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ABSTRACT

The biological impad of any DNA danmaging agentis a combinedfunction of
the chamical nature of the induced lesons ard the efficiency ard accuragy of
their repair. Althoudh much hasbeen learned from microbesandmamnalsabout
both tre repair of DNA damaye aml thebiologicd effects of the pesigenceof
theselesions,mud remainsto belearned aboutthemechanismandtissie-ed-
ficity of repair in plans. This review focuses on recent work on the indudion
andrepair of DNA damagein higher plants, with special emphass on UV-in-
duced DNA damage products.
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INTRODUCTION

DNA is constantlysubjectto chemicalmodification; evenunderthe bestof
circumstancegpurinebasesarelost from the mamnalian genomeat a rate of
severalthousandaseger cell perday (62). Alkylating agentsgssentiafor a
variety of biosynhetic processescan turn alegitimate baseinto eithera
mutagenic, miscodirg deviant, or a lethal, noncoding lesion. Hydrolytic
deaminatiorcandirectly changeonebaseinto another Fresh aifoxygen)and
sunshine (UV) araindoubtedlythe two majorgenotoxic agent$or most
organisms, anglants arebliged tobeexposedo bothof thesemutagenskor
this reasonplants,like all living things,havemechanismathatenablethemto
tolerate orepair the DNA damagiey ineviably experience.

DNA damagehasboth genotoxicand cytotoxic effects. The study of the
inductionof DNA damage and its repair humansasbeenof interestiargely
because of the demonstmbble of mutagenesisn carcinogenesis and a
postulatedole of DNA damagen aging.The contributionof DNA damaging
agentsto geneticloadin animalshasalsobeenof interest,particularlyin the
studyof radiation-induceanutagenesi(85). While carcinogenesis not par
ticularly relevantto most agronomicallyimportantplants, it is possibé that
DNA damagemay play a significantrole in the “aging” of seedsstocksand
perenniatrops.AlthoughDNA damages oftenthoughtof primarily in regard
to its mutagent effects,the persistencef damagedaseslsohasasignificant
growth-inhibtory influence.Many DNA damageproductsactasblocksto the
progressof both DNA andRNA polymerasesAccumulateddamagewill not
only precludecell division but will eventuallykill eventerminally differentk
ated,nonreplicatilg tissuessuchasa matureleaf. For this reasorDNA repair
mechanismsirerequiredin all living planttissiesto alleviatethetoxic effects
of the accumulatin of DNA damagen plantmetaboilsm.

Therole of DNA damageandrepairin the creationof geneticdiversity is
alsoof interest. SomeDNA damage'tolerance” pathwayswhich enablethe
cell to replicatein spite of the persistencef damageareactuallyresponsible
for themutageniceffectsof manyDNA damagingagents. Becaugshe genetic
variationcreatedn partthroughpoint mutation andrecombinatio are prereg
uisitesof both naturalandartificial selection,understandig the mechanisra
of geneticchangeis relevantto both theoreticalevolution and geneticengk
neering. Althogh thetwo majordamageolerance mechanismgsion bypass
and recombinational “repair,” havebeen clearlyestablishedas mutagenic
eventsin microbes,t remainsto be determinedvhetherthesepathwaysexist
in higherplants.

DNA damagecan be broadly classifiedinto threetypesof lesions mis-
matchedbasesdouble-strandreaks.andchemicallymodified basesEachof
theseclasseof lesionsis correctedvia distinct repair pathways Reviewsof
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DNA repair often focusn thelastclass of lesiondyutthe repair pathwayfer

thefirst two classef damageare particularlyinterestingto the plantgeneti

cist. Although nowork hasbeenpublishedon anyaspecbf mismatchrepairin

plants,therehavebeensomevery interestingrecentdevelopmentpertaining
to the repairof double-strandreaks.Our knowledgeof generalDNA repair
pathwaysn plantslagsfar behindour knowledgeof thesepathwaysn bacte

ria, yeastandmammas. For anin-depth reviewof DNA damageroductsand
their repairin theseorganisms,| refer the readerto the recently published
textbookDNA Repairand Mutagenesig31).

DNA DAMAGE PRODUCTS

Assessinghe biological significanceof any singletype of lesionis complex,
requiring knowledge ahefrequencyatwhichit occurstheimmedateeffects
of its persistencéwhetherthe lesioncanmispairdirectly, or whetherit actsas
a block to replicationand/ortranscriptian), andthe numberandefficiency of
repairandtolerancepathwaysthat pertainto the lesion. Repairandtolerance
pathwaysare addressedelow. In this section| review someof the most
commonnaturallyoccurringDNA damageproductsandtheirimmediat bio-
logical effects.

As is the casewith many of the repairmechanismg discussthe informa
tion on the induction of damagewas derivedfrom the study of microbesand
mammals.The relative importanceof individual lesion types may be quite
differentin plants.lt is possibbe thatsomegenotoxicuniqueplantmetabolies
[i.e. psoralensor metabolzed xenobiotics(90a)] occasionallyfind their way
into the plant nucleusor perhapseachan organellargenomelt is unknown
whetherplant metabolies have a significant effect on the stability of plant
DNA. In addition,the DNA presentn seedslike that presentn bacterialor
fungal spores,experiences very different chemicalenvironmentfrom that
enjoyedby the DNA in the nucleusof actively metabolizng cells (84). The
type andextentof damagehatoccursduring seedstoragds animportantand
still developingareaof researchFinally, thedistributionof naturallyoccurring
DNA damageproductschangesot only from one organismto the next but
alsofrom onetissueto the next. To the epidermalkells of a plant,thedamage
inducedby UV radiationis asinevitabk ashydrolytic damagdnducedby the
waterpresentin the cell's nucleus.Evensubtlechangesgproducedundercon
trolled laboratoryconditions cansubstantilly alter the type andfrequencyof
spontaneousnutatins (121). For this reason the readershould understand
that the relative importanceof the variousDNA damageproductsdiscussed
below (andthis is not an all-inclusive list) and, in fact, the repair pathways
discussedater, shouldalwaysbe regardedvithin the contextof the organism
in questim, thetissuestudied,andthe nature oits environment.
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Hydrolytic Damage

For an excellentreview of the chemicalstabiity of DNA (bothin vivo and,
interestingy, from ancientsources) directthe readerto arecentarticle (61).
TheDNA of living cellsis subjectto avarietyof hydrolyticreactionsthemost
common beinghehydrolysis oftheglycosylic bondbetweermpurinebasesand
the DNA backboneAlthoughthe overallrateof depurinatio is quite slow, in
organismswith a large genome,suchas humansor maize,spontaneas hy-
drolysiswould be expected tmducethe lossof severathousandpurinebases
perdaypercell. If anabasicsitewereto persist,it would block DNA replica
tion andtranscription andit would belethalin replicatingcells. Thereis also
someevidencethat AP (apurinic)sitesarepotentialy mutagenicasa resultof
occasionallesion bypasseventsduring DNA replication (34). Generally,
abasicsites are rapidly recognizedand repaired.As a result, spontaneougl
generated\P sitesdo notplay a significantrole in spontaneousiutagenesim
microbesor mammalsand thiss likely to be truefor plantsas well.

