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Propositions

1. Theproperties of intracellular glassescannotbegeneralisedfrom studies ofsimple
solutionsandmustbeindependently studied- R.J. Williamsetal.(1993)Japan. J.
FreezingandDrying,39:3-12; thisthesis.
2. Thestatement "agoodglassformer" shouldnotbebasedontheglasstransition
temperature only, butitshouldalsotake intoaccountthe molecular mobility- this
thesis.
3. Theroleof oligosaccharides inthesurvivalof seedscannotbeexplainedbythe
current hypotheses- thisthesis.
4. Thecrossover temperature TC1 belowwhichdynamictransitions of moleculesare
hindered,is importantfor the suppression offunctions of biologicalmolecules.
Therefore,the highTcinbiological systems couldplayanimportant role inthe
preservationof life- A.P.Sokolovetal.(1999)J.Chem.Phys.; thisthesis.
5. Themost important"ingredient" of anytheory ofglasstransition isthe molecular
mobility- J.Perez(1994)JFoodEng 22:89-114.
6. Theremovaloftheevolutiontheoryfrom schoolscience andthe impositionof
creationismas"science"inKentucky(USA)istheresult ofthe creationof afalse
choice betweencreationism andatheism,whichthecreationists equatewithorthodox
science.
7. Theabsenceof evidence isnotevidence of absence- R. Dixon, 1981.
8. Wheneverthe methods of observationare suchthatacomplicated mathematical
treatment is requiredto establish arelationship betweenthedataandthe physical
nature ofthe system studied,the methodsof observationareinadequate andmustbe
changed,whenever possible-A. Abragam,Theprinciplesofnuclearmagnetism, 1961.
9. Successful research startswithaskingthe rightquestion.
10.Scientific researcherswhotryto cross disciplinary boundaries arefacedwiththe
dilemma,thatthoughmultidisciplinaryapproaches areoften recommendedand
praised, professionalevaluationof scientific performance is,almostwithout
exception,carried outinmonodisciplinarymode-V. Curtis,1998.
Propositions belongingtothe PhDthesisentitled"Biologicalglasses:nature'swayto
preservelife".
Wageningen,28"1June2000

JuliaBuitink

Contents
Voorwoord
Abbreviations

1
2

GeneralIntroduction

3

SectionI- Intracellular Glasses
1.Calorimetricpropertiesofdehydratingpollen:analysisofadesiccationtolerantand an-intolerantspecies
2.Storagebehaviourof Typhalatifoliapollen atlowwatercontents:
Interpretationonthebasisofwateractivityandglassconcepts

19
21
33

SectionII- Molecular Mobility
3.Influenceofwatercontentandtemperatureon molecularmobilityand
intracellularglassesinseedand pollen
4.PulsedEPR spin-probestudyofintracellularglassesinseed and pollen
5.Characterizationofmolecularmobilityin seedtissues:an EPR spin probe
study
Section III-AgeingKineticsandMolecular Mobility
6.Theeffectsofmoistureandtemperatureontheageingkineticsofpollen:
interpretationintermsofcytoplasmicmobility
7.Molecularmobilityinthecytoplasmoflettuceradiclescorrelateswith
longevity
8.Molecularmobilityinthecytoplasm:anapproachtodescribeand predict
lifespanofdrygermplasm
SectionIV-Composition andProperties of Intracellular Glasses
9.Acriticalassessmentoftheroleofoligosaccharidesinintracellularglass
stability
10.Istherea roleforoligosaccharidesinseedlongevity?An assessmentof
intracellularglassstability
11. High criticaltemperatureaboveTg maycontributetothestabilityof
biologicalsystems

47
49
67
77
91
93
105
115
129
131
137
151

GeneralDiscussion

169

References
Summary
Samenvatting
Listofpublications
CurriculumVitae

182
193
197
200
202

Voorwoord
Voor u ligt het proefschrift waar ik de afgelopen vier jaar aan heb gewerkt. Het waren vier
fantastische jaren: vol verbazing, spanning, lol, vrijheid, een beetje terleurstelling en frustratie,
en ook met schitterende momenten. Dit boekje had niet tot stand kunnen komen zonder de
vele mensen die ik hieronder graag wil bedanken. Ten eerste, Folkert, jij bent degene geweest
die mij geintroduceerd heeft in de wonderen van de wetenschap. Het enthousiasme dat je me
hebt bijgebracht voor de wetenschap, samen met het inzicht in onderzoek en het
communiceren daarvan isvanvitaal belanggeweest voor hettot stand komen van dit boekje. I
also would liketo express my gratitude to Prof. Sergei Dzuba, withwhom Icollaborated during
my stay at the Institute of Chemical Kinetics and Combustion in Novosibirsk, Russia. Sergei,
thank you for your enthousiastic introduction into echo-detected EPR spectroscopy. I
thoroughly enjoyed my stay in Novosibirsk, and the interaction I had with you and your
colleagues. Mark, bedankt voor je gezelschap (is de koffie al klaari?) en je
computerprogramma's die het mogelijk maakten al de data snel uitte werken. Linus, de laaste
loodjes waren een stuk makkelijker doorjouw inzet, bedankt.
De meeste tijd heb ikdoorgebracht op de vakgroep Plantenfysiologie, en ikwilgraagalle
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veel te vinden op de vakgroep Moleculaire Fysica (vooral in de avonduren). Adrie, jouw hulp
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waarschijnlijk geen slazaden meer zien, maar heel erg bedankt voor je enthousiasme, en veel
succes inde plantenveredeling.
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resultatenvan het onderzoek. Hereby, Iwould also liketo express mygratitude to Dr. Christina
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GeneralIntroduction

