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Temperature and moisture play a significant and fundamental role in determining the seed viability status
during storage. Biophysical properties of seed water determine the reaction kinetics of seed deterioration.
The relationship between seed deterioration and dependence of the biophysical properties of seed water
namely water potential, water activity, differential enthalpy, entropy, free energy, nuclear magnetic relaxation
time reviewed in this study indicates that the changes in these biophysical properties of seed water reflect the
seed deterioration. In seed research, the major emphasis is given to characterisation of large number of
samples for various chemical constituents and physical properties in relation to seed viability status. Infer-
ences on the quality of seeds are made based on many standard seed tests. Difterent biophysical techniques
have been used to characterise the seed water status. The non-destructive Nuclear Magnetic Resonance (NMR)
spectroscopic techniques can be effective in characterising the seed status. The pattern of changes in NMR
spin-spin relaxation time (T,) of seeds during ageing suggests that loss of viability due to high temperature
and high moisture content is closely linked to the irreversible loss of membrane integrity and cellular machin-
ery. The results from the various biophysical properties of seed water observed in this study; shows the
interaction of seed water status on seed deterioration. This demonstrates that biophysical characterisation of
seed water status provide tools to describe the combined effects of temperature and water content on the
kinetics of seed viability loss during storage.

Key Words : Biophysical techniques, Enthalpy, Entropy, Free energy, NMR relaxation times, Seed viabil-

ity, Seed water status, Thermodynamics, Water activity, Water content, Water potential.

Introduction
Water is important for all the living processes and its
status decides many biological reactions. In the liv-
ing tissues, water serves as a fluid medium and
stabilises the structures of macromolecules (Chai
et al. 1998). Removal of water affects the ability of the
tissues to function and can induce deleterious effects,
eventually leading to cell death. There are wide varia-
tions in the status and availability of water in differ-
ent biological organisms (Leopold & Vertucci 1989).
Seeds of angiosperms are important for the plant
propagation and present a unique class of biological
form where the life processes are maintained at an
extremely low level of water, exhibiting desiccation
tolerance - a characteristic acquired during the later

stages of seed maturation. But, all seeds, whether
stored in seed banks, warehouses or liquid nitrogen,
succumb with time and die. The deterioration of seeds
that leads to the loss of vigour and eventually viabil-
ity is termed as seed ageing (McDonald 1999). The
factors, in addition to seed quality, which determine
the rate of the ageing process include temperature and
moisture content at which seeds are stored (Bernal &
Leopold 1998).

The physical state of water in seeds during storage
or prior to imbibition strongly influences the staying
quality and the success of subsequent germination. Itis
well established that viability is influenced by the mois-
ture content of seeds (Ellis et al. 1989) however, limited
information is available on the biophysical
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characterisation of water status, in relation to the
changes in seed viability. The changes in seed water
status during the imbibition and germination of seeds
can influence the subsequent development and
growth. As the seeds are usually stored under
different relative humidities (RH) and temperature
conditions, the kinetics of seed water status under
these environments can considerably differ (Fang
et al. 1998). Likewise, the chemical equivalent of
moisture contents needs to be elucidated for better
understanding of the role of different properties of
water on seed viability. This work reviews the
Biophysical characterisation of seed water status at
different storage conditions in relation to seed viabil-
ity status.

Water in Seeds

Water is the major constituent of cells in all-living
organisms. Since most biochemical reactions proceed
in aqueous solution, the dynamic state of water
affects many physiological phenomena. Water is also
an important substrate in many reactions (Buitnik et
al. 1998a & b). Its removal can lead to reduced activi-
ties due to low substrate concentrations. The most
important function is the role of water as the solvent
for many biochemical reactions. Loss of water as
solvent will reduce the diffusion rate of solute
substrates to an active site (Leopold & Vertucci 1989).
Water also affects the intramolecular motions of
proteins that are essential for catalytic activities. In
plants, water is present in all tissues including the seed
propagules. In order to germinate, seeds imbibe
water from the surrounding environment (Chai et al.
1998).

For the purpose of cultivation, seeds are stored
till they are required for propagation. Seed storage is
also essential for the preservation of biological diver-
sity (Walters 1998). The process by which the stored
seeds die has received considerable attention in the
literature. When seeds deteriorate, they lose vigour
and become more sensitive to stresses before germi-
nation. Eventually, seeds lose viability, ie. the ability
to germinate. The factors, which determine the rate
of this ageing, are temperature and moisture content
at which seeds are stored (Fang et al. 1998). The
deteriorative reactions proceed at the higher moisture
levels in seeds while they may be restrained at low
levels. Recent advances in the understanding of the
thermodynamic status of water in seeds and its
relationship to reactions, have led to a considerable
departure from the intuitive notions of seed deterio-
ration (Desmarchelier 1999, Krishnan et al. 2004d).

Physiological importance of water in seeds
Seeds are classified as orthodox and recalcitrant seeds

P Krishnan et al.

according to their physiological behaviour (Leopold &
Vertucci 1989). Orthodox seeds are those seeds that
could be dried to low moisture content (e.g., 0.05 g
H,O g’ fresh weight). However, the recalcitrant seeds
are not amenable for lowering the moisture content.
As the orthodox seed tissues become dried, the physi-
ological activities are reduced. But, the physiological
activities are resumed when the tissues are rehydrated
(Vertucci 1989). The extent to which the activities are
limited by dry conditions is critical in maintaining
energy reserves within the seeds and also for prevent-
ing the accumulation of deleterious compounds.

Survival of seeds in dry storage depends more on
its moisture content than on any other factor (Justice
& Bass 1978). This dependence of dry seeds is attrib-
uted, intuitively to the notion that the physiological
reactions may quantitatively increase as the water
content increases. Deteriorative reactions also proceed
in seeds more readily if the moisture content is higher,
and subsequently, the high moisture conditions would
constitute a threat to the longevity of seed survival
(Vertucci 1990). The precise relationship between the
moisture content and the metabolic activities in seeds
is unknown.

Biophysical characterisation of water in seeds
Seed water status refers to the measurement of state
of water in relation to seed, and it is used in a relative
sense (Vertucci & Roos 1990, 1993, Vertucci et al. 1994).
Water status can be described either by measuring the
moisture levels of tissue water content or by
measuring the energy status of cell water. Moisture
levels of seeds are the important determinant of seed
longevity (reviewed by Cromarty et al. 1985).
Moisture level in seeds can be described in several
ways: moisture content (mc), water activity (a ) and
chemical potential (u,). While related, these param-
eters have very different thermodynamic implications.

Water/Moisture content: This simply is a measure
of the concentration of water in the seed. Tissue wa-
ter content is generally expressed as a percentage of
fresh weight or dry weight of the tissue. Often this
quantity is expressed as the amount of water per unit
fresh weight of the tissue (Vertucci et al. 1994).

Wiater activity: This qualifies the proportion that
specifies the relative purity of water, measures how
many times as effective as water is at promoting aque-
ous reaction at a given mc compared with a standard
reference state (usually, pure liquid water). Water
activity describes the tendency for a chemical reac-
tion involving water at a given temperature; it is
always <1 (Ellis et al. 1989, Roberts & Ellis 1989, Ellis
et al. 1990, Vertucci & Roos 1990).
a, = (py/py,)= RH/100 as RH = p/p_ x 100

and y ~1
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where p_is the water vapour pressure, p is the
total pressure of the system and g is the fugacity
coefficient. Thus, RH/100 is the good approximation
of water activity of the solution. Water activity of seeds
is an intrinsic property, related to the composition,
water content and temperature (Walters 1998).

Chemical potential of water (u ): Chemical
potential is viewed as the potential for chemical or
physical change (Vertucci & Roos 1993). The chemi-
cal we are concerned is water and so its chemical
potential is referred as the chemical potential of
water (water potential is a slightly different param-
eter). Chemical potential of water is the component
of free energy (G) of a system.

u, (seeds)=p ° +RTIn(a )
=u ° + RT In (RH/100)

u,°is the chemical potential of the standard (pure
liquid water)

Wiater potential: The parameter “water potential”
(¥,) is basic to the study of water relations in plants.
Water potential is actually a measure of pressure,
which can be derived from the chemical potential
(energy) by dividing the volume (Walters et al. 1997).
By convention, ¥ _ is calculated from p by dividing
by molar volume of water (1) at 20°C and 1 atm (18.048
ml/mole) and by setting the valueof u ° / v = 0. Thus,
the water potential can be calculated as

W =RTIn(py/py) /v

In general, water activity and the chemical
potential of water are believed to be the relevant
parameters to evaluate the role of water in deteriora-
tive reactions (Ellis et al. 1989, Roberts & Ellis 1989,
Ellis et al. 1990, Vertucci & Roos 1990, 1993, Vertucci
et al. 1994, Walters 1998). Sun and Liang 2001 have
shown that there are five discrete levels of critical
water potential among desiccation-sensitive seed
tissues.

Physical status of water in seeds

Discrete changes in metabolic activities with moisture
content are hypothesised to be associated with discrete
changes in the physical status of water in seeds (Vertucci
& Farrant 1995) At least, five types of water in seeds
are distinguished from the calorimetric and the mo-
tional properties (Myers et al. 1992). Table 1 repre-
sents the hydration levels in seeds. There appear to be
critical moisture levels at which discrete changes in
metabolic activity, damage induced by desiccation and
the properties of water are observed. Critical moisture
levels presented in this table are based on the literature
cited in this review. The water potentials given are
approximate and requires more detailed research, es-
pecially for higher moisture levels. Protein synthesis I
and I represents different levels of gene expression.

Similarly, free radical production I and I represent dif-
ferent mechanisms of production.

(i) At moisture level below 8% (-150 MPa) water
association is in ionic sites.

(il When moisture content is between 8-25%
(-150 to -11 MPa), water is in association with hydro-
philic sites and catabolic activity starts.

(iii) At moisture levels between 24-45%, the cata-
bolic activities continue unabated and processes
utilising the high-energy intermediates are impaired
(Leopold & Vertucci 1989, Vertucci & Roos 1993).

(iv) At about 45% (-3MPa) protein synthesis
ceases and repair processes become inoperative
(Dell’ Aquila 1994).

(v) When the moisture levels are below -1.5 MPa
(>70%), tissues no longer grow or expand.

Figure 1 gives the relationship between the desic-
cation tolerance of developing seeds to the changing
requirements for different types of water. With the
moisture contents at which seeds are ordinarily stored,
water exists as bound water. The term bound water
refers to water associated with a macromolecular
surface and is sufficiently structured so that its
thermodynamic properties differ from free or bulk
water; mostly it is not readily freezable. Vertucci and
Leopold (1987) showed that there were atleast three
types of bound water from their studies on water
mobility and thermodynamics in, both protein
samples and seeds. The type of bound water is
determined by the strength with which it is sorbed to
a macromolecular surface.

Type 1 water is believed to “chemi-sorb” to macro-
molecules through ionic bonding.

Type 2 water condenses over the hydrophilic sites of
macromolecules.

Type 3 water forms bridges over hydrophobic sites.

Consequently, type 1 water is bound extremely
tightly bound; type 2 is bound weakly and type 3 water
is bound with negligible energy. The affinity of water
for seed components can be calculated from the en-
thalpy of binding (Vertucci & Roos 1993). Two differ-
ent methods are used. Using Clausius-Clapyron equa-
tion (Vertucci & Leopold 1987)

AH = R T1T2) / (T2-T1) [In (a, /a,)]

Where AH is the differential enthalpy of hydra-
tion, R is the gas constant, T1 and T2 are the lower
and higher temperatures; and a_, and a_, are the rela-
tive vapour pressure at T1 and T2, respectively. This
compare the RH values at which similar wetting is
observed at two temperatures.

D’Arcy-Watt equation is used to characterise three
regions of moisture isotherms to define the thermo-
dynamic properties of binding (D’ Arcy & Watt 1970)
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W={KKa,/[(1+K)a }+[ca |+{kk'a )/[(1-k)
al}

Where W is the grams of water sorbed per gram
sorbent; a_ is the relative vapour pressure; K and K’
are the affinity and number of sites in water-binding
region 1, respectively; cis the number x affinity of sites
in water-binding region 2; and k & k’ are the affinity
and number of sites in water-binding region 3 (Vertucci
& Leopold 1987). This equation is based on the
algebraic separation of a nearly linear region in the
middle of the moisture isotherms from the non-linear
regions above and below it (Vertucci & Roos 1990).

These studies emphasise that the water in dry
seeds is structured and non-freezable. Structured
water can be separated into three regions with
distinctive affinities; the region with the lowest water
contents has the highest affinity for water.

Loss of seed viability during storage
The ability of seed to retain viability for long periods is
important for the survival of the plant species. The at-
tempt to form a physical explanation to the loos of seed
viability is not new. For example the effect of tempera-
ture on viability of barley has been related to the coagu-
lation of proteins (Groves 1917), and the effect of tem-
perature has been related to the thermodynamic prop-
erties of water (Vertucci & Roos 1993). The use of bio-
physical methods to characterise the seed viability loss
makes sense in that it relates the changes in the seed
that results in its death (loss of viability) to the factors
that are required to bring such changes. One of the
major constraints to the production of
soybean (Glycine max (L.) Merr.) in the tropics is the
rapid loss of seed viability and vigour during storage
under ambient conditions (Nkang & Umoh 1996).
Germination capacity has been reported to drop
precipitously after only two months of storage under
ambient conditions (Singh et al. 1989). Reporis
indicate that the temperature and relative humidity
(RH) can combine to cause rapid decline in seed
quality during storage

Hu et al. (1998) showed that the effect of water con-
tent and temperature on the viability loss of wheat seeds
during storage. At 45°C, there was a clear
optimum content for water content at 5% for wheat. At
lower storage temperatures, there was a detrimental
effect on longevity when seeds were stored at
extremely low water contents. Roos and his co-work-
ers (1993) challenged the ideas that water content and
temperature are independent factors controlling seed
longevity. They suggested that progressive drying
enhances seed life span and different species have
similar responses to the changes in seed water
content.
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Figure 1 A schematic diagram of the desiccation tolerance of developing seeds in relationship to the changing requirements for different
types of water. The solid lines represent the moisture level below which drying is lethal for orthodox seeds. Text outside the solid lines
represents different types of desiccation damage and text within the solid lines represents mechanisms to resist the damage. Development
processes are described along the abscissa; the timing of these is not represented in this figure and will depend on the species as well as

on the environmental factors.

Characterisation of seed viability changes
Water and temperature play a significant and funda-
mental role in determining the longevity of orthodox
seeds during storage (Abba & Lovato 1999). In
general, the pattern of seed ageing has been described
in terms of its water content during storage (Ruiz
et al. 1999). Bound water, water activity, water poten-
tial and aqueous glasses are introduced as factors that
determine the mechanisms and kinetics of seed lon-
gevity (Ellis et al. 1989; Leopold & Vertucci 1989, Rob-
erts & Ellis 1989, Ellis et al. 1990, Vertucci & Roos 1990,
Williams et al. 1993).

Viability of seeds, defined as the state at which
seeds are capable of germination, can be measured.
The approaches to measure seed viability fall into three
categories: physiological, biochemical and biophysi-
cal methods.

(i) Physiological approaches: The most reliable
indicator of seed viability is the germination test (ISTA
1985). However, this method and its evaluation can
be critical when dealing with some dormant seeds
(Pritchard et al. 1995), besides being a destructive
analysis.

(ii) Biochemical approaches: Assessing viability
of seeds following desiccation stress includes
Tetrasolium staining (Sawma & Mohler 2002), leachate

conductivity and measurement of soluble sugars (Ravi
kumar et al. 2002, Murthy & Sun 2000). However, there
are some limitations in these methods: (i) Consider-
able experience is needed for the evaluation of seed
viability by staining compared to the germination test.
Tetrasolium test often overestimates the germinabil-
ity. (ii) The evaluation procedures are inconsistent and
subjective. Hence the results can vary between the
laboratories. Therefore, it is advised that this should
not be used in isolation, but in association with other
tests (Don et al. 1990).

(iii) Biophysical approaches: Recent studies have
shown that at the ambient storage-temperature, the
dry orthodox seeds are below, the glass transition tem-
perature for their sugar-water complexes (Smith &
Berjak 1995, Sun & Leopold 1995). The loss of glassy
state may be associated with the loss of viability
during storage. But, it is not known that whether the
stability of the glassy state is indicative of their
storage behaviour (Sun & Leopold 1995). Another
biophysical method is to evaluate the increased level
of the free radical signal in the recalcitrant seeds. This
is determined by electron paramagnetic resonance
spectroscopy (EPR) (Magill et al. 1994). But to date,
such studies using EPR have been limited to only
recalcitrant and intermediate seeds.
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Kinetics of seed viability loss

The important role of water in the stability of biologi-
cal tissues, the activities of enzymes and the growth
of organisms are well known (Pukacka et al. 2003).
The apparent discrete changes in water properties
including the changes in physiological activities led
to the hypothesis that the properties of water at
macromolecular interface influence the metabolic
competence of the biological systems (Justice & Bass
1978, Ellis & Roberts 1980, Ellis et al. 1989, 1990). This
hypothesis is extended to the seed system where it is
suggested that seed deterioration (ageing) reactions
are controlled by the thermo-dynamic status of water
in the seeds (Vertucci & Roos 1990, 1993, Vertucci
et al. 1994, Walters 1998, Krishnan et al. 2004d).