A secondtype of hydrolysis reactionappearsto be responsib¢ for the
majority of spontaneoupoint mutaions in humancells. Both cytosineand
5-methylcytsine are subjectto hydrolytic deaminationyesultingin the for-
maion of uracil and thymine, respectively.Thesetwo deaminationproducts,
both of which basepair with adenineandso are potentiallymutagenicdo in
fact differ widely in their mutageniciy. Uracil is rapidly recognizedas an
inappropriatebasein DNA, andit is excisedby uracil glycosylasein both
plantsandanimals.Thymine, however,cannotbe recognizedasa DNA dam
age product and so is highly mutageng, producingC:G to T:A transitian
mutatiors. A study of disease-relatedoint mutatonsin the p53 tumor sup
pressorgenerevealedthat 43% were C to T transitons at 5-methyl CpG
dinucleotides (101). This strongly suggestghat the deaminatn product of
5-methylcytsinemaybethe mostimportantsinglecauseof spontaneosipoint
mutatiors in the mamnalian cell. The tumor DNA analyzeddid not include
skin cancersthe spectrunof mutationsinducedin tissuesexposedo sunlight
is differentfrom thatlisted aboveandis discussedn the sectionUV-Induced
Damage.

Giventhat plants methgltecytosine not onlyatCpG dinucleotilesbut also
at CpNpGtrinucleotides(37) and potentially other sitesaswell, andthe fact
thata muchhigherpercentagef the angiosperngenome comparedwith the
humangenomejs madeup of 5-methylcytsine (approximatelyl0% vs less
than 1%) (115), it is likely that 5-methylcybsineto thymine transitiors are
alsoa frequentspontaneoumutationeventin plants.Theunderrepresentation
of CpGvs GpCnucleotidesn the plantgenomesupportghe notionthatthese
sequences are unstafld 4).
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Although the exactstructureand hydrationstateof DNA in dried seedss
unknown (84), onewould expectthat seedswhenstoredfor long periodsof
timein a desiccatedtate in which n®@NA repairoccurswould progressively
accumulatéP sitesandother spontaneolysgenerated lesiong\t some point
theamountof damagencurredby agingseedsnay exceedherepaircapacity
of thegerminatiry seedling Although desiccatedeedsaccumulatdydrolytic
damageat a much slowerratethanfully hydratedcells (21), long-termseed
storagehas beencorrelatedwith a delay in replicative DNA synthess, the
limitedsynthess of low molecularweight,untranslaédRNAs, andanincrease
in unscheduledrepair) DNA synthesiq83). Thesephenomenare consistent
with a requirementfor a period of genomicrepair before cell division can
occurin germinatingseedsAt leastsomeof the beneficialeffectsof “osmo-
priming,” aprocedurenvolving partial hydrationof seeddesignedo enhance
early anduniform germination,may resultfrom DNA repairactivitiesduring
the primirg period(4).

AlkylationDamage

Ethylmethanesulfonate(EMS), an ethylatingagent,is acommaly employed
artificial mutagenin plant genetics Evenin the absenceof exogenouslyap
plied alkylating agentsall cells experiencea biologically significant level of
spontaneou®NA methylaton (98b). The majority of the bondsin all four
basesare susceptibleo methylaton, to widely varying extents,and someof
the methylaton products,if left unrepairedare premutageniand/orlethal.
Most methyltion damageoccursat purinebasesThe mostfrequentlygener
atedalkylation product,7-methyladenie, basepairsnormally andis regarded
asneithermutagenimor toxic. In contrast,3-methyladenie cannotserveasa
templatefor DNA synthess andthereforeactsasablock to DNA replication
DNA damageproductsthat cannotsuccessfullybasepair with any baseare
frequentlytermed“noninformatioral lesions”and are regardedas potentially
lethal events.A third lesion, O%-methylguanine, basepairs efficiently with
thymine andthereforeis a very potentpremutagen lesion. A surveyof the
publishedsequencesf eight mutantallelesgeneratedby EMS treatmentof
Arabidopss seedsindicatedthat all eight were G to A transiton mutants
consistentwith the hypottesisthat O%-alkylguanineis the major mutagenic
lesioninducedby EMS in this tisste (26, 78, 82)—thowgh seealsoReference
81 for anexceptionto this conclusion Becausanethylatecbasegparticularly
7-methylguanie and 3-methylademe) are generatedy endogenousnethy
lating agentsplants,animals,andmicrobeshavedevelopedpecializedepair
pathwaygo reverse or excise methgilondamage.

The level of genomemethyhtionis subjectto environmeral perturbation
Many microbeshave developedan elaborateregulatorysystem termed“the
adative response,”’that enables thenmto enhanceheir capacityto repair
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methylaton damageuponexposureo a lower “challenge”doseof alkylating
agenty113). The chemicalnatureof the significantenvironmenrdél andendc
genousalkylating agentds still asubjectof speculatior{134),althoughcertain
bacteriafungi, andalgaehavebeenshownto producepotentinducersof the
adaptiveresponselt is possiblethatplants,especiallyplantroots,mayexpert
encea wide rangeof variationin the rate of alkylation damageandtherefore
may alsohavedevelopedan adaptiveresponséo this classof DNA damaging
agents.

OxidativeDamage

A wide variety ofoxidativedamageroducts arénduced inDNA by hydroxyl
radicals, superoxide and nitric oxide (23). Some of thesedamagedbases,
including thymine glycol andits degradatiorproduct,urea,act as blocks to
DNA synthesisbut are notparticularly mutagenic.Oxidation products of
cytosineundergoanenhancedateof deaminatia (via the hydrolytic reaction
discussedhbove)to form mutagent uracil derivatives.Perhapghe mostsig-
nificant premutagenicxidized baseis 8-hydroxyguaninewhich basepairs
with equalfacility to A andC. In addition,the nucleotide8-hydroxydGTRcan
be usedasa substratdfor DNA synthess by DNA polymeraseBoth human
andE. coli cells producean enzymethat specifically degradeghis deoxynu
cleotidetriphosplateto its monophospateform, therebypreventingits incor-
porationinto DNA (64, 75). Becauséasesareeasilyoxidizedin vitro during
standardDNA purification proceduresandbecausesomeoxidation products
are inherently unstabe, it is difficult to determinethe spontaneousate at
which certainoxidized basesarise,persist,or arerepairedin the genome.lt
shouldalsobe notedthatthe basesn anintactdoublehelix areshieldedfrom
attackby hydroxyl radicalsto a large degreeby their stackedjnterior confor
mation.For this reasonarelatively largefraction of oxidationdamageoccurs
atthesugamphosphatéackboneleading tosingle-strandetreaks Suchnicks
aregenerallyrepairedin an efficient anderror-freefashion.Becauseghe dou
ble helix is morelikely to “breathe”(becometransienty single-strandedhpear
a nick, the baseslocated near a nick are substanglly more accessibleto
hydroxyl radical attack.

The major sourcesof activatedoxygenin the cell arealmostcertainlythe
organellesreactiondn boththe chloroplast(11) andthe mitochondion (138)
frequentlymisdrect electronsto oxygen,generatingsuperoxide The plastd
possessea numbef enzymaticandnonenzymat defenseagainsisuperox
ide, peroxide,singletoxygen,andhydroxyl radicals(11), designedo capture
freeradicalsbeforethey caninteractwith critical cellularcomponentsuchas
the photosyithetic apparatusor the genome.Thesedefensescan be over
whelmed during periods of stresswhen NADP, theelectronacceptor for
reducederredoxin,becomedimiting (3). Underthese“photoinhibitory” (63)
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conditionsthe productionof activatedoxygenspeciesnay exceedhe chloro-
plasts extensivescavengingapacity.In addition becausdydrogenperoxide
candiffuse rapidly acrossthe lipid bilayer, no cellular compartnentis com
pletely isolaied from the reactive oxidative speciesproducedduring either
respirationor thelight reactionsof photosynhesis.

Significantextracellularsourceof activatedoxygenmight includeair pol-
lutantssuchas ozone (50, 68) or perhapsradicalsproducedby neighborirg
cellsduringthe hypersensitie responsg€57). Very high levelsof UV-B radia
tion canalsoinduceoxidative damagein DNA (40); however,it is not clear
whetherthe amountof oxidative damagenducedby therelativelylow levels
of UV-B radiationin solar radiationis significantin comparisonwith the
baselinelevel of oxidative damageproducedoy normally functioning organ
elles.lt is importantto note, however, that screefios UV-sensitiveArabidop-
sismutants(13, 22, 41, 49) haveemployedunnaturallyintense prief dosesof
UV. A screenperformedin this mannermay alsoyield mutantsspecifically
defective inthe repair of oxidatie damage.

Damage Inducedy lonizing Rathtion

lonizing radiation differs from UV radiationin its completelack of target
specificity. The probability of any componeniof the cell directly interacting
with ionizing radiationdependsimply on the massfraction itmakesup of the
cell. For this reasonthe mostfrequentprimary targetof ionizing radiationin
actively metabolizirg plant cells is water,and the majority of DNA damage
inducedby ionizing radiationprobablyresultsfrom interactionof DNA with
hydroxyl radicals(139). Direct absorptiorof radiationby the sugarphosphate
backbonecanalsogenerate nick; the sensitizatiorof the opposing, unnicked
strand may result in an increased yieldf double-strandoreaks.lonizing
radiationis often usedto generatechromosomabreaks,inversions duplica
tions, and translocatios in plant stocks,but it should be noted that point
mutatiors may also be generatedby this type of mutagenas a resultof
oxidativedamageo basesA surveyof mutatonsinducedin irradiatedArabi-
dopsis seedssuggeststhat ionizing radiationis a fairly reliable sourceof
chromosomakearrangementsyf nine alleles analyzedat the Southernblot
level, only one (125), a fast neutron-inducednutatian at GA1, wasfound to
have a “point-li” mutaton (116,140,141).

UV-Induced Damage

The cyclobutanepyrimidine dimer (CPD) andthe pyrimidine (6-4) pyrimidi-
none dimer (the 6-4 photoprodudt make up approximatef 75% and 25%,
respectivelypf the UV-inducedDNA damageproducty(72). Theactionspee
trum for the induction of pyrimidine dimersin purified DNA follows the
absorbancepectrumof DNA; dimersare inducedmost efficiently by radia
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tion at approximagly 260 nm, i.e. by radiationin the UV-C range.Although
no biologically significant UV-C (A < 280 nm) radiationis presentat the
earthis surface the small amountof UV-B (280-320nm) and much greater
flux of UV-A (320—400nm) presenin sunlight arethe singlemostimportant
sourcesf epidermalDNA damagen plantsor animals.The contributian of
longer (UV-A) wavelengthsof the solar UV spectrumto the overall load of
dimersin both humanand plant tissuesis further enhancedy its greater
ability to penetratehrough the outermostlayers ofcells (95).Plants are
thoughtto produce natural sunscreens, wiseltectivelyabsorb photonis the
UV-B and UV-A range,and flavonoid pigmentsare generallyregardedas
UV-absorbingagents Evidencesuggestshat plantsdefectivein the synthess
of anthocyaninsre shieldedfrom the growth-inhbiting effectsof UV-B (59)
andfrom theinduction ofDNA damage123).Yet, someof the UV-protective
effectsobservedn thechalconasomerase-defectivies mutantof Arabidopss
mayresultfrom its defectin the synthess of sinapicacidesterssomeof which
arehighly UV absorben17, 59).

The biological effectsof pyrimidine dimershavebeenextensivelystudied
in microbesandmamnals. Like someof the DNA damageproductsdiscussed
above pyrimidine dimershavebeenshownto inhibit theprogressf microbial
andmammalianDNA polymerasesndarenot directly mutagent. Mammat
ian RNA polymerasell hasbeenshownto “stall” at both CPDs and 6-4
photoproductq74, 92). Thus, in the absenceof repair, a single pyrimidine
dimeris sufficientto completey eliminateexpressiorof atranscriptionalnit.
In addition, evidencesuggestshatthe stalledmamnalianRNA polymerasdl
remainsboundto the site of the obstructon (27). Thuspersistirg lesionsmay
actuallyreducethe overall concentratiorof free RNA polymerasein addition
to eliminathg transcriptionof the genein which they ardocated.Every
pyrimidine dimeractsasa block to transcriptionandreplication,while only a
small fraction of dimersresultsin a mutatian. For this reasonthe inhibitory
effectsof UV on transcriptionandreplicationin plant epidermaltissuesare
probablymore signifcant (in term®f plantgrowth)thanits mutagenieffects
are.

DNA RERAIR PATHWAYS

Direct Revesal of Damage

PHOTOREACTIVATION In someorganismghe biological effectsof UV radia
tion are significantly reducedby subsequenéxposureto light in the blue or
UV-A rangeof the spectrumaphenomenn known asphotoreactivatin. The
photoreactivatig effectsof visiblelight usuallyreflecttheactionsof photolyase
enzymesThis classof enzymebinds specifically to cyclobutanepyrimidine
dimers and, upon absorption of a photon of the appropriate wavelength
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(350—-450nm), directly reverseshedamagen anerror-freemannerMicrobial
photolyases carry two prosthetic groups. One chromophore (either meth
enyltetrahydrofolater 8-hydroxy-5-deazaflavirgbsorbshephotoreactivatig
light andtransfersthe energyto the otherchromophorea fully reducedlavin
adeninedinucleotide (FAD). The excitedFADH™ thentransfersan electronto
thedimer,inducingits reversal107).Oncephotolyaséiasboundto acyclobu
tanedimer,theefficiencyof photoreactivatinis extremelyhigh; approximatef
onedimeris split for everyblue-light photonabsorbedMicrobial photolyase
genedavebeenclonedfrom avarietyof bacteriaandfungi, andtheirsequences
displayobvioushomologes (143).