"The major biological reason for the existence of
anhydrobiosis is a device serving to conserve reserves and
stabilize the organisms under adverse conditions until
adequatewater becomesavailable."
JamesS.Clegg(1986)

GeneralIntroduction
Storage stability ofgermplasm

D

esiccation-tolerant organisms (anhydrobiotes), suchasseedandpollen,are
capable of surviving the removal of the major part of their cellular water.
Apart fromthe abilityto survive dehydration andrehydration,these tissues also
have to 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(KivilaanandBandurski, 1981; Steiner andRuckenbauer,
1995) and even millennia (Shen-Miller 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 (Shen-Miller et al., 1995). Apparently, nature has
endowed seedswith mechanisms to survivethe 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 leadingto cell death inseeds have received considerable
attention (Priestley, 1986; Smith andBerjak, 1995;Walters, 1998;Pammenter
and Berjak, 1999 for reviews). As seeds age, membranes become leaky,
enzymes losecatalytic activity andchromosomes accumulate mutations. Italso
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;Bemal-Lugo
and Leopold, 1992, 1995; Baker and Bradford, 1994; Zhanget 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
andpollen.
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. It is common
knowledge 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 Harrington's Thumb Rules,
propose that the time for 50%of the seeds to die (P50)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 andVos, 1987; Ellis et al., 1989, 1990b, 1992; Dickie etal.,
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., 1990;Vertucci and Roos, 1990, 1993a;Vertucci et
al., 1994b; Walters and Engels, 1998). Although these empirical models are
useful inestimatingthe effects of water content andtemperature on longevity,
they do not provide anunderstandingwhatthe underlying causes arefor these
observations.
A more theoretical approach to understand longevity was based on the
hypothesis that seed ageing reactions are controlled by the thermodynamic
status of water in the seeds (Priestley, 1986; Leopold and Vertucci, 1989;
Vertucci andRoos, 1990,1993b).Vertucciandco-workers usedwater sorption
isotherms to determine the thermodynamic states of water inseeds andpollen
(Vertucci and Roos, 1990, 1993b). Thisapproach resulted inthe discoverythat
the optimum water contents of storage shifted to higher values with lower
temperatures(Vertuccietal.,1994b).
While 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 longevity of germplasm, based on the
formation of glasses. Glasses are semi-equilibrium solid liquids with an
extremely highviscosity (Frankset al., 1991). Lowtemperatures andlowwater
contents drive the viscosity to such highvalues that the cytoplasm will form a
glassy state. The highviscosity isthought 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
biologicaltissueswillbediscussedinthefollowingsections.
Properties ofglasses
Solids can exist in acrystalline 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 acrystalline material
does notexist inthe amorphous state,andthe 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 anequilibrium phase, implying that eventually
they will moveto equilibrium, i.e. they will crystallise. Dueto 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 equilibrium phase (for instance crystal to liquid) is a first order
transition, aphasetransition. The glass-to-liquid or glass-to-crystal transition is
a second order transition, a transition from a non-equilibrium state to a
equilibrium phase.Thistransition isreferredto asastatetransition.
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, ifthe rate of cooling is highrelativeto 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 intemperature. The initially mobile fluid turns
into a syrup, then into aviscoelastic "rubber" (in case of large molecules) and

Figure0.1.Schematic
diagramofcrystallineand
glassysolids.Crystalline
structureisregular, whereas
thereisno particular
orientationtothemoleculesin
theglass(adaptedfrom
Walters,1998).

finally into a brittle glass. A glass is therefore a supercooled liquid with an
extremely high viscosity - typically in the order of 1014 Pa s (Franks et al.,
1991). Franks et al. (1991) gave the following elegant example: "The physical
significance of suchahighviscosity ismore easily appreciated if it isconverted
to a flow rate. The flow rate of a typical liquid is in the order of 10 m/s,
compared to 10"14 m/s inthe glassy state. Inother words, a glass is a liquid
thatflows about 30 urninacentury".
Glass formation can be viewed as an intrinsic property of all liquids,
including water and aqueous solutions, given only that the formation of the
crystalline phase is substantially avoidedduring,for instance,cooling ordrying.
Examples of well-known and thoroughly studied molecules that can undergo
glass transitions can be found in the food and polymer science, and include
sugars, proteins, starch, complex food systems, andawide range of polymers
(Sperling, 1986; Levine and Slade, 1988; Slade and Levine, 1991a,b, 1994;
Roos, 1995).
Theglass-to-liquidtransition
Theglass-to-liquid transition occurs over asmall range of temperatures (Franks
et al., 1991), and can be identified experimentally by the use of various
techniques, 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 (Tg), 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 Tg is dependent on the composition of the
amorphous state. For pure synthetic polymers, inthe absence of a diluent, Tg is
known to vary with Mw in a characteristic and theoretically predicted fashion
(Ferry, 1980; Slade and Levine, 1991b). For a homologous series of
amorphous linear polymers, Tg increases with increasing number-average Mw
(M„) until the entanglement region is reached (M„ > 3000). This increase in Tg
with Mnis due to decreased free volume (increasing local viscosity) contributed
by side ends of the polymers (Ferry, 1980; Sperling, 1986). The relationship
between the Tgand solute M whas 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, flexibility or extensibility"
(Sears and Darby, 1982). Characteristically, the Tg of an undiluted polymer is
much higher than that of a typical low Mw glass forming diluent. As the diluent
concentration of a solution increases, Tg decreases monotonically, because the
average M wof 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

