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ABSTRACT To understand the physical state of water in hydrating biological tissues, thermodynamic properties of water in
cotyledons of pea and soybean with moisture contents ranging from 0.01 g H,0/g dw to 1.0 g H,O/g dw were studied using
differential scanning calorimetry. The heat capacity of the tissues increased abruptly at moisture contents above 0.08 and
0.12 g H,0/g dw for soybean and pea cotyledons, respectively. Melting transitions of water were observed at moisture
contents >0.23 and 0.26 g H,O/g dw for soybean and pea. However, freezing of water was not observed unless moisture
contents exceeded 0.33-0.35 g H,O/g dw. In both seed tissues, the temperatures of the freezing and melting varied with
moisture content and showed hysterisis. The energy of the transition also varied with moisture content and was similar to the
heats of fusion and crystallization of pure water only at moisture contents >0.54 and 0.58 gH,0/g dw for soybean and pea
seeds, respectively. The thermal properties of water change distinctly as seed moisture content changes: at least five states

or water can be identified.

INTRODUCTION

Water affects the structural attributes of macromole-
cules. Macromolecules also affect the properties of water.
This interactive phenomenon is most apparent when
solutions or emulsions of macromolecules are concen-
trated or when biological tissues are dehydrated. How-
ever, the extent to which the properties of water change
and their relevance to the function of macromolecules is
poorly understood. This study was initiated so that
comparisons could be made between the properties of
water and changes in physiological activity of organisms
that survive desiccation.

Most of the data available documenting changes in the
thermodynamic and motional properties of water with
hydration have utilized protein or phospholipid systems
(see reviews 1-4). Based on calorimetric measurements
(1, 4-7), nuclear magnetic resonance' (NMR) and infra-
red (IR) spectroscopy (8-10), and ice crystal print sizes
(11), researchers have ascribed several hydration levels to
protein systems.

Studies of the status of water in biological tissue is
complicated by the irreversible changes that occur when
desiccation-intolerant organisms are dried. The motional
properties of water in desiccation tolerant seeds and
Artemia cysts have been studied by NMR and dielectric
studies (12—17) and at least four types of water have been
identified. From these data, models, analogous to those

'Abbreviations used in this paper: cv, cultivar; DSC, differential
scanning calorimetry; g/g, g H,O/g dw; IR, infrared; NMR, nuclear
magnetic resonance; RH, relative humidity.

proposed for the hydration of single macromolecules,
have been developed to describe hydration of tissues
(12, 16-20). Recently, calorimetric techniques have been
applied to the study of water in hydrating seeds. Freez-
able water was observable at 0.23 and 0.26 g H,0/g dw
for soybean and pea, respectively (21). The glass forming
capabilities of water between this moisture level and 0.40
g H,0/g dw (22-23) conferred some resistance to freez-
ing injury (23). Aqueous glasses were also detectable at
moisture contents lower than where freezable water was
observable (22) suggesting that water with limited mobil-
ity may have an amorphous structure.

The purpose of this paper is to further document
changes in the physical properties of water in hydrating
seeds using differential scanning calorimetry. This infor-
mation will increase our understanding of water at
biological interfaces under ambient as well as subfreezing
conditions.

METHODS

Seed material and hydration

Cotyledons of soybean (Glycine max cultivar [cv] Williams'82) and pea
(Pisum sativum cv Alaska) were used to study the relationships between
moisture content, heat capacity, and characteristics of phase transitions
of water. These two tissues were selected because there were existing
data comparing physiological activity with moisture level and because
previous studies suggested that the triglycerides present in soybean
cotyledons affected the phase behavior of water (21). To achieve
moisture contents between 0.01 and 0.23 g/g, whole cotyledons were
equilibrated at various relative humidities using saturated salt solutions
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(18). Moisture levels between 0.14 and 1.0 g/g were obtained by adding
known quantities of water to preweighed seed samples. Slices of
cotyledons were sealed into aluminum DSC pans and fresh weights were
taken before DSC measurements. After DSC measurements, the pans
were punctured and dry weights were determined by heating samples at
95°C for 5 d. Moisture contents are expressed on a dry weight basis. The
amount of material used in a DSC run varied with the moisture content:
~20-25 mg samples were used when the moisture level was below 0.3
g/g and ~10 mg samples were used when the moisture level was above
~0.3g/g.

