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Summary. This review summarizes recent studies on the mechanisms and
compounds taking part in acquisition and maintenance of desiccation toleran-
ceof seeds. Therole of ABA in regulating gene expression in either develop-
mental or stress situation is discussed. Special attention isgivento LEA pro-
teins as protectors hel ping seeds to tol erate desiccation at maturity aswell as
following imbibition and germination. The physiological significance of des-
iccationin redirection of primary metabolism of seedsfrom development to
germination is emphasized. Studies on the determination of the functions of
ABA-regulated gene products and on the identification of genes that con-
tain information of desiccation (dehydration) tolerance are also reviewed. This
kind of information is essential for crop breeding purposesin order to improve
stresstolerance or the productivity of crop plants under field conditions.

Key words: maturation of seeds, seed desiccation, desiccation tolerance, pre-
mature drying, germination of seeds, dehydration stress

Abbreviations: ABA — abscisic acid, DAP — days after pollination, GA —
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Introduction

Dehydration of plant cells can be imposed environmentally (drought, cold, heat
shocks) or developmentally (seed maturation). Dehydration tolerance has been invest-
igated using three main approaches: 1) examining tolerant systems, such as seedsand
resurrection plants, 2) analyzing mutants from genetic model species, 3) analyzing
the effects of different kinds of stress on agriculturally relevant plants (Ingram and
Bartels, 1996; Bartels et al., 1996).
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The orthodox seeds undergo maturation drying (desiccation) on the parent plants
as atermina event in their development (Black, 1991; McCarty, 1995; Kermode,
1995). During seed maturation the embryo reachesits lowest water content (as much
as 90% of the original water isremoved), prepares for desiccation, becomes desiccat-
ed, and enters a period of devel opmental and metabolic arrest (Leprince et al., 1993;
Bartels et al., 1996). Recalcitrant seeds cannot sustain desiccation even when they
reach maturity, and they do not survive drying which normally occurs with seed devel-
opment and maturation (Chandler and Robertson, 1994). Cereal seeds are an interest-
ing model system for investigating the mechanisms of desiccation tolerance astheir
embryos can sustain reductions in water content of about 80% whereas such severe
desiccation kills cells from vegetative parts of the plant (Bartels et al., 1996; Jensen
et al., 1996).

Seed mutants with defectsin embryo maturation are of aparticular interest con-
cerning desiccation tolerance acquisition (Koornneef et al., 1989; Meinke, 1995).
These seeds are desiccation intolerant at maturity because they fail to activate em-
bryo-specific programmes|ater in devel opment. Theimmature embryos of these seeds
enter prematurely in a germination pathway (Meinke, 1992).

Acquisition of desiccation tolerance

The desiccation period is most likely initiated by the loss of vascular supply of water
and assimilates from mother plant to seed asaresult of funiculus detachment between
40 and 50 days after pollination (DAP) and senescence of the covering tissues (Green-
wood and Bewley, 1982). The embryo of dry seedsisdormant and highly tolerant to
desiccation but it cannot withstand desiccation at al developmental stages. Tolerance
isusualy acquired well before the maturation drying stage (the absolute time varying
among species) but islost as germination progresses (Ingram and Bartels, 1996; Blum,
1996). Seeds are desiccation-intolerant (incapable of surviving theimposed stress of
premature drying) at early stages of development and a dehydration treatment (dry-
ing) at this stage does not lead to germination upon rehydration. However within a
few days (4-5) the seeds acquire both atolerance to slow desiccation and an ability to
germinate upon subsequent rehydration. Probably at early stages of development seeds
are not capable of recovering their full cellular and metabolic integrity following pre-
mature desiccation (Dasguptaand Yeung, 1982). In the vast majority of seedsthetran-
sition to adesi ccation-tolerant state occurs approximately midway (30—40 DAP) trough
their development (Kermode and Bewley, 1985 a, b; Black, 1991; Kermaode, 1995).

Desiccation damage

When water leaves a cell that does not tolerate desiccation many events occur: sol-
utes (sugars, salts, amino acids) become more concentrated, possibly increasing the



102 D. Nedevaand A. Nikolova

rate of destructive chemical reactions. Some solutes may crystallize, changing the
ionic strength and pH of theintracellular solution, proteins become denatured irrevers-
ibly, membranes become disrupted |eading to the loss of compartmentation (K oster,
1991). Dehydration stress causes also alterations in the chemical composition and
physical properties of the cell wall, cell elongation stops and lignification processes
begin (Peleman et al., 1989; Nonami and Boyer, 1990; Ingram and Bartels, 1996).