Figure0.2. Statediagram
representingthe effect of
water ontheglasstransition
temperature of severalfoodrelatedmaterials(adapted
from Roos, 1995).
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The effect of plasticization of water on the Tg is usually depicted in a
state diagram (Fig. 0.2). Increasing the water content of a sugar-water mixture
results in a decrease in Tg (Ferry, 1980). Figure 0.2 shows that a higher M w
compound exhibits a higher Tgover the entire range of water contents.
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Glasses, stabilityandmolecularmobility
It has been knownfor alongtime that stabilisation of many macromoleculesis
greatly enhanced by the presence of aqueous glasses. The shelf life of food
materials hasbeenassociatedwiththe presence of aglassy 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 ofanamorphousphase hasveryimportant implicationsfor storageof
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 severalorders of magnitude. Itisthishighviscositythat isthought
to confer stability by slowing down detrimental reactions and by preventing
crystallisation andconformational changes.Ingeneral,highMwsugarswillexert
a higher stability because of their higher Tg. Under similar conditions of
temperature and water content, low Mw sugars might be above their Tg,while
highMwsugars arestillinaglassystate(belowTg)(seeFig.0.2).
Thetemperature dependence of reaction rates or mobility below Tgand
about 100°C above Tgcan be described bytheArrhenius equation (Levineand
Slade, 1988; Karmaset al., 1992;NelsonandLabuza, 1994),
k=k0exp(-Ea/RT)

(0.1)

where k isthe rate constant at temperature T, kois apre-exponentialfactor,R
isthe idealgasconstantandEa istheactivationenergy.
For the first 100°C above Tg,the temperature dependence of viscosity,
translational or rotational relaxation times of model glasses such as sugarsystems and polymers cannot be described by an Arrhenius-like relationship.
Severalmodels havebeendevelopedwhichdescribethe kinetics ofviscosity or
molecular mobility for glass-forming substances above Tg (Perez, 1994). The
Williams-Landel-Ferry (WLF) equation (eqn 0.2) is an often used model in foodpolymer science to predict the effect of increasing temperature on relative
relaxation times above Tg (Williams et al., 1955; Ferry, 1980; Soesanto and
Williams, 1981; Chanetal., 1986; RoosandKarel., 1991; Steffen et al., 1992;
Championetal., 1997),
logaT=-C1(T-Tref)/{C2+(T-Tref))

(0.2)

where Cxand C2 are system-dependent coefficients (Ferry, 1980), and aT is
defined asthe ratio of the relaxation phenomenon at Tto the relaxation atthe
reference temperature Tref. This empirical equation was originally derived from
the free volume interpretation of the glass transition. Average values for the
WLF coefficients ( C ^17.44 and C2=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 (Soesanto and Williams, 1981).
However, several problems are associated with the use of the average
coefficients in the WLF equation (Peleg, 1992), and other values have been
usedto obtainabetter fit (Ferry, 1980; SladeandLevine, 1991a; Championet
al., 1997). The WLF equation describes that melting of the glass results ina
dramatic decrease in viscosity and increase in translational and rotational
motion,asillustrated bythe solidline inFig.0.3 (Soesanto andWilliams,1981;
Roozenet al., 1991; Steffenetal., 1992;Blackburnet al., 1996;Deppeetal.,
1996; Champion et al., 1997; Hemminga and Vanden 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 Tg is thatthe