Calorimetry

Freezing and melting transitions of seed cotyledons at various moisture
contents were detected using a Perkin-Elmer Corp. (Norwalk, CT)
DSC-4 or 7. For heating runs, samples were cooled at 10°C/min to
—150°C and then thermograms were recorded during heating at
10°C/min from —150-20°C. Cooling runs were recorded as cotyledon
tissues were cooled from 25 to —155°C at 10°C/min. The energy of the
transitions were evaluated from the area of peaks above and below the
baseline. Deviations from the baseline were detected from changes in the
first derivative of the thermogram curve. The onset temperature of the
melt was determined as the point of intersection between the baseline
and a line drawn from the steepest portion of the initial melt.

The heat capacity of cotyledon tissues hydrated to various water levels
was determined using a Perkin Elmer DSC-4. The ordinate displace-
ment was measured from a chart recorder as samples were heated at
2°C/min from —15 to —10°C, —32 to —28°C, and —62 to —58°C.
Although this is a relatively rapid scanning rate for heat capacity
measurements, the 2°C/min heating rate was chosen to optimize
signal-to-noise ratios of dry samples which showed small ordinate
displacements at slower scanning rates. Sub-zero temperature ranges
were used in the study to eliminate complications from active metabo-
lism, and to verify that water transitions affected heat capacity
measurements. Samples were cooled at 10°C/min to the lower tempera-
ture, and allowed to equilibrate until a steady baseline was achieved, 1-5
min. For soybean cooled to —32°C, equilibration often required up to 30
min. The power of ordinate displacements was calibrated with a benzoic
acid standard treated similarly (24). Differences in weight between the
sample and reference pan were corrected for using the heat capacity of
aluminum calculated for each temperature range studied.

RESULTS

Analyses of the state of water in pea and soybean seeds
were carried out by examining differences in cooling and
heating thermograms of cotyledons at various moisture
contents and comparing the behavior to that of pure water
(Table 1; Figs. 1 and 2). Exotherms from cooling runs of
pea cotyledons were observed when the moisture level was
~0.35 g/g or more (Fig. 1 4). These transitions were
small and broad at 0.35 g/g (occurring over a tempera-
ture range of —25 to —70°C). As the moisture level
increased, several freezing exotherms were observable;
the size and sharpness of peaks increased with increasing
water content (Fig. 1 4). A similar pattern was observed
for melting endotherms in pea (Fig. 1 B) except that
changes were observable at lower water contents: broad
melting endotherms were first noted at 0.25 g/g, and the

TABLE 1 Some calorimetric properties of pure water
at subzero temperatures

Temperature
Properteis 0 —12.5 -30 —-60
°C °C °C
Heat of melt* 333 308 272 nal
Heat of freeze 333 nd' nd na
Heat capacity (liquid)? 4.22 4.33 5.1 na
Heat capacity (ice)* 2.07 1.98 1.80 1.59
*Calcualted from equations provided by reference 25.
*From reference 26.
From reference 27.

INot applicable: homogenous nucleation point of water is —40°C.
Data not available/determined.

peaks become larger and sharper as the cotyledons
became more moist. Shifts in power, indicative of glass
transitions were noted at moisture contents between 0.3
and 0.4 g/g. A clear example of this is the step-like
transition at ~—60° in the thermogram of pea at 0.35g/g
water content (Fig. 1 B).

In soybean, lipid transitions were always apparent and
occurred within broad temperature ranges, often obscur-
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FIGURE1 DSC cooling (4) and heating (B) thermograms of pea

cotyledons at different moisture contents. Samples were scanned at
10°C/min from —150 to 20°C.
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FIGURE2 DSC cooling (4) and heating (B) thermograms of soybean
cotyledons at different moisture contents. Samples were scanned at
10°C/min from —150 to 20°C.

ing the water transitions (Fig. 2). This was most notable
during cooling runs, where detection of water freezing
was difficult because there were multiple lipid exothermic
events (Fig. 2 4). On warming runs, the shape of the
endotherms changed with increasing hydration levels in
the soybean cotyledon, such that the primary peak with
onset at ~—37°C became progressively small compared
with the peak at temperatures between —17 and —2°C
(Fig. 2 B). This secondary peak was interpreted as water
melting because the size and temperature increased as
water content increased. Shifts in power were also noted
in the warming thermograms. The shifts at ~—80°C are
present in dry tissue and are attributed to the triglycerides
(23). Pretransitions at temperatures between —70 and
—30°C, observed when the water content was between
0.23 and 0.38 g/g, are probably attributable to aqueous
glasses (21, 23).

