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ABSTRACT

Molecular studies of drought stressin plants usea variety of strategies ard
include different species suljected to a wide range of water ddficits. Initial
reeachhasby necessty been largely de<riptive, andrelevart geneshave been
identified either by referenceto physidogical evidenceor by differential sceen-
ing. A largenunberof geneswith apotenial rolein droughttolerance have been
degribed and mgor themes in the moleaular repons hawe been egalishel.
Paticular areas of importane are sugar meakolism andlate-embryogenesis
abwndant (LEA) proteins. Studies have begun to examine medanisms that
cortrol thegere expresson, andputative regulatory pathways hawe beenegab-
lished Ree@nt atempts to underdand gere function hawe utilized trangyeric
plants Theseefforts areof clea agonomt importane.
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INTRODUCTION

This review considersmolecularmechanism involved in dehydrationtoler-
ancein plants.Most plantsencounterat leasttransientdecrease relative
watercontentat somestageof their life, andmanyalsoproducehighly desic
cation-toleranstructuressuchasseedssporesor pollen. Indeed,physiolog-
cal droughtalsooccursduring cold and salt stresseswhenthe main damage
causedo theliving cell canberelatedto waterdeficit (84, 124). Althoughwe
arestill far from a completeunderstandig of the damagecausecdoy drought,
or the plants tolerancemechanismsmuch molecubr datahasbeencollected
overthe pastfew years.Currentknowledgeof the regulatorynetworkgovern
ing the drought-stessresponsess alsofragmentarywith almostno informa
tion on signalperceptionHowever,signaltransductionvia ABA atleast,and
the promotemodules of several respongenes, are starting be elucidated.

Someof the most recentefforts to understandgenefunction have used
transgenic plantsand thesestudies have significant implcationsfor crop
developmentPlantbreedinghasalreadyprovidedan enormousmprovement
in the drought tolerancef crop plants (1), with selectionoften allowing
desiredtraitsto betransferredrom closewild relatives. However,mostof the
traits are complex, and their molecularbasisis frequently not understood
With our rapidly expandingknowledgeof the underlyingmolecularprocesses
involved in dehydrationtolerance togetherwith the technoloy of genema
nipulation, crop improvementan nowalso be basedn genetic material
transferred from any organisamd usedn a directednanner.

RESEARCHSTRATEGIES

Dehydrationtolerancehasbeeninvestigated using three main approaches
plants:(a) examiningtolerantsystemssuchasseedsandresurrectiorplants;
(b) analyzingmutantsfrom geneticmodel species;and (c) analyzingthe ef-
fects of stresen agriculturaly relevant plants.
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Tolerant Systems

Oneapproachof physiobgical researchin dehydrationtolerancehasbeento
usespecificstructuresor specieghat canwithstandseveredesiccationMost
prominentin this categoryare certainseedq73, 82), but desiccation-tarant
speciessuch as resurrectionplants (angiosperms)8), mosses(particularly
Tortularuralis), andferns(98) arealsoincluded.Both seedsaandtheresurree
tion plant Craterostigmaplantagireumsurvive severedehydration therefore,
the detailed molecular analysesof these systemsshould reveal expressed
genes thatontainthe genetiénformation for desiccationolerance.

SES Thefinal maturatiorstageof thedevelopnentof seedss characterized
by desiccationandasmuchas90%of theoriginalwateris removedn attainirg
a stateof dormancywith unmeasurablenetaboism (73). This desiccatedtate
allows survival underextremeenvironmentatonditions andfavorswide dis-
persal.The embryocannotwithstanddesiccatiorat all developmentastages;
toleranceis usually acquiredvell before maturationdrying but is lost as
germinationprogressesThe seedf many specieshavebeenusedto isolate
themRNA andproteinsrelatedto thedesiccation-tieranceresponsencluding,
in particular,thoseof Arabidopsisthaliana (100) andof crop speciessuchas
cotton(Gossypiunspp.)(6), barley(Hordeumvulgare (9), maize(Zeamay$s
(99), andrice (Oryzasativg (91). However,a significantcomplicationwith
thesestudiesis thedifficulty of separatinghe pathwaydeadingto desiccation
tolerance fronthose involed withother aspectsf development

The mainachievemendf molecularstudieswith seedshasbeentheidentk
fication and characterizatiorof the late-embryogenesis-abundghEA) pro-
teins.LEA-protein mRNAs first appearat the onsetof desiccationdominate
the MRNA populationin dehydratedissues(111), and graduallyfall several
hoursafterembryosbeginto imbibe water (seesectionon Late-Embryogene
sis-AbundanProteins).

RESURRECTIONPLANTS Resurrectiomplantsareunigueamongangiosperrmin
their ability to survive during droughtyhenprotoplasic desiccatiorcanleave
<2% relative water contentin the leaves(8). When wateris withheld from
matureindividualsof C. plantagineumgchangesapidly occuratthemRNA and
proteinlevels(8), eventuallyleadingto thetolerantstate A particularadvantage
of theseplantsin studiesatthemoleculadevelis thatdesiccatiortolerancecan
beinvestigaédin bothwhole plantsandundifferentiateccalluscultures(Tol-
erantcallusof C. plantagheumis obtainedby pretreatmentvith ABA) (8). In
the callustissue,andto a certainextentin whole C. plantagheumplants,the
transitionto thetolerantstates largelyfreeof thecomplicationsof development
or otheradjustnentsinherentin seedsr otherplantsystemsOneof the most
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striking featuref thedesiccation-inducegenesharacterizettom vegetative
tissuesof C. plantagheumhasbeentheir similarity to the genesexpressedn
seeds of othespecies.

Genetc Model Systems

Geneticmodel systemsare a secondmajor approachto the examinatio of
dehydratiortolerance Thesesystens takeadvantag®f detailedgeneticinfor-
mation,a widerange ofmutans, and thefeasibility of positioral genecloning
Progressn understandinghe role of ABA in desiccatiortolerancehasbeen
achieveduy characterizingnutants suchasthe ABA-deficient mutantsflacca
(tomato,Lycopersicoresculentumn(22) anddroopy (potato,Solanunmtuberc
sun) (108).A numberof mutatiors related tABA action arealso available in
A.thaliana, andtheir analysishasprovidedmanyinsightsinto ABA-mediated
droughtresponsesA. thaliana lines that are lesssensitve to ABA thanthe
wild-type have mutatians at the abi loci [43; seealsothe maizevpl mutant
(82)]. The detailedgeneticinformationavailablefor A. thaliana facilitatedthe
isolationof the ABI1 and ABI3 genesby posiional cloning (42, 74, 86). ABI3
is specificallyexpressedn seedsandprobablyencodes transcriptionfactor
ableto activateleatype genes(100), and ABI1 encodesa calcium-regulated
phosphatase.

