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Propositions

9.

The properties of intracellular glasses cannot be generalised from studies of simple
solutions and must be independently studied - R.J. Williams et al. (1993) Japan. J.
Freezing and Drying, 39:3-12; this thesis.

The statement “a good glass former” should not be based on the glass transition
temperature only, but it should also take into account the molecular mobility — this
thesis.

The role of oligosaccharides in the survival of seeds cannot be explained by the
current hypotheses - this thesis.

The crossover temperature T,, below which dynamic transitions of molecules are
hindered, is important for the suppression of functions of biological molecules.
Therefore, the high T, in biclogical systems could play an important role in the
preservation of life — A.P. Sokolov et al. (1999) J. Chem. Phys.; this thesis,

The most important “ingredient” of any theory of glass transition is the molecular
mobility — J. Perez (1994) J Food Eng 22:89-114.

The removal of the evolution theory from school science and the imposition of
creationism as “science” in Kentucky {(USA} is the result of the creation of a false
choice between creationism and atheism, which the creationists equate with orthodox
science.

The absence of evidence is not evidence of absence — R. Dixon, 1981.

Whenever the methods of observation are such that a complicated mathematical
treatment is required to establish a relationship between the data and the physical
nature of the system studied, the methods of observation are inadequate and must be

changed, whenever possible — A. Abragam, The principles of nuclear magnetism, 1961.

Successful research starts with asking the right question.

10. Scientific researchers who try to cross disciplinary boundaries are faced with the

dilemma, that though multidisciplinary approaches are often recommended and
praised, professional evaluation of scientific performance is, almost without
exception, carried cut in monodisciplinary mode - V. Curtis, 1998.

Propositions belonging to the PhD thesis entitled “Biological glasses: nature's way to
preserve life”.

Wageningen, 28" June 2000 Julia Buitink
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Abbreviations

BET Brunauer, Emmett and Teller

CP 3-carboxy-2,2,5,5tetramethylpyrrolidine-1-oxyl; 3-carboxy-proxyl
C, heat capacity

DMTA dynamic mechanical thermal analysis

DSC differential scanning calorimetry

dw dry weight

E, activation energy

ED EPR echo-detected electron paramagnetic resonance
EPR electron paramagnetic resonance

FTIR fourier transform infrared

fw fresh weight

G Gauss

| Viscosity

AH enthalpy

k rate constant

M, second moment

My molecular weight

My average molecular weight

NMR nuclear magnetic resonance

VoH band position of OH-stretch

PolyLys poly-L lysine

R ideal gas constant

RH relative humidity

sSD standard deviation

Stach stachyose

ST-EPR saturation transfer electron paramagnetic resonance
Suc sucrose

T. critical temperature

TEMPO 2,2,6,64etramethyl-1-piperidinyloxy

TEMPOL d-hydroxy-2,2,6,6-tetramethyl-1-piperidinyloxy
TEMPONE 4-ox0-2,2,6,6-tetramethyl-1-piperidinyloxy

T, glass-to-liquid transition temperature

Tq totational correlation time

TSDC thermally stimulated depolarisation current
Pso mean viability period

WwC water content, g H,0 g dw™

WLF Williams, Landel and Ferry




General Introduction

‘The major biological reason for the existence of
anhydrobiosis is a device serving to conserve reserves and
stabilize the organisms under adverse conditions until
adequate water becomes available.”

James S. Clegg {1986)
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Storage stability of germplasm

Desiccation-tolerant organisms (anhydrobiotes), such as seed and pollen, are
capable of surviving the removal of the major part of their cellular water.
Apart from the ability to survive dehydration and rehydration, these tissues also
have o be able to survive for extended periods of time in the dry state. The
lifespan of seeds can be remarkably long, ranging from decades {Priestley et
al., 1985) to century's (Kivilaan and Bandurski, 1981; Steiner and Ruckenbauer,
1995) and even millennia {ShenMiller et al., 1995). The most remarkable
discovery was that on ancient seeds of Sacred Lotus from China; radiocarbon
dating showed an age of these seeds of 1288 + 271 years while still being
capable to germinate (ShenMiler et al., 1995). Apparently, nature has
endowed seeds with mechanisms to survive the dry state for extended periods
of time. In this thesis we will investigate the physical properties of dry
anhydrobiotes to obtain a better understanding of desiccation tolerance and
lifespan.

The processes leading to cell death in seeds have received considerable
attention {Priestley, 1986; Smith and Berjak, 1995; Walters, 1998; Pammenter
and Berjak, 1999 for reviews). As seeds age, membranes become leaky,
enzymes lose catalytic activity and chromosomes accumulate mutations. It also
has been proposed that food reserves are depleted as the seed deteriorates,
and there is growing evidence pointing to the toxicity of by-products of
catabolic reactions (Yaklich, 1985; Wettlaufer and Leopold, 1991; Bernalugo
and Leopold, 1992, 1995; Baker and Bradford, 1994; Zhang et al., 1994; Sun
and Leopold, 1995). The rates at which all these detrimental reactions take
place most likely determine the rate of ageing, and thus the lifespan of seed
and pollen.

Apart from these intrinsic properties, the lifespan is influenced by the
conditions under which the dry germplasm is stored. Temperature and water
content are important factors playing a role in storage stability. # is common
knowiedge that low water contents and low temperatures are beneficial to the
longevity of germplasm {Roberts, 1972; Justice and Bass, 1978; Priestley,
1986). Several models have been developed to describe the effects of these
two parameters on viability. Early models, such as Harringtor’s Thumb Rules,
propose that the time for 50% of the seeds to die (Pse} doubled for every 5°C
reduction in temperature or 1% reduction in moisture level (Justice and Bass,
1978}). The empirical viability equation of Roberts and Ellis was developed to
account for differences in seed species and seed lots and to provide a more
absolute prediction of lifespan (Roberts, 1972; Ellis and Roberts, 1980a; Ellis,
1991}). This equation relates the seed storage conditions {water content and
temperature) to the viability lost within the population during storage. This
model has proven its validity in a number of studies (Ellis and Roberts,
1980a,b; Kraak and Vos, 1987; Ellis et al., 1989, 1990b, 1992; Dickie et al.,
1990; Mwasha et al., 1997; Hong et al., 1998, 1999). Nonetheless, it has
been recognised that there are some limits to its application with respect to
low temperature and low and high water contents (Ellis et al., 1989, 1990b,
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1991, 1995; Dickie et al., 1980; Vertucci and Roos, 1990, 1993a; Vertucci et
al., 1994h; Walters and Engels, 1998). Although these empirical models are
useful in estimating the effects of water content and temperature on longevity,
they do not provide an understanding what the underlying causes are for these
observations.