Figure0.3.Viscosityof70
and75%sucrosesolutions
andtheWLFpredictionof
viscosityabovethe Tg
(adaptedfromRoosand Karel,
1991).
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systems exhibit a collapse at a certain temperature above Tg, observed as a
macroscopicallyvisible change inphysical properties.Thecollapse is generally
attributed to areduction inviscosity uponincreasing the temperature aboveTg
such that flow on a practical time scale is observed (for review see Roos,
1995). UsingtheWLFequation,thecalculatedviscosity atwhichthe collapse is
observed is generally around 108 Pas (Slade and Levine, 1991a). For various
mono- and disaccharides, the temperature of structural collapse and glass
softening occurs 10-17°C above Tg (Slade and Levine, 1991a; Roos, 1995;
Sun, 1997a).Thiscollapse phenomenonresultsinadramatic lossof 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 Tg also leads to the crystallisation of pure
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amorphous sugars. Indeed, the crystallisation of sucrose was found to follow
WLFbehaviour(RoosandKarel, 1991; Fig.0.3).
Sincethe late 1980s,also seedbiologists haveembracedtheconceptof
glass formation. What has been discovered in the past decade concerning
glasses inbiological systems isdiscussed inthe nextsection.
Glassformation inbiological systems
In general, desiccation-tolerant biological systems have the ability to form
glasses. Glassformation 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 well-known examples of tissues that form glasses
are seeds (Williams and Leopold, 1989; Leopold et al., 1994, Leprince and
Walters-Vertucci, 1995), pollen(Buitink et al., 1996),prokaryotes(Potts, 1994),
andthe so-calledresurrection plants (Wolkers et al., 1998b).Thesetissues 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 Vertucci (1986) suggested
that in desiccation-tolerant systems, a mixture of sugars might serve to defer
crystallisation,thus maintainingthe effectiveness of sucrose in replacing water
at the hydrophilic sites of the cellular membranes. At the same time, Burke
(1986) suggested that inanhydrous organisms, glasses could be formed from
cell solutes like sugars that are knownto provide protection from denaturation
of large molecules andformation 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. Insodoing,they mayassure stability
overtime (Burke,1986).
Evidencefor the occurrence of aqueousglasses inorganisms camefrom
Hirsh et al. (1985), who found that at -28°C, ice crystals were absent from
plantsthatwere resistant to freezing,asderivedfromthe direct observation of
second-order transitions in the DSC. Subsequently, Leopold and co-workers
focussed onthe presence and significance of glasses in seedtissue. Williams
and Leopold (1989) demonstrated the occurrence of asecond order transition
dueto glass transitions incorn embryos using DSC,and it was concluded that
these tissues were inaglassy state at roomtemperature below 12%moisture.
Ithasbeensuggestedthatthe solutes contributingtothe glassy state couldbe
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sugars, based on a study on sugars and desiccation tolerance (Koster and
Leopold, 1988). Thereafter, many reports emerged onthe detection of glass
transitions in seed tissues with the use of different techniques, such as DSC
(Vertucci, 1990;Leprince andWalters-Vertucci, 1995), EPR(BruniandLeopold,
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 investigatedwere pea,maize,soybean,wheatandbean.Insubsequent
papers,the emphasis shifted to the composition andfunction of the glasses in
seeds.
Compositionofintracellularglasses
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 indesiccationtolerant 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 indesiccationtolerant systems. Bernal-Lugo and Leopold (1995) demonstrated that during
accelerated ageingof maizeseeds,raffinose contents decreased, concomitant
withadecrease inthe magnitude oftheglass signal,measuredbyTSDC.Ithas
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) showedthat after 50h of imbibition,the Tgof pea
embryonic axes was remarkably lower than that of axes imbibed for 14h,
accompanying the loss of oligosaccharides and replacement by monosaccharides. 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 stateathightemperature.
However, some papers question the role of sugars in intracellular glass
formation. For instance,Sunand Leopold (1993) foundthat during accelerated
ageing of soybean seeds the magnitude of the glassy signal and Tg, both
measured byTSDC,decreased.Yet, nodifferences were observed insucrose,
raffinose and stachyose contents during accelerated ageing. Despite different
sugar compositions in soybean axes as compared to oak cotyledons, their Tg
state diagrams were similar (Sun et al., 1994). Also, maturation of soybean
axes, which resulted in accumulation of oligosaccharides, did not change the
state diagram (Sun et al., 1994). Another indication that sugars alone are not
sufficient to explaintheformation ofthevitreous state inseeds 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 onthe glasstransition in bean axes revealedthe complexity
of intracellular glasses (Leprince andWalters-Vertucci, 1995). Correspondence
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of DSC data from bean to a model that predicts the effects of glass
components ontheTgsuggestedthat intracellular glasses couldbe composed
of a highly complex oligomeric sugar matrix, such as, for instance, maltodextrin. It is clear from these data that inadditionto the soluble sugars, other
seed constituents could contribute to the glassy state, including glycosides,
larger carbohydrates, andevenproteins(Leopoldetal., 1994).
Functionofintracellularglasses
Intracellular glasses were originally suggestedto playarole inbothdesiccation
tolerance and storage stability. Soluble sugars similar to those found in
desiccation-tolerant seeds are capable of forming glasses at temperatures
higherthanzero,whereas sugar mixtures similarto thosefound inaxesthatdo
not tolerate desiccation only form glasses at subzero temperatures (Koster,
1991). However, Sun et al. (1994) showed that during maturation, soybean
embryonic axes at desiccation-intolerant stages were able to form glasses
upon drying. Furthermore, the Tg values of desiccation-sensitive red oak
cotyledons as a function of water content were found to be indistinguishable
from that of mature desiccation-tolerant 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 inseeds (-1015% 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 abovethatatwhichprotection oftheglassy statecanbeeffective.
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 Tg (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 abovetheir Tg,andthat the glassy signaldecreased prior to the lossof
germination capacity. Itwas 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-LugoandLeopold, 1995, Leprince andWalters-Vertucci,
1995). Theexplanation for the loss of the glasstransition was presumably due
to the crystallisation of some liquid components (Sun and Leopold, 1993).
However, no sugar crystallisation could be detected in tissues that had lost
their glassy state (SunandLeopold,1993).
It is assumed that the high viscosity of intracellular glasses decreases
molecular mobility and impedes diffusion within the cytoplasm, thus slowing
down deleterious reactions andchanges instructure andchemical composition
during ageing. Some evidence for the role of glasses inageing kinetics comes
from Sun and Leopold (1994), who found that seed deterioration appeared to
be accelerated when seeds were not inthe glassy state, as estimated through
the viability equation of Ellis and Roberts (1980a). Additional evidence that
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glasses areinvolvedinstorage behaviour camefrom astudy onthe changesin
stachyose content during storage at 5°C (Sun and Leopold, 1995), indicating
sugar hydrolysis during storage. For 29 soybean seed lots, stachyose
hydrolysis was apparently inhibited belowwater contents of 0.12 g H20gdw~\
and those tissues were expected to be inthe glassy state. At water contents
above 0.12 g H20g dw-1, the decline of stachyose indicated sugar hydrolysis,
and this may presumably have stimulated the Maillard reaction in the seeds
(SunandLeopold, 1995).
Despite numerous assumptions that molecular mobility might play an
important role in storage stability (Sun and Leopold, 1993, 1994, 1995;
Leopold et al., 1994; Sun, 1997b), not much is knownabout the translational,
rotational or vibrational motion of molecules in the cytoplasm of seed and
pollen. Inthe next section, a spectroscopic method is discussed that can be
usedto elucidatethe importance of molecular mobility instorage stability.
Measurements of mobility:Electron Paramagnetic Resonance
Spectroscopy
A technique to study rotational motion is electron paramagnetic (or spin)
resonance (EPR)spectroscopy, which measures the rotational correlation time

Figure0.4.Structureofthe
nitroxidespinprobe3-carboxyproxyl (CP).