Crop Plants

A third approachin researchinglehydratiortolerancehasbeento usespecies
importantto agriculture tanalyze thelantresponseafterdrought stressthis
type of studyis usefulbecausethroughintensve breedingor in vitro selee
tion, lines are availablewith differing degreesf tolerance Thus, correlative
evidencecanbe soughtfor genegputativelyinvolvedin the droughtresponse.
The transientand moderatedroughtstressrepresentedh studiesof crop spe
ciesprobablydescribeshemostcommonform of dehydratiorthatmostplants
arelikely to encounterTheintensily of researcthasthusenableca muchmore
complete picture of the possiblefactors involved in drought toleranceto
emerge.

GENES WITH UPREGULAED EXPRESSION IN
RESPONE& TO DEHYDRATION

To establi the basicresponse®f plantsto drought,two of the approaches
already outlined—examinatio of tolerant systemsand crop plants—have
beenmostproductive Onetypeof analysisnvolvestargetinggeneghoughtto
beimportant,suchasthosefor the manyenzymesn drought-nduced metabo
lic pathwaysA secondapproachusesdifferential screeningo isolateupregu
latedgenesTheseexperiments havieeensuccessfuin describingnanygenes
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encodingproteinsof known function associatedvith desiccation(Table 1).
Differential screeninghas also revealedmany genesof unknown function,
which areincludedin Tablesl1 and2; the largestgroupis the array of LEA-
protein-relatedjeneqTable3). Someof the genesmaybeinvolvedin secon
dary problemsof drought-stresseglants,suchasincreasedsusceptibity to
pathogense.g. pcht28 (encodingan acidic endochitirase)(Table 1; 17) and
SC514(encodinglipoxygenase)Table 1; 10). Genesinvolved in signalirg

Tablel Geneaupreguatedby drought stres8 andencaling paypeptidesof known function

cDNA Souce Encodedpdypegide Ref

GapCcCrat Craterostgmaplantagineun Cytosolc glyceratetyde 3- 129
phosplatedetydrogenase

pSP3 C. plantagineum Swerose-osphaé syrthase b

pSS1pSP C. plantagineum Swerosesynhases 36

pPPQ Mesembryaritemun Phosploerolpyruvatecarbaxylase 130

crystalinum

pBAD Hordeumvulgare (barkey)  Betaire alcehydedetydrogenase 54

CAtPSCS Arabidopsisthaliana d-pyrroline5-cartoxylate 145
synhetse

RD28 A.thaliana Water chanrel 141

SAM1; SAM3 Lycopersiconesculetum S-ademsy-L-methionine syrihetases37

(tomab)

rd19A; rd21A A.thaliana Cysteire proteases 67

UBQ1 A.thaliana Ubiquitin extensia protein 66

pMBM1 Triticum aestvum (wheat)  L-isoaspastl mettyltrarsferase 90

SCsl4 Glycine max(soybean Lipoxygerase 10

CATCDPKY A. thaliana C&*-depenent calmaluin- 127

CATCDPK2 indeperlert protein kinases

PKABA1 T. aestvum Prdein kinase 4

CAtPLCL A.thaliana Phosplatidylinositol-specifc 53
phosplolipase C

Apxlgene Pisumsatvum(pea) Cytosolic ascorlateperoidase 89

Sal 2 gere P. satvum Cytosolic copperizinc sugeroxde 135
dismutase

P31 L. escuenum Cytosolic copperizinc sugeroxde 102
dismutase

pch28 L. chilense Acidic endbchtinase 17

Atmyb2 A.thaliana MYB-protein-relatedtrarscrigtion 128
factar

ERDI11; ERD13  A.thaliana Glutathione Stransferases 63

cAtsEH A. thaliana Sduble epaidehydrdase 61

#The bestcharaatrizedplantgeresfrom which cDNA cloneshawe beendemmstatedto show
increasednRNA expressim levelsin respoiseto drought stresawve beenincluded Drought stress
hasbeentakento include guite diversetreatmens, ideally wherewaterhasbeenwithheld from the
plant but alsofor exampe by apdying osmadic stresswith manrnitol solutionsor by detaching plant
organs.

®|ngram& Bartels, unpublished dag.
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andcontrolprocesseare considereih the sectionon Second Messengeasid
SignalingMolecules.

Metabolism

Changesn primary metabolsmarea generakesponseo stressn plants.For
example,a cDNA-encodingglyceraldehyde-3-phospleadehydrogenaséso-
lated from the resurrectionplant C. plantagireum(Table 1; 129), showsin-
creasedexpressionduring droughtand upon ABA treatment.However, in-
creasedevels of the enzymeare also associatedvith other environmersl
stresse@n plants,possibly reflectingincreasednergydemandProteasemay
alsobe animportantfeatureof stressmetabolsm, dispensingwith redundant
proteinsand depolymeriziig vacuolarstoragepolypeptices, therebyreleasing
aminoacids for thamassivesynthesif new proteingTablesl and 250).

Enzymesf sugametabolism arerobably criticain desiccatioriolerance.
It has beerlemonstratethat certairsugars may beentral tathe protection of
a wide rangeof organismsagainstdrought (see sectionon Sugars).In C.
plantagheum,the overalltranscriptlevels of sucrose-phosphatynthaseand
sucrosesynthasencreasémmedatelyin responseo drought(36; J Ingramé&
D Bartels,unpublisked data). The expressiorpatternis complexif the kinetics
of individual transcripttypesarefollowed over the entire courseof dehydra
tion.

Enzymesinvolved in the synthess of other compoundsthat can act as
compatiblesolutes—anavhosetranscriptlevels are clearly upregulateddur-
ing drought—irclude dAl-pyrroline-5-carboxylatasynthetasé€proline biosyn
thesis)(Table 1; 145) and betainealdehydedehydrogenaséglycine betaine
biosynthess) (Table 154).

Theinduction of the mRNA encodingphosphenobpyruvatecarboxylasen
Mesembryanthemuaugrystallinum (Table 1; 130) highlightsthe importanceof
Crassulaceaacid metabolismn enablingcarbonfixation with minimal water
loss.Suchmetabolisn is amajorresponsén awide varietyof plantsto growth
in dry conditions(139).

OsmoticAdjustment

Total water potental can be maintaned during mild droughtby osmoticad
justment which involves utilizing sugarsor other compatibé solutes (12).
Bothion andwaterchannelsarelikely to beimportantin regulatingwaterflux,
andthe relevanceof thesechannelsto drought-streseiasbeensupportedby
the isolation of channelproteingenesexpressedn responsdo water deficit.
The 7acDNA from pea(Pisumsativun) (Table2; 50) encodesa polypeptde
with characteristicfeaturesof ion channels,while the RD28 cDNA (A.
thaliang) (Tablel; 141)andprobablyalsothe H2-5 cDNA (C. plantagheumn)



DEHYDRATION TOLERANCE 383

Table2 Genesupreguatedby drought stres8 but encaling pdypeptdes ofunknown function

cDNA Souce Featuwesof encaledpadypegide Ref

269 Pisumsativum(pea) Same simiarity to aldehyde 50
dehydrogenase

7a P. sativum Similar tochamel prateins 50

kin2 Arabidopsisthaliana Similarity to animal anifreeze 69
proteins

pcC37-31 Craterostgmaplantagineun Similar toearly-light-inducible 7
proteins

TSW12 Lycogersiconesculetum A lipid transferprotein 125

(tomab)

pLE16 L. escuenum Similar tolipid transferproteins 107

15a P. sativum Similarity to proteases 50

pAl4A A.thaliana Similarity to proteases 136

ERD1 A.thaliana Similar toa Cp ATP-depenlert 64
proteasesubunit

Hahsd7.6;Ha  Helianthusamuus Low-molecubr-weidit heatshock 21

hspl7.9 (surflower) proteins

Athsp701 A.thaliana Similar tothe HSPD heatshak- 66
protein family

Athsp812 A.thaliana Similar tothe HSP8 heatshak- 66
protein family

BLT4 Hordeumvulgare (barky)  Similar toproteaseanhibitors 32

P22 Rephanussativus(radsh) Similar toprateasenhibitors 77

BnD22 Brasstanapus (rape) Similar toprateasanhibitors 31

pPMAH9 Zeamays(maize) Similar toRNA-binding proteins a7

MsaciA Medicago satva (alfalfa) Similar topUM90-1 andpSM2075 70
pdypeptdes

pUM90-1 M. sativa Similar toMsaciA andpSM2075 80
pdypeptdes

pSM2075 M. sativa Similar toMsaciA andpUM90-1 79
pdypeptdes

pBN115 B. napus Similar topdypepidesencoagdby 134
pBN19 andpBN26 (B. napus) ,
andCORZ5 (A. thaliana)

RD22 A.thaliana Similar toanunidenifi edseed 56
protein from Vicia faba

salT Oryzasativa(rice) 18

Iti65 gere; Iti78 A.thaliana 95

gere
pcC13-62 C. plantagineum 104

8SeeFoanote ain Tade 1.

(J-B Mariaux & D Bartels,unpublisheddata)encodeputativewater-channel
proteins(28).
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Structural Adjustment

Droughtstresshasbeenshownto causealterationsin the chemicalcomposi
tion andphysicalpropertiesof the cell wall (e.g.wall extensibilty), andsuch
changesmay involve the genesencoding S-adenosylmetlnine synthetase
(Table 1;37). Under nonstressfabnditiors, increased expression®adene
syl-L-methionire synthetasgenescorrelatesvith areaswherelignification is
occurring (101).Thus, the increased expression in drought-stresssde
could thus alsobe dueto lignification in the cell wall. Cell elongationstops
underprolongeddroughtstressandthenlignification processes seem begin
(94a).Espartereetal (37) alsonotedthatfungalelicitors causéhe coinductio
of S-adenosylk--methionire synthedse transcriptvith thoseof otherenzymes,
e.g.S-adenosyl-homocysein hydrolaseor a methykransferaserequiredfor
cell wall formation.

The C. plantagireum pcC37-31cDNA (Table 2; 7) encodesthe dsp-22
protein, whose mRNA levels increasein responseto various stressesThe
cDNA shows significant homobgy to early light-inducible protein (ELIP)
genegq1a).Light is involvedin theregulationof the geneexpressionandthe
encodedisp-22proteinis chloroplasticELIPsmayplayarolein theassembly
of the photoystem (1a). During desiccation,C. plantagineumchloroplass
undergomorpholaical changesandthusthe dsp-22protein could bind pig-
mentsor help maintainassembleghotoynthetic structuresessentiafor re-
sumingactivephotosynhesisduringresurrection.

Degradation anRepair

Genesencodingproteinswith sequenceaimilarity to proteasesandwhich are
inducedby drought, have beenisolatedfrom both pea(Table 2; 50) and A.
thaliana (Tablesl and2; 64,67, 136).Oneof thefunctionsof theseenzymes
could be to degradeproteinsirreparablydamagedy the effectsof drought
(50). During early droughtin A. thaliana, thereis an increasein levels of
MRNA encodingubiquitin extensiomprotein(66), afusion proteinfrom which
active ubiquitin is derived by proteolytc processing.This increasemay be
significantin termsof protein degradationpecauseubiquitin hasa role in
taggingproteinsfor destruction During droughtstress proteinresiduesmay
be modfified by chemical processesuch as deaminatn, isomerizatio, or
oxidation,andit is thus likelythat enzymewvith functions inproteinrepairare
upregulatedin responseto drought. Indeed,the responseto desiccationin
mossesnay largelyberepairbased98). An exampleof suchrepairprocesses
is the observatiorthat L-isoaspartyimethytransferasemay convertmodified
L-isoaspartylresiduesn damagedroteinsbackto L-aspartylresidueqTable
1; 90).



DEHYDRATION TOLERANCE 385

Mudgett& Clarke (90) havearguedthatsuchrepairmechanismgould be
particularlyimportantduring desiccationwhenproteinturnoverratesare low.
Although Escherichiacoli mutans lacking the enzymegrow normally in the
logarithmic phasewhenthereis high proteinturnover,they survive poorly in
the statioary phase when turnoviesrmuch lower(75).

The productsof two drought-inducedjenessolatedby differentialscreen
ing havesequenceimilarity to heat-shockproteins(Table 2; 66). Theseen
coded proteinare probablyhaperoninsinvolvedin proteinrepair byhelping
otherproteinsto recovertheir native conformationafter denaturatioror mis-
folding during water stress.The low-molecular-weightheat-shockproteins
(Table2; 21) may also be chaperoninsThis function hasbeendemonstated
for a mammalan low-molecular-weightheat-shockprotein (58). An alterna
tive functionmaybein the sequestratioof specific mMRNAdSN cellssubjected
to drought(96).

Removabf Toxins

Enzymesconcernedvith removingtoxic intermediateproducedduring oxy-
genic metabolism such as glutatione reductaseand superoxidedismutgse,
increasein responseto drought stressand are probably very important in
tolerancg(89). Decreasindeaf watercontentand consequenstomatal closure
resultin reducedCO, availability andthe productionof activeoxygenspecies
suchassuperoxideradicals(117). Increasedphotorespiratry activity during
droughtis alsoaccompaniedby elevatedevelsof glycolate-oxidasectivity,
resultingin H>O» production(89). This could explain why genesencoding
enzymesthat detoxify active oxygen speciessuch as ascorbateperoxidase
(Table 1; 89) andsuperoxidedismuase(Table 1; 102, 135) havebeenfound
upregulatedn responséo drought.

Late-Embryogenesis-Abuait Proteins

The genesencodinglate-embryogenesiabundan{LEA) proteinsare consis
tently representedh differential screendor transcriptswith increasedevels
during drought.LEA proteinswere first describedfrom researchinto genes
abundantlyexpressediuring the final desiccatiorstageof seeddevelopment
(see above). Circumsantial evidencefor their involvementin dehydration
toleranceis strong: Thegenesare similar to many of those expressedn
vegetativetissuesof drought-stresseglants(Table 3), and desiccatiortreat
mentscanofteninduceprecociousexpressiorin seedsABA canalsoinduce
theleagenes irseeds and vegetatitiesLes.

GENERAL FEATURES Groupingsfor dividing the LEA proteinsoriginatefrom
a dot matrix analysiswith proteinsfrom cotton.A groupwasassignedn the
basisof onecotton LEAprotein showingegions ofsignificanthomolbgy with
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Table3 Geneaupreguatedby drought stres8 thatencale pdypepidesrelaedto late-embryp-
geresis-abndantLEA proteins

cDNA Souce Reltionshipof encoad Ref
pdypegideto LEA proteins
Ha dsD Helianthusannuus D19-LEA-protein relaed 3
(surflower)
Em Triticum aestvum (wheat)  D19-LEA-protein relaed 76
B19.1; B19.3; Hordeumvulgare (barkey)  D19-LEA-protein relaed 39
B19.4
pLE25 Lycopersiconesculetum D113-LEA-proteinrelaed 23
(tomab)

Ha dsl H. annuus D113-LEA-proteinrelaed 3
pRABAT1 Arabidopsisthaliana D11-LEA-protein relaed 72
pcC27-04 Craterostgmaplantagineum D11-LEA-protein relaed 14
M3 (RAB-17) Zeamays(maize) D11-LEA-protein relaed 20
B8; BY9; B17 H. vulgare D11-LEA-protein relaed 20
pLE4 L. escuenum D11-LEA-protein relaed 23
pcC6-19 C. plantagineun D11-LEA-protein relaed 104
TAS14 L. escuenum D11-LEA-protein relaed 46
pLC30-15 L. chilense D11-LEA-protein relaed 16
H26 Sellaria longipes D11-LEA-protein relaed 110
pRAB 16A Oryzasativa(rice) D11-LEA-protein relaed 91
pcECP40 Daucuscarata (carrd) D11-LEA-protein relaed 62
ERDI0; ERD14  A.thaliana D11-LEA-protein relaed 65
pMA2005 T.aesivum D7-LEA-proteinrelaed 26
pMA1949 T.aesivum D7-LEA-proteinrelaed 27
pcC3-06 C. plantagineun D7-LEA-proteinrelaed 14
pcC27-45 C. plantagineun D95-LEA-protein-related 14

8SeeFoadnote ain TaHe 1.

atleastoneproteinfrom anotheispecieg33). The“type” of cottonproteinsused
for thesegroupingswereLEA D19 (Groupl),LEA D11[Group?2 (alsotermed
dehydrins)],andLEA D7 (Group3). The cottonproteinsLEA D113 (34, 35)
and LEAD95 (40) nowdefine twoadditionalclasses. This systewill remain
useful untilclear functiongan be assigned.

LEA proteinsappearto be locatedin many cell types andat variable
concentrationg$19, 34, 35, 45), andwithin the cell theyappeaito be predomi
nantly—butnot exclusivey—cytosolic (19, 45, 91, 114). The concentrations
in the cell are characteristicallyery high. For example,in mature cotton
embryocells,the D7 LEA proteinsrepresentabout4% of nonorganelr cy-
tosolicprotein(about0.34mM) (111).

A generalstructuralfeatureof the LEA proteinsis their biasedaminoacid
compositon, which resultsin highly hydrophilic polypeptides,with justafew
residues providig 20—30%of theirtotal complementForexample, a deduced
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D19 protein from cotton contains13% glycine and 11% glutamic acid (6).
Furthermore, modtEA proteinslack cysteine andryptopharresidues.

ROLES We awaitdirectexperimentakvidencethatLEA proteinscanprotect
specificcellular structuresor amelioratethe effectsof droughtstressBecause
theyarehighly hydrophiic, it appearsinlikely thattheyoccurin specificcellular
structures Also, their high concentrationsn the cell and biasedamino acid
compositons suggedhat theydo not functionas enzymes (6).

Therandomlycoiled moietiesof someLEA proteinsare consistentvith a
role in binding water. Total desiccatioris probablylethal,andthereforesuch
proteins could help maintain the minimum cellular water requirement.
McCubbin& Kay (83) havefoundthatthe Em protein(D19-group)(Table3;
76) from wheatis considerablymorehydratedthanmostglobularpolypeptdes
becauset is over 70% randomcoil in normal physiologcal conditions. The
randomcoil tails of theD113proteinscouldalsobind considerablemountsof
water,althoudh thelong N-terminalhelicaldomainwould not sharethis prop-
erty (34,35).

A major problemunderseveredehydratioris thatthelossof waterleadsto
crystallizationof cellularcomponentswhichin consequencéamages cellular
structuresThis may be counteractedby LEA proteins,andsomeof the LEA
proteinscould essentiallybe consideredccompatitbe solutes,which supports
the likely role of sugarsin maintainirg the structureof the cytoplasmin the
absencef water.Bakeret al (6) havesuggestedhat LEA proteinsD11 and
D113couldbeinvolvedin the“solvation” of cytosolc structuresThe random
coiling would permit their shapeto conformto that of other structuresand
providea cohesivelayerwith possiblygreaterstability thanwould be formed
by sugars.Their hydroxylatedgroupswould solvatestructuralsurfacesFur-
thermore they could be superiorto sucroseasprotectantsn beinglesslikely
to crystallize.However,for the D11-relatedoroteinRAB-17, aregulatoryrole
has been postated (see below).

Bakeret al (6) havehypothestedthat the 11-amino-acidmotif (T/A A/T
Q/EA/T AIT KIR Q/EDK/R AIT X ED/Q) (34) of LEA proteinD-29 (which
is alsopresenin D7 LEA proteins)couldcounteractheirreversiblydamaging
effects of increasingionic strengthin the cytosol during desiccation.Such
problemscould be mitigatedby the formationof saltbridgeswith aminoacid
residuesof highly chargedproteins.The repeatingelementsnostlikely exist
as amphiphlic helices(34), which meansthat hydrophobicand hydrophiic
aminoacidsarecontainedn particularsectorsof the helix. The helicesprob-
ably form intramokecularbundles,which would presenta surfacecapableof
binding both anionsand cations.Furtheranalyseof the D7-groupmolecules
haveallowedprecisestructuralpredictionsto be made:Theintersurfaceedges
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of the interactinghelical regionsof the (putative) dimer reveal periodically
spaced bindingitesfor suitablycharged ions.

SUGARS

The involvementof solubke sugarsin desiccationtolerancein plantsis sug
gestedby studiesin which the presenceof particularsolubke sugarscan be
correlated witithe acquisibn of desiccation tolerance (78uchstudieshave
followed work with animals,fungi, yeast,andbacteria,jn which a high level
of the disacchariddrehalosehasbeenestablishedasimportantin surviving
desiccationTrehaloses the mosteffective osmoprotectansugarin termsof
minimum concentratiomequired(25). Whereadrehalosds extremelyrarein
plants, sucrose—togethewith other sugars—appearable to substiute. Al-
though sugaraccumulatio is not the only way in which plants deal with
desiccatior(12), itis considered amportantfactor intolerance.

Many studieswith seedshave demonstratedhe accumulain of soluble
sugargduringtheacquisiton of desiccation tolerand@3); similarresults have
beendemonstratedn resurrectionplants. A common theme has emerged.
Various soluble carbohydratesnay be presentin fully hydratedtissues,but
sucroseausuallyaccumulate#n the dried state.For exampledesiccatiorin the
leavesof C. plantagireumis accompaniedy conversionof the C8-sugar
2-octulosg(90% of thetotal sugar inhydratedeaves) intasucroseyhich then
comprisesabout40% of thedry weight(11).

Total water potential can be maintaired during mild droughtby osmotc
adjustmentSugarsmay serveas compatilbe solutespermitting suchosmotc
adjugmert, although many other compounds usuallyassociatedwith salt
stressare also active, such as proline, glycine betaine,and pinitol (54, 84,
145). Increasingsucrosesynthesisand sucrose-phosphatynthaseactivity is
notonly adrought-responsef desiccationlerantplantssuchasC. plantag-
neum(36) but also of plantsthat cannotwithstandextremedrying, suchas
spinach(109).

Oneway sugarsmay protectthe cell during severedesiccationis by glass
formation: Ratherthan solutescrystallizing, throughthe presencef sugarsa
supersaturatetiquid is producedwith the mechanicalpropertiesof a solid
(68). Glassformation hasbeendemonstatedin viable maize seedsand has
beenassociatedvith their viability (137). Differential scanningcalorimetry
hasbeenusedto examinethe effect of termperatureon glassformation by
sugarmixtures;only sugarmixturesequivalentin concentratiorandcomposi
tion to thosein desiccation-tolerarembryosareableto form glassat ambient
temperatureg68). It seemslikely that sugarcomposiion, rather than just
concentrationjs relatedto glassformation. During desiccationglasswould
fill spacethus preventingcellular collapse,andin restrictingthe molecular
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diffusion requiredby chemicalreactionswvould permita stablequiescenstate
(68).

Phosphofructokiaseis a tetramericenzymethat usually dissociags irre-
versibly into inactive dimersduring dehydration(14). However,it wasfound
that in vitro the disaccharidesucrose maltose,and trehalosestabiize the
activity of theenzyme duringlrying.

Crowe et al (24) haveshownthat, in vitro, drying and rehydrationof the
model-membanesarcoplasmiceticulumusually resultsin the fusion of ves
icles and loss of the ability to transportcalcium. However,when the sugar
trehalosewas presentat concentrationgquivalentto thosein desiccation-tb
erantorganismsfunctionalvesicleswerepreservedMany otherstudiesshow
thatsugarscanprotectmembrane vitro (25);it is suggestethatsugarsalter
physical propertiesof dry membranesso that they resemblethose of fully
hydrated biomlecules.

The mechanisnmby which proteinsarestabilzedby sugarss betterunder
stoodthanthesituationwith membranednfraredspectroscoppasshownthat
trehaloseprobably forms hydrogenbondsbetweenits hydroxyl groupsand
polarresiduesn proteins(25). Hydrogenbonding betweethehydroxyl group
of trehaloseand the phosphateheadgroup of phospholpids can be inferred
from comparison®f changesn theinfraredspectrunof themoleculesduring
dehydrationStrauss& Hauser(120)usedthe cationEud+, whichis knownto
form a specificionic bridgeto the phosphateof phospholpids, to showthat
sucroseis probablybound betweenphosphatesitesin dry membranesThis
wasinferredfrom experimentsn which Eu3+ ionswereaddedto preparations
of sucroseandphosphatidytholinevesicles;the stabiization of liposomeshby
sucroseduring freezedrying decreaseds the Eu3+ ions were added which
suggestsompetitive binding of sucroseandEu3* atthe phosphatesitesof the
phospholpids.

REGULATION OF GENEEXPRESSIONDURING
DEHYDRATION

The machineryleadingto the expressiorof drought-stresgenesconformsto
thegenerakellularmodel,with acomplexsignaltransductiorcascad¢hatcan
be divided into the followirg basic steps(a) perception ofstimulus; (b)
processingjncluding amplification and integration of the signal; and (c) a
responseeactionin the form of de novo geneexpressionNo moleculardata
areavailableon the perceptionof droughtstressalthoughturgor changehas
been suggestedas a possibe physical signal. An attractive model for the
activationof a transductiorpathwayby a stresssignalhasbeenderivedfrom
studyingthe heat-shockesponsén yeast(60). Kamadaet al (60) suggesthat
heat-inducedactivation of a particular pathwayis in responseto increased
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membrandluidity in the cell wall. The cell detectsthis weaknessn the cell
wall by sensingstretchin the plasmamembraneExamplessuchasthis from
simple systens may provide the conceptualframeworkfor devisingexpert
mentsin plants.

The drought-activatedsignal transmis®n processhas begunto be dis-
seded at the malecular level, mogly on the bass of studies of isolated
drought-responsi& genes.Endogenous ABAlevels havebeenreportedto
increaseasa resultof waterdeficit in many physiobgical studies,andthere
fore ABA is thoughtto beinvolvedin the signaltransduction(15, 43). Many
of thedrought-related geneanbeinducedby exogenous\BA; however this
doesnot necessarilymply thatall thesegenesare alsoregulatedby ABA in
vivo.

We now discusspromoer studies,signalingmoleculesandboth posttran
scriptionaland posttranslatinal modificationsin the contextof drought-regu
lated genexpression.

Promoter Studies

CIS AND TRANSACTING ELEMENTS Many of the changesn mRNA levels
observediuringdroughtreflecttranscriptonalactivation. Treatmentvith ABA

canalsoinducethesechangesandthis treatmentasbeenutilizedfor settirg

up experimentalsystemsto define cis- and trans-acting elements.cis- and
trans-acting elementsinvolved in ABA-induced geneexpressiorhave been
analyzed extensivel§Tables 4 an®; 43).