Evidencefor the biological effectsof photoreactiationin plantsis compli
catedby the obvious detrimentaleffectsof growing plantsin the dark. This
problemcanbe partially alleviatedby the useof appropriatecontrolsand of
filters thatabsorbthe shorterwavelengthsequiredfor photoreactivabn (450
nm andunder)while transmitthg photonsof longerphotoyntheticallyactive
wavelengthsPhotoreactivatiomesultsin the reversalof severalUV-induced
phenamenain plants, including mutagenesischromosomerearrangements
(47), inhibition of growth, induction of flavonoid pigments(7), andunsched
uled synthesiof DNA (48). Light-enhancedepairof dimersfrom total cellu-
lar DNA hasbeendocumentedh tobaccoHaplopapps gracilis (132),ginkgo
(133),Chlamydomaoas(120), Arabidopsis(19, 87), andwheat(130),andthe
actionspectrumfor reversalof CPDsby partially purified maizeand Arabi-
dopsisphotolyaseshasbeenshownto be similar to thatof E. coli, amethenyl
tetrahydrofolate-typphotolyase (46, 87).

The cyclobutanedimer photolyaseactivities of higherplantsareknownto
beregulatedy visible light. The CPD photolyaseactivity of thecommonbean
is inducedtwofold by a brief exposureto red light; this effect is partially
reversedy subsequengxposureo far redlight, suggestinghattheinduction
is phytochrone mediated(55). Similarly, the light-dependentepairof CPDs
in Arabidopsis requiresexposureo visible light prior to aswell asafter UV
irradiation (19). Thusthe repair capacityof the plant dependon the quality
andtiming, aswell asquantity, of light in its environmentTheinfluenceof the
environmenn the steady-statéevel of pyrimidine dimers,the rateof induc
tion of dimers,andtherateof photoreactivatiorof dimershasbeenillustrated
in recentwork on alfalfa (127). Researcherfundthat seedlingggrownin an
essentiallyuV-free environmenthadthe samesteady-statéevelsof cyclobu
tane dimers (approximately6 dimers/negabase)s seedlingsgrown under
unfiltered sunlight In addition a given doseof UV was found to induce
twofold more dimersin the seedlingsgrown underatrtificial light, andthese
seedlingsalsohada lowerrate ofphotoreactivatiorof CPDs thartheidentical
straingrown under natural lighThus both the UMransparency anthe repair
capacityof higher plants is altered respons¢o theambientievels ofUV and
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visible radiation. Similar effectshavebeenobservedn experimentghat di-
rectly measurg¢he effects of enhanced UV yield(14, 30, 71).

A putative plantphotolyasewas clonedrom wild mustard(6) by probinga
cDNA library with adegenerateligonucleotide specific ta conservedegion
of the microbial cyclobutanedimer photolyases.The clone,labeledSA-phrl,
displayssignificantstretche®f similarity to previouslyclonedmicrobial pho-
tolyasesMoreover,the cDNA hybridizesto an mRNA thatis strongy regu
lated by light; seedlingsggrown in the dark expresdow levelsof the mRNA,
whereadight-grown seedlingsexpresshe mRNA at high levels.The protein
encodedy this cDNA wasexpressedh E. coli andfoundto bind, like the E.
coli photolyase both FAD andmethenyletrahydrofolat€65). The E. coli-ex-
pressednustardproteindid not, however,display any photolyaseactivity; it
neitherenhancedhe UV resistanceof a photolyase-defectivloststrainnor
did it split thymine dimersin vitro. For this reasonthe authorsconcludedhat
the SA-phrl clone represents blue light photoreceptoratherthan a pho-
tolyase. This condusion gains supportbecause aonstitutively expressed
Arabidopss gene(HY4) knownto be involvedin the blue light responsavas
also found to havea region of substarial homologyto the microbial pho
tolyases (1)TheHY4geneproduct,whenexpressed ift. coli,alsobindsboth
FAD and methenyletrahydrofolatebut fails to exhibit any photoreactivatig
activity (65).

Although the failure to find enzymaticactivity in a heterologouslyex-
pressedyeneproductis not definitive proof thata proteinwould lack photore
activatingactivity if expressedh planta, it shouldbe notedthatthe genewas
clonedon the basisof its homolbgy to microbial photolyases A secondclass
of “metazoan”photolyasescurrently clonedfrom fish, insects,and marsupi
als, apparentlyhaslittle sequencesimilarity to the more thoroughy studied
microbial enzymeg146). It is conceivablethat the plant photolyaseis more
closely relatedo the metazoan proteins merhapsepresentyetanotherclass
of photolyases.

In contrastwith findings on microbesandmamnals,experimentaévidence
suggestghat Arabidopss may havea light-dependenpathwayfor the repair
of pyrimidine (6-4) pyrimidinonephotoprodud (19). Unlike its CPD-specific
photolyaseactivity, this repair pathwaydoesnot requireinduction by prior
exposureo visible light. It alsodoesnot requirethe UVR1geneproduct(13),
which is essentiafor dark repairof 6-4 photoproductsThusArabidopsishas
the ability to photoreactivatéboth of the major UV-induced DNA damage
products.This ability probably extendsto other plants; exposureto visible
light greatlyenhancesherate ofremovalof 6-4 photoprodictsfrom the DNA
of wheatseedlings(130). Although photoreactivabn of 6-4 photoproduct
hasnotbeenobservedn microbialor mostanimalstesteda 6-4 photoprodict-
specific photolyase actiyithas beerpartially characterizedn extractsof
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Drosophilalarvae(53, 131). If 6-4 photolyaseactivity existsin organismsas
distantlyrelatedasplantsandinsectsit is importantto determinewhetherthe
activity is universal.Thediscoveryof the 6-4 photolyaseis particularlysignifi-
cantin that the biological effectsof photoreactiation have previously been
ascribed tahe alleviaton of thetoxic effects of cyclobutandimersalone.