(xR) of spin probes dissolved in samples. For random rumbling, xR 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
shapeofthe spectrumof anitroxide spinprobe.
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 molecular mobility inthe cytoplasm of tissues, avery polar spin
probe, 3-carboxy-proxyl(Fig.0.4) canbeused.
Figure 0.5 showsthevarious motional regions and characteristic EPRand
ST-EPR spectra for isotropic motion, together with the wide range of rotational
motionsthatcanbecovered.ContinuousWave(CW)EPRcandetectchangesinxR
of spin probes rangingfrom 10"12 to 10"8 s, and has been applied previously to
biological systems (BruniandLeopold, 1991;Buitink et al., 1998b; Leprinceand
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Hoekstra, 1998). Inthis motional range,the EPRspectrum of nitroxides consists
ofthree lines(see Fig.0.5), andTRcanbecalculated accordingto Knowleset al.
(1976).
For rotational correlation times > 10"7 s, conventional EPR spectroscopy
yieldsthe rigid-limit powder line shape(Fig.0.5) that is insensitive to the rateof

TR(S)

10-12

10-9

EPR

ST- EPR

10 -6

10 -3

Figure0.5. Surveyofthe
variousmotionalregions and
thecorresponding
characteristic EPR and
saturationEPR spectrafor
isotropic motionofa nitroxide
spinlabelwithrotational
correlationtime TR.

molecular motion. It is, however, possible to obtain line shapes which are
sensitive to TR in this region by carrying out EPR under saturation conditions.
This non-linear EPRtechnique is usually referred to as saturation transfer (ST)
EPR spectroscopy (Hyde and Dalton, 1979). ST-EPR 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). Usingreference materialwithknownviscosity,tRvaluesare
usuallyobtained inanempiricalway(Hemminga andvandenDries, 1998).
ST-EPR spectroscopy hasbeensuccessfully appliedto determinethe TRof
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,thetR ofthe spin probe inthe cytoplasm can beestimatedthroughthe
analysisofthe lineshapeparameters ofthe nitroxidespectra.
Aimand outline ofthethesis
Desiccation-tolerant 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 butalso bythecomposition oftheglass.Itisto beexpectedthat
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 composition of the cytoplasm (Hoekstra et al., 1994), and
lead to a reduction in longevity (Tarquis and Bradford, 1992; Saracco et al.,
1995).Consideringthe reputationof sugarsasbeingexcellentglassformers, it
was hypothesisedthatthechange insugar compositioninseeds dueto priming
might lead to a decrease in the intracellular viscosity and thereby to an
increase inageingrates.
To answer the question as to whether the shorter longevity of primed
seeds is relatedto changes inthe 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 II). Subsequently, by manipulation of the water content and
temperature, we changedthe cytoplasmic molecular mobility andthe longevity
of seedandpollen,to confirmthe hypothesised link betweenmolecular mobility
and rate of ageing (section III). 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(sectionIV).
In Section I, the role of intracellular glasses in storage behaviour was
ascertained, using pollen as a model system. It was concluded that pollen is
capable of forming an intracellular glass, both in desiccation-tolerant and sensitive species (chapter1).Theageingkinetics wasfoundto change around
a temperature that could be associated with the Tg, indicating a role for
intracellular glasses inthe storage stability ofthe pollen(chapter2).
InSection II,the molecular mobility inthe cytoplasm of severaltissuesis
characterized using various applications of spin probe EPR spectroscopy. It
wasfoundthatthe molecular mobility of aspinprobe localised inthe cytoplasm
increasedwithincreasingwater content andtemperature.Therotational motion
was found to increase more rapidly upon melting of the intracellular glass
(chapters3 and5). Apart from the detection of rotational motion of the spin
probe, it was established that the spin probe also undergoes librational motion
intheintracellular glass(chapter4).
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 III focusses on the relationship
between cytoplasmic molecular mobility and storage stability. Using Typha
latifoliapollenasamodel system, itwasconcluded thatthe rate of ageingand
rotational motion of a spin probe inserted into the pollen were related to one
another, by manipulation of the water content andtemperature (chapter6). A
similar conclusion was drawn from a study on oily lettuce seeds (chapter 7).
For severalspecies,alinear relationshipwasestablished betweenthe 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(chapter8). These predictions pointto 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
andbiophysical properties of intracellular glasses,withspecialemphasisonthe
role of oligosaccharides inglass formation, because these sugars are thought
to playarole instorage stability. Changingthe oligosaccharide contentthrough
anosmo-primingtreatment did not influence the Tgor molecular mobility inthe
cytoplasm of seeds [chapters9 and10). It was concluded that the reduced
longevity after priming of the seeds could not be ascribed to changes in the
cytoplasmic molecular mobility {chapter 10). Based on several biophysical
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 molecular mobility at a defined temperature (Tc)
above Tg, which was found to correspond with the so-called crossover
temperature, where the dynamics changes from solid-like to liquid-like. For
intracellular glasses, this critical temperature was at least 50°C above Tg,and
this high Tc is expected to provide excellent long-term stability to dry
organisms, maintaining a slow molecular motion in the cytoplasm even at
temperatures far aboveTg(chapter 11).
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Intracellular Glasses