Table4 cis-acting promaer elemens reevantto ABA or drought

Gene Element Seqiencé Ref

Rahl6A ABRE (Motif 1) GTACGTGGCGC 119
(Oryzasaiva)

EM EmilA GGACACGTGGC 51
(Triticum aestvum)

Hex3(syrthetic tetamer) GGTGAGGTGGC 71
(deiivedfrom Nicotana
tabacum

rab28 ABRE CCACGTGG 106
(Zeamays

Catl CCAAGAAGTC- 138
(Zeamay3 CACGTGGAGGTGGAAGAG

HVAZ2 ABRE3andCE1 GCCACGTACA and 118
(Hordeumvulgare) TGCCACCGG

CDeTZ-45 AAGCCCAAATTT CA- 93
(Craterostgma CAGCCCGATAACCG
plantagineum)

rd29 DRE TACCGACAT 144

(Arabidopsisthaliana)
*The G-bo coreelemeits ACGT are initalic.
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The best-characterizedis-elementin the contextof droughtstressis the
ABA-responsive element (ABRE), which contains the pdindromic motif
CACGTG with the G-box ACGT core element(44). ACGT elementshave
beenobservedin a multitude of plant genesregulatedby diverseenviron
mental and physiological factors. Systematic DNA-binding studies have
shown that nucleotidesflanking the ACGT core specify the DNA-protein
interactionsand subsequengeneactivation(57). G-box-relatedABRES have
beenobservedn many ABA-responsivegenesalthoughtheir functionshave
not alwaysbeenprovenexperimentally. The best-studdd examplesof these
ABRE promoter elementareEmlafrom wheatandMotif | from thericerab
16Agene(Table4; 81, 92). Multipé copiesof theelements fusetb aminimal
35S promoterconferan ABA responsedo a reportergene(51, 119), which
supportsthe hypothesisthat ABRESs are critical for the ABA induction of
relevantgenes(althoughit is difficult to explain why single copiesare not

Table5 Characterzation of promatersin transgeit plans

Gene Native gere actvity Reporter gere actvity Ref
Rab16B Emlryos of Oryzasativa Nicotiana tabacumembryos 142
Em Emlryos of Triticumaestvum Nicotanatabacumembryos 81
Rab17 Emlryos of Zeamays The embyos andencbsperm of 131
Arabidopsis thaliana
Hex3(syrthetic tetamer) Matureseeds ofN. tabacum; 71
(deiivedfrom Nicotana tabacurm) inducible in seedihgsby destca-
tion, salt,andABA
Rd22 DehydraedA. thalianaplans Consitutive inflowers andstems 56

of A.thaliang; inducible in N.
tabacumby ABA or dehydration
Rd29A DehydraedA. thalianaplans Inducible by detydrationin most 143,
vegetatve pars of A. thaliana; 144
inducible in N. tabacumby cold,

ABA, andsalt
CDeTZ-45 C.plan@agireumdetydrated In embyos andmatue palenof 393,
or ABA-treatedvegettive bath A. thalianaandN. tabacum 88
tissues
CDeT619 C.planagireumdetydrated  In dewelopingembryos andmatue 87,
or ABA-treatedvegettive pdlenof bath A. thalianaandN. 3%a,
tissues tabacumalsoinducible in their 123
leavesandguardcells
CDeT1-24 C. planagireumdetydrated Emlryos of both A. thalianaandN. 2
or ABA-treatedvegettive tabacum;inducible in A. thaliana
tissues leaveshy detydration
DC8 Emlryos of Daucuscarcta D. carotseedissues 49
DC3 Emlryos of Daucts caroa N. tabacumseedings; alsoinduc- 132

ible in the leaes byeitherdrying
or ABA treament

®R Velascg F Sahmin & D Bartels,unpublisheddata.
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sufficientfor this response)The ABA effecton transcripton wasorientation
independentn both the wheatand rice elementswhich suggestghat they
possiblyfunction asenhanceelementsn their nativegenesElectrophoretic-
mobility-shift assaysand methylatbn-interferencefootprinting have shown
thatbothEmlaandMotifl interactwith nuclearproteins;theseDNA-binding
proteinsareconstitutvely expressedh an ABA-independenmanner(51,92).
cDNAs encodingABRE-binding proteins(wheatEMBP-1 andtobaccoT AF-
1) havebeenclonedandshownto containa basicregion adjacenb a leucine-
Zippermotif thatis characteristiof transcriptionfactors(51, 97). Despitethe
fact that both proteinsexhibit specific and distinct binding properties their
rolesin vivo arenot understoodlt seemspossiblethat they are not directly
involved in ABA-responsivegene expressionbut that they cooperatewith
other regulatoryactors.

Recently two differentelementshavebeendescribedhat mustbe present
to allow a single copy of the ABRE to mediatetranscriptionalactivationin
responseto ABA, and thus define an ABA responsecomplex. An ABRE
elementin the barley Amy32ba-amylasepromoterhasbeenshownto allow
ABA-stimulated transcription toincreaseonly in the presenceof an O2S
elementthat interactswith the ABRE within tight positional constraints A
secondcoupling elementhasbeenidentified during promoteranalysisof the
ABA-inducedbarleyHVA22promoter(118).Thecoupling elemen{CE1)acts
together with &-box-type ABREGCCACGTACA) in conferringhigh ABA
induction,whereaghe ABRE aloneis not sufficientfor transcriptioml activa
tion. CE1-like elementshavebeenfound in many other ABA-regulatedpro-
moters, but their function remainsto be demonstrated118). The specific
sequence of a couplirdement may profoundly affettte specificity ofABA-
driven geneexpressiorand may explain differencesbetweenfunctional and
nonfunctionalABRES.

In promoterssuchasCDeT27-45%r CDeT6—19jsolatedfrom C. plantag-
neum,G-box-relatedABREs do not appearto be major determinarg of the
ABA or droughtresponsg87, 88). The CDeT27-45promotercontainsan
elementthat specificallybindsnuclearproteinsfrom ABA-treatedtissue;this
promoterfragmentis essentiabut not sufficientfor conferringa responseo
ABA on a reporter gene (93).