A more theoretical approach to understand longevity was based on the
hypothesis that seed ageing reactions are controiled by the thermodynamic
status of water in the seeds (Priestley, 1986; Leopold and Vertucci, 1989;
Vertucci and Roos, 1990, 1993b). Vertucci and co-workers used water sorption
isotherms to determine the thermodynamic states of water in seeds and pollen
(Vertucci and Roos, 1990, 1993b). This approach resulted in the discovery that
the optimum water contents of storage shifted to higher values with lower
temperatures (Vertucci et al., 1994b).

White water-activity and water-binding models help to understand the
nature of chemical reactions in relation to water content, they do not address
how the kinetics of these reactions are affected by water content. Over the
past years, a new approach has been introduced to understand the effects of
water content and temperature on fongevity of germplasm, based on the
formation of glasses. Glasses are semiequilibrium solid liquids with an
extremely high viscosity (Franks et al., 1991). Low temperatures and low water
contents drive the viscosity to such high values that the cytoplasm will form a
glassy state. The high viscosity is thought to be responsible for the decreased
ageing rates observed at these low water contents and temperatures. The
formation and properties of glasses in sugar and polymer systems and
biological tissues will be discussed in the following sections.

Properties of glasses

Solids can exist in a crystalline or amorphous form. Crystalline materials have
defined structures, stoichiometric compositions and melting points. They are
characterized by their chemical, thermal, electrical, optical and mechanical
properties. By contrast, amorphous materials have no defined structure. The
three-dimensional long-range order that normally exists in a crystalline material
does not exist in the amorphous state, and the position of molecules relative to
one another is more random, comparable with that in the liquid state (Atkins,
1982; Fig. 0.1). Glasses are not an equilibrium phase, implying that eventually
they will move to equiiibrium, i.e. they will crystallise. Due to the high viscosity
of the glassy state, this transformation to equilibrium occurs at such slow rate
that a glass is referred to as “semi™equilibrium state. The transition from
equilibrium to equitibrium phase {for instance crystal to liquid) is a first order
transition, a phase transition. The glasstoliquid or glasstocrystal transition is
a second order transition, a transition from a nonequilibrium state to a
equilibrium phase. This transition is referred to as a sfafe transition.

Glasses are created by rapidly cooling a liquid so that it remains in the
liquid state well below the normal freezing point. In principle, a liquid should
freeze {crystallise} when cooled to a temperature below its freezing point.
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However, if the rate of cooling is high relative to the rate of crystallisation, then
the liquid state can persist well below the normal freezing point. As cooling
continues, there is a rise in the rate of increase of the viscosity of the
supercooled liquid per unit drop in temperature. The initially mobile fluid turns
into a syrup, then into a viscoelastic “rubber” {in case of large molecules) and

Figure 0.1. Schematic
diagram of crystalline and
glassy solids. Crystalline
structure is regular, whereas
there is no particular
orientation to the molecules in
the glass (adapted from
Walters, 1998},

finalty into a britle glass. A glass is therefore a supercooled liquid with an
extremely high viscosity - typically in the order of 10" Pa s (Franks et al.,
1991). Franks et al. {1991} gave the following elegant example: "The physical
significance of such a high viscosity is more easily appreciated if it is converted
to a flow rate. The flow rate of a typical liquid is in the order of 10 m/s,
compared to 107 m/s in the glassy state. In other words, a glass is a liquid
that flows about 30 pm in a century®,

Glass formation can be viewed as an intrinsic property of all liquids,
including water and agueous solutions, given only that the formation of the
crystalline phase is substantially avoided during, for instance, cooling or drying.
Examples of wellknown and thoroughly studied molecules that can undergo
glass fransitions can be found in the food and polymer science, and include
sugars, proteins, starch, complex food systems, and a wide range of polymers
(Sperling, 1986; Levine and Slade, 1988; Slade and Levine, 1991a,b, 1994,
Roos, 1995).

The glass-todiquid transition

The glass-todiquid transition occurs over a small range of temperatures {Franks
et al,, 1991}, and can be identified experimentally by the use of various
technigues, such as differential scanning calorimetry (DSC), thermally
stimulated depolarisation current (TSDC} method, electron paramagnetic
resonance (EPR) spectroscopy, nuclear magnetic resonance (NMR)
spectroscopy, and dynamic mechanical thermal analysis (DMTA) (Williams,
1994; Roos, 1995 for reviews). The most popular technique to detect glass
transition temperatures (T,), however, is DSC that detects the transition from
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glassy to liquid by a discontinuity in specific heat during constant heating of a
glassy material (Franks et al., 1991). ,

The magnitude of the T, is dependent on the composition of the
amorphous state. For pure synthetic polymers, in the absence of a diluent, T, is
known to vary with My, in a characteristic and theoretically predicted fashion
{Ferry, 1980; Slade and Levine, 1991b). For a homologous series of
amorphous linear polymers, T, increases with increasing number-average My
{M,) until the entanglement region is reached (M, > 3000). This increase in T,
with M, is due to decreased free volume {increasing local viscosity} contributed
by side ends of the polymers (Ferry, 1980; Sperling, 1986). The relationship
between the T, and solute My, has been established from DSC measurements of
over 150 different food carbohydrates (Levine and Slade, 1988; Slade and
Levine 1991a,b).

The temperature of the glass transition is not only dependent on the
composition of the solute, but also on the presence of plasticizers. In the
polymer field, the classical definition of a plasticizer is "a material incorporated
in a polymer to increase the polymer's workability, fiexibility or extensibility’
{Sears and Darby, 1982). Characteristically, the T, of an undiluted polymer is
much higher than that of a typical low M,, glass forming diluent. As the diluent
concentration of a solution increases, T, decreases monotonically, because the
average M,, of the homogeneous polymer-plasticizer mixture decreases, and its
free volume increases (Ferry, 1980), It has been stated that water is the most
ubiquitous plasticizer in the world (Sears and Darby, 1982). Plasticization, on a
molecular level, leads to increased intermolecular space or free volume,
decreased local viscosity, and concomitant increased mobility (Ferry, 1980).

200

Figure 0.2. State diagram
representing the effect of
water an the glass transition
temperature of several food-
related materials {adapted
from Roos, 1995).