Relationship between Seed Longevity and
Moisture Content

Reducing their moisture content increases the stor-
age of most crop seeds (Wang et al. 2001). The viabil-
ity equation (Ellis & Roberts 1980) describes the
relationship between the seed longevity and the
storage environment.

KE - (C, xlog,;m) - (Cxt) - (CthZ)

v=K-p/10

where v is the probit or normal equivalent devi-
ate of germination (%). p is the period of storage in
days at moisture content m (% fresh weight) and tem-
perature t (°C) and K, K, C, C,, and Care constants.
This equation incorporates a negative logarithmic
relation between seed moisture content and longev-
ity. At one temperature, this component relation can
be written as

log,,0=K-C_ log,m

where s is the standard deviation of the frequency
distribution of seed deaths in time (days) and

K=K,-Ct-C.t.

However, this relation is subject to low moisture
content limit (mc) between which there is no further
improvement in longevity and the value of which can
vary considerably among species. In these empirically
derived models temperature and water content are
independent (Justice & Bass 1978, Ellis & Roberts 1980,
Ellis et al. 1988).

These models are extremely useful in predicting
how long seeds will survive under ambient conditions
(RH between 30 and 90%, and temperature between
10 and 40°C). Franks and Drake (2003) have
characterised the desiccation-induced loss of seed
viability. Unfortunately, the approximations of
longevity made when seeds are stored under the
extreme conditions seem to be unrealistic. Because of
this, the usefulness of the current longevity models

P Krishnan et al.

for seed storage facilities using dry- cold conditions is
questionable.

Thermodynamic principles of seed ageing
Temperature and moisture play a significant and
fundamental role in determining the seed deteriora-
tion during equilibration. The pattern of seed
deterioration is, in general described in terms of its
water content (Walters 1998). The importance of
water properties has been recognized. Various water
properties like bound water, water activity, water
potential and/or aqueous glasses were introduced as
factors that dictate the kinetics of the seed water
status (Ellis et al. 1989, Leopold & Vertucci 1989,
Vertucci & Roos 1993, Bernal & Leopold 1998, Walters
1998). Thermodynamics properties of water
determine the reaction kinetics of water during seed
deterioration (Leopold et al. 1994).

Thermodynamics has been reported as one of the
three approaches used to understand the properties
of water and calculate the energy requirements of heat
and mass transfer in biological systems like melon and
cassava seeds (Aviara & Ajibola 2002) sesame seed
(Aviara et al. 2002), cow peas (Ajibola et al. 2003);
quinoa grains (Tolaba et al. 2003), chick peas (Menkov
2000); pea seeds (Chen 2003); winged bean seed and
gari (Fasina et al. 1999), soybean and wheat seeds
(Krishnan et al. 2004d); dehydrated foods (Rizvi and
Benado, 1984). The use of structural and dynamic
approaches are limited in biological systems applica-
tion due to limited information on the theory of the
behavior of water associated with solid biological
materials (Rizvi & Benado 1984, Krishnan et al. 2004d).
Thermodynamic properties of seed relate the concen-
tration of water in seed to its partial pressure, which
is crucial in the analysis of seed deterioration in terms
of heat and mass transport phenomena during equili-
bration/dehydration. They determine the end point
to which seed must be dried in order to achieve a stable
product with optimal moisture content for a better
storage (Walters 1998). Thermodynamic functions like,
entropy, free energy etc are readily calculated from
sorption isotherms and this enables the thermody-
namic approach to allow the interpretation of
experimental results in accordance with the statement
of the theory (figure 2) (Aviara & Ajibola 2002, Vertucci
et al. 1994, Krishnan et al. 2004d).

Thermodynamic properties of seed water have
deferent implications. Moisture content is simply a
measure of water in the seeds. Water activity is the
proportion that specifies the relative purity of water,
measures how many times as effective water is at
promoting aqueous reactions at a given mc, compared
with a standard reference state (in our case pure
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Figure 2 Changes in entropy, enthalpy, free energy and germination in seeds stored under accelerated ageing conditions (high relative
humidity ~100% at 45°C: (a) soya bean; (b) wheat; (Krishnan et al. 2004d, BioSystems Engineering)

liquid water) (Vertucci & Roos 1993). Water activity
thus describes the tendency for a chemical reaction in-
volving water at a given temperature it is always < 1.
The chemical potential (u) is a component of the free
energy (G) of the system. According to Vertucci and
Roos, 1993, chemical potential is the relevant term in
describing the progress of reaction. Chemical poten-
tial may be important in describing the effect of mois-
ture levels on seed detereoration (Leopold et al. 1994).
Enthalpy represents the total energy available to do
work, while entropy at any temperature provides lost
work and gives a measure of the energy that is not avail-
able to perform work (Aviara & Ajibola 2002). Thus,
the energy that is available to do work is the difference
between these two quantities. This is known as Gibbs
free energy. This free energy, also known as heat of
vaporization, is therefore, the total energy required to
transfer water molecules from the vapor state to the
solid surface and vice versa (Desmarchelier 1999). Itis
a measure of work done by the system to accomplish
an adsorption or desorption process, and can be used
as an indicator of the state of adsorbed water by solid
particles (Fasina et al. 1999). Entropy is related to the
order/disorder concept, which is useful for the inter-
pretation of reorganization processes, which usually
occur during moisture sorption/desorption, by seed
(Aviara & Ajibola 2002).