Mechanisms of desiccation tolerance

The ability to survive the desiccated state isaresult of adaptationswhich prevent cel-
lular destruction during the withdrawal of water. Well before the onset of seed desic-
cation a number of physiological and biochemical changes occur, that prevents the
damage of cellular components by water loss (K oster, 1991). It isnot yet known what
critical cellular changes occur during the brief period (4-5 days) when aseed changes
from being intolerant of desiccation to being tolerant. Probably during thistime the
initial induction of protective components occurs (McKersie and Leshem, 1994; Ker-
mode, 1995). It has been suggested that some compounds (hormones, proteins, en-
zymes, sugars) or cell structures (membranes) play akey rolein thistransition (Wil-
liams and Leopold, 1989; Crowe et al., 1992; Leprince et a., 1993).

Protection against |ethal damage in seedsis correlated with the accumulation of
sugars (Amuti and Pollard, 1977; Blackman et al., 1992) and proteins, i.e. dehydrins
(Bradford and Chandler, 1992; Close, 1996). Sugars may protect the cell during severe
desiccation by glass formation (Williams and Leopold, 1989; Koster, 1991), by al-
terationsin properties of cell membranes or by replacing water molecules at their bin-
ding site on the membranes (Crowe et a., 1992). The presence of disaccharides (treh-
alose or sucrose) have been found to help stabilization of cell membranes during dry-
ing. Sugars may contribute to the stabilization of protein structure by hydrogen bonds
formed between carbohydrate hydroxyl groups and polar residuesin proteins (Crowe
et al., 1992). High concentrations of sugars inhibit molecular mobility and therefore
restrict biochemical reactions (Williams and Leopold, 1989).

Sugar accumulation is not the only way in which plants cope with desiccation.
Enzymes of sugar metabolism, e. g. sucrose-phosphate syntase, sucrose synthase are
of great significance for desiccation tolerance (Ingram and Bartels, 1996).

Proteolytic enzymes with functions in degradation of abnormal proteinsand in
protein repair could be particularly important during desiccation, when protein turno-
ver rates are low (Mudgett and Clarke, 1994; Ingram and Bartels, 1996).

Enzymes concerned with removal of toxic intermediates produced during oxyg-
enic metabolism and lipide peroxydation of cell membranes (e.g. glutathione reduct-
ase, superoxide dismutase) are probably very important in dehydration tolerance. The
positive regulation (up-regulation) of genes, encoding enzymes that detoxify active
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oxygen species has been established under stress conditions (Ingram and Bartels,
1996).

The cell membraneis considered asaprimary site of dehydration damage (Senar-
atna and McKersie, 1983). The changes in the structure and/or composition of cell
membrane are related to the acquisition of desiccation tolerance. These changes may
provide aresistance against disruption of the membrane bilayer organization (Senar-
anaand McKersie, 1983). High degree of unsaturation of membranefatty acidsfacil-
itates their oxidation and leads to membrane disorder. On the other hand an increased
amount of lipid soluble antioxidant may protect membrane lipides during desicca-
tion (Senaratha et al., 1987).

Obvioudly the cells of orthodox seeds and desiccation tolerant plants are devel op-
ed mechanisms which make them able to limit damages during drying, to maintain
their physiological integrity in the dry state, and then to mobilize repair mechanisms
upon rehydration (Bewley, 1979).

ABA and desiccation

In seeds, ABA influences and perhaps regulates several processesincluding reserve
material synthesis (Quatrano, 1986), dormancy (Karssen, 1983), water loss (Koorn-
neef et al., 1989) and desiccation tolerance acquisition (Black, 1991; Chandler and
Robertson, 1994). It may modulate gene expression allowing maturation to proceed,
while precocious germination isinhibited (King, 1976; Quatrano, 1986). The major
action of ABA in seeds and other plant parts is the regulation of gene expression.
ABA inducesthe synthesis of several different kinds of proteinsthat may play impor-
tant physiological role during seed development (Skriver and Mundy, 1990; Hether-
ington and Quatrano, 1991; Chandler and Rabertson, 1994). The most typical example
for ABA-modulated gene expression are LEA genes, expressed in late maturation
phase of embryos and also in plants in response to various environmental stresses
(Skriver and Mundy, 1990; Close, 1996). The mRNAs encoding late-embryogenesis
abundant (LEA) proteins first appear at the onset of seed desiccation in middevel-
opment of seeds. These LEA transcripts are abundant in dehydrated tissues and gradu-
aly fall several hours after embryos begin to imbibe water (Baker et al., 1988; Bray,
1993; Close, 1996; Ingram and Bartels, 1996). It was shown that L EA-proteins con-
fer resistance to desiccation due to their unique chemical properties — sequestration
of ions, protection of other proteins or membranes, and renaturation of unfolded pro-
teins(Dureet a., 1989; Dure, 1993). Exogenous ABA promotes the synthesis of these
proteins in early stage of immature barley embryos and at the same time also con-
fers desi ccation tolerance on them (Skriver and Mundy, 1990).

LEA genes belong to the class of genes that can express in responce to devel-
opmental and environmental stimulus (Thomaset a., 1991). It have been considered
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that the signalsfor controlling the expression of these genes are the changesin ABA
level during seed development (Hughes and Galau, 1991, Bartels et a., 1996).

The concentrations of LEA proteinsin the cellsare usually very high, e.g. in mat-
ure cotton embryo cells, the D7-class of LEA proteins represent about 4% of cytos-
olic protein content (Roberts et a., 1993). LEA proteins can help in maintaining the
minimum cellular water requirement because some of them may bind water molecules;
they can act asion traps, sequestering ions that are concentrated during desiccation
(Baker et al., 1988). LEA proteins may support the possible role of sugarsin maintain-
ing the structure of the cytoplasm in the absence of water. These proteins are consider-
ed as better protectants than sucrose because they cannot crystallize.

The most studied LEA proteins are dehydrins. They (a.k.a. LEA D-11 family)
are heat stable, soluble, immunologicaly distinct proteins. They have been observed in
over 100 independent studies of different kinds of stressthat have adehydrative com-
ponent, embryo devel opment and responses to exogenous ABA (Close and Chandler,
1990; Bradford and Chandler, 1992; Close, 1996). Dehydrinsrangein sizefrom 9kDa
for rice (Takahashi et a., 1994) to 200 kDafor wheat (Oullet et a., 1993). Their prec-
iseroleisnot known, but it has been proposed that they stabilize the basic cell architec-
ture by interaction of dehydrin a-helical domainswith the surface of stabilized molec-
ules, and interaction of hydrophilic domains with the solution (Close, 1996). A di-
rect relationship between these proteins and desiccation tolerance has not yet been
proven. Further studies have to elucidate the correlation between presence of dehyd-
rins and ability of seedsto withstand desiccation.

Besidesits function in the regulation of LEA genes expression, ABA takes part
also in the inhibition of genes encoding certain reserve-mobilizing enzymes (Jacob-
sen and Chandler, 1987). For example, ABA participates in the suppression of a-
amylase activity in developing seeds of some species, presumably by arresting en-
zyme synthesis (Black, 1991; Jiang et al., 1996; Chandler et al., 1997). From this point
of view ABA is probably one of the main factorswhich isresponsiblefor the absence
of mobilizing activity in premature seed.

Understanding of the molecular mechanisms of desiccation tolerance involves
the study of how ABA regulates gene expression. An important question is whether
desiccation or ABA act directly on the regulatory region of genes and where the re-
sponsive sequences are located (Bartels et al., 1996).

In our opinion the following evidence from the literature can be summarized in
support of the role of ABA in desiccation tolerance:

1) A good correl ation between the onset of desiccation tolerance and the endogen-
ous ABA levels has been established (King, 1982; Henson, 1984; Rock and Quatrano,
1995). During seed development ABA concentrationsincrease parallel to theincrease
in fresh weight and then decrease as the seed begins to desiccate (Zeevart and Creel-
man, 1988; McCarty, 1995; Quatrano et al., 1997).

2) Treatment of ABA-deficient seeds of Arabidopsis with ABA during their devel-
opment effectivelly conferred desi ccation tolerance up to 100% (K oornneef et al., 1989).
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3) Excised embryos of cotton seeds incubated in ABA to prevent precocious
germination, expressed LEA genes at very high levels (Ihle and Dure, 1972).