TEMPERATURE (°C}
(=)
L=

0

-50

Fructose

0 5 10 i5 20 25 a0
WATER CONTENT (100 g of solids)

The effect of plasticization of water on the T, is usually depicted in a
state diagram (Fig. 0.2). Increasing the water content of a sugar-water mixture
results in a decrease in T, (Ferry, 1980). Figure 0.2 shows that a higher M,
compound exhibits a higher T, over the entire range of water contents.
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Glasses, stability and molecular mobilily

It has been known for a long time that stabilisation of many macromolecules is
greatly enhanced by the presence of aqueous glasses. The shelf life of food
materials has been associated with the presence of a glassy state {(Roos, 1995
for a review). In this respect, the extensive work of Levine and Slade, who
applied the glass concept from polymer science to food systems, is of
particular importance (Levine and Slade, 1988; Slade and Levine, 1991a,b,
1994). In the pharmaceutical industry, it is currently recognised that the
presence of an amorphous phase has very important implications for storage of
pharmaceutical dosage forms {Hancock and Zografi, 1997). The high stability
of the glassy state is related to the high viscosity and concomitant low
molecular mobility. Upon formation of the glassy state, viscosity increases
steeply over several orders of magnitude. It is this high viscosity that is thought
to confer stability by slowing down defrimental reactions and by preventing
crystallisation and conformational changes. In general, high My, sugars will exert
a higher stability because of their higher T, Under similar conditions of
temperature and water content, low My sugars might be above their T,, while
high My, sugars are still in a glassy state (below T,) (see Fig. 0.2).

The temperature dependence of reaction rates or mobility below T, and
about 100°C above T, can be described by the Arrhenius equation (Levine and
Slade, 1988; Karmas et al., 1992; Nelson and Labuza, 1994},

k=k, exp(Ea/RT) 0.1)

where k is the rate constant at temperature T, K, is @ pre-exponential factor, R
is the ideal gas constant and E, is the activation energy.

For the first 100°C above T, the temperature dependence of viscosity,
translational or rotational relaxation times of model glasses such as sugar-
systems and polymers cannot be described by an Arrheniusdike relationship.
Several models have been developed which describe the kinetics of viscosity or
molecular mobility for glassforming substances above T, (Perez, 1994), The
WilliamsA_andelFerry (WLF) equation {eqn 0.2) is an often used model in food-
polymer science to predict the effect of increasing temperature on relative
relaxation times above T, (Williams et al., 1955; Ferry, 1980; Soesanto and
Williams, 1981; Chan et al., 1986; Roos and Karel,, 1991; Steffen et al., 1992;
Champion et al,, 1997),

log a, = Cy(T-T)AC,+(T-T (0.2)

where C, and C, are system-dependent coefficients {Ferry, 1980), and a; is
defined as the ratic of the relaxation phenomenon at T to the relaxation at the
reference temperature T, This emnpirical equation was originally derived from
the free volume interpretation of the glass transition. Average values for the
WLF coefficients (C,=17.44 and C,=51.6) were calculated by Williams et al.
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{1955) using the available values for many synthetic polymers. The universal
constants have been shown to also apply to molten glucose (Williams et al.,
1955), amorphous glucose-water systems {(Chan et al, 1986), amorphous
sucrose and lactose powders at low moisture (Roos and Karel, 1991), and
concentrated solutions of mixed sugars (Scesanto and Wiliams, 1981).
However, several problems are associated with the use of the average
coefficients in the WLF equation {Peleg, 1992), and other values have been
used to obtain a better fit (Ferry, 1980; Slade and Levine, 1991a; Champion &t
al.,, 1997). The WLF equation describes that melting of the glass results in a
dramatic decrease in viscosity and increase in franslational and rotational
motion, as illustrated by the solid line in Fig. 0.3 (Soesanto and Williams, 1981;
Roozen et al., 1991; Steffen et al., 1992; Blackburn et al., 1996; Deppe et al,,
1996: Champion et al., 1997; Hemminga and Van den Dries, 1998; Van den
Dries et al., 1998a). A consequence of the abrupt increase in molecular
mobility in sugar glasses upon increasing the temperature above T, is that the

Figure 0.3. Viscosity of 70
and 75% sucrose solutions
and the WLF prediction of
viscosity above the T,
{adapted from Roos and Karel,

1991}

10
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systems exhibit a collapse at a certain temperature above T,, observed as a
macroscopically visible change in physical properties. The collapse is generally
attributed to a reduction in viscosity upon increasing the temperature above T,
such that flow on a practical time scale is observed {for review see Roos,
1995}, Using the WLF equation, the calculated viscosity at which the collapse is
observed is generally around 10° Pa s (Slade and Levine, 1991a). For various
mono- and disaccharides, the temperature of structural collapse and glass
softening occurs 10-17°C above T, (Slade and Levine, 1991a; Roos, 1995;
Sun, 1997a). This collapse phenomenon results in a dramatic loss of stability of
the matrixes, such as loss and oxidation of encapsulated lipids and flavours,
loss of enzymatic activity, nonenzymatic browning, stickiness and caking or
structural collapse (for review see Slade and Levine, 1991a; Roos, 1995). The
sharp increase in mobility above T, also leads to the crystallisation of pure
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amorphous sugars. Indeed, the crystallisation of sucrose was found to follow
WLF behaviour (Roos and Karel, 1991; Fig. 0.3).

Since the late 1980s, also seed biologists have embraced the concept of
glass formation. What has been discovered in the past decade concerning
glasses in biological systems is discussed in the next section.

Glass formation in hiological systems

In general, desiccationtolerant biological systems have the ability to form
glasses. Glass formation in seeds should be viewed as a natural consequence
of drying (Walters, 1998). The complex mixture of molecules present in the
cytoplasm of the cells is likely to prevent crystallisation, thus making glass
formation inevitable. Some wellknown examples of tissues that form glasses
are seeds (Williams and Leopold, 1989; Leopold et al., 1994, Leprince and
WattersVertucci, 1995), pollen {Buitink et al., 1996), prokaryotes (Potts, 1994),
and the so-called resurrection plants (Wolkers et al., 1998b). These tissues are
capable of resisting extreme dehydration and are able to completely resume
metabolic activity after the addition of water. All these tissues show a large
accumulation of soluble sugars, predominantly sucrose, trehalose, and, in the
case of seeds, oligosaccharides like raffinose and stachyose (Amuti and
Pollard, 1977; Hoekstra et al., 1992; Ghasempour et al., 1998). It has been
suggested that these sugars play an important role in the glass formation in
biological tissues because of their reputation as being excellent glass-formers
(Hirsh, 1987; Koster, 1991).