Thermodynamics properties of seed water deter-
mine the reaction kinetics during seed deterioration.
The relationship between seed deterioration and
dependence of the thermodynamic properties of seed
water namely water potential, water activity, differ-
ential enthalpy, entropy and free energy were
examined in two different seed species (sensitive-soya
bean, tolerant-wheat) differing in their sensitivity to
storage under accelerated ageing conditions (high
relative humidity (RH) ~100% and high temperature:
45 and 35°C) by Krishnan et al (2004d). The thermo-
dynamic properties showed a critical upper limit with
tolerant species having higher values than the suscep-
tible species. In general, the values of critical limits of
the thermodynamic parameters decreased with
increase in temperature (figure 3). In both the crop
seeds the differential enthalpy and entropy increased
with increase in period of storage and became asymp-
totic as the seed loose its viability. Loss of viability and
increase in seed leachate conductivity indicates that
the changes in thermodynamic properties of seed
water reflect the seed deterioration during storage
under accelerated ageing conditions. Thus the
thermodynamic properties of water provide inside
into the mechanism of cell deterioration.

Calorimetric Study of Seed Storage Stability
Vertucci and Roos (1993) calculated the shift in
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equilibrium when temperature was changed, and from
the known equilibrium conditions at a given tempera-
ture using the Van't Hoff isochore.
d (In RH/100)/d (1/T) = AH__(T)/R

Assuming g=1 for water vapour at standard
pressures, the slope of In (RH/100) vs 1/T for tempera-
tures can be used to calculate DH__ for particular mc.
The optimal moisture content for seeds are shown to
increase as the storage temperature is lowered. By us-
ing differential scanning calorimetry C_ of the seed
water at a particular mc and temperature is known.
From this using Kirchoff’s law

AH AH

sorp (T1)

= 2
sorp (T2) — + T}’T ACp (M) dT

Change in heat capacity between product and re-
actant at some temperature between T1 and T2. Thus
AH_ ., is calculated. The chemical potential of wa-
ter then determined directly from Van't Hoff isochore,

which follows Gibbs Helmholtz equation.

Non- equilibrium Thermodynamics Principles:

The motional and thermal properties of intracellular
water in seeds change as a function of water content
and temperature of the tissues (Buitnick et al. 1998a,b;
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Vertucci 1990; Bruni and Leopold 1991). The moisture
content/temperature combinations at which the
changes in water properties are detected are described
using non-equilibrium thermodynamics principles by
invoking the concept of glassy states of water in seeds
(Williams & Leopold 1989, Bruni & Leopold 1991,
Williams et al. 1993, Leprince & Vertucci 1995).

(i) Intracellular aqueous glasses in seeds:

A glass is identified by its high, but arbitrary value
of viscosity (approximately 10% to 10" Pa s). A glass
at temperature below its glassy state transition (T ) is
in a non-equilibrium state. Vitrification (i.e., a glassy
matrix) during drying would achieve a high viscosity
without a great deal of molecular reorganisation and
therefore, limit the major changes in the cellular
structures. Glass theory predicts the eventual change
in the system. Itis an attractive principle to model the
slow but inevitable changes in vigour and viability
associated with seed ageing (Bruni & Leopold 1991,
Williams et al. 1993, Leprince & Vertucci 1995). The
experimental evidence gathered from different
techniques (reviewed by Williams 1994) suggests that
water in seed tissues, with water content > 0.05 g g
exhibits some of the thermodynamic and mechanical
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properties representative of a glassy state at < 30°C.
However, despite these studies, the evidence for a physi-
ological role of intra-cellular glass in both storage sta-
bility and desiccation tolerance is still conjectural (Wil-
liams et al. 1993, Sun & Leopold 1994, Vertucci et al.
1994). A better understanding of the water properties
with relevance to the nature of an intracellular glassy
matrix in seeds is needed before applying glass prin-
ciples to the storage technology of orthodox seeds
(Leprince & Vertucci 1995).

(ii) Differential Scanning Calorimetry (DSC):

The detection of the glass transition using DSC in-
volves the controlled heating and cooling of the tissue
sample in which the power needed to achieve the same
gain at a particular temperature is compared. The DSC
method is very sensitive. A shortcoming of the DSC
method is that the ensuing phase changes in lipids in a
sample can mask the actual glass transitions (Williams
and Leopold 1989).

(i#ii) Thermally stimulated depolarisation currents
(TSDC):

The TSDC measurements can be made using the
measurements of dielectric relaxation events occurring
in polarised and frozen tissue during controlled heat-
ing (Bruni and Leopold 1991). TSDC gives informa-
tion about the temperature of the onset and termina-
tion of the melt, the temperature of the peak melt, its
energy of activation and the static permeability of the
melt. Furthermore, the TSDC method is insensitive to
lipid transitions (Bruni and Leopold 1992).

(iv) Electron spin resonance spectroscopy and mo-
lecular mobility:

Electron spin resonance spectroscopy of spin
probes is widely used in the model membrane investi-
gations (Bruni & Leopold 1991). Buitnik et al. (1998b)
studied the physical properties of seeds such as
rotational correlation times and viscosity. The ESR tech-
niques measure the changes of cytoplasmic viscosity
during glass transition. The use of ESR involves the
introduction of a foreign molecule into the seed tissue,
and the detection of the temperature at which the
rotational diffusion co-efficient of the signal generator
is markedly increased (Dzuba et al. 1993). Electron Spin
Resonance (ESR) spectroscopy studies has shown a
sharp increase in mobility at a definite temperature of
heating (Bruni & Leopold 1991, Dzuba
et al. 1993, Bruni & Leopold 1992, Buitnik et al. 1998a).
The precaution in using the ESR technique is that the
quenching compound should be introduced into the
free space so that apoplastic signals will not be
registered.

(v) Thermal mechanical analysis (TMA):
This is essentially a temperature-programmed pen-
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etrometer. These measures the mechanical properties
like the expansion in volume and the softening of a
sample, as it passes through the temperature region of
interest. The sensitivity of TMA is greater than DSC at
lower moisture levels (Leopold et al. 1994).

(vi) Dynamic mechanical analysis (DMA):

The DMA measures the mechanical properties of
asample, specifically, the storage (elastic) modulus and
the loss of (viscous) modulus as a function of tem-
perature and the resonant frequency to an applied vi-
bration to stress (Williams 1994). The DMA can detect
the transition temperature changes even when the
changes in the heat capacity or dimensjonal changes
fall below the limit of detection of DSC or TMA.

Water status characterisation by Nuclear Magnetic
Resonance

Nuclear magnetic resonance (NMR) is the most con-
venient spectroscopic technique for non-destructive
study of wide varieties of samples having nuclei of non-
zero spin (Krishnan et al. 2005). The pulsed Fourier
Transform (FT) NMR has significantly enhanced the
sensitivity and improved the data processing capabili-
ties. The most impressive achievements in the use of
NMR in agriculture include the analysis of seed oil con-
tent (Tiwari et al. 1974). Another interesting applica-
tion of proton NMR method is the search on the state
of water in tissues (Askochenskaya 1982, Gambhir et
al. 1981). Most of the NMR studies of water in seed
use either spin-lattice (T,) or spin-spin (T,) relaxation
time (Di Nola et al. 1991, Brosio et al. 1992, Marconi et
al. 1993, Golovina et al. 1993, Noda et al. 1998).

High and low resolution Nuclear Magnetic Reso-
nance (NMR) is successfully employed to study the
state of water in many biological systems. The longi-
tudinal and transverse relaxation behaviours of water
protons have been investigated, in particular, to de-
scribe the compartmentation and transport of water
tissue, plants and seeds (Ratcliffe 1994, Gambir &
Shantha Nagarajan 1999). The mobile and less mobile
water molecules can be distinguished by their differ-
ent relaxation times and their relative amounts can be
calculated (Van As 1992). Thus, the NMR technique
provides a novel, sensitive and direct method to
characterise the water status in seeds. Information
obtained on the amount and state of water in seeds at
different levels of moisture and RH during storage us-
ing the NMR technique can be more detailed than by
gravimetric methods. The NMR techniques have been
used successfully to study the pattern of seed hydra-
tion. The NMR relaxation time measurements have
been used to characterise the water status of seeds at
different storage conditions to study the relationship
between water status and viability in seeds (Krishnan
et al. 2004 a, b, & c).
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The availability of water for participation in meta-
bolic activities is closely related to randomness of water
molecules (Ratcliffe 1994, Krishnan et al. 2005). The
proton spin-lattice relaxation time (T,) of water is di-
recily related to translational and rotational motion
(randomness) of water molecules (Bloemergen et al.
1948, Samuilov et al. 1976, 1979). Therefore T, of wa-
ter in biological tissues may effect the availability of
water for metabolic activities.

A large amount of evidence supporting the struc-
tural water hypothesis comes from NMR study of liv-
ing tissues of animals and plants. Hazlewood (1979)
had listed the data on T, and T, measured at various
frequencies ranging from 2.7 MHz to 100 MHz using
mainly H! NMR. Several studies have shown more
than one component of T, and T, (Aksenov et al. 1969,
Ratkovic 1987, Bacic et al. 1992, Golovina et al. 1993,
Noda et al. 1998, Krishnan et al. 2003b, 2004 a & c).

Changes in the membrane permeability are mani-
fested in the molecular mobility and the biophysical
state of water (Millard et al. 1996). These changes are
in turn reflected in longitudinal and transverse relax-
ation of tissue water. Leaf water relaxation properties
have been successfully used to develop a screening
method for assessing heat and drought tolerance in
wheat cultivars (Tiwari et al. 1993, Maheshwari et al.
1999).

In flag leaf of pearl millet leaves, the changes in
leaf water content with maturity showed similar pat-
tern of changes in T, (Gambhir et al. 1997a). How-
ever, in seeds, the T, values of wheat cultivars de-
creased in spite of a sharp increase in seed water con-
tent during 5 h. of imbibition. They assumed that this
might be due to active accumulation of storage mate-
rials, which in turn affect the relaxation time of cellu-
lar water status.

The relationships between the imposed water
activity and a_ (equilibrium relative humidity), and the
conventional water status parameters and the proton
spin-lattice relaxation time T, of leaf water were inves-
tigated by Gambhir et al. (1997b). With the decreasing
a, the relative water content and T, decreased linearly
but other variables including the leaf water potential
and leaf water content decreased exponentially. Simi-
lar results with leaf water content, relative water con-
tent and T, were reported by Nagarajan et al. (1993).

Hydrophilic compounds such as sugar and protein
could affect the physical state of water (Nagarajan et al.
1993). T, was negatively correlated with soluble pro-
tein and sugar in cereal leaves. The spin lattice relax-
ation time of water protons in wheat and barley leaves
showed atleast two fractions, which were linearly re-
lated with dry matter and protein content when ex-
pressed on per gram water basis (Gambhir et al. 1991).
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Very few reports of NMR studies on seed water sta-
tus are available. Two components of water were ob-
served in wheat seeds by Aksenov et al. (1969).
Using the pulsed NMR (17 MHz) method, they identi-
fied a fast relaxing water fraction that belonged solely
to the endosperm and a comparatively slow relaxing
water fraction that existed in both the endosperm and
embryo. The former fraction constituted nearly 75-80%
of total seed water with a T, value of 1 msec at 14%
seed moisture content. The second fraction had T,
value of 10 msec (Aksenov et al. 1969).