Overview

The presence of glasses in seeds has been established over adecade 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 desiccationtolerant 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 aglassy state,the role of the intracellular
glass indesiccationtolerance andstorage stabilitywasinvestigated.
The application of differential scanning calorimetry revealed that
intracellular glasses are formed in both desiccation-tolerant and -intolerant
pollen at around 10% moisture during drying at room temperature. However,
desiccation-intolerant pollen loses its viability during drying before intracellular
glasses areformed,indicatingthattheformationof glasses duringdryingisnot
reasonfor desiccationtolerance.
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
to 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 hasto betaken notto overdry pollens whenstoring them at
low temperatures. Thewater 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 ofthepollen.
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1
Calorimetric propertiesofdehydratingpollen:
analysisofadesiccation-tolerant andanintolerantspecies
Julia Buitink, Christina Walters-Vertucci, Folkert A. Hoekstra
and Olivier Leprince

Thephysicalstate ofwater inthedesiccation-tolerant pollenof TyphalatifoliaL.
(cattail) andthe desiccation-sensitive pollenof ZeamaysL.(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 H20g dw-1. At moisture levels at which melting transitions were not
observable, water properties could be characterized by changes in heat
capacity. Three hydration regionscouldbedistinguishedwiththe definingwater
content values changing, changing as a function of temperature. Shifts in
baseline power resembling second-order transitions were observed in both
species andwere interpreted as glass-to-liquid 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 grainswere sufficiently driedto enter intoaglassy state.Apparently,the
glassy state per se cannot provide desiccation tolerance. From the existing
data,weconcludethat, although nomajor differences inthe physicalbehaviour
of water could be distinguished between desiccation-tolerant and -intolerant
pollens,the physiological responsetothe loss of water varies betweenthe two
pollentypes.

AlsopublishedinPlantPhysiology 111: 235-242(1996)
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L

iving processes are dependent on water, which regulates biological
reactions,servesasafluid mediumandstabilises 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 removal 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 biologicaltissues,
sincetheyremainviableevenatlowwater contents.
Previous studies of proteins (Rupley et al., 1983; Rupley and Careri,
1991) and desiccation-tolerant 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 bythechanges inthese propertieswithwater content (Rupleyet
al., 1983; Clegg, 1986; Vertucci, 1990). Five hydration levels could be
identified in seeds (Vertucci, 1990) and the metabolic response of the tissue
was relatedto these hydration levels (reviewed byVertucci andFarrant, 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, Sunet al, 1994), andit hasbeen suggested that glassy states
are an important factor for the survival of desiccated tissues (reviewed in
Leopoldetal., 1994).
The majority of pollens are desiccation tolerant, i.e. they can be dried to
water contents of less than about 0.05 g H20g dw"1 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 extensivedryingwithoutviability loss.Thepresent studywas undertaken
to describe the physical properties of water in a desiccation-tolerant pollen
species (cattail) andamoderately desiccation-sensitive one(maize)to ascertain
whetherthesetwo speciesexhibitdifferent water characteristics.
Materialsandmethods
Plantmaterialsandwatercontentdeterminations
Mature male inflorescences of Typha latifolia L. (cattail) were collected from field
populations near Heteren, The Netherlands, in 1993 and spread on the laboratory
bench.After dehiscence pollenwassievedanddriedto about0.07 gH20 gdw-1,and
subsequently storedat-20°C untilused.Zeamayscv.GaspeFlint(maize)wasgrown
inagreenhouseinFortCollins,CO. Wholetasselsthatwereaboutto shedtheirpollen
were collectedandkept inthe laboratory under conditions of 100%RH for 4 h.After
removal from the high humidity, anthers simultaneously dehisced, andthe harvested
pollen, whichcontained approximately 1g H20g dw1, was immediately used inthe
experiments.
Water contentsof cattailpollenwasmanipulatedbyequilibration oversaturated
salt solutions at roomtemperature for 48 hfor both viability assays anddeiiferential
scanningcalorimetry(DSC)measurements(Rockland,1960;WinstonandBates,1960;
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summarised byVertucci and Roos, 1993b). Inthe 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
constantweight.Water content wasexpressed onadryweight basis asg H20g dw-1.
Viabilityassays
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
onagermination mediumat 24°C(Hoekstra et al., 1992a). Innongerminatedgrains the
cytoplasm is still present whereas inthe germinated grains it has moved intothe pollen
tube. Maize pollen was dusted on a drop of semi-solid germination medium containing
salts according to Brewbaker and Kwack (1963), 15%sucrose and 0.125% agar, and
then placed inanopen petri-dishonthe laboratory bench.After 30 minthe germinated
grains were counted (4 replicates of 50 grains each). To prevent imbibitional damage,
pollengrainswere prehydrated inwater vapour at roomtemperature for 2 hprior tothe
germination assay.
DSC
Pollens, adjusted to different water contents, was hermetically sealed into standard
aluminum DSC pans. Grains with less than 0.1 g H20 g dw-1 were packed into nonhermetically sealingpansto improvethermal conductivity.
Phase transitions in pollen at various water contents were determined using a
Perkin-Elmer (Norwalk, CT) DSC-4or DSC-7,calibrated for temperature with methylene
chloride (-95°C) and indium (156.6°C) standards, and with indium (28.54 J g"1) for
energy. Baselines were determined using an empty pan, and all thermograms were
baseline-corrected. The presence of phase transitions was determined from cooling
andheatingthermograms recorded between-150 and +100°C at arate of 10°C min-1.
The onset temperature ofthe melting andfreezing transitions was determined from the
intersection between the baseline and a line drawn from the steepest portion of the
transition peak. The enthalpy (AH) of the transition was determined from the area
encompassed by the peak andthe baseline. TheTgvalues, detected in pollen with low
water contents, were determined bythe midpoint of the temperature range over which
the change in specific heat occurred. All analyses were performed using Perkin Elmer
software.
Enthalpies of exotherms and endotherms expressed onaper g dry weight basis
were regressedwiththe water content of the pollen.Theslope of the linear relationship
corresponds to AH g_1 H20 and the x-intercept gives the water content below which
melting or freezingtransitions couldnotbeobserved (Vertucci, 1990).
Another calorimetric property of water inthe pollens was quantified by changes
in heat capacity (Cp) at different water contents between 0.01 and 0.30 g H20g dw 1
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 theDSC
isothermal baseline was evaluated while samples were heated 4°C at 4°C min-1, e.g.
-12 to -8°C for the -10°C determination. Heat capacity was measured at the highest
temperature first andthen samples were cooled at 10°C min-1 to the next-lower assay
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temperature and allowed to equilibrate until a steady baseline was achieved (usually
within about 5-10 min). The DSC was calibrated for Cp measurements using benzoic
acidasastandard(Ginnings andFurukawa, 1953).
Results and Discussion
Viabilityand 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 to 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 H20 g dw 1 , and no germination was
observed when grains were dried to 0.1 g H 2 0g dw 1 .