Just over a decade ago, the hypothesis that the cytoplasm of seeds
could form glasses was put forward. Leopold and Vertucei (1986) suggested
that in desiccationtoterant systems, a mixture of sugars might serve to defer
crystallisation, thus maintaining the effectiveness of sucrose in replacing water
at the hydrophilic sites of the cellular membranes. At the same time, Burke
(1986) suggested that in anhydrous organisms, glasses could be formed from
cell solutes like sugars that are known to provide protection from denaturation
of large molecules and formation of molecular aggregates. Also, glasses might
fill spaces in.a tissue, and during dehydration may serve to stop excessive
increases in tissue collapse, solute concentration, and pH alteration.
Furthermore, glasses are exceedingly viscous and should stop all chemical
reactions that require molecular diffusion. In so doing, they may assure stabifity
over time (Burke, 1986),

Evidence for the occurrence of aquecus glasses in organisms came from
Hirsh et al. (1985), who found that at —-28°C, ice crystals were absent from
plants that were resistant to freezing, as derived from the direct observation of
second-order transitions in the DSC. Subsequently, Leopold and co-workers
focussed on the presence and significance of glasses in seed tissue. Williams
and Leopold (1989) demonstrated the occurrence of a second order transition
due to glass transitions in corn embryos using DSC, and it was concluded that
these tissues were in a glassy state at room temperature below 12% moisture.
It has been suggested that the solutes contributing to the glassy state could be

11
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sugars, based on a study on sugars and desiccation tolerance (Koster and
Leopold, 1988). Thereafter, many reports emerged on the detection of glass
transitions in seed tissues with the use of different techniques, such as DSC
(Vertucci, 1990; Leprince and WaltersVertucci, 1995), EPR (Bruni and Leopold,
1991}, TSDC (Bruni and Leopold, 1992; Konsta et al., 1996; Pissis et al.,
1996}, and mechanical analysis (Williams, 1994; Maki et al,, 1994). Seed
species investigated were pea, maize, soybean, wheat and bean. In subsequent
papers, the emphasis shifted to the compaosition and function of the glasses in
seeds.

Composition of intraceliular glasses

Several authors have investigated the composition of intracellular glasses and
especially the role of soluble sugars in the glass formation in dry
anhydrobiotes. Mixtures of soluble sugars similar to those found in desiccation-
tolerant maize embryonic axes (85% (w/w) sucrose, 15% (w/w) raffinose) are
capable of forming glasses at temperatures above 0°C, whereas sugar
mixtures similar to those found in desiccation-sensitive axes (75% (w/w)
glucose and 25% {w/w} sucrose) only form glasses at subzero temperatures
(Koster, 1991). Based on these results, it has been suggested that the
composition of soluble sugars is important for glass formation in desiccation
tolerant systems. BernalLugo and Leopold {1995) demonstrated that during
accelerated ageing of maize seeds, raffinose contents decreased, concomitant
with a decrease in the magnitude of the glass signal, measured by TSDC. it has
been suggested that in maize seeds storage stability is a reflection of the
mixture of sucrose with raffinose rather than of the total soluble sugars.
Williams and Leopold (1995} showed that after 50h of imbibition, the T, of pea
embryonic axes was remarkably lower than that of axes imbibed for 14h,
accompanying the loss of oligosaccharides and replacement by monosacch-
arides. It was suggested that the presence of galactosides and sucrose may
contribute to the stability of pea seeds to drying, achieved by maintaining a
vitreous state at high temperature.

However, some papers question the role of sugars in intracellular glass
formation. For instance, Sun and Leopold (1993) found that during accelerated
ageing of soybean seeds the magnitude of the glassy signal and T,, both
measured by TSDC, decreased. Yet, no differences were observed in sucrose,
raffinose and stachyose contents during accelerated ageing. Despite different
sugar compositions in soybean axes as compared to oak cotyledons, their T,
state diagrams were similar {Sun et al., 1994). Also, maturation of soybean
axes, which resufted in accumulation of oligosaccharides, did not change the
state diagram (Sun et al., 1994). Another indication that sugars alone are not
sufficient to explain the formation of the vitreous state in seeds came from Sun
and Leopold {1997), who showed that the state diagram of corn embryos was
different from that of a representative carbohydrate-mix. An extensive
calorimetric study on the glass transition in bean axes revealed the complexity
of intracellular glasses (Leprince and Walters-Vertucci, 1995). Correspondence
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of DSC data from bean to a model that predicts the effects of glass
components on the T, suggested that intracellular giasses could be composed
of a highly complex oligomeric sugar matrix, such as, for instance, malto-
dextrin. It is clear from these data that in addition to the soluble sugars, other
seed constituents could contribute to the glassy state, including glycosides,
larger carbohydrates, and even proteins {Leopold et al., 1994},

Funchion of intracelivlar glasses

Intracellular glasses were originally suggested to play a role in both desiccation
tolerance and storage stability. Soluble sugars similar to those found in
desiccationtolerant seeds are capable of forming glasses at temperatures
higher than zero, whereas sugar mixtures similar to those found in axes that do
not tolerate desiccation only form glasses at subzero temperatures {Koster,
1991). However, Sun et al. (1994} showed that during maturation, soybean
embrycnic axes at desiccatiomintolerant stages were able to form glasses
upon drying. Furthermore, the T, values of desiccationsensitive red oak
cotyledons as a function of water content were found to be indistinguishable
from that of mature desiccationtolerant soybean axes (Sun et al., 1994). It is
important to realise that the water content at which glass formation occurs
during drying at room temperature in seeds (~10-15% moisture} is much lower
than the critical water content most desiccation-sensitive species exhibit.
Apparently, dehydration-induced damage in these seeds occurs at water
contents far above that at which protection of the glassy state can be effective.

The major function of intracellular glasses in dry seeds may be its
contribution to the stability of the seed components during storage. Sun and
Leopold (1993) found that during accelerated ageing of soybean seeds, the
magnitude of the glassy signal as well as the T, (TSDC} gradually decreased,
and that the embryonic axes eventually lost their ability to enter the glassy
state. It has to be noted, however, that the ageing conditions brought the
tissues above their T,, and that the glassy signal decreased prior to the loss of
germination capacity. It was nevertheless proposed that the loss of the glassy
state during accelerated ageing leads to an enhanced rate of subsequent
deteriorative reactions in seeds and accelerates the loss of viability (Sun and
Leopold, 1993; Bernal-Lugo and Leopold, 1995, Leprince and Walters-Vertucci,
1995). The explanation for the loss of the glass transition was presumably due
to the crystallisation of some liguid components (Sun and Leopold, 1993).
However, no sugar crystallisation could be detected in tissues that had lost
their glassy state (Sun and Leopold, 1993).

It is assumed that the high viscosity of intracelllar glasses decreases
molecular mobility and impedes diffusion within the cytoplasm, thus slowing
down deleterious reactions and changes in structure and chemical composition
during ageing. Some evidence for the role of glasses in ageing kinetics comes
from Sun and Leopold {1994), who found that seed deterioration appeared to
be accelerated when seeds were not in the glassy state, as estimated through
the viability equation of Ellis and Roberts {1980a). Additional evidence that
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glasses are involved in storage behaviour came from a study on the changes in
stachyose content during storage at 5°C {Sun and Leopald, 1995), indicating
sugar hydrolysis during storage. For 29 soybean seed lots, stachyose
hydrolysis was apparently inhibited below water contents of 0.12 g H,0 g dw™,
and those tissues were expected to be in the glassy state. At water contents
above 0.12 g H,0 g dw™, the decline of stachyose indicated sugar hydrolysis,
and this may presumably have stimulated the Maillard reaction in the seeds
(Sun and Leopoid, 1995).

