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Herbicide Safeners:Effective Inducers of Plant Defense
Gene-EnzymeSystems

Safenerqgalsoknown asantidotes)are syntheticchemicalsusedworldwide to protect
crop plantsfrom herbicideinjury without reducingweed control (2,5,7,12). Marketed
safenersare membersof chemically diverse groupsincluding dichloroacetamidege.g.
dichlormid, benoxacarfurilazole and R-29148),naphthogranonege.g. naphthalican-
hydride), dichlorometlyl acetalsandketals(e.g. MG-191), oxime etherderivatives(e.g.
uxofenim), 2,4-disubstitutedhiazolecarboxylateg¢e.g. urazole), pherylpyrimidines
(e.g. fenclorim), pheryl pyrazoles(e.g. fenchlorazole-etyl andmefengyr-diethyl), quino-
linoxycarboxylic acid esters(e.g. cloquintocet-mgyl), thiocarbamatege.g. dimepiper
ate), mettylbenzyl-tolylureage.g. daimuron)andbenzenesulfonamidgg.g. 2-CBSU)
(2,5,7,12).The chemicalstructureof somecommonlyusedsafenerareshovn in Figure
1.
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Fig. 1. Chemicalstructuresof selectedsafeners. Dichlormid, benoxacar NA and 2-CBSU are
maize safenersfenclorimis a rice safener; uxofenim is a soghum safener;fenchlorazole-etyi
andcloquintocet-meryl arewheatsafeners.

Extensve researcton theinteractionsof safenersith their respectie herbicidesover
thepast30yearshasdemonstratethat: (a) safenergxhibit a high degreeof botanicaland
chemicalspeci city; (b) protectedgrasscropsare moderatelytolerantto the antagonized
herbicidesand(c) safeneraremosteffective whenappliedprior to or simultaneouslyvith
theherbicidesvhoseinjury they prevent(2,5,7,12).

In the eld, safenergrotectlarge-seededirasscropssuchasmaize,grain soighum,
wet-savn rice, and wheatagainst thiocarbamatechloroacetanilidearyloxyphenoxypro-
pionate, sulforylurea, imidazolinone,triketone, and isoxazoleherbicides. Safenersare
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appliedeitherto thecropseedrior to planting(seedsafenes) or to thesoil or croptogether
with theherbicidesn asingleformulationpackage Thesafeneito-herbicidedosesn these
mixturesrangefrom 1:6to0 1:30(2,5,7).

Safenefinducedenhancementf herbicidedetoxi cation in safenedplantsis widely
acceptedas the major mechanisnof safeneraction (2,5,7,12). Most safenersesemble
structurallytheirrespectie herbicidesandthey inducecofactorssuchasglutathiong( GSH)
andherbicide-detoxifyingenzymessuchasglutathioneStransferasefGST), cytochrome
P450mono-oxygenase@450),andglucosyltransferaseéGT). In addition,safenersan
stimulatethevacuolartransporf glutathioneor glucoseconjugatesof selectedherbicides
(2,5,10,12).

The induction of P450and GST transcriptsby safenersappeargo be tissue-speci ¢
and developmentallyregulated (1,2,5,6,10,11,12). Safenersinduce the actiity of nu-
merousplant P450scatalyzingaryl hydroxylation, ring-mettyl hydroxylation, and N-
demetlylation reactionsinvolved in the metabolic detoxi cation of chloroacetanilide,
aryloxyphenoxypropionatesulforylurea, imidazolinone,and sulfonamideherbicidesin
protectedgrasscrops(2,5,11,12).

A strongcorrelationbetweenthe ability of a safenerto increaseGST actiity andits
efcacy in protectingmaize, grain soighum, rice and wheatfrom herbicideinjury has
beendemonstratedl,6,10). Pretreatmendf maize,rice andgrain soghumwith safeners
suchasdichlormid, benoxacarfenclorim and urazole enhancegreatly the crops' low
intrinsic toleranceto thiocarbamateand chloroacetanilidenerbicidesby inducing GST
actiity, andin turn elevatingthe rate of the herbicidedetoxi cation via GSH conjugation
(1,2,5,6,10,12).Safeneranay alsoelevate GSH levels in protectedplantseitherdirectly
by regulating the assimilatorysulfate reductionto cysteineand activating key enzymes
involved in the biosynthesioof GSH, or indirectly by inducingthe actiity of glutathione
reductas€2,5,6).