Progressin understanding the role of ABA in desiccation tolerance has been ac-
hieved by characterizing ABA-deficient or ABA-insensitive mutants (Black, 1991;
Leon-Kloosterziel et al., 1996). It was shown that a strong positive correlation ex-
ists between endogenous ABA level s and desiccation tolerance in the aba/abi 3 recom-
binants of Arabidopsis seeds. These seeds retain ahigh water content throughout dev-
elopment. They are desiccation intolerant and fail to produce the LEA proteins found
in the wild type. These seeds can overcome desiccation intolerance by simple treat-
ments with ABA that also restore production of LEA proteins which are present in
normal seeds (Koornneef et al., 1989). Viviparous maize ABA-deficient or ABA-in-
sensitive mutants do not dehydrate, nor do they contain LEA gene products (Kriz et
al., 1990). Recalcitrant seeds which are desiccation-intolerant cannot produce LEA
proteins. One of the explanationsfor thisfailure is connected with ABA deficiency,
insensitivity to this hormone or absence of LEA genes.

The source of the seed’s ABA isnot yet clear, but it has been proposed that the
embryo and endosperm can synthesize ABA (Milborrow et a., 1973; Black, 1991).

ABA is undetectable in developing seeds until about 16 days after pollination,
thereafter the level steeply rises, reaches apeak around the onset of maturation (King,
1982), then disappears by full maturity (Black, 1991; Thomas, 1993; Chandler and
Robertson, 1994). For examplein wheat grains ABA levelsincrease before any ap-
preciable water loss occurs, i.e. before seed desiccation (Milborrow, 1974; Radley,
1976). During the later stages of growth of wheat grainsthere isadramatic increase
(up to 40 fold) in the content of abscisic acid. Thislevel remains high from 25 to 40
DAP. Thenin association with natural or artificia drying of the grains, thereisarapid
drop (5—-10fold) inthe ABA content and abrief increase in the content of bound ABA
(King, 1976). These high ABA levels are thought to prevent immature embryo from
germination and to promote embryo tolerance to desiccation (McCarty et al., 1991;
Thomas, 1993).

Datain the literature show that two mechanisms change consecutively in order
to prevent premature germination of developing seeds. In immature seeds the high
ABA levels prevent precocious germination. In dry seeds the desiccation plays this
function. ABA and low water potentials seem to be interchangeable in their effects
on seed germination control (Black, 1991).

Physiological significance of seed desiccation

The biological significance of seed desiccation at a whole plant level is to ensure
species survival. The desiccated seed can successfully survive extreme environmen-
tal conditions and to achieve wide dispersal (Leprince et a., 1993; McCarty, 1995;
Bartelset al., 1996).
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Desiccation ensures seed dormancy even in the absence of ABA. Seed dormancy
is associated with or induced by the phenomenon of drying during seed maturation
(Trewavas and Jones, 1991).

Desiccation serves as the boundary between seed maturation and germination.
It prepares the embryo for germination trough redirection the metabolism from adevel -
opmental to a germinative mode. Data in the literature show that this redirection of
programme could also be €elicited at earlier stages of development, before the seed
reaches full maturity (Kermode and Bewley, 1985a, b; Kermode, 1990; Kermode,
1995). When desiccation isimposed to seeds before maturation a switch of metabolic
eventsiselicited: synthesis uniqueto development isterminated, while this associated
with germination and growth isinitiated (Evans et al., 1975; Oishi and Bewley, 1990).
Thisisdemonstrated by a changein the pattern of protein synthesiswithin many seeds
upon subsequent rehydration (Kermode and Bewley, 19853, b; Kermode and Bewley,
1986; Kermode and Bewley, 1988). Besides desi ccation/rehydration treatment devel -
oping seeds can be induced to germinate precociously by isolation of immature em-
bryos from seed tissues.

Desiccation, premature or natural, is also necessary for the induction of synthesis
of enzymesinvolved in protein breakdown and lipid utilization during the postgerm-
inative stage of seedling development (Chandler et a., 1997). Suchisthe casein castor
been endosperm in which premature drying inducesisocitrate lyase and L-leicyll-B-
naphthylamidase to levels comparable to those produced following germination of
mature seeds (Kermode, 1995; Jiang et al., 1996). Adams et al. (1983) demonstrated
that immature soybean seeds can produce malate synthase and isocitrate lyase activi-
ties only after they arefirst subjected to aslow drying regime.

Desiccation may alter the responsiveness of aleurone layer to hormones. Chan-
dler et al. (1997) speculate that the sensitivity of the aleurone layer to GA had been
changed as aresult of premature drying. These authors explain the reduced capacity
of aleurone layer to bind this hormone with changesin thelevels, availability or con-
formation of hormone receptors. In many cereal seedsthe sensitivity to thishormone
can be induced prematurely following imposed drying (Armstrong et al., 1982; Oishi
and Bewley, 1990). Similar results are reported by Adams et al. (1983) for tenfold
reduction of castor been seeds responsiveness to ABA following drying.