(i) Estimation of moisture content by the NMR
method

Miller et al. (1980) demonstrated the potential of
pulsed NMR spectroscopy to measure total moisture
content of the cereal grains in the range of 0.15 to 0.40
gH O g fw. Calibration curves for grains equilibrated
to high moisture, a potential source of error in testing
grain occurred when its moisture history is unknown
(Grabe 1989).

While the oil content affected moisture determi-
nation in the study by Miller et al. (1980), Ratkovic
(1987) described how to discriminate the proton NMR
signal of seed lipids from the signal of water. The NMR
procedure is rapid, non-destructive to the whole grain
and accurate over a wide range of moisture contents.
The proton NMR signals must be correlated with
moisture values determined by the standard reference
methods and calibrations need to be checked periodi-
cally (Ratkovic 1987). However, the method cannot be
used to determine the total moisture content when the
moisture content is below 0.075 g H,O g fw because
much of that water is in the form of bound water.

(ii) Estimation of water status in seeds by NMR

Askochenskaya (1982) used the proton NMR
method for the search on the state of water in seeds.
Most of the NMR studies of water in seed use either
spin-lattice (T,) or spin-spin relaxation time (T,)). It was
found that changes of T, during maturation of bean
Phaseoulus vulgare L.) grains reflected the morphologi-
cal transformations and water status of the kernel.
Ratkovic et al. (1982) made T, measurements to follow
the changes of water status i.e., release of water in
kernels of Zea mays L. during maturation.

(a)Changes in seed water status during seed equilibra-
tion

For experimental and storage purposes, seeds are
conditioned to the desired moisture content by equili-
bration at an appropriate temperature and humidity
by using either acid or salt solutions. As seeds are
usually dried under variable relative humidity (RH)
and temperature conditions, the kinetics of seed water
status under these environments differ considerably,
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affecting seed quality (Krishnan et al. 2003b). In maize
embryos, Bacic et al. (1992) observed the proton NMR
spin-spin relaxation time (T,) of water fractions. Seeds
were kept at six different relative humidities (0-65%)
i.e., at relatively dry conditions. Three T,components
were found: T, ~ 7 ms (macromolecules and closely
bound water); T, ~15-120 ms (water protons at differ-
ent humidities) and T, =~ 100-200 ms (triglycerides).
Germination test indicated that those water fractions
with the shortest values were essential for maintain-
ing seed viability.

The physical state of water in dehydrating soy-
bean seeds was determined by the NMR relaxation
times (T,) and analysed using AIC (Akaike’s informa-
tion criterion, a procedure for statistical model identi-
fication), by Noda et al. (1998). A three-phase regres-
sion model was identified as the most appropriate. The
first transition occurred at a 44% water content and
the second at 18%. In the first phase, the water content
was 60% at the “physiological maturity” stage, at which
time the developmental processes in the majority of
seeds either, cease or slow down. In the second phase,
the seeds quickly lost the loosely bound water from
the cytoplasm during a very short period. In the third
phase, a glassy state could represent a useful mecha-
nism to trap residual water molecules and to prevent
damaging interactions between the cell components.
Thus, T, might increase at the glass transition point.
The three phases demonstrating cytoplasmic water
might thus correspond to the desiccation tolerance with
different dehydration processes.

The Non-destructive, non-invasive and rapid NMR
technique could be used to detect injury efficiently
during drying and equilibration of seeds. The relation-
ship between equilibration injury and equilibration
dependence of the transverse relaxation time (T,) mea-
surements was examined using NMR in two different
seed species (sensitive-soybean and tolerant-wheat)
differing in their sensitivity to seed equilibration con-
ditions. The T, measurements of both seed species de-
clined with high temperature and low RH and, also
with high temperature and high RH conditions. A com-
parison of injury based on electrolyte leakage, seed
germination percentage and T, indicated that mem-
brane permeability increased both at high temperature
and low RH- and high temperature and high RH-seed
equilibration conditions. Loss of seed viability during
equilibration at very low RH & high temperature, and
similarly at high RH & high temperature indicates that
the changes in T, are probably due to the loss of mem-
brane integrity (Krishnan et al. 2003a).

(b) Changes in seed water status during seed imbibition
and germination

Samuilov et al. (1976) studied T, in seeds of Vicia
Faba L. at rest and during imbibition. Aksenov et al.
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(1977) investigated the fractions of water in different
seeds from the proton T, measurements. Proton NMR
signals in seeds is dependent on hydration level (Di
Nola et al. 1991). At low water amount, as it occurs in
many native seeds, protons have a restricted mobility,
hence the lower signal height as measured by NMR.
The hydration process of soaked cowpeas; wheat and
soybean by analysing the transverse magnetisation
decay curves of water protons, measured at different
times after the addition of water, was monitored by
Brosio et al. (1992), Krishnan et al. 2004 a & c. The
measured curves do not show an exponential
behaviour. That indicated the presence of more than
one type of protons with different transverse relaxation
times. The amounts of different components measured
at different times after the addition of water showed
that the amount of “external water” exponentially
decreases, with time to a constant value.

Water uptake in seeds of Vigna spp. by NMR
spectroscopy was investigated by Marconi et al. (1993).
Water absorbed by the intact seeds was measured at
different intervals by the changes in unabsorbed
water using analysis of transverse magnetisation
decay of water protons. Widely different hydration
kinetics of first and higher orders was found amongst
the samples. The time required to reach saturation
hydration capacity ranged from 3 to 16 h; the total
amount of absorbed water ranged from 1.06 to 1.39 g
H,O g sample.

Golovina et al. (1993) investigated the state of
water in wheat seeds and changes during imbibition
by the pulsed NMR. The distribution of bulk and
sorbed water changed with time after the end of the
imbibition phase. The trigger role of liquid water in
reactivating the metabolism of seed was related to its
intracellular localisation.