The onset temperature at which water was observed to
melt increased as the water content increased (Fig. 3).
For both soybean and pea cotyledons, the onset of the
melts defined three distinct moisture regions. In pea, the
onset temperature increased sharply from —38 to —20°C
as cotyledons were hydrated from 0.22-0.30 g/g (Fig. 3).
In contrast, the onset temperature for soybean in this
moisture region (0.21-0.30 g/g) was constant at ~ —20°C.

ONSET TEMPERATURE (C)
»
X
1 1

-36

[¢] 0.2 0.4 0.6 0.8 1
WATER CONTENT (g HOH/g dw)

FIGURE3 The effect of moisture content on the onset temperature of
the water melting transitions for pea and soybean cotyledons. Data are
taken from thermograms similar to those presented in Figs. 1 Band 2 B.
The onset temperature for water transitions in soybeans was determined
by assuming the baseline for thermograms of hydrated tissues was the
thermogram from dry tissue.

As hydration proceeded to ~0.65 g/g, the onset tempera-
ture of the water melt increased to ~—8°C (Fig. 3). No
further changes in the onset temperature were observed
with increases in water content above 0.65 g/g (Fig. 3).
To determine the point at which freezable water was
present and the enthalpy associated with water freezing
or melting, changes in the energy of exotherms and
endotherms for pea and soybean were measured as a
function of water content (Figs. 4 and 5). Estimates of the
energy of the transition(s) were made by calculating the
area of the thermogram peaks as in Figs. 1 and 2. Linear
regressions of moisture content and enthalpy/dw were
performed iteratively to determine the best fit to the data.
Comparisons of enthalpy/dw and water content be-
tween 0.33 and 0.67 g/g for cooling runs of pea cotyledons
(Fig. 4 A) resulted in a single line (> = 0.98) with a
slope of 338 J/g H,O. The x-intercept of this line,
representing the point at which water freezing is measur-
able, is 0.34 g/g. Similar treatment of data from soybean
was complicated by the presence of several lipid transi-
tions which occurred in the temperature range of interest
(Fig. 2 A). For soybean, the total peak area (exotherms
of lipid transitions + exotherms of water transitions) was
compared wih water content, and the data was fit to two
lines with a point of intersection at 0.32 g/g (Fig. 5 4).
The line calculated for moisture contents between 0.06
and 0.30 (#* = 0.50, slope = 24 J/g H?O) is interpreted
as the energy associated with lipid transitions whereas the
line calculated between 0.31 and 0.70 g/g (> = 0.98) is
interpreted as the sum of the energy of water and lipid
freezing. The slope of the latter line is 385 J/g H,0. Thus,
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TRANSITION ENTHALPY (J/g dw)

WATER CONTENT (g HOH/g dw)

FIGURE4 The effect of moisture content on the enthalpy of the
freezing (A4) and melting (B) transitions in pea cotyledons. Data are
taken from thermograms similar to those presented in Fig. 1. The lines
represent the iterative determination of the least-squares best fit to the
data.

the energy calculated for the freezing of water is 361 J/g
H,0.

Comparisons of the enthalpy/dw as a function of water
content for heating runs of pea and soybean cotyledons
did not reveal a linear relationship (Figs. 4 B and 5 B).
Data for pea described three moisture regions, between
0.23 and 0.33 g/g (#* =0.78), 0.33 and 0.58 g/g
(r = 0.95) and >0.58 g/g (r* = 0.99) with slopes of
102, 237, and 325 J/g H,0, respectively (Table 2). Data
for soybean were separated into four moisture regions,
between 0.05 and 0.22 g/g (* = 0.70),0.22and 0.32 g/g
(7 = 0.95), 0.32 t0 0.56 g/g (©* = 0.93) and >0.56 g/g
(r* = 0.96) with slopes of 37, 427, 287, and 350 J /g H,0,
respectively (Table 3).