Desiccation eliminates the influence of factors which prevent germination of
seedsin two ways—through influence upon ABA level itself or decreasing the sensit-
ivity of the embryo to ABA (Kermode and Bewley, 1986). In the first case drying
may affect the hormonal balance of the seed, ABA breakdown may be promoted either
by depl etion of endogenous ABA pool, or by conversion of ABA to conjugated forms
(Ackerson, 1984). In the second case the content or conformation of ABA receptors
is probably changed, which leads to a decrease in embryo competence to hormone
(Finkelstein et al., 1985).
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Desiccation appearsto act primarily at the transcriptional and posttranscriptional
levels (MRNA processing, transcript stability, trand ation efficiency, and protein mod-
ification or turnover). Asit regards transcription, desiccation affects an off- or nega-
tive (down-) regulation of the synthesis of developmental mRNASs and an positive
(on-) regulation of MRNA synthesis associated with germination and growth (Ker-
mode, 1990; Jiang and Kermode, 1994; Kermode, 1995). At genelevel itisproposed
that cis-acting promoter el ements probably serve as binding sites for transcription fac-
torsand arethereforeinvolved in stress (desiccation) specific gene activation (Bartels
et al., 1996). For example, it has been found that the promoter regions of storage pro-
tein genes contain the information for their down regul ation during seed desiccation
(Jiang et al., 1995).

Comparisons between mechanisms underlying drought and desiccation
tolerance

A relationship between mechanisms of drought tolerance of plants and desiccation

tolerance of seeds has been considered. It has been proposed that plants may pos-

sess ageneral mechanism of resistanceto any stressthat resultsin desiccation of the
protoplasm (Levitt, 1958). This hypothesis could be supported by the following evi-
dence:

1) A close similarity exists between the effects of desiccation and dehydration
(drought) on cell metabolism.

2) Severa geneswhich are expressed during drought in vegetative tissues are also
expressed during desiccation of developing seeds (Close, 1996).

3) Many geneswhich respond to ABA and water deficit, and are considered to func-
tion in the protection of cells from dehydration, are also expressed at the late
stages of seed embryogenesis (Skriver and Mundy, 1990).

4) ABA may play similar roles during periods of environmentally and developmen-
tally imposed water deficit.

5) Genesoriginaly identified in drought-stressed vegetativetissue arerelated to the
LEA genesthat accumulate during the maturation stage of seeds (Ihle and Dure,
1972).

In our opinion however there are some significant differences between drought
and desiccation tolerance. They can be summarize as follow:

1) Leaves, stemsand roots of plants are less susceptible to large reductions in water
content compared to seeds (Mullet and Whitsitt, 1996).

2) Atawholeplant level, dehydration isenvironmentally imposed. Several mechan-
isms exist to avoid cell desiccation under adverse conditions which al lead to
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reduced water flux through the plant or increased water uptake — reduced leaf
growth, stomatal closure, increased root growth (Tardieu, 1996).

3) Tolerancetodrought israrely observed in vegetative parts of plants, while numer-
ous other organisms such as yeast cells, bacterial and fungal spores, angiosper-
mous seeds and pollen are able to survive extreme dehydration (Leopold et al.,
1992; Bartels et al., 1996).

4) Inorthodox seeds embryo desiccationisanormal part of the seed maturation proc-
ess (McKersie and Leshem, 1994; Kermode, 1995; Close, 1996; Mullet and Whit-
sitt, 1996).

5) Several genes which show ABA-regulated expression following dehydration
stress in vegetative tissues, do not seem to require ABA for expression in seeds.
Probably in seedsthey are under adifferent developmental programme indepen-
dant of ABA (Chandler and Robertson, 1994). These genesinduce tissue protec-
tion against severe dehydration, and are frequently expressed in the dehydrating
embryos of agronomic crops (Jensen et al., 1996).

6) Processesin developing seedsare very sensitiveto ABA in comparison with those
in drought stressed plants (Bray, 1991).

7) Desiccation tolerance in embryos occurs in a metabolically quiescent tissue,
whereaswater stressin plant occurs during active metabolism and growth (Bartels

et al., 1996).

Knowledge about the desi ccation tolerance mechanism in seeds can help to eluc-
idate the factors and components required for dehydration tolerance in plants. The
information provided by such studiesis essentia for crop breeding purposesin order
to improve stress tolerance or the productivity of crop plants under field conditions.
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