
sitivity of recalcitrant seeds. The interaction between
dehydration rate and duration would affect physical
and physicochemical processes that are associated
with desiccation damage and desiccation tolerance.
Different deleterious mechanisms were likely in-
volved in desiccation damage under different dehy-
dration conditions.

Cumulative desiccation stress was calculated by
integrating the function �o

t f (�,t) from time zero to
time t when seed tissues were dried to the critical
water content. Cocoa and ginkgo embryonic tissues
were fully hydrated before drying and water poten-
tial was 0 MPa at t � 0. Physicochemical stress would
not start at water potential immediately below zero,

but at water potential below a given threshold value
(Sun and Liang, 2001). Such theoretic threshold water
potential is unknown. Specific studies on enzyme
function (Darbyshire and Steer, 1973) and plant
growth (Kaufmann, 1968) under water stress re-
ported significant metabolic disruptions and growth
alterations when water potential decreased to �0.2
MPa (Kaufmann, 1968; Darbyshire and Steer, 1973).
Therefore, it is conceivable that the onset of physico-
chemical stress during desiccation of recalcitrant
seeds must occur at water potential higher than �0.2
MPa in plant tissues. Seed tissues can tolerate further
desiccation without significant cellular damages or
the loss of viability because of the presence of pro-
tective mechanisms (Sun and Liang, 2001). Because
the critical water potential for cocoa and ginkgo em-
bryonic tissues varied from �8 to �15 MPa under

Figure 8. (A) Changes of water content in ginkgo embryos during desiccation at relative humidity 44%, 75.5%, 88%, and
94% at 16°C. Inset shows the first order plot for the calculation of rate constant of water loss. B, Rate of dehydration (��/�t)
and cumulative desiccation stress �o

t f (�,t), of ginkgo embryos that were dried under different relative humidities. C,
Representative plots between electrolyte leakage and water content shows the optimal drying condition at relative humidity
88%. D, Desiccation tolerance of ginkgo embryos that were dried under different relative humidities.

Table I. Regression equations between the critical water content (CWC) of desiccation tolerance, rate of dehydration (��/�t), and cumula-
tive desiccation stress �o

t f (�,t), for cocoa and ginkgo embryonic tissues

Species Regression Equation P Value R2

Cocoa CWC � 2.38 � 0.904log(��/�t) � 0.980log, �o
t f (�,t) 	0.001 0.849

Ginkgo CWC � 0.091 � 0.45log(��/�t) � 0.000642, �o
t f (�,t) 	0.001 0.641

Liang and Sun
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different drying conditions (Figs. 3, 8, and 9), the
value of cumulative desiccation stress would not dif-
fer whether the function �o

t f (�,t) was integrated from
time zero (i.e. � � 0 MPa) or from a given time t
when � decreased to the onset point of physico-
chemical stress.

Physiological aging occurs in hydrated seed tissues
and contributes to the gradual loss of seed viability
during storage (Pammenter and Berjak, 1999). Desic-
cation tolerance of recalcitrant seeds and rehydrated
orthodox seeds also decreases with storage time (Far-
rant et al., 1985, 1986; Sun et al., 1997; Tompsett and
Pritchard, 1998), suggesting a possible association
between physiological aging and the decrease of seed
desiccation tolerance. Cumulative physicochemical
effect of nonlethal water stress would undoubtedly
enhance physiological aging. At the physicochemical
level, the effect of nonlethal water stress on desicca-
tion tolerance of recalcitrant seed tissues cannot be
separated from its effect on physiological aging. Ma-
jor biochemical deteriorations in physiological aging
are quite similar to those observed in recalcitrant
seeds upon desiccation (Li and Sun, 1999; Pammenter
and Berjak, 1999).

In conclusion, the present study has quantitatively
examined, using a theoretic thermodynamic ap-
proach, the effect of mechanical or physical stress
and cumulative physicochemical stress on desicca-
tion tolerance of cocoa embryonic axes under differ-
ent dehydration conditions. These two stress vectors
interacted to modulate desiccation tolerance or sen-
sitivity of cocoa axes. High critical water contents
under rapid drying conditions appeared to be mainly
because of greater mechanical or physical stress,
whereas high critical water content under very slow
drying conditions was likely associated with the
enormous increase in cumulative physicochemical
stress that is coupled with metabolic alteration and
damages in axes. These data provided valuable in-

sight about the physiological basis of the optimal
drying rate that promotes the maximum desiccation
tolerance. Our analysis model on the basis of ther-
modynamic considerations will prove useful for the
design of experiments that aim to elucidate biochem-
ical and physiological mechanisms of desiccation
tolerance.