100

Figure 1.1.Thegermination
percentage determined invitro
for cattail (opencircles) and
maize(closedcircles) pollen
driedto different water
contents.
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Phase behaviour of water at different water contents
The calorimetric properties of water in pollen of cattail 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 H20 g dw -1 , 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 observed in cooling runs at
temperatures about 20°C lower than the corresponding melting transitions
(hysteresis effect), and we interpret these as water-freezing transitions
(thermograms not shown). The area encompassed by the exothermic peaks
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were considerably smaller (about 30 J g dw1) than the corresponding
endothermic peaks.Ashasbeenfoundusingseedtissues (Vertucci, 1990),the
onset temperatures of the freezing and melting transitions were considerably
lowerthanfor purewater ordilutesolutions.
At lowwater contents, asmall endothermic peak was observed at about
-20°C for cattail and -25°C for maize (Fig. 1.2C and D, nl). We interpret this
peakasthe meltingof neutrallipids becausethesizeofthe peak andtransition
temperature seemedto be independent of the water content andaresimilar to
triglyceride transitions reportedfor seedtissues (Vertucci, 1989, 1990, 1992;
Hoekstraetal., 1991).
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Figure 1.2. Heatingthermograms ofcattail(AandC)andmaize(BandD)pollenwithvaryingwater
contentsmadeusingDSC.Sampleswerescannedat10°Cmin-1from-120to20°C(AandB) orfrom
-80 to 100°C (C and D). w and nl, Water or neutral lipid melting transition, respectively. D,
Devitrificationevent.G,Glass-to-liquidstatetransition.Numbers bythetraces indicatewatercontent
(gH20gdw1).Arrowsindicatethemidpointtemperatureoftheglasstransition.
Inaddition 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 H20g dw"1the baseline shift occurred at-75°C (Fig.
1.2A, g), whereas in samples of 0.042 gH20 g dw 1 (Fig. 1.2C, g) this shift
occurred at 50°C. Anendothermic peak superimposing the baseline shift was
observed insampleswithwater contents between0.02 and0.06 gH20g dw 1 ,
andisthe "overshoot"commonly observed duringglasstransitions (Berensand
Hodge, 1982; Green and Angell, 1989; Perez, 1994, Leprince and WaltersVertucci, 1995).Atwater contents betweenabout0.25 and0.35 gH20 gdw-1,
the baseline shifts were observed at subzero temperatures and were
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accompanied by exothermic reactions considered as devitrification (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
Leopold, 1992; Sunand Leopold, 1993; Sunet 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 H20 g dw 1 , probably because the 10°C min"1
cooling rate was not rapid enough to allow for glass formation at high water
contents (Vertucci, 1989). At water contents between 0.08 and 0.15 g H20g
dw~\ the shifts in the baseline were not measurable, probably because the
melting transition of the triglycerides and the baseline shift occurred over the
sametemperature rangeandtheformer eventmaskedthelatterone.
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Figure 1.3. Therelationshipbetweenthewatercontentand theAH and freezingtransitionsforpollen
ofcattail(leftpanels)and maize(rightpanels).Thelinesdrawnrepresenttheleast-squaresbestfit.The
slopes of thelines represent theAHof thetransition onaper gwater basis. Areas of peakswere
determinedfromthermogramssimilartothoseinFig.1.2.
PlottingtheAHofthefreezingandmeltingtransitions ofwaterversusthe
water content of the dehydrating pollen may give insight in the different
properties of water (Fig. 1.3). The AH g -1 H20 of the melting and freezing
transitions, calculated from the slopes of the linear relationship between AH g
dw-1 versus water content (r2 > 0.99 for all regressions), was approximately
300 and330 Jg -1 H20,respectively,for both pollen species.Aslight reduction
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inthevalueof AHg"1H20comparedtothevaluefor purewater (333 Jg"1H20)
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 AHof about 100 J g"1 H20has been observed in orthodox and minimally
recalcitrant seeds at water contents between 0.15 and 0.45 g H20 g dw 1
(Vertucci, 1990;Vertucci etal., 1994a).
Theamountof unfrozenwater inbothpollenspecies,calculatedfromAH
of the freezing and melting transitions versus water content relationships (Fig.
1.3), was 0.27 and 0.36 g H20 g dw"1 for cattail and maize, respectively, if
determined from freezing transitions, or was 0.21 and 0.26 g H20 g dw~\
respectively, if determined from melting 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
crystallisationevents.
The viability of maize pollen declined if it was dried to water contents
between 0.4 and 0.2 g H20 g dw"1 (Fig. 1.1). This water content range
coincideswiththe removalofthe unfrozenwaterfraction andsuggeststhatthis
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
successfulwithpollenhavingwater contents intherangeof 0.10 to 0.15gH20
g dw-1 (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
waterfractionto water contents lessthan0.10 to 0.15 gH20gdw-1leadstoa
loss in fertility. For the tolerant cattail pollen, removal of unfrozen water is
toleratedto muchlowerwatercontents.
Cpatlowwatercontents
Atwater contents lessthan about0.3 g H20 gdwr1,water freezingandmelting
transitions were not observed (Figs. 1.2 and 1.3). Toinvestigate the properties
of water atthese lowwater contents, Cpwas measured inboth pollen species
attemperatures between +30°C and-60°C (Fig. 1.4). The Cpof pollen grains
was afunction of water content andtemperature. TheCp changed sigmoidally
as afunction of water content, and three hydration regions (a, b and c) could
bedistinguished(Fig.1.4). Onlytwo hydrationregionswereobservedat-60°C.
Thewater contents atwhich changes inthe 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. Therelationship betweenthewater content andthe heat capacity of cattail andmaize
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
least-squaresbestfitofallthe data.
decreasing temperatures (Fig. 1.4). Such changes in the properties of water
with water content and temperature have been predicted on the basis of
thermodynamicalconsiderations (Vertucci, 1993;VertucciandRoos,1993b).
The slopes of lines drawnfor the Cp-water content relationship (Fig. 1.4)
withineach hydration regiongavethe Cpof the water inJ "C"1 g"1 H20for that
region. The Cp of water in pollen containing less than 0.3 g H20 g dw 1 and
held at different temperatures differed from what has been reported for pure
water intheliquidandhexagonalicestate(Fig.1.5). Inthefirst hydration region
(Fig. 1.4, a), the Cp of water ranged between 0.1 and 2.2 J "C"1 g"1 H20,
depending,on temperature, for both pollens. Except for the -60 and -40°C
measurements incattail,the Cpofwater inregionais considerably lowerthan
the Cpof pure water inany state (Fig. 1.5). Althoughthe significance of water
with such low Cphas 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
decreaseswithdecreasingwater content.
At intermediate water contents (region b),the Cp of water inthe pollens
ranged between 4 and 9 J °C_1 g"1 H20,depending ontemperature, and was
considerably higherthantheCpof pureliquidwater (rangingfrom 4 to 5J°C_1
g"1H20attemperatures between-20and+40°C)(Fig. 1.5). Inthis regionglassto-liquid transitions were observed as power shifts in the baseline (Fig. 1.2).
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Values of Cpthatwere higherthanthat of liquidwater have also been reported
for seedtissues (Vertucci, 1990).
Asthe water content of pollen grains is increased to between 0.12 and
0.20 g H20gdwr1for temperatures between +30 and-20°C, respectively,the
Cp of water approaches that of pure liquid water. This third hydration region
(region c) was not observed at -60°C, perhaps because the water content in
this region c is close to where freezing and melting transitions become
detectable. The viscosity of food polymers at comparable water contents is
much lowerthanthatof theglassy state,but it isconsiderably higherthanthat
of liquidwater (SladeandLevine, 1991b; Kalichevsky etal., 1992;Angellet al.,
1994). This condition is commonly referred to as a"rubbery state' (Slade and
Levine, 1991b; Peleg, 1993).

regionB

regionC

40

Temperature(°C)
Figure 1.5. The heat capacity of water measured in cattail and maize pollen at different water
contentsand temperatures.Cpvalueswerecalculatedfromtheslopesofregressionlinesgivenin Fig.
1.4. Values of the Cpof pure water were taken from Angell (1982) (ice); Ginnings andFurukawa
(1953),WakabayashiandFranks(1986)(liquid).
Statediagrams:implicationfordesiccationtolerance
Inprevious studies, the impact of temperature andwater content onthe
formation ofglassy states andonthefreezingbehaviour ofwater inseedshave
been displayed in state/phase diagrams (Williams and Leopold, 1989; Bruni
and Leopold, 1992; Vertucci et al., 1994a). In Fig. 1.6 such state/phase
diagrams are depicted for cattail and maize pollen. For both pollens, melting
transitions of water (Tme,t) were observed at higher temperatures and lower
water contents than freezing transitions (T,reeze), but no obvious differences
could beobserved betweenthe pollens.TheTg,derivedfrom anapparent shift
in the thermogram baseline (Fig. 1.2), decreased with increasing water
contents. The temperatures at which the glass transition occurs in these two
pollen species is lower than has been reported for seeds (approximately 10 to
20°C difference; Leopold et at., 1994), with maize pollen having a slightly
higherTgthancattailpollen.
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