LACK OF EVIDENCE FOR O%-METHYLGUANINE METHYLTRANSFERASE As de-
scribedabove 0%-alkylguaninebasepairsdirectly with thymineandtherefore
is directly mutagenic.For this reason,most organisns producea protein,
OB-methylguanie methylransferaséMGMT), thatremoveshemethylgroup
from thelesion,transferring itto a serine residue dhe proteintself. Because
no mechanisnexistsfor the demethylatio of this protein, this “enzyme”is
permanentlyinactivatedby the reactionandis sometinestermeda “suicide”
DNA methyltransferaseMGMT hasbeendentifiedin andclonedfrombacteria
(24,91, 112),yeast(142),andmammals(43, 103, 129). No evidencefor its
existencan plantshasbheenestablislked. A carefulsearchfor the activity was
performedn Chlamydomonasyith negativeresulty32).Oneof thetwo E. coli
copiesof MGMT, theadagene wasrecentlytransformednto tobaccocallus,
and resistanceto the growth-inhibtory effects of methyhting agentswas
enhancedh thetransformedallus(2). Activity in plantsgrownfrom thecallus
waspoor, however(135), makingit difficult to determinewvhetherthe expres
sionof theadagenehadanantimutato effect.lt is difficult, if not impcssible,
to provide definitive proof that an enzymatic activity doesot exist in a
particularorganismThepresencef MGMT in yeastwasin doubtuntil thegene
wasclonedandsequence(ll42).In fact,theexistencef abonafide photolyase
in placentamamnals isstill a matterof somedebatg(60, 102).

ExcisionRepair

In contrastwith photoreactivabn, darkrepairpathwaysdo notdirectlyreverse
DNA damagebut insteadreplacethe damagedNA with new, undamaged
nucleotidesThese"excision repair” pathwaysfall into two major categories:
base excisionepair and nucleade excisiorrepair.

BASE EXCISIONREPAIR Baseexcisionrepairinvolvesthe removalof a single
damagedasethroughthe actionof oneof manylesion-specifigglycosykses,
which leavesthe DNA sugar-phosphateackbonentact. Theresultingabasic
sitesarethenrecognizedy anapurinic/apyrinidinic (AP) endonucleaser AP

lyase,which nicksthe backboneof the DNA atthe AP site (105). The nicked
DNA is thenrestoredo its original sequencéhroughthe combinedactionsof

exonucleases, eepair polymerase, and DNHKgase. Recentevidencehas
suggestethattherepairpolymerasatself, polf3, possesses ttability to excise
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the5' deoxyribosghosphateesiduethatis generatedby thecombinedactions
of DNA glycosylasesnd class Il AP endonucleagé§).

URACIL GLYCOSYLASE As describedabove uracilaccumulates thegenome
atarateof approximagly 100lesionspercell perday (for agenomesizeof 3 x
10° bp). Becausethis lesionis directly mutagenicall living things probably
producea uracil glycosylaseThe crystal structureof uracil glycosylaserom
nonplantsourcedasrecentlybeensolvedandsuggestshatthe proteinactually
bindsto a uracil basethathasswiveledout to the exteriorof the doublehelix
(76, 109). Although a genecorrespondingo this protein has not yet been
identifiedin plants theactivity hasbeenpurifiedfrom severaplantsourceg10,
128). There isomeevidence thathis activity is downregulatetty as much as
20-foldin fully differentiatedcells(38).

3-METHYLADENINE GLYCOSYLASE 3-Methyladenine is a noncodinglesion
that, like uracil, occursspontaneoushat a significantrate. 3-Methyladernme
glycosylasefavebeendentifiedin bacteriayeastmammalsandArabidopss
andvary in their substrate-specificityE. coli expresseswo 3-methyladenie
glycosylasesTheproductof thetaggenes highly specificfor 3-methylademie,
whereagheproductof thealkA genehasabroadsubstratespecificity,cleaving
the N-glycosylic bond at 7-methylguanine, 3-methylguanine, O2-
methylthymine, and O2-methylcybsine,aswell as3-methyladenie (29, 51).
The biological effectsof analkA- mutation canbe suppressety the artificial
overexpressiomf the tagA gene(145), which suggestghat theseadditioral
substrateslo not play animportant rolen thelethality inducedby methylatirg
agentsThetagandalkAgenesharenosignificanthomology. All of thecloned
highereukaryote3-methylademeglycosylsesjncludingonefrom Arabidop-
sis (108), havebeenisolaked via complenentationof the MMS-sensitivty of
theE. coli doublemutant(8, 18; summarizedn 28,80). Althoughthemamnal-
ian geneshave a high degreeof homobgy with one another,the overall
transkingdomhomolog is fairly weak.

UV-ENDONUCLEASES  Glycosylasesaaind endonucleasespecific for cyclobu
tanedimershavebeenobservedn bacteriaand bacteriophag@andhavebeen
useful as diagnostt agentsfor the assayof UV-induceddamage(31). True
eukaryoticUV-endonucleasethatrecognizeboth cyclobutanedimersand6-4
photoproductandthatgenerateanincision immedately5' to the lesionwere
recentlyidentifiedin SaccharomycegombeandNuerosporacrassa(12,144).
Severalgroupshavedescribedhe partial characterizatiorof endonucleolyit
activitiesobtainedfrom plantextractsthat exhibit somespecificity for UV-ir -
radiatedDNA (25, 77,136).Someof theseactivitiesareparticularlyintriguing
in thattheydonotappeato recognizeCPDs whichsuggestthattherecognition
sitemaybethe6-4photoproductin only onecasdtheendonucleasgPpurified



DNA DAMAGE AND REPAIRIN PLANTS 87

from spinachhasaplantUV-specificendonucleaskeensubstanally purified
andcharacterizedthis enzymewassuggestedio be a single-strande@&ndonu
cleasewhich apparentlyrecognizes single-strandedegionthatis inducedby
6-4 photoprodats butnotby CPDs(124).

NUCLEOTIDE EXCISION REPAIRR (NER) NER differs from baseexcisionrepairin
two ways: The spectrumof DNA damageproductsrecognizedoy the repair
complexis remarkablywide, andthe repaircomplexinitiatesremovalof the
damageby generatingnicks on the damagedstrand. Thesenicks occurat a
specific distanceboth 5 and 3' of the lesion, which is then excisedas an
oligonucleoide throughthe actionof a helicase The excisionrepaircomplex
will, with varying efficiencies,cleavealmostany abnormaliy in DNA struc
ture—from very small, nondisbrting lesions (such as O5-methylguane or
abasicsites)to very bulky adducts(thymine-psoraleradductsor pyrimidine
dimers).It is not likelythat thecell produces apecificrepair protein foevery
possiblelesion,andnucleotde excisionrepairmay exist,in part,to copewith
theunexpectedAs discussedbove placentaimammalsaregenerallythought
to lack photolyaseandin mammalancellsNER is apparentlythesolepathway
for therepairof bulky adductg106). It shouldbe keptin mind, however that
mostmammalianrepair studies,for obviousreasonsare performedin tissue
cultureratherthanin actualskin. It is possible andevenreasonablethatonly
thosetissuesthat are normally exposedto sunlightexpressa specific repair
pathwayfor UV-induceddamagePyrimidinedimersmayindeedrepresenain
“unexpected” clasef lesionsto mosttypesof culturedcells.