Besidesthe ABA-mediatedgeneexpressionthe investigaton of drought-
induced genes in A. thaliana has also reveded ABA-indeperdent signal
transductionpathways(144). The A. thaliana genesrd29A and rd29B are
differentially inducedunderconditionsof dehydrationsaltor cold stressand
ABA treatment.The rd29A genehasat leasttwo cis-actingelementsl. The
9-bp direct repeatsequenceTACCGACAT, termedthe dehydration-respen
sive element (DRE), functions in the initial rapd regponse of rd29A to
drought,salt,or low temperaturé¢144).2. TheslowerABA responsés medk
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atedby another fragmerthat contain@n ABRE (143).1t will be interestngto

seewhetherthe samecis elementdunctionin otherA. thalianageneghatare
inducedduring progressivaldrought;besidesABA, atleasttwo otherdifferent

signalsareinvolved in this induction (48). The existenceof ABA-dependent
and-independenpathwayss corroboratedy studieson the accumulatio of

threedistinct Leatranscriptdan barleyembryos.Selectedranscriptancreased
in responseo osmotic stresswithout requiring ABA, whereasinduction by

saltdid requireABA (38).

A different class opotentialtranscription factors withrelevance to drought
stressis representedby the A. thaliana gene Atmyb2.This geneencodesan
MY B-relatedproteinandis inducedby dehydratioror saltstressandby ABA
(128). Plantmybrelatedgenescomprisea large family that may play various
rolesin generegulation.The ATMYB2 proteinexpressedh E. coli hasbeen
shownto bind the MYB-recogniion sequenceRyAACTG, which supportsts
role as a DNA-binding protein. Another A. thaliana droughtstress—iduced
gene,rd22 (56), hasa promoterwith no ABRE but with two recognitionsites
for the transcriptio factors MYCand MYB. Binding of the ATMYB2 protein
appears likeljouthas nobeen provemxperimentally.

ASSESMENT OF PROMOTERSIN TRANSGENIC PLANTS  Promoteranalysisusing
transienexpressiomssaysasresultedn thecharacterizationf severatistinct
cis-actingelementsandthe cloning of relatedtranscriptionfactors.However,
tests with a rangef promoters derived frordrought- or ABA-inducible
structuralgenesin transgeniglantshave shownthat the promoteractivities
definedin transientissaysrenotalwayscorrelatedvith theexpressiompatterns
of their corresponding structural genAssummaryof resultsis givenin Table
5. A problemwith theapproach coulthe theuse of heterolog@uplantexpres
sion systems Although the genesare always active in seedsexpressionn
vegetativaissueds notalwaysinducedupondroughtor ABA treatmentwhich
pointsto anincompkteactivationof the transcriptionalmachinerylt is inter-
estingto notethat ectopic expression of théherwise seed-specifabi-3 gene
product(42) allows the ABA-mediatedactivationof Lea genesin vegetative
tissuesof A. thaliana (100). Similarly, the CDeT27—-45promotr from C.
plantagneumwasonly fully responsivdo ABA in A.thaliana in the presence
of the ABI3 product(39a). Theseexperimentssuggestthat the ABI3 gene
productcan functionallyinteractwith different promoegrs.

SecondMessengerand SignalingMolecules

Proteinphosphorylabn and dephosphorgtion (via kinasesand phosphory
lases respectively)are major mechanisra of signalintegraton in eukaryotic
cells.Two A. thalianagenesncodingcalcium-dependeriinasesareinduced
by dehydration(Table 1; 127), which suggestghat they may participatein



394 INGRAM & BARTELS

phosphorylatin processesccurringin responseo drought.A serine-threon
ine-typeproteinkinasehasalsobeenisolated from wheatandshowsaccumu
lation in ABA-treatedembryosandin dehydratedshoots(Table 1; 4). How-
ever,the phosphorylabn targetsof thesekinasesarenot yet known,andtheir
exact roles are obscure.

A role for protein phosphorylabn in the drought-stressesponsés also
suggestedn the basisof functional studiesof the ABA-responsive RAB17
proteinfrom maize(45). This proteinis highly phosphorytedin vivo, prob-
ably viacatalysishy casein kinas@. The RABT proteinhas been fountb be
distribuedbetweerthecytoplasmandthenucleusof maizeembryosjn differ-
ent statesf phosphorydtion (5, 45).Biochemicalstudies showed that RABL
binds peptides with nuclelcalization signals andhatthebinding isdepend
enton phosphoryation. It hasbeensuggestedhatRAB17 mediateghetrans
port of specific nuclear-targeted proteitsringstress (45).

Cytoplasmiccalciumactsasa secondnessengein manycellularprocesses
andmay alsobeinvolvedin the signalingpathwaysmediatingthe expression
of drought-relatedyenes(13). Stomatalclosureis an early plant responsdo
drought,andincreasesn the cytosolicconcentratiorof free calcium,together
with pH changesare consideredo be primary eventsin the ABA-mediated
reductionof stomataturgor (115).However,it is likely thatcalcium,together
with phosphory&tion processesplaysa moregeneralrole in the mechanism
associatedvith drought-stresperceptionFor example the A. thaliana ABI1
geneproductis thougtt to be a calcium-activateghhosphoprotei phosphatase
(74, 86). Furthermore,a transcriptencodinga phosphatlylinositol-specific
phospholpaseC, an enzymeinvolved in catalyzingthe synthesisof inositol
1,4,5-triphosphate, increases during dehydration (Tabe 1; 53); inaositol-
triphosphatestimulatesthe release of Ga from intracellularstores.

PosttranscriptionalControl

Much of the effort to understandyeneregulationduring drought has been
devotedto transcriptionalmechanismsput it has becomeclear that other
potentialcontrolpointsincludemRNA processingtranscriptstability, transla
tion efficiency, and protein modification or turnover. Generalposttranscrip
tional mechanismén plantshaverecentlybeenreviewed(41, 121). Evidence
is emergingthatthesemechanisra alsoplay a role during stressesponsedn
C. plantagireum,droughtstressnducessomeproteinsthataresynthesizedn
alight-dependenmanner(seeabove);for someof theseproteinsthe levelsof
themRNA do not parallelthoseof the proteins which suggestgosttranscrip
tional regulation(2). A more detailedanalysisof alfalfa (Medicagosativa
suggestshatincreasednRNA stability is involvedin the accumulatiorof the
MsPRP2transcript(30). The maizepMAH9 cDNA cloneencodes transcript
thatis upregulatedoy drought. The correspondingproteinhas RNA-binding
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characteristicayhich suggestthat itmayplay arolein the selective stabiliza
tion of MRNAs(Table2; 78).

A secondmajor control point appeargo bethe posttranslabnal modifica
tion of proteins,in which phosphorylabn is a key mechanismFor example,
phosphorylatin is involved in the modification of the fructose-1,6-bispbs
phatasen drought-stessedeavesof sugarbeet(Betavulgaris) (52). Someof
the proteasesnducedby droughtstress(Tables1 and 2) may also havea
functionin posttranslabnal modification. Schaffer& Fischer(113) havehy-
pothesizedhat a thiol proteasethe mRNA of which is cold-inducedin to-
mato, could proteolytically activatecertainproteins. This mechanismcould
also operateduring drought stress.It hasalso beensuggestedhat putative
proteasenhibitorsinducedduring drought(Table2) havearole in controlling
the activityof endogenouprotease$31).