Despite numerous assumptions that melecular mobility might play an
important role in storage stability (Sun and Leopold, 1993, 1994, 1995;
Leopold et al., 1994; Sun, 1997b), not much is known about the translational,
rotational or vibrational motion of molecules in the cytoplasm of seed and
polien. In the next section, a spectroscopic method is discussed that can be
used to elucidate the importance of molecular mobility in storage stability.

Measurements of mobility: Electron Paramagnatic Resonance
Spectroscopy

A technique to study rotational motion is electron paramagnetic {or spin)
resonance (EPR) spectroscopy, which measures the rotational correlation time

(I)H
Oo=C
Figure 0.4. Structure of the
nitroxide spin probe 3-carboxy-
proxyl {CP).
N
0

{1z} of spin probes dissolved in samples. For random rumbling, z; roughly
corresponds to the average time for a molecule to progress one radian
{Knowles et al., 1976). The rotational motion can be detected using the line
shape of the spectrum of a nitroxide spin probe.

The choice of which spin probe to use is an important consideration
before performing the measurements on the EPR machine. Depending on its
polarity, the spin probe will be present in the cytoplasm or lipid fraction. To
determine the molecuiar mobility in the cytoplasm of tissues, a very polar spin
probe, 3carboxy-proxyl (Fig. 0.4) can be used.

Figure 0.5 shows the various motional regions and characteristic EPR and
STEPR spectra for isotropic motion, together with the wide range of rotational
motions that can be covered. Continuous Wave (CW) EPR can detect changes in <,
of spin probes ranging from 1072 to 103 s, and has been applied previously to
biological systems (Bruni and Leopold, 1991; Buitink et al., 1998b; Leprince and
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Hoekstra, 1998}. In this motional range, the EPR spectrum of nitroxides consists
of three lines (see Fig. 0.5), and ©; can be calculated accarding to Knowles et al.

(1976).

For rotational correlation times > 107 s, conventional EPR spectroscopy
yields the rigicHimit powder line shape (Fig. 0.5} that is insensitive to the rate of

RS g2 109 10-8 103
Figure 0.5. Survey of the
| fast slow very slow various motional regions and
i the corresponding
EPR characteristic EPR and
r‘V_ E saturation EPR spectra for
isotropic motion of a nitroxide
; spin label with rotational
ST- EPR _C!H \ correlafion ime .
_+— e

molecular motion. It is, however, possible to obtain line shapes which are
sensitive to 1; in this region by carrying out EPR under saturation conditions.
This nondinear EPR technique is usually referred to as saturation transfer (ST)
EPR spectroscopy (Hyde and Dalton, 1979). STEPR is based on the diffusion
and recovery of saturation between different parts of the powder spectrum in
competition with field modulation (Hemminga, 1983 for a review). ST-EPR
spectra can be well characterized by independent line shape parameters
{Hemminga, 1983). Using reference material with known viscosity, 1, values are
usually obtained in an empirical way {Hemminga and van den Dries, 1998).

STEPR spectroscopy has been successfully applied to determine the <, of
spin probes in sugar glasses (Roozen and Hemminga, 1990; Roozen et al.,
1991, Hemminga and Van den Dries, 1998; Van den Dries et al., 1998a).
Likewise, information can be derived from the molecular mobility in biological
glasses. After the introduction of a polar nitroxide spin probe into biological
tissues, the 1; of the spin probe in the cytoplasm can be estimated through the
analysis of the line shape parameters of the nitroxide spectra.

Aim and outline of the thesis

Desiccationtolerant tissues are capable of forming a glassy state under
conditions of low temperatures or low water contents. The viscosity and
stability of the glassy state are determined not only by the temperature and
water content but also by the composition of the glass. It is to be expected that
a compositional change of the glassy cytoplasm might affect the viscosity and
thereby change the ageing rates of the anhydrobiotes, resulting in a modified
longevity. Some treatments, such as osmo-priming of seeds, are known to
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change the sugar compaosition of the cytoplasm {Hoekstra et al., 1994), and
lead to a reduction in longevity (Tarquis and Bradford, 1992; Saracco et al.,
1995), Considering the reputation of sugars as being excellent glass formers, it
was hypothesised that the change in sugar composition in seeds due to priming
might lead to a decrease in the intracellular viscosity and thereby to an
increase in ageing rates.

To answer the question as to whether the shorter longevity of primed
seeds is related to changes in the intracellular glass properties, we decided to
first characterize the formation of intracellular glasses (section I} and their
physical properties, with emphasis on molecular mobility as a measure of
viscosity (section ll). Subsequently, by manipulation of the water content and
temperature, we changed the cytoplasmic molecular mobility and the longevity
of seed and pollen, to confirm the hypothesised link between molecular mobility
and rate of ageing (section H). Finally, we investigated what the impact of
compositional changes in soluble sugars was on the properties of the
intracellular glass, using priming treatments to manipulate sugar contents and
longevity {section V).

In Section I, the role of intracellular glasses in storage behaviour was
ascertained, using pollen as a model system. |t was concluded that pollen is
capable of forming an intracellular glass, both in desiccationtolerant and -
sensitive species {chapler ). The ageing kinetics was found to change around
a temperature that could be associated with the T, indicating a role for
intracellular glasses in the storage stability of the pollen (chapter 2).

In Section II, the molecular mobility in the cytoplasm of several tissues is
characterized using various applications of spin probe EPR spectroscopy. It
was found that the molecular mobility of a spin probe localised in the cytoplasm
increased with increasing water content and temperature. The rotational motion
was found to increase more rapidly upon melting of the intracellular glass
(chapters 3 and 5). Apart from the detection of rotational motion of the spin
probe, it was established that the spin probe also undergoes librational motion
in the intracellular glass (chapter 4).