Measurements of the relationship between specific heat
and water content were made at —12.5°, —30°, and
—60°C for pea and soybean cotyledons between 0.02 and
0.60 g/g (Figs. 6 and 7). Examination of DSC cooling
thermograms of soybean and pea cotyledons in this
moisture range (Figs.1 A and 2 A) demonstrate that
freezable water does not freeze at — 15°C but the transi-
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FIGURES The effect of moisture content on the enthalpy of the
freezing (4) and melting (B) transitions in soybean cotyledons. Data
are taken from thermograms similar to those presented in Fig. 2. The
lines represent the iterative determination of the least-squares best fit to
the data.

tion is mostly complete at —62°C. Measurements of
specific heat at —30°C were taken using two regimes: (a)
after the cotyledons had been cooled to —32°C and (b)
after they had been exposed to —62°C and then warmed
to —32°C. In the former case, some ice is present if
moisture contents are above 0.35 g/g (see Figs. 1 4 and
2 A). In the latter case, ice will be present if moisture
contents are above 0.23 g/g.

Evaluation of heat capacity changes as a function of
moisture content of both pea and soybean cotyledons
suggest a complex relationship. In most cases, four
moisture regions can be ascribed (Figs. 6 and 7). For
example at —12.5°C (Figs. 6 and 7), heat capacity
increases only slightly with increasing moisture content at
moisture contents between 0.02 and 0.11 g/g for pea
(¥ = 0.95, slope = 3.26 J/C/g H,0) and 0.02 and 0.08
g/g for soybean (r* = 0.96, slope = 3.17 J/C/g H,0).
As moisture content increases to 0.28 g/g for pea and 0.25
for soybean, heat capacity increases abruptly with slopes
of 6.36 (* = 0.99) and 6.10 J/C/g H,0 (> = 0.95),
respectively. Within the third moisture region, (0.28-0.42
g/g for pea and 0.25-0.38 g/g for soybean) there was,
again, only a slight chance of heat capacity with water
content (slope = 1.94 and 1.99 J/C/g H,0, 7 = 0.65
and 0.67 for pea and soybean, respectively). It is in the
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TABLE 2 Calorimetric properties of water in pea cotyledons at different water contents

Hydration level

1 2 3 4 5
Moisture 0—>0.12 0.12->0.24 0.24->0.35 0.35->0.58 >0.58
range (g/g)
Relative 0-30 30-80 80-92 nd* nd
humidity (%)*
Heat capacity (J/C/g H,0)
—12.5°C 3.26 6.36 1.94 4.10 nd
-30°C 2.81 5.64 1.09 2.66 nd
—60°C 2.36 4.10 0.48 1.90 nd
Water melt
AH (J/g H,0) 0 0 102 237 325
Tonset (°C) na na —38°->—18° —18°->-8° -8°
Water freeze
AH (J/g H,0) 0 0 0 338 nd

Enthalpies of transitions and heat capacities are determined from the slopes of curves given in Figs. 4 and 6. Transition temperatures are taken from

thermograms similar to those presented in Fig. 1.
*From isotherms measured at 5°C (18).
*na” and “nd” as described in Table 1.

fourth moisture region (water content >0.42 g/g for pea
and 0.38 g/g for soybean) that the slope of the heat
capacity vs. water content curve is similar to the specific
heat capacity pure liquid water (slope = 4.10 and 4.30
J/C/g H,0, ¥ = 0.91 and 0.94, for pea and soybean,
respectively). The slopes of the curves within each mois-
ture region decline as the temperature at which heat
capacity was measured was decreased to —30°C and
—60°C (Figs. 6 and 7). For soybean, no relationship was
discernable between heat capacity and moisture content
at —60°C when moisture content was >0.32 g/g. This

may be a reflection of incomplete phase transitions of
lipids or water at this temperature (Fig. 2 4). In pea, at
moisture contents > 0.35 g/g, there is a >50% drop in the
calculated slope for measurements made at —60°C com-
pared with —12.5 °C. This is probably a result of water in
this moisture range changing from a liquid at —12.5° to
ice at —60°C (Fig. 1).