MATERIALS AND METHODS

Plant Materials

Mature fruits of cocoa (Theobroma cacao) were harvested
from a Malaysian plantation. Fruits were stored at 16°C
temporarily, and normally used within 1 week. Under this
storage condition, recalcitrant cocoa seeds (in the fruit) can
be easily stored for more than 2 months without significant
loss of seed viability and vigor (Li and Sun, 1999; Liang and
Sun, 2000). Embryonic axes were excised from fresh fruits,
and washed thoroughly in distilled water for 2 h before
dehydration treatments.

Ginkgo (Ginkgo biloba) seeds (nuts) were collected from
China and shipped to Singapore via courier services. Nuts
were stored at 16°C and normally used within 2 months.
Ginkgo seeds can be easily stored for more than 6 months
under this condition. Uniform, middle-sized embryos (i.e.
1.0–1.2 cm long, average fresh weight of 30 mg) were
chosen for experimental use. The dehydration treatment
and determination of water potential for ginkgo embryos
were similar to that for cocoa axes. We only described the
experimental methods in details for cocoa embryonic axes
in this paper.

Controlled Dehydration of Embryonic Axes

Samples of embryonic axes were dried in closed GA-7
culture vessels, where relative humidity conditions were
maintained with salt solutions as described previously (Li-
ang and Sun, 2000). Relative humidities used to achieve
different drying rates varied from 6% to 97%, with accu-
racy of 0.3% at 25°C). Roughly 20 embryonic axes were
dried over salt solution in each culture vessel, and 15 to 17
samples (vessels) were prepared for each relative humid-
ity. Samples were regularly taken for the measurement of
water content and for the assessment of desiccation dam-
age. Water content of embryonic axes was gravimetrically
determined after drying at 103°C for 24 h, and was ex-
pressed in grams water per grams dry weight. Desiccation
damage was determined using the electrolyte leakage
method and germination test (Sun and Leopold, 1993; Li-
ang and Sun, 2000; Sun and Liang, 2001). Experiments were
normally repeated two to four times for each relative
humidity.

Determination of Axis Water Potential during Drying

Water potential in embryonic axes was derived from
water content according to sorption isotherms (Sun and
Gouk, 1999). Samples of approximately 20 embryonic axes
were equilibrated over a series of salt solutions with water

Figure 9. Desorption isotherm of cocoa embryonic axes at 25°C.
Axes were equilibrated over a series of water potential solutions at
25°C. Water content of axes were determined after the equilibrium
was reached. Inset, Desiccation damage in axes after 9-d equilibrium
as determined by electrolyte leakage method.
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potential ranging from �22 to �1.3 MPa in closed contain-
ers at 16°C � 0.5°C and 25°C � 1.0°C. Upon equilibrium,
water contents of axis samples were determined gravimet-
rically. Figure 9 shows the relationship between water
potential and the equilibrium water content of cocoa em-
bryonic axes at 25°C. Similar data for cocoa axes at 16°C
and ginkgo embryos at 16°C was obtained (not shown).
Derived mathematical relationships between water content
and water potential were used to calculate water potential
of embryonic axes during drying. This method was pre-
ferred to several commonly used instrumental techniques
because the later techniques were either not suitable for
low moisture systems or did not allow rapid monitoring of
water potential change in embryonic axes during drying.
Psychrometric and hydrometric methods is suitable only
for plant tissues of high water contents, and the nominal
range of measurement is limited from 0 to �6.0 MPa for
those two methods. Most recalcitrant seed tissues can sur-
vive far below �6.0 MPa. Even if the Richards thermocou-
ple is to be used, it extends only to �25 MPa and the
accuracy decreases to �0.1 MPa at �10 MPa (Decagon
Devices Inc., Pullman, WA), corresponding to a relative
humidity of approximately 84% at 25°C only. At low water
content, the equilibrium may take several hours to achieve.
Methods for the determination of plant tissue water poten-
tial were reviewed by Sun and Gouk (1999). The mathe-
matical analysis of sorption data was performed using the
macro functions developed by the author (W.Q.S.) and
inserted into the software “Igor” (WaveMetrics, Lake Os-
wego, OR). Marco programs are available free of charge
from the author.
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