After it was confirmed that intracellular glasses are correlated with
storage behaviour and that EPR spectroscopy could be used to measure
rotational motion in the cytoplasm, Section lli focusses on the relationship
between cytoplasmic molecular mobility and storage stability. Using Typha
latifola pollen as a model system, it was concluded that the rate of ageing and
rotational motion of a spin probe inserted into the pollen were related to one
another, by manipulation of the water content and temperature (chapter 6). A
sirnilar conclusion was drawn from a study on oily lettuce seeds {chapfer 7).
For several species, a linear relationship was established between the rotational
mobility of a spin probe in the cytoplasm and the longevity or vigour,
suggesting that cytoplasmic mobility could influence the rate of ageing. From
this linear relationship, it was possible to describe and predict the storage
stability of germplasm (chapter 8). These predictions point to the existence of
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an optimum water content for storage that shifted to higher values with
decreasing storage temperatures, indicating that too far drying will negatively
affect the longevity of germplasm. Section IV is devoted to the composition
and biophysical properties of intracellular glasses, with special emphasis on the
role of oligosaccharides in glass formation, because these sugars are thought
to play a role in storage stability. Changing the oligosaccharide content through
an osmo-priming treatment did not influence the T, or molecular mobility in the
cytoplasm of seeds (chaplers 9 and 10). It was concluded that the reduced
longevity after priming of the seeds could not be ascribed to changes in the
cytoplasmic molecular mobility (chapfer 10 ). Based on several hiophysical
measurements, it was concluded that sugars are not the predominant glass
formers in intracellular glasses. Sugar glasses appeared to exhibit a second
increase in the kinetics of molecuiar mobility at a defined temperature (T.)
above T, which was found to correspond with the socalled crossover
temperature, where the dynamics changes from soliddike to liquidlike. For
intracellular glasses, this critical temperature was at least 50°C above T, and
this high T, is expected to provide excellent longterm stability to dry
organisms, maintaining a slow molecular motion in the cytoplasm even at
temperatures far above T, (chapter 11).
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Intracellular Glasses

Overview

The presence of glasses in seeds has been established over a decade ago. A
role for glasses was proposed in desiccation tolerance as well as in storage
stability of seeds. Because glasses are likely to occur in all dry desiccation
tolerant organisms we investigated the occurence of intracellular glasses in
pollen of different plant species. After it was established that upon drying the
cytoplasm of pollen transforms into a glassy state, the role of the intracellular
glass in desiccation tolerance and storage stability was investigated.

The application of differential scanning calorimetry revealed that
intracellular glasses are formed in both desiccationtolerant and -intolerant
pollen at around 10% moisture during drying at room temperature. However,
desiccation-intclerant pollen loses its viability during drying before intracellular
glasses are formed, indicating that the forrmation of glasses during drying is not
reason for desiccation tolerance.

By studying the temperature and water content dependence of the
ageing kinetics of cattail pollen it was shown that drying below an optimum
water content that corresponded to the BET monolayer value was detrimental
o storage longevity. For each storage temperature, optimal longevity was
achieved under storage conditions of 11-15% RH. The corresponding water
contents shifted to higher values with decreasing storage temperatures,
implying that care has to be taken not to overdry pollens when storing them at
low temperatures. The water contents of optimal storage for each temperature
were found to be below the glass transition temperature, indicating that under
these conditions the cytoplasm of the pollen was in a glassy state. The
activation energy of ageing changed around a temperature where the glassy
state melted, suggesting that the presence of intracellular glasses affects the
storage stability of the pollen.
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1

Calorimetric properties of dehydrating polien:
analysis of a desiccation-tolerant and an -
intolerant species

Julia Buitink, Christina Walters-Vertucci, Folkert A. Hoekstra
and Olivier Leprince

The physical state of water in the desiccation-tolerant pollen of Typha fatifokia L.
{cattail) and the desiccationsensitive pollen of Zea mays L. (maize) was studied
using differential scanning calorimetry in an attempt to further unravel the
complex mechanisms of desiccation tolerance. Melting transitions of water
were not observed at water content values less than 0.21 (cattail) and 0.26
(maize} g H,0 g dw™. At moisture levels at which melting transitions were not
observable, water properties could be characterized by changes in heat
capacity. Three hydration regions could be distinguished with the defining water
content values changing, changing as a function of temperature. Shifts in
baseline power resembling second-order transitions were observed in both
species and were interpreted as glasstoliquid transitions, the glass transition
temperatures being dependent on water content. Irrespective of the extent of
desiccation tolerance, both pollens exhibited similar state diagrams. The
viability of maize pollen at room temperature decreased gradually with the
removal of the unfrozen water fraction. In maize, viability was completely lost
before grains were sufficiently dried to enter into a glassy state. Apparently, the
glassy state per se cannot provide desiccation tolerance. From the existing
data, we conclude that, although no major differences in the physical behaviour
of water could be distinguished between desiccationtolerant and —intolerant
pollens, the physiological response to the loss of water varies between the two
pollen types.

Alsc published in Plant Physiology 111: 235-242 (1996}
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Living processes are dependent on water, which regulates biological
reactions, serves as a fluid medium and stabilises macromolecular structure
{reviewed in Vertucci and Farrant, 1995). Therefore, removal of water from
biological tissues affects the ability to function and may induce deleterious
effects eventually leading to cell death. Nevertheless, numerous organisms
have the ability to survive removai of a major part of their cellular water
{reviewed in Crowe et al., 1992 and Crowe et al., 1997a). These organisms
form suitable model systems to study properties of water in biological tissues,
since they remain viable even at low water contents.

Previous studies of proteins (Rupley et al., 1983; Rupley and Careri,
1991) and desiccationtolerant organisms (Clegg, 1986; Vertucci, 1990} have
indicated that the motional and physical properties of water change as a
function of water content. This led to the assignment of hydration levels
distinguishable by the changes in these properties with water content (Rupley et
al., 1983; Clegg, 1986, Vertucci, 1990). Five hydration levels could be
identified in seeds {Vertucci, 1990) and the metabolic response of the tissue
was related to these hydration levels (reviewed by Vertucci and Farrant, 1995).
Recently, glassy states were found to occur in dry anhydrobiotes at ambient
temperature (Williams and Leopold, 1989; Bruni and Leopold, 1992; Sun and
Leopold, 1993, Sun et al, 1994), and it has been suggested that glassy states
are an important factor for the survival of desiccated tissues (reviewed in
Leopold et al., 1994).

The maijority of pollens are desiccation tolerant, i.e. they can be dried to
water contents of less than about 0.05 g H.0 g dw! without loss of viability
{Hoekstra, 1986). However, some desiccation-intolerant species can be found
among the Gramineae {Goss, 1968). For instance, maize pollen does not
permit extensive drying without viability loss. The present study was undertaken
to describe the physical properties of water in a desiccationtolerant pollen
species (cattail) and a moderately desiccation-sensitive one {maize) to ascertain
whether these two species exhibit different water characteristics.

Materials and methods
Plant materials and water content determinations

Mature male inflorescences of Typha latifolia L. (cattall) were collected from field
populations near Heteren, The Netherlands, in 1993 and spread on the laboratory
bench. After dehiscence pollen was sieved and dried to about 0.07 g H,0 g dw, and
subsequently stored at -20°C until used. Zea mays cv. Gaspe Flint (maize) was grown
in a greenhouse in Fort Collins, CO. Whole tassels that were about to shed their pollen
were collected and kept in the laboratory under conditions of 100% RH for 4 h. After
removal from the high humidity, anthers simultaneously dehisced, and the harvested
pollen, which contained approximately 1 g H,0 g dw, was immediately used in the
experiments.