Studies on characterising the of water status in
germinating and non-germinating wheat (Krishnan et
al. 2004a) and soybean (Krishnan et al. 2004c) seeds by
nuclear magnetic resonance (NMR) spectroscopy have
shown that, NMR relaxation time (T,) measurements
showed tri-phasic or bi-phasic characteristics during
different stages of hydration, depending on the seed
viability. Component analysis of T, data revealed the
existence of only two components, bound and bulk
water, in dry seeds. On the contrary, both the germi-
nating and non-germinating wheat seeds had a
three-component water proton system (bound, bulk
and free water) in the Phase I of hydration. During the
lag phase (Phase II) of hydration, bulk water compo-
nent of non-germinating seeds disappeared completely,
resulting in a two-component water proton system.
Nevertheless, the three-component water proton
system was observed in the germinating seeds in Phase
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II. Following phase II, rapid hydration (Phase III) was
observed in germinating seeds only. Water protons
were re-organized and there were increases in bulk and
free water but decreases in bound water concomitantly
(Figure 4 & 5). Comparison of the physical state of water
in these seeds by NMR spectroscopy with that of tis-
sue leachate conductivity measurement suggests that
seed membrane system was affected more evidently
in non-germinating seeds, leading to the disorganized
cell structure. These studies have shown the reorgani-
zation of physical state of water in germinating seeds
during hydration is essential for its subsequent event
of germination.

(c) Changes in seed water status due to viability
changes during storage

The relationship between seed viability and water
status in hybrid rice seeds using chemical shift studies
of NMR was reported by Jiang et al. (1997). The rela-
tive contents of free water and bound water in seeds in
terms of chemical shift (ppm) were measured before
and after storage. They also observed that the water
status especially the free water content was closely
associated with the storage quality of seeds. When rice
seeds were stored at 5.6% water content (WC),
without free water component, they could display the
storage tolerance. However, the seed viability would
rapidly fall down if its water component, increased.
Similar results were observed in corn, sorghum and
peanut seeds (Jiang et al. 1997).
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Under ageing conditions (100% RH both at 35° and
45°C), the spin-spin relaxation time (T,) of the seed de-
creased with time in both wheat and soybean, and there
were decreases in the seed protein and starch contents.
The conductivity of the seed leachate increased and the
accumulation of soluble sugars increased in both spe-
cies with ageing. The decreases in T, were more rapid at
high temperature (45°C) than at 35°C, ever more s0 in
soybean than in wheat seeds. In addition, the trend of
changes in spin-spin relaxation time (T,) values could
be related to the loss of seed viability, as evaluated by
percentage germination (Krishnan et al. 2003 b). Atleast
three different fractions of spin-spin relaxation (due to
non- or slowly exchanging water protons) could be iden-
tified (Figure 6 & 7). The pattern of changes in seed
water status characterised by the NMR spin-spin relax-
ation time (T,) of both seed species during seed ageing
suggests that loss of viability due to high temperature
and high moisture content is closely linked to the irre-
versible loss of membrane integrity and cellular machin-
ery.

Advantages

The NMR method of seed water status
characterisation has got the following advantages as
compared to the slow and destructive conventional
methods of water status characterisation:

(i) It is non-destructive technique of analysis,
which can be repeated in the event of any abnormal
results.
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(ii) The direct propagation of the analysed seeds is
possible.

(iii) The results are not subjective and reproducibil-
ity is excellent.

(iv) Itis a rapid technique for screening large num-
ber of samples, which enhances the efficiency of seed
storage programs.

Future study

(i) Biophysical characterisation of seeds can be
used to characterise the limits of drying seeds under
various temperature and humidity conditions.

(ii) Seed water status characterisation and quan-
tification can be used as a parameter to characterise
the viability loss under controlled storage conditions
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(iii) Studies can be extended to characterise the
water status in recalcitrant (desiccation-sensitive) seeds
where determination of critical seed moisture is cru-
cial for maintaining viability.

(iv) The mechanism of ageing the in-vivo changes
in water status in various seed parts during seed
deterioration can be studied by using biophysical
techniques.

Conclusions

From these studies, it can be observed that molecular
mobility is inversely correlated with storage stability
(Walters 1998). With decreasing water content, the
molecular mobility reaches a minimum, and increases
a gain at very low water content. Minimum mobility
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Figure 7 Spin-spin relaxation time (T,) of seeds kept under water
saturated condition at two different temperatures (35 and 45°C)
(Krishnan et al., 2003 Seed Science and Technology)

Figure 6 Germination (%) of seeds kept under water saturated
condition at two different temperatures (35 and 45°C) (Krishnan
et al. 2003, Seed Science and Technology)
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and maximum storage stability occurs at similar wa-
ter content. This correlation also suggests that storage
stability might be controlled by molecular mobility
(Bernal and Leopold, 1999). Long ago, Bloemergen et
al. (1948) had shown the use of NMR for the phase
transition studies based on the motional properties of
water molecules. But, the studies have not been made
so far to explore the possible using Biophysical tech-
niques in identifying such phase transition in seed
water status. The NMR spectroscopy can, however,
be used to determine the water status in order to ob-
serve the changes in viability of crop seeds.

At present, determining, whether a seed is alive or
dead has similar limitations as pinpointing the loca-
tion of an electron. According to the Heisenburg
Uncertainity Principle the position of an electron can
only be inferred after it has been moved. Analogously,
the question of seed viability is only answered after
the seed has germinated. Once it has been germinated
its longevity can no longer be tested. And once the
seed dies it cannot be retrieved for future studies. The
physical state of water in seed has long been a subject
of interest, in relation to the seed viability loss. The Bio-
physical characterisation of seed water status is con-
sistent with the notion that the structure and/or mo-
tions of the seed water is affected by the macromolecu-
lar interface during seed deterioration and causing
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