The observed changes in the phase behavoir and heat
capacity of water occur within specific moisture content
ranges. These changes, describable by the slopes of the
curves drawn in Figs. 4-7, represent changes in the

TABLE 3 Calorimetric properties of water in soybean cotyledons at different water contents

Hydration level

1 2 3 4 5
Moisture 0->0.08 0.08—>0.21 0.22->0.33 0.33->0.55 >0.55
content (g/g)
Relative 0-30 30-80 80-92 nd nd
Humdiity (%)*
Heat capacity (J/C/g H,0)
-12.5°C 3.17 6.10 1.99 4.30 nd
-30°C 2.53 6.03 0.97 3.16 nd.
—60°C 2.02 391 nd nd nd
Water melt
AH (J/g H,0) 0 0 390% 250% 323%
Tonset (°C) na na —-20° —20°->-8° —8°
Water freeze
AH (J/g H,0) 0 (1] 0 3618 nd

Enthalpies of transitions and heat capacities are determined from the slopes of curves given in Figs. 5 and 7. Transition temperatures are taken from

thermograms similar to those presented in Fig. 2.
*From isotherms measured at 5°C (18).

37 and 24 J /g H,0, respectively, were subtracted from total slope to account for positive slope associated with lipid transition.
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FIGURE 6 The effect of moisture content on the heat capacity of pea
cotyledons at —12.5, —30, and —60°C. Heat capacities were deter-
mined from the ordinate displacement by samples heated at 2°C/min
from —15to —10°C, —32 to —28°C, and —62 to —58°C. Samples were
cooled to the initial temperatures at 10°C/min. The crosses in data
presented for —30°C represent samples that were cooled to —62°C and
subsequently warmed to —32°C before heat capacity measurements.
The lines represent the iterative determination of the least-squares best
fit to the data.

thermodynamic properties of cellular constituents, but
can be expressed in terms of the apparent enthalpy of
freezing and melting and the apparent specific heat of
water (Tables 2 and 3). These values can be compared to
the known thermodynamic properties of pure water (Ta-
ble 1). At low moisture contents (<0.24 and 0.22 for pea
and soybean, respectively), water is not observed to freeze
or melt. Within this moisture range, two types of water
can be identified by heat capacity measurements: below

HEAT CAPACITY (J/C/g dw)

0 ' 0.2 ' 0.4 ) 0.6
WATER CONTENT (g HOH/g dw)

FIGURE7 The effect of moisture content on the heat capacity of
soybean cotyledons at —12.5, —30, and —60°C. Heat capacities were
determined from the ordinate displacement by samples heated at
2°C/min from —15 to —10°C, —32 to —28°C, and —62 to —58°C.
Samples were cooled to the initial temperatures at 10°C/min. The
crosses in data presented for —30°C represent samples that were cooled
to —62°C and subsequently warmed to —32°C before heat capacity
measurements. The lines represent the iterative determination of the
least-squares best fit to the data.

0.10 g/g, the apparent heat capacity of water is similar to
that of ice; between 0.10 and 0.24 g/g the apparent heat
capacity of water is ~50% greater than that of liquid
water. As the cotyledon tissue is moistened to levels
between 0.21 and 0.35, water is observed to melt, but the
freezing exotherm is not observable. The energy associ-
ated with the water melt in pea is much less than that of
pure water whereas the energy of the melt for soybean is
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greater than that of pure water. The apparent heat
capacity of water in this hydration range is small. At
higher hydration levels, the properties calculated for
water begin to resemble those of pure water: the apparent
heat capacity is similar to the expected 4.184 J/C/g H,O
of pure water and the energy of the freeze is similar to 333
J/g H,0. However, at moisture contents between ~0.33
and 0.55 g/g, the onset temperature of the melt changes
in a noncolligative way with moisture content (Fig. 3) and
the energy of the melt is 25% less than what is expected
for pure water. At moisture contents >0.55 g/g the
melting properties of water resemble those of water in
dilute solutions.

DISCUSSION

The present study demonstrates that at least five hydra-
tion levels in seed tissues can be distinguished by the
thermodynamic properties of water measured using DSC
(Tables 2 and 3). While the presented parameters are
described as properties of water, it is more likely that they
represent an interaction between water and cellular
constituents. Thus, changes observed, and described on a
per gram basis of water, might actually reflect changes in
nonaqueous components when water is added. The proper-
ties measured include the presence of freezing or melting
transitions, calculations of energy and temperature of the
transitions, and evaluations of the heat capacity of the
water before and after the transitions. The moisture
ranges at which each of these hydration levels exist are
similar for pea and soybean cotyledons, and coincide with
moisture ranges presented for model protein systems
(1-5, 8, 12). With the exception of water in hydration
level 3, the properties of water at each hydration level are
similar for the two species (Table 2 and 3).

Hydration levels 1 and 2 are easily distinguished from
the other hydration levels because in these regions, water
is not observed to freeze or melt (Tables 2 and 3). Water
in hydration level 1 has an apparent heat capacity less
than that of pure liquid water but greater than that of ice
(compare Table 2 and 3 with Table 1). Similar findings
have been presented for lysozyme (5). As with ice, the
apparent heat capacity of water in hydration level 1
decreases linearly with decreasing temperature, but with
a greater slope (27). Calorimetric and dielectric studies of
corn embryos at hydration level 1 demonstrate that this
water does not exist as a glass at ambient temperatures
and has severely restricted mobility (13, 15, 22).

Water in hydration level 2 is also unfreezable, but it
can be distinguished from water in hydration level 1
because the apparent heat capacity is greater than that of
liquid water (compare Tables 2 and 3 with Table 1)
(5, 28). Unlike liquid water before the homogeneous

nucleation point (26), the apparent heat capacity of water
in hydration level 2 declines linearly with decreasing
temperature. It has been suggested that water in hydra-
tion level 2 has solvent properties as it has the ability to
form glasses (22), and molecular movement is facilitated
as evidenced by dielectric and NMR studies (13-15).

Water is first observed to melt in hydration level 3,
although no freezing exotherms were observed during
cooling runs (Fig. 1 4 and 2 4). The thermal behavior,
exhibited during heating runs, of water at this hydration
level is complicated, and resembles that of water in highly
concentrated solutions (29-32). In particular, the endo
and exo-thermic transitions before the main first order
transition (often referred to as incipient and ante-melting
and/or devitrification events) are indications that glasses
were formed in the aqueous phase (21, 23, 29). Conse-
quently, this type of water, regarded as slightly perturbed
because of “orientational mismatches” according to the
Franks and Eagland model (33) of protein hydration, is
distinguished from water at other hydration levels be-
cause it has sufficient mobility to give rise to detectable
glasses and because of it tendencies to melt at lower
temperatures (Tables 2 and 3) (29, 32). In spite of the
increased mobility, determination of the apparent heat
capacity of water in hydration level 3 is much lower than
would be expected for liquidous water or ice. This may be
a reflection of heat capacity changes in macromolecules
within this hydration level. Such changes are necessarily
included in the apparent heat capacity determinations
and are not corrected for.

Quantitation of the energy of the main melting en-
dotherms reveals that the enthalpy of the melt (AH ) of
water in hydration level 3 is quite different than AH;, of
pure water (compare Tables 2 and 3 with 1). Unusually
low apparent AH_’s have been reported for protein
systems (6, 7) and blood plasma (29). Recent determina-
tions of the amount of unfreezable water in galactose/
water solutions (31) point out the sensitivity of the
calculations to the moisture range used in the study as
well as the assumed AH,, value, and suggest that AH
does indeed change with moisture level. While reductions
in AH,, are expected when the onset temperature is
<0°C (25), the value of the apparent AH,,,, calculated for
water in pea cotyledons at hydration level 3 is smaller
than can be accounted for by the low temperature of the
transition (according to equations by Gekko and Satake
[25], AH_,, of water melting at —35°C is ~260 J/g
H,0). An alternative explanation for the low apparent
AH,,, calculated for water in proteins or pea cotyledons
at hydration level 3 is given by the observation that
enthalpies determined in the present way contain a heat of
solution factor (30). The heat of solution varies with the
solute, but is usually exothermic for hydrophilic sub-
stances and endothermic for hydrophobic substances
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(30). Thus, the low apparent AH,,;, calculated for pea
cotyledons may be a reflection of dissolution of hydro-
philic substances. The apparent AH,, measured for
soybean cotyledons in hydration level 3 is greater than
that expected for pure water (Table 3). Similarly, measure-
ments of AH,,, of phosphotidyl-ethanolamine and leci-
thin mixtures were 363 and 431 J/g H,O, respectively
(1). The large apparent AH,, calculated for soybean
cotyledons (which are ~20% lipid) and for phospholipids
may be a reflection of water interactions with hydropho-
bic groups. This suggestion is consistent with earlier
studies which hypothesized that hydrophobic interactions
were initiated at hydration level 3 (4, 18).