Downregulation of Genes

Until now, mostresearcthasfocusedon understandig how relevantgenesare
upregulatedduring droughtstress.However, the responseto drought also
involves the downregulatio of severalgenes.For example,studiesof C.

plantagheumhave revealed thétanscriptencodingproteinsrelevantto phe

tosynthess aredownregulatediuring the dehydrationprocessandthusposst

bly reducephotooxidative stress(C Bockel & D Bartels,unpublisted data).
Jianget al (59) havealsoshownthatthe promotr regionsof storageprotein
genescontainthe information for their downregulatn during seeddesicca
tion. Furthermore,it hasrecently beenreportedthat histoneH1 transcripts
accumulaten responséo droughtstressn vegetativeissuesof tomato,and it
was suggestedhat H1 histonesare implicatedin the repressiorof geneex-

pression(E Bray,personal commuaation).

TRANSGENICPLANTS ASSESSINGGENEFUNCTION

Transgenicplants allow the targetedexpressionof drought-relatedyenesin
vivo andarethereforeanexcellentsystemto assesshefunctionandtolerance
conferredby the encodedroteins. With ectopicexpressiorof genesnvolved
in controlling ABA biosyntesis,it shouldalsobe possibleto alterthehormo
nal balancen vivo andthusto clarify therole of ABA in thedroughtresponse.
Anotherpurposeor usingtransgeni@lantsis to improvedroughttolerance in
agronomicallyvaluable plantsdowever, despitextensive researchxamples
of transgeniglantswith improvedstressolerancearescarcegseealso12). A
reasorfor thisis thatstresgolerances likely to involve theexpressiorof gene
productsfrom several pathways.

The accumulatiorof low—molecularweight metabolies that actasosmo
protectantsis a widespreadadaptationto dry, saline, and low-temperature
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conditionsin manyorganismsin engineeringlantsthatsynthesizerotective
osmolyes, microorganisma&ppearo be usefulsourcedor genes.Transgenic
tobacco plantthatsynthesteandaccumulatéhe sugar alcohehannitolhave
beenobtainedby introducirg a bacterialgenethat encodesnannitol 1-phos
phatedehydrogenasd?lantsproducingmannitd showedincreasedsalt toler-
ance(122).Similarly, a freshwatercyanobacteriunthat wastransformedvith
E. coli betgenesproducedsignificantamountsof glycine betaine;this stabi
lized photosynhetic activity in the presenceof sodium chloride, allowing
improvedgrowth (94). Tobaccoplantsthataccumulatéhe polyfructosemole-
cule fructanhavebeenengineeredisingmicrobial (Bacillus subtiis or Strep
tococcusmutan$ fructosyltransferasgenes.Theseplants showedimproved
growth under polyethigene-mediateddrought stress(105), with a positive
correlationobservedetweerthe level of accumulatedructansanddegreeof
tolerance.The mechanisnmby which fructansconfertoleranceis not known,
althougha mere osmat effect seems unléy.

Oneconsequencef droughtand many other stressess the productian of
activatedoxygen molecuks that causecellular injury, and thereforeplants
with increasedconcentration®f oxygenscavengershould show improved
performancesinder nonlethal stress condit®WhentobaccaMin-superoxide
dismutase wagverexpresseih alfalfa, the plantsshowedanincreasedyrowth
rate after freezing stress (85).

Although Learelatedgenesareupregulatecgbundantlyin mostplantsdur-
ing all typesof osmott stressseparateectopicexpressiorof threedifferent
representatives in tobacda not yield an obvious drought-tolerant phenotype
(55). However,this resultis perhapdesssurprisingconsideringthat drought
stressdoesinducean array of different LEA-relatedproteinsin plants.lIt is
alsolikely thatotherfactorsarerequiredfor the expressiorof tolerancenvhere
LEA-type proteinsareinvolved.

FUTUREPERSPECTIVES

Despitethe manygenesthat havebeenidentified in associatiorwith drought
stressmuchof the datais descriptive with the functionsof only afew of the
encodedproteinsestablishedThe productionof mutantsusingan antisense-
RNA approachis a powerful techniquethat should continueto elucidate
certainaspectf stresstolerance put it hasbeenmostsuccessfubnly with
well-characterizedareasof plant metabolsm. It is also difficult to devise
screeningoroceduresor usefuldehydratiortolerancanutants becaus®f the
array of processesimultaneouslyaffectedby drought. Resurrectionplants
would be an excellentsourcefor mutantswith decreasedolerance,but C.
plantagheum, as well as many other resurrection-plantspecies, has a
polyploid genomeandis thusunsuitble.Mutantanalysesofar exploited for
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droughtstresshavebeenwith ABA-related mutations andthe power of the
approachis shownin the cloning of Abil and Abi3 (43), which hasprovided
newperspectivesAnothervaluableapproachmaybeto identify thosemetabe
lic stepsthatare mostsensitiveto droughtstress(a techniqueusedto geneti
cally dissectsaltstressn yeast)(116). Suchanapproacttanat leastbeginto
elucidatewhich gene productare of primarymportance.

The plant hormoneABA regulatesdifferent aspectf the drought-stess
response, anthus the synthessf pureactive ABA analogues (108)ay help
in the developnent of probesfor ABA-binding proteins,which could then
shedsomelight on primary signals.In contrastwith the situaton with signal
perceptionsomeinformation is availableon cis- andtrans-regulatoryfactors.
Severakelementsn a promoterneedto cooperatavith multiple DNA-binding
proteins to mediate geespressionTherecentlydescribeccoupling elements
(118) are probablgnly a beginningn resolvingtheregulatory network. Lite
progress haveen madewith the cloning and analysis of drought-related
transcriptionfactors,althougha biochemcal approachanduseof therecently
established yeasine- and two-hybrid systems(133) should producenew
insights Regulaion at stagedeyondtranscription mustalsobefurtherconsid
ered,becausehis couldmakea majorcontributon to thefinal geneexpression
pattern.

Thecomplexty of droughttoleranceapparenthroughouthis reviewpoints
to control by multiple genesandthusthe identificationof quantitative-trait-
loci (QTLs) for droughtresistancemay well be an effective analyticaltool.
The approachhas just begunto be appliedto the environmengl-stressre-
sponse®f plants(126)andis particularlypromisingconsideringhatsaturated
DNA—markermapsare now availablefor both geneticmodelplantsandcrop
plants.

Themolecularanalysisof the drought response haisived ata stage where
researcltanbuild upona large collectionof characterizedienes.The useof
novel approachesombining genetic,biochemical,and molecukbr techniques
shouldprovideexcitingresultsin the near future.
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