Light-independen(“dark”) repairof CPDs,which might representither
NER or baseexcisionrepair,hasbeenobservedn severaplantspeciesEarly
studies previouslyreviewedby McLennan(67), involvedthe useof a germk
cidallamp (UV-C, 254nm) to irradiatecell suspensiormulturesor protoplass
(for uniformity of UV penetration)producinghigh concentration®f CPDs.
The disappearancef dimersfrom the nuclearfraction was measuredy hy-
drolyzing the nuclearDNA andassayingyia thin layer chromatographythe
fraction of total thymidine baseghatwerepresentasdimers.The appearance
of exciseddimersin the cytosol, indicative of excisionrepair, was followed
using similar techniquesThe rate of dark repairof CPDswasfound to vary
widely between planspecieswith highrates of repair demonstratéxt carrot
suspensiomtultures(44) andprotoplastof carrot,Haplopappuspetunia,and
tobacco(45), whereasexcisionrepair of CPDswas undetectablén cultured
soybearcells (100). It shouldbe stressedhowever,that photoreactiation is
generallya morerapid andefficient pathwayfor the excisionof UV-induced
dimersand probablyprovidesthe bulk of the protectionagainstUV-induced
DNA damage Excision repair may, however,be essentiaffor the repair of
minor, nondirrer, UV-induced photopradtts.
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Recently,more sensitivetechniquesiavebeendevelopedor the detection
of UV-induceddamagejncluding the useof lesion-specificantibodies(73),
the T4 endonuclease/alkale sucrosegradientassay(33, 87), and an exquk
sitely sensitivegel-electrophoresis-basadethodinvolving the extractionof
intact DNA, followed by cleavageof the DNA at CPDsandthe quantitatve
assayof various size classesof single-strandeddNA sizesto arrive at an
averagefrequencyof dimers (96). Thesetechnicaladvanceshave enabled
investigatos to userelativelylow dosesof UV to studyrepairin intactplants.
Dark repairratesfor CPDshavebeenassayedn 5-day-oldArabidopss seed
lings, whereno significantrepair of CPDswas detectablan 24 h, althoud
repairof 6-4 photoproduct wasefficient (13). In contrastrapid darkrepairof
CPDswas observedin alfalfa (97), and an intermedia¢ level of repairwas
detectedn wheatseedlings(130). While theseplantsmay actually differ in
theirinherentcapacityfor darkrepair,this disparitymight alsoresultfrom the
differing experimentatonditionsemployed. Ihasrecentlybeendemonstated
thatexcisionrepairin the alfalfa seedlingyhile efficient and easilgletectable
at high levels of initial UV damagejs undetectablat lower initial damage
levels(97). Extremelyhigh dosesof UV canalsoinhibit repairin planttissues
(44). Thus,while laboratorystudies are essentiafor the determinatio of the
biochemicabasisof repair, cautiomustbe used irextrapolatng these results
to make predictions concerningV resistancein the field, where growth
conditions the plantissues employed, arhlelevelsof DNA damagenduced
by sunlight can radically affect both the extent of damageand the rate of
repair.

Double-StrandBreakRepair

Double-strandreaks(DSBs)aregeneratedn plantDNA througha variety of
mechanismsspontaneou®xidative damageto the genome,treatmentwith
ionizing radiation, the formation of a dicentric chromosore, cleavagewith
artificially introducednucleasesand (perhaps)excisionof transposablele
ments.To a plant molecularbiologist, the mostimportant sourceof DSBsis
probablythe recombinanDNA with which the researchehopesto transform
the plant cell. Becausehe DNA sequencesearthe endsof thesebreaksare
rapidly degradedDSBs generallyexpandinto gapsthat cannotsimpy be
religatedto restore the original sequence. Unlike recomlmngtroficient
yeastcells,whichwill virtually alwaysrepairDSBsvia homobgousrecombi
nation,the cells of higherplantsbehavevery muchlike thoseof mostmam
maliantissuesDSBsaresimply rejoined,endto end,in whatappeardo bea
randomfashion.This end-to-endoining processs sometmestermed-illegit -
materecombinatn.” Analysisof repairedDSBsgeneratedy ionizing radia
tion (116), T-DNA insertion(35, 36, 117),andtransposablelementexcision
[mostrecently(111)] indicatesthat a bias doesexist toward the formation of
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joint moleculesatregionsof homolbgy. However,this homologyis extremely
limited (2-5 bases)yandis probablysimply the resultof enhancedtability of
thejoint for ligation, ratherthanthe sortof extensivehomolog/ search associ
atedwith homobgousrecombinationIn addition, DNA junctionsare often
characterizedy multiple recombinatiorevents,suchasan inversionof sub
stantialportiors of the targetsite (116), and novel sequencethat may repre
senttemplateswitching by a repairpolymerase(104), the transientformation
of a covalentlyclosedhairpin loop (20), or addition of nhontemplatenuclec
tides.The naturalpropensiy of mammalanandhigherplantcellsto incorpo
rateexogenouPdNAs into randomratherthanhomologaus sites[the fraction
of eventsfrom homolgyous recombinationamongall integrationeventsis
approximatelyl/104 (90, 93)] is particularly vexing to the molecularbiolo-
gist, becausdrue genereplacemenis very infrequentin thesesystemgwith
the exceptionfor unknownreasons, of mousambryonicstemcells).

Very little is known about the genemquired foiillegitimaterecombinatio
in eitherplantsor animals.X-ray-sensitivemutantanimalcell lines exist that
aredefectivein therepairof DSBs.Someof the geneghatcomplenentthese
defectshave beencloned[reviewedin (31)]. scid mice, which are severely
immunaleficientasa resulta defectin V(D)J recombinatio, are also X-ray
sensitiveandfail to incorporateexogenou®NAs (42). Mutants of Arabidop-
sis specificallysensitize to the growth-inhbitory effectsof ionizing radiation
havealsobeenisolated(22),and someaJV-sensitiveArabidgpsismutantsalso
displaysensitvity to ionizing radiation(49). Althoughthesemutans havenot
beendirectly assayetbr theability to repairDSBs,recentevidencehasshown
that a subclassf thesemutantsare defectivein the stableincorporationof
T-DNA into their genome(122). This resultis particularly significantfor two
reasonsFirst, it suggestghat the mutant areindeeddefectivein end-to-end
joining. Second,it providesthe first direct evidencefor the role of host
enzymes irm-DNA transformationTheavailability of plant mutants defective
in illegitimate recombinatiorwill enableusto betterunderstandand perhaps
modify this process.