Water contents of cattail pollen was manipulated by equilibration over saturated
salt solutions at room temperature for 48 h for both viability assays and deiiferential
scanning calorimetry {DSC) measurements (Rockland, 1960; Winston and Bates, 1960;
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summarised by Vertucci and Roos, 1993b). In the case of maize, the freshly collected
pollen was flash-dried in a stream of dry air at room temperature (Pammenter et al.,
1991} for various lengths of time to obtain the desired water contents for the viability
assay. For DSC measurements, fresh maize pollen was equilibrated over the saturated
salt solutions for 48 h. Water contents were calculated from the difference in weight
before and after heating the pollens at 95°C for 24 h, a time sufficient to achieve
constant weight. Water content was expressed on a dry weight basis as g H,0 g dw?.

Viability assays

Viability of cattail pollen was determined by counting the percentage of empty,
cytoplasm-less grains in 4 replicates of 50 pollen tetrads 24 h after placing the pollen
on a germination medium at 24°C (Hoekstra et al., 1992a). In nongerminated grains the
cytoplasm is still present whereas in the germinated grains it has moved into the pollen
tube. Maize pollen was dusted on a drop of semisolid germination medium containing
salts according to Brewhaker and Kwack (1963}, 15% sucrose and 0.125% agar, and
then placed in an open petri-dish on the laboratory bench. After 30 min the germinated
grains were counted {4 replicates of 50 grains each). To prevent imbibitional damage,
pallen grains were prehydrated in water vapour at raom temperature for 2 h prior to the
germination assay.

0S¢

Pollens, adjusted to different water contents, was hermetically sealed inte standard
aluminum D3C pans. Grains with less than 0.1 g H,0 g dw™ were packed into non-
hermetically sealing pans to improve thermal conductivity.

Phase {ransitions in pollen at varicus water confents were determined using a
Perkin-Elmer (Norwaik, CT) DSC-4 or DSC-7, calibrated for temperature with methylene
chloride {-95°C) and indium (156.6°C) standards, and with indium (28.54 J g™ for
energy. Baselines were determined using an empty pan, and all thermograms were
baseline-corrected. The presence of phase transitions was determined from cooling
and heating thermograms recorded between -150 and +100°C at a rate of 10°C min.
The onset temperature of the melting and freezing transitions was determined from the
intersection between the baseline and a fine drawn from the steepest portion of the
transition peak. The enthalpy (AH) of the transition was determined from the area
encompassed by the peak and the baseline. The T, values, detected in pollen with low
water contents, were determined by the midpoint of the temperature range aver which
the change in specific heat occurred. All analyses were performed using Perkin Elmer
software.

Enthalpies of exotherms and endotherms expressed on a per g dry weight basis
were regressed with the water content of the pollen. The stope of the linear relationship
carresponds to AH g H,0 and the xintercept gives the water content below which
melting or freezing transitions could not be observed (Vertucci, 1990).

Another calorimetric property of water in the pollens was guantified by changes
in heat capacity {Cp) at different water contents between 0.01 and 0.30 g H,0 g dw!
and three different temperatures (30, -10, -60°C) for maize and six different
temperatures (30, 10, -10, -20, 40, and -60°C) for cattail. Displacement from the DSC
isothermal baseline was evaluated while samples were heated 4°C at 4°C min!, e.g.
-12 to -8°C for the —10°C determination. Heat capacity was measured at the highest
temperature first and then samples were cooled at 10°C min™ to the nextlower assay
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temperature and allowed to equilibrate untif a steady baseline was achieved {usually
within about 5-10 min). The DSC was calibrated for Cp measurements using benzeic
acid as a standard {Ginnings and Furukawa, 1953).

Results and Discussion
Viability and water content

Pollen of cattail and maize are known to differ in their desiccation tolerance
(Goss, 1968; Hoekstra, 1986; Hoekstra et al., 1989). To quantify this
difference, percentage germination in vitro was measured after pollen grains
were adjusted 1o different water contents (Fig. 1.1). Germination percentages
of cattail pollen were constant at about 90% for the entire water content range.
In contrast, the viability of maize decreased sharply if grains were dried to
water contents less than about 0.4 g H;0 g dw, and no germination was
ohserved when grains were dried to 0.1 g H,0 g dw™,
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Phase behaviour of wafer at different water contents

The calorimetric properties of water in pollen of cattal and maize were
measured as a function of water content and temperature. In Fig. 1.2 a
selection of these thermograms is presented. Several transitions were
observed within the temperature range of -80 to 70°C. At water contents
greater than about 0.22 g H,0 g dw™, a broad endothermic peak at about -30
to -12°C was observed during warming runs for both pollens (Fig. 1.2A and B,
w). The area and temperature of the peak increased with increasing water
content. These endothermic peaks were considered to be water melting
transitions (Vertucci, 1990). Exothermic peaks were cbserved in cooling runs at
temperatures about 20°C lower than the corresponding melting transitions
{hysteresis effect], and we interpret these as waterfreezing transitions
(thermograms not shown). The area encompassed by the exothermic peaks
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were considerably smaller (about 30 J g dw?) than the corresponding
endothermic peaks. As has been found using seed tissues {(Vertucci, 1990), the
onset temperatures of the freezing and melting transitions were considerably
lower than for pure water or dilute solutions.

At low water contents, a small endothermic peak was observed at about
-20°C for cattail and -25°C for maize {Fig. 1.2C and D, nl). We interpret this
peak as the melting of neutral lipids because the size of the peak and transition
temperature seemed to be independent of the water content and are similar to
triglyceride transitions reported for seed tissues (Vertucci, 1989, 1990, 1992;
Hoekstra et al., 1991).
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Figure 1.2. Heating thermograms of cattail {A and C) and maize (B and D) pollen with varying water
contents made using DSC. Samples were scanned at 10°C min? from -120 to 20°C (A and B) or from
80 to 100°C (C and D). w and nl, Water or neutral lipid melting transition, respectively. D,
Devitrification event. G, Glass-todiquid state transition. Numbers by the traces indicate water content

{g H,0 g dw™). Arrows indicate the midpoint temperature of the glass transition.