In addition to differences in the apparent AH;, mea-
sured for pea and soybean cotyledons, the temperature of
the water melt differs for the two species. In pea, the onset
temperature decreases sharply with decreasing water
content within this hydration level (Fig. 3). The onset
temperature of the water melt does not change for
soybean within this hydration level (Fig. 3). Studies of the
sensitivity of pea and soybean seeds at this hydration level
to subzero temperatures substantiate the hypothesis that
the thermal behavior of water differs in the two tissue
types (21). When pea seeds with moisture contents below
0.36 g/g were exposed to —80°C, there was no reduction
in germination. Soybean seeds at the same moisture level
were undamaged if exposed to —30°C, but killed when
exposed to —50°C. The reason for the differences in
freezing behavior are unknown, but it was suggested that
the lipids in the soybean seed played a role in their
increased sensitivity to low temperatures (21).

The thermal properties of water in seeds at the fourth
hydration level are similar to those of pure water. Water is
observed to freeze at this hydration level and the apparent
energy of the freeze is simlar to that of pure water
(Figs. 1 A and 2 A, Tables 2 and 3). The tendency toward
devitrification events is lost at this hydration level
(Figs. 1 B and 2 B). This phenomenon has been reported
previously (22, 23, 32). At —12.5°C, the apparent heat
capacity of water in cotyledon tissue at hydration level 4 is
similar to liquid water; at —30°C, the apparent heat
capacity is intermediate between those of liquid water and
ice; and at —60°C, the apparent heat capacity of water in
pea cotyledons is similar to what is expected for ice
(compare Tables 2 and 3 with Table 1). However, water
in hydration level 4 is still distinguishable from bulk water
in that the apparent energy of the melting transition is less
than that of pure water, even if the low onset temperature
is taken into consideration (compare Tables 2 and 3 with
Table 1). The low values of the apparent AH ,, may be a
result of the dilution of hydrophilic solutes since the
experimental values probably include a heat of solution
factor (30).

The apparent thermal properties measured for water in
pea and soybean cotyledons with moisture contents >0.55
g/g are similar to water in dilute solutions. Although
cotyledons will continue to take up water, the properties
of the water do not change substantially. Thus, at
moisture contents >0.55 g/g, hydration level 5, one might
consider the seed fully hydrated.

While the data presented in this study provide evidence
of at least five levels of hydration they do not reveal
whether the structure of water at each hydration level
changes or whether the structure of macromolecules
associated with the water change. The presented measure-
ments also do not suggest whether all five populations of
water/nonaqueous component exist discretely within a
fully hydrated seed. Evidence presented in the literature
has been conflicting on these points. However, there is a
general consensus that at least two populations of water
exist around a hydrated macromolecule: one which has
severely restricted mobility and one which has properties
similar to bulk water. The data presented here is consis-
tent with this finding because there is always a population
of water that does not freeze.

The five levels of hydration reported here are based on
changes observed in the apparent properties of water
when dry tissues are hydrated; however, they correspond
well to levels of physiological activity in seeds (19, 20, 34).
Few reactions occur in the first hydration level, but
progressive removal of this water results in accelerated
deterioration of seeds (34, 35). Metabolism becomes
increasingly facilitated in the second hydration level and
respiration is measurable in the third. Germination of the
seed is not evidenced until the seeds have attained
moisture contents within the fifth hydration level (36).

It is generally accepted that macromolecular surfaces
perturb the mobility and thermodynamic properties of
neighboring water molecules. The extent to which these
properties change is not well understood. This paper
reports a comprehensive study of the changes in the
thermal properties of water as a dry biological tissue
becomes fully hydrated. Five hydration levels are distin-
guished in seed tissues. These hydration levels are related
to the metabolic status of the seeds.

Received for publication 21 May 1990 and in final form 30 July
1990.
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