RERAIR OF THE ORGANELLAR GENOMES

Any proteinspresentin the organelleare eithersynthestedthereor arespe
cifically transported into the organelle. Rbis reasonthe presencef arepair
activity in the nucleusdoesnotimply thatthe activity is presentn the organ
elle; the presenceor absenceof organellarrepair activities hasto be estab
lishedindependenyl. Forexample Chinese hamstavarycellsexpresonly a
subsetof their repairactivitiesin their mitochondia; methylated purinesand
interstrand crosslinks are removed efficiently, but dimer and intrastrand
crosslinksarenot (56). This suggestshat sometypesof baseexcisionrepair
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function in mitehondria, but the morgeneralnucleotie excision repair
mechanismfunctionsonly in the nucleus.Neither the mitochandrial nor the
plastidgenome®ncodeany DNA repairproteins.Do organisns possessnul-
tiple, nuclearly encodedsetsof certain repair genes,one for eachgenetic
compartmentpr are somerepairproteinstargetedo morethanonecompart
ment?S. cerevisiaehasfive copiesof the MSH generequiredfor mismatch
repair; one of the gene productsis targetedto the mitochordrion (99). In
contrast,S. cerevisiaés PHR1 photolyaseappearso photoreactivatéoththe
nuclearandmitochordrial genomesandits 5" endcan directhetransportof a
lacZ fusion proteinto the mitochondrion(147). Similarly, the nuclearlyen
codedhumanuracil glycosylases directedto both the mitochondrionandthe
nucleug(119). It isconceivable that some plant repair proteins npgissess a
uniquetargetingsignal that facilitatestheir transportinto all three compart
ments.

Chlamydomonass known to photoreactivat both its nuclearand plastd
genomesThe phrl mutanthasbeenshownto be defectivein the photoreacti
vation of the nucleargenomebut not the plastid genome.This suggestghat
Chlamydomonsproduces twalistinct photolyasesUnfortunately,no studies,
to my knowledge havebeenpublisheddocumerning repairof anykind in any
higher plant organellargenome.A homologie of the E. coli recA genehas
beenclonedfrom Arabidopsis (16), and it encodesat its amino terminusa
conservedecognitionsite for the stromalprocessingoroteaseSouthernblot
analysisusingthis cDNA asa probesuggestshatthereis morethanonecopy
of this geneencodedby the Arabidopss nucleus(9). This chloroplastrecA
homologwe may play a role in recombinatnal “repair” (seebelow). Several
other Arabidopsis cDNAs, cloned on the basisof their ability to partially
complementthe UV-sensitiveand recombination-defect& phenotypeof E.
coli repair-defectivenutans, alsoappearo posseshloroplast-targetig se
quences (889).

Sequencanalysisof the two plant organellargenomessuggestghat they
evolveby differentmechanisrm andat differentpaceq86). It will beinterest
ing to determinewhethersomeof thesedifferencescanbe ascribedo differ-
ences in thenodeand efficiency of theiDNA repair pathways.

DNA Damage Tolerandeathways

The excision repair pathwaysdescribedabove can all be divided into two
steps:First the damagedaseis removed,andthenthe undamagedtrandis
usedasa temphteto fill the resultinggap. Theserepair pathwaysare essen
tially errorfree. If, howeveracell undergoe®©NA replicationbefore repair is
complete,a “noninformational” DNA damageproduct,suchasa pyrimidine
dimer,will actasablockto DNA replication.DNA polymeraseavill normally
reinitiatesynthesis3' to thelesion,buta gapremainsin the newly synthesized
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daughterstrandat the site opposte the DNA damageproduct. The resultirg
incompletey synthesizedchromosomewill, as a result, no longer act as a
substratdor excisionrepairbecausehesisterstrandis nolongeravailableasa
template.Although one would expectthe persistencef sucha lesionto be
lethal,a variety of organismshavebeenshownto undergorepeatedoundsof
DNA synthesisandcell division in spite of the continuedpresencef nonin
formationallesions At leasttwo independenpathwayspermittingthecomple
tion of replicationof damageathromosomasexist; thesearedimerbypassand
recombinationafrepair.” Thesepathwaysare sometmescollectively termed
“postreplicationrepair” but are betterthougtt of as“damagetolerancepath
ways” becausdhey do not involve DNA repair but insteadhelp the cell to
survivedespitepersistingdamage.

Dimer Bypass

Althoughnoninformatimal lesionsnormally act adlocks to DNAreplication
someorganismgproducea modified polymerasethatis capableof performing
translesionsynthess. For example,the E. coli umuC,D gene productsare
thoughtto bind to DNA polymeraseandrelaxits normally stringentrequire
mentsfor the stableinsertionof a new base therebyenablingit to perform
translesiorsynthess (98a). The alteredpolymerasegenerallyinstalls adenine
residuesacrossfrom noninformational DNA damageproducts.As a result,
UV-induced thymine dimersare not mutagenic,but cytosine-cordining di-
mersare. Similarly, becauseJV radiationinducesprimarily pyrimidine di-
mers andbecause theimuC,D gene products areequiredfor translesio
synthesisstrains with defectim thesegenedisplayanenhancedensitvity to
thelethal effectsof UV while completelylackinga mutageniaesponseo this
DNA damagingagent(52). Translesionsynthesispermits DNA replication
(andthereforeenhancedurvival) at the expensef accuracyBecausef their
inherentpotental for generatingmutatons, the umuC,D geneproductsare
expresseanly whenthe cell hasbeenexposedo a substantiadoseof DNA
damagingagents(5). Similarly, the REV3geneof S. cerevisiaeproducesa
nonessentialmutagenicpolymerasewith a specializedability to synthesize
DNA using damagedemplate118). Humansmay producea modified po-
lymerasewith a similar tendencyto instal A’s at pyrimidine dimers:sunligh-
inducedmutatiansin humansoccurmainly at dipyrimidinesandareprimarily
CtoT orCCto TT transversion$148).

Whether mutagenesif plantsoccursasa resultof lesionbypassremains
to be seen.UV radiationis an excellentsourceof noninformaticmal DNA
damageproducts andthe spectrunof mutatonsinducedby UV couldprovide
insights into the meansby which plants tolerate the persistence of DNA
damageUnfortunately few UV-inducedmutatiors havebeengeneratedand
to my knowledgenonehasbeensequencedBecausehe plants germlineis



92 BRITT

shieldedfrom UV duringvirtually all stageof growth,studiesof UV-induced
mutatiors in higherplantshavebeenlimited to the mutagent effectsof UV

irradiationof pollen. Mutagenesi®f pollen hasthe advantagef enablingthe
investigato to observethe inductionof mutaions suchaslargedeletionsthat
might otherwisebe nontransnesableasa resultof selectionduring the post

meiotic mitosesandgrowth of the pollentube.In fact, UV-inducedmutatiors

in maize pollen were generallyfound to be nontransmnssableor to havere-

ducedtransmissin beyondthe first generationwhich indicatesthat UV-in-

ducedlesionsresultin large deletionsratherthan point mutatons (79). This

finding suggestghat translesionsynthesis(which inducespoint mutatians)
rarely occursduring repairin pollen or during the early stagesof embryonic
development and that UV-induced DNA damage resuts in chromosome

breaksand/or recombinain. However, one must bearin mind that large
chromosomadeletionswhich resultin the simutaneoudossof manygenes,
are simply easierto score as mutatons than are single basechangesthe
majority of which fail to affect genefunction. It is also possiblethat dimer
bypassis preferentiallyemployedin somaticcell lines (wheremutagenesiss

relativelyinconsequeiidl) butis not expresseduringthe critical last stageof

pollen developmentwhen mutaions can no longer be eliminated through
diplontic selection(54). Becausef its potental role in the creationof genetic
diversity (aswell asin UV tolerance)moreresearcton translesiorsynthess

is neededn bothplantsandanimals.