In addition to the apparent first-order transitions described above, shifts
in baselines resembling second-order transitions were observed in warming
thermograms of both pollen species (Fig. 1.2, g). The temperatures at which
these shifts occurred increased with decreasing water contents. For example,
in cattail pollen of 0.27 H,0 g dw™ the baseline shift occurred at -75°C (Fig.
1.2A, g), whereas in samples of 0.042 gH,0 g dw (Fig. 1.2C, g) this shift
occurred at 50°C. An endothermic peak superimposing the baseline shift was
observed in samples with water contents between 0.02 and 0.06 g H,0 g dw?!,
and is the "overshoot” commonly observed during glass transitions (Berens and
Hodge, 1982; Green and Angell, 1989; Perez, 1994, Leprince and Walters-
Vertucci, 1995), At water contents between about 0.25 and 0.35 g H,0 g dw™?,
the baseline shifts were observed at subzero temperatures and were
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accompanied by exothermic reactions considered as davitrification {ice crystal
formation) events (Franks, 1982; Vertucci, 1989) Fig. 1.2A and B, g and d).
The baseline shifts, occurring at elevated temperature with reduction in water
content, the “overshoot® and the devitrification events are typical of glass to
liquid transitions (Franks, 1982; Perez, 1994). Glasses are a common feature
of food and polymers (Slade and Levine, 1991b) and have also been detected
in seed tissues by thermally stimulated depolarisation current {Bruni and
Leopeld, 1992; Sun and Leopold, 1993; Sun et al., 1994) and DSC (Vertucci,
1989; Williams and Leopold, 1989; Leprince and Walters-Vertucci, 1995). As
with seeds, the baseline shifts in pollen were not detected at water contents
greater than about 0.35 g H,0 g dw™, probably because the 10°C min™
cooling rate was not rapid enough to allow for glass formation at high water
contents (Vertucci, 1989). At water contents between 0.08 and .15 g H,0 g
dw, the shifts in the baseline were not measurable, probably because the
melting transition of the triglycerides and the baseline shift occurred over the
same temperature range and the former event masked the latter one.
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Figure 1.3. The relationship between the water content and the AH and freezing transitions for pollen
of cattail (left panels} and maize (right panels). The lines drawn represent the least-squares best fit. The
slopes of the lines represent the AH of the transition on a per g water basis. Areas of peaks were
determined from thermograms similar to those in Fig. 1.2.
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Plotting the AH of the freezing and melting transitions of water versus the
water content of the dehydrating pollen may give insight in the different
properties of water (Fig. 1.3). The AH g7 H,0 of the melting and freezing
transitions, calculated from the slopes of the linear relationship between AH g
dw versus water content (r? > 0.99 for all regressions), was approximately
300 and 330 J g H,0, respectively, for both pollen species. A slight reduction
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in the value of AH g! H,0 compared to the value for pure water (333 J g1 H,0)
is expected when the melting temperature is reduced due to the presence of
solutes (Gekko and Satake, 1981). In contrast to these pollens, an unusually
low AH of about 100 J g H,0 has been observed in orthodox and minimally
recalcitrant seeds at water contents between 0.15 and 0.45 g H,0 g dw!
{Vertucci, 1990; Vertucci et al., 1994a),

The amount of unfrozen water in both pollen species, calculated from AH
of the freezing and melting transitions versus water content relationships (Fig.
1.3), was 0.27 and 0.36 g H,0 g dw™ for cattail and maize, respectively, if
determined from freezing transitions, or was 0.21 and 0.26 g H.0 g dw’,
raspectively, if determined from mefting transitions, These values correspond
well to values reported for seed tissues (Vertucci, 1990; Pammenter et al,,
1993) and maize pollen (Kerhoas et al., 1987). At the water content where
freezing and melting transitions are not observable, water molecules may be
sufficiently immobilised to limit the molecular reorganisation necessary for
crystallisation events. _

The viability of maize pollen declined if it was dried to water contents
between 0.4 and 0.2 g H,0 g dw! (Fig. 1.1). This water content range
coincides with the removal of the unfrozen water fraction and suggests that this
water fraction is important to the structural stability of desiccation-sensitive
cells. A similar relationship has been described for recalcitrant embryos
{Pammenter et al, 1991, 1993). However, it is doubtful whether in vitro
germination tests at such low water contents of the pollen would give an
accurate estimation of viability, since in vivo tests, i.e. the analysis of
successful tube growth in the silks, showed much higher viability under these
low water contents (Hoekstra, 1986). Pollination in maize is generally
successful with pollen having water contents in the range of 0.10 to 0.15 g H,0
g dw (Barnabas et al., 1988; Hoekstra et al, 1989; Shi and Tian, 1989;
Digonnet-Kerhoas and Gay, 1990}, which indicates that a part of the unfrozen
water can be removed without viability loss. Further removal of the unfrozen
water fraction to water contents less than 0.10 to 0.15 g H,0 g dw' leads to a
loss in fertility. For the tolerant cattail pollen, removal of unfrozen water is
tolerated to much lower water contents.

Cp at low water contents

At water contents less than about 0.3 g H.,0 g dw!, water freezing and melting
transitions were not observed (Figs. 1.2 and 1.3). To investigate the properties
of water at these low water contents, Cp was measured in both pollen species
at temperatures between +30°C and —-60°C (Fig. 1.4). The Cp of pollen grains
was a function of water content and temperature. The Cp changed sigmoidally
as a function of water content, and three hydration regions (a, b and ¢} could
be distinguished (Fig. 1.4). Only two hydration regions were observed at -60°C.
The water contents at which changes in the Cp-water content relationship were
evident (i.e. a change in slope) were calculated from the points of intersection
of pairs of lines. The values of these pivotal water contents increased with
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Figure 1.4. The relationship between the water content and the heat capacity of cattail and maize
pollen at temperatures between 30 and —-60°C. Heat capacities were calculated from the ordinate
displacement when samples were heated 4°C at 4°C/min. The lines are drawn according to the
jeast-squares best fit of all the data.
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decreasing temperatures (Fig. 1.4). Such changes in the properties of water
with water content and temperature have been predicted on the basis of
thermodynamical considerations (Vertucci, 1993; Vertucci and Roos, 1993b).

The slopes of lines drawn for the Cp-water content relationship (Fig. 1.4)
within each hydration region gave the Cp of the water in J °C g H,0 for that
region. The Cp of water in pollen containing less than 0.3 g H,0 g dw™ and
held at different temperatures differed from what has been reported for pure
water in the liquid and hexagonal ice state (Fig. 1.5). In the first hydration region
(Fig. 1.4, a}, the Cp of water ranged between 0.1 and 2.2 J °C? g H,0,
depending on temperature, for both pollens. Except for the —-60 and -40°C
measurements in cattail, the Cp of water in region a is considerably lower than
the Cp of pure water in any state (Fig. 1.5). Although the significance of water
with such low Cp has not been established, it has been demonstrated that the
longevity of seeds (Vertucci and Roos, 1990, 1993b; Vertucci et al., 1994b)
and cattail pollen (J. Buitink, unpublished data) stored in this hydration range
decreases with decreasing water content.

At intermediate water contents (region b}, the Cp of water in the pollens
ranged between 4 and 9 J °C g! H,0, depending on temperature, and was
considerably higher than the Cp of pure liquid water (ranging from 4 to 5 J °C?
g H,0 at temperatures between -20 and +40°C) (Fig. 1.5). in this region glass-
toliquid transitions were observed as power shifts in the baseline {(Fig. 1.2).