Multiple GST isozymesconjugating herbicideshave beencharacterizedn maize,
wheat,solghum,andrice (1,6,10).Someof theseGSTisozymesareconstitutve andsome
areinducible by safeners.Several safenefinducedcDNA clonescodingfor GSTs(e.g.
Gst27) have beenisolatedfrom maizeand othercrops(1,6,10). Hershg and Stoner(8)
developeda novel geneexpressiorsystem regulatedby a safenetanda promoterderived
from a safenerresponsie gene.They isolatedtwo cDNA clonesdesignate@sin2-1, In2-
2, whosemRNAs wereinducedrapidly in root and leaf tissuesof maizeafter treatment
with the benzenesulfonamidgafener2-CBSU. In subsequenstudies,De Veylder et al.
(3) transformedArabidopsisthaliana with a reportergeneconstructunderthe control of
theln2-2 promoter which is activatedby the 2-CBSUsafener It wasfound thatthe In2-
2 promoteractiity couldbe inducedby sereral safenersaandthe herbicidechlorsulfuron.
This indicatesthattheremay be a correlationbetweernn2-2 expressionrandinhibition of
acetolatatsynthasectivity by sulforylureaherbicideq3).

Plantsrespondto biotic or abiotic stressedy a sequencef eventsincluding stress
recognition,signaltransductiorand defensegeneactivation (4,10). The involvementof
a commonfactorin the signalingtransductionpathway, from the initial recognitionof
the stimulusto the activation of geneexpressiorof plantGstgenesjs very likely. Thisis
supportedy thefactthatGstgenesareactivatedby oxidatve stres{H O ) andtheactiity
of theencodedroteinsis neededor cellularprotectionagainstoxidative damageg1,6,10).
Treatmenif plantswith herbicidesand safenersonstitutesa chemicalstressand could
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actasan elicitor of the signaltransductiorsystemspresentin plants. Indeed,apartfrom
safenersnary biotic or abioticstressesge.g. pathogerattack,wounding,auxins,ethylene,
abscisicacid,heatshock,heary metalsandernvironmentalconditionsgeneratingxidative
stressiactalsoasactivatorsof genescodingfor plantdefenseenzymeg1,2,6,10).

Signal transductioncomplexes in plants may be permanentor ephemeraland are
characterizedy a strong spatial dimension,which is exempli ed by the presenceof
membrane-boundeceptors,channels,G proteinsand kinasesfound in plant cells (14).
After ligandbindingandautophosphorylationeceptokinaseanayactasnucleationsites
for theconstructiorof ephemerasignalingcompleesthatmay containmary proteinsand
facilitate the regulation of speci c transcriptionfactors(14). Protein-proteinnteractions
areveryimportantin signaltransductionmegardlessof whetherthe proteinsaremembrane-
boundor sitting on promoterregions(14).

Walton and Casida(15) discorereda membrane-boungroteinwith high af nity for
binding of dichloroacetamideafenerandthiocarbamatandchloroacetanilidderbicides
in maizeanddesignatedt assafenetbinding protein(SafBP).A clearqualitative correla-
tion wasobsenedbetweersafenepoteng andspeci ¢ bindingto theSafBRwhichis most
alundantin thecoleoptileandscarcesin theleavesof maize(15). Subsequergtudieswith
puri ed SafBPby Scott-Craigetal. (13) shavedthatthesequencef SafBPhadsigni cant
homologyto a classof plant O-mettyltransferaseenzymes.It wasconcludedthat SafBP
might not be a functional receptorsite involved in the action of the dichloroacetamide
safener@and/orherbicideg13).

Multiple regulatoryelementsarepresenin the promotersof genescodingfor speci ¢
defenseenzymege.g. GST andP450),someof which reactto speci ¢ signalsandothers
whichreactto moregeneraktress-relatedignals(10). However, in contrasto mammalian
systemswherexenobioticregulatingelementgXRE) arefoundin multiple copiesof GST
and P-450genes,plant GST promotersdo not contain functional XRE (10). Instead,
someplantGST genesareknown to possessctopinesynthas€ocs)elementswithin their
promoterregions (10). The ocs elementsof plant GST promotersappearto be stress-
inducibleelementsrespondingo biotic andabioticagentssuchasplanthormonesheary
metals, pathogenattack, wounding and environmental conditions generatingoxidative
stress(10). Jepsoretal. (9) have proposedhe presenceof a safenerresponseelement
in the promotersof Gstgenescodingfor maizeGSTs.

In spiteof their costly developmentandtheincreasedcommercializatiorof transgenic
cropsresistantto herbicides,herbicidesafenersemaina viable tool for optimizing the
selectve useof currentandnew herbicides Continuingprogressn microarraytechnology
proteomicsandmetabolomicwill advanceour understandingf the mechanism@volved
in stresgecognition signaltransductiorandactivation of defensegenesn plants.In turn,
suchadwanceswill elucidatemore clearly how safenerswork at the molecularlevel in
protectingcrop plantsagainstherbicideinjury.
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