Recombinational Repair

In contrastwith lesion bypass,recombinationalrepair” fills the daughter-
strandgapby transferringa preexistinggomplementangtrandfrom a homab-
gousregionof DNA to the site oppositethe damageAs in the dimer bypass
mechanismthe lesionis left unrepairedbut the cell managedo getthrough
anotherround of replication, and the damagedbaseis now availableas a
substratdor excision repair. When the complementary strand is obtained from
the newly replicatedsisterchromatid theresultirg “repair” is errorfree. If the
informationis obtainedfrom the homolbgouschromosom, or perhapdrom a
similar DNA sequencelsewherdan the genomethereis a possibilty thata
changewill begeneratedn the genés sequenceithervia geneconversioror
through th€formation ofdeletions, duplicatins,andtranslocains.While UV
irradiation hasbeenshownto inducechromosoral rearrangementis plants
(79), including homologos intrachromoesmal recombinationevents(94), it
remaingto be seemvhether the fillng of daughter-strangbps via homologau
recombinationis a significantUV tolerancemechanisnin plants.UV radia
tion has beenshownto induce previously quiescenttransposableslements
(137); it is possiblethat this effect is the result of chromosomatearrange
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mentsor otherrepair-relatedactivities. Conversely someUV-inducedmuta
tionsmayresultfrom theactivationof transposablelementctivities.

OtherDamage Toleranc®lechanisms

The two pathwaysdescribedabovepermitthe cell to replicatein spite of the
persistencef dimers buto notreducehedeleterioueffectsof DNA damage
on transcription.One of the mostinterestirg recentdevelopmentsn the field
of DNA repairis thediscoverythatthetemphtestrandemployedor transcrip
tion is repairedmore rapidly than the untranscribedstrandor untranscribed
regions(39). In fact, the relationshipbetweenrepairandtranscriptionis par
ticularly intimate—notonly are somerepair proteinsphysically coupledto
RNA polymerasebput a subsetof thoseproteins,notablythe TFIIH complex,
actually act independery both as transcriptionfactors and as repair com-
plexes(110).By selectivelyremovingdamagdrom activelytranscribedinits,
targetedepairsubstaritlly reduceghetoxic effectof UV. Although preferen
tial repair of transcribedstrandshasbeenshownto existin mamnmals (70),
yeast(126),andE. coli (69), thisphenomenoinas notyet been invesgated in
plants.

Lesions oppositea daughter-strandjap are particularly problematt be-
causethe damagecannotbe repairedvia excisionrepair.If thecell is unfortu-
nateenoughto not only replicateits damagedNA but to alsoundergocell
division, then the information at the site of the lesion is permanentlylost
becauseo sisterchromatidis availableto takepartin recombinatnalrepair.
For this reasonsomeorganismsare capableof detectinggenomedamageand
will delaycell division until theintegrity of the genomeds restoredYeasts(S.
cerevisiae,S. pomb@ damagedin G1 or S phasewill ceasefurther DNA
synthesis,while G2 cells will delay mitosis (15). Cells defectivein genes
requiredfor the G2 “checkpoint”will proceedwith cell division in spiteof the
presencef gappedNA andwill thereforeexhibitanincreasen sensitivty to
both the toxic and mutagenic effects of DNA damaging agents. Similar
“checkpoint” responseso DNA damagehave beenobservedin other fungi
and inmammalg58).

Severallabsare currentlyin the processof isolating Arabidopss mutans
that are hypersensitie to the growth-inhbiting effects of DNA damaging
agentg13,22,41,49). Unfortunately few of thesemutantshavebeencharae
terizedin termsof their repaircapabilites.Althoughmanyof theseUV-senst
tive mutantswill havedemonstrableefectsin repair,undoubtedlysomefrac-
tion will display normal ratesof repair. This secondclassof mutantsis a
particularly interestng one, asit may include mutans defectivein damage
tolerance Thusa screenfor UV-sensitivity might yield mutantsdefectivein
mutagenesigecombinationtranscriptionandcell cycle control.
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SUMMARY

Plantsare now known to possessnany of the samerepair pathwaysas other
eukaryotesUV-induced pyrimidine dimers (both 6-4 photoprodicts and cy-
clobutanedimers)can be removedvia photoreactivabn or throughexcision
repair, and certainlesion-specificglycosylaseshave beenshownto existin
higher plants.What may be more important is that researcherfave proven
thatthecurrentlyavailableassaydgor repaircanbeappliedto plants.The DNA
of higherplantscanbe radiolabeledn vivo andcanbe extractedn the very
intactstaterequiredfor the assayof DNA damagedandits repair)inducedat a
very low frequency Thefeasibility of employing both classicalandmolecular
geneticapproacheso DNA repairhasbeenestablifiedin plants;atleastone
Arabidopss mutantdefectivein the repair of UV-inducedlesionshasbeen
isolated,andat leasttwo radiation-serniive mutantsappearto be defectivein
the rejoining of double-strandreaks.Severalrepair-relatedyeneshavebeen
clonedfrom Arabidopss eithervia complemerdtion of repair-defectivenu-
tants from other speciesor by probing for the presenceof homobguesto
knownrepair genes.

Many repair-relatedssuesremainunexplored Although photoreactivatio
is undoubtedIythe plantkingdoms majorline of defenseagainstUV-induced
damagethe molecularnatureof the two plant photolyasegenesis unknown.
Virtually nothingis knownaboutorganellarepairor organelladamageoler-
ance pathways,althoughthe identification of an Arabidopss plastid recA
homologe shouldshedsomelight on this processNothingis known,in any
plantspeciesaboutthe mismatchrepairprocessWe haveyetto identify any
DNA damagdolerancepathwaysn plants.Our understandig of the molecu
lar mechanism®f bothillegitimateandhomolbgousrecombinatio is still in
its infancy. Many of thesequestiams could be easilyaddresseavith currently
availabletechnologiesA wide rangeof usefultools havebeendevelopedy
researchersvorking on microbesand animals.Theseinclude lesion-specific
antibodies repair-defectivemutants,and a multitude of clonedrepairgenes
from a wide rangeof speciesAll of thesetools canbe directly appliedto the
studyof repair and repair-related procesiseglants.

The study of DNA repairand DNA damagetoleranceprocessed plants
toucheson asurprisirgly widerangeof subjects, includig not only the effects
of DNA damagingagentson plantgrowthandmutagenesibut alsotranscrip
tion, cell cycle control,and both homobgousandillegitimaterecombination
It alsohasapplicatiors beyondmutagenesi; an understandingf DNA trans
actionsin plantsis essentialf we hope tgrogress beyontherelativelycrude
andhaphazardevel of “geneticengineering’currentlyavailableto both basic
and applieglantgeneticists
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