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Herbicide Safeners:Effective Inducers of Plant Defense
Gene-EnzymeSystems

Safeners(alsoknown asantidotes)aresyntheticchemicalsusedworldwide to protect
crop plants from herbicideinjury without reducingweedcontrol (2,5,7,12). Marketed
safenersare membersof chemically diversegroupsincluding dichloroacetamides(e.g.
dichlormid, benoxacor, furilazole andR-29148),naphthopyranones(e.g. naphthalican-
hydride), dichloromethyl acetalsandketals(e.g. MG-191), oxime etherderivatives(e.g.
�uxofenim), 2,4-disubstitutedthiazolecarboxylates(e.g. �urazole), phenylpyrimidines
(e.g. fenclorim),phenyl pyrazoles(e.g. fenchlorazole-ethyl andmefenpyr-diethyl), quino-
linoxycarboxylicacid esters(e.g. cloquintocet-mexyl), thiocarbamates(e.g. dimepiper-
ate), methylbenzyl-tolylureas(e.g. daimuron)and benzenesulfonamides(e.g. 2-CBSU)
(2,5,7,12).Thechemicalstructuresof somecommonlyusedsafenersareshown in Figure
1.
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Fig. 1. Chemicalstructuresof selectedsafeners. Dichlormid, benoxacor, NA and 2-CBSU are
maizesafeners;fenclorim is a rice safener;�uxofenim is a sorghum safener;fenchlorazole-ethyl
andcloquintocet-mexyl arewheatsafeners.

Extensive researchon theinteractionsof safenerswith their respective herbicidesover
thepast30yearshasdemonstratedthat: (a) safenersexhibit ahighdegreeof botanicaland
chemicalspeci�city; (b) protectedgrasscropsaremoderatelytolerantto theantagonized
herbicides;and(c) safenersaremosteffectivewhenappliedprior to or simultaneouslywith
theherbicideswhoseinjury they prevent(2,5,7,12).

In the �eld, safenersprotectlarge-seededgrasscropssuchasmaize,grain sorghum,
wet-sown rice, and wheatagainst thiocarbamate,chloroacetanilide,aryloxyphenoxypro-
pionate,sulfonylurea, imidazolinone,triketone,and isoxazoleherbicides. Safenersare
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appliedeitherto thecropseedprior to planting(seedsafeners) or to thesoil or croptogether
with theherbicidesin asingleformulationpackage.Thesafener-to-herbicidedosesin these
mixturesrangefrom 1:6 to 1:30(2,5,7).

Safener-inducedenhancementof herbicidedetoxi�cation in safenedplantsis widely
acceptedas the major mechanismof safeneraction (2,5,7,12). Most safenersresemble
structurallytheirrespectiveherbicidesandthey inducecofactorssuchasglutathione(GSH)
andherbicide-detoxifyingenzymessuchasglutathioneS-transferases(GST),cytochrome
P450mono-oxygenases(P450),andglucosyltransferases(GT). In addition,safenerscan
stimulatethevacuolartransportof glutathioneor glucoseconjugatesof selectedherbicides
(2,5,10,12).

The inductionof P450andGST transcriptsby safenersappearsto be tissue-speci�c
and developmentallyregulated(1,2,5,6,10,11,12).Safenersinduce the activity of nu-
merousplant P450scatalyzingaryl hydroxylation, ring-methyl hydroxylation, and N-
demethylation reactionsinvolved in the metabolic detoxi�cation of chloroacetanilide,
aryloxyphenoxypropionate,sulfonylurea, imidazolinone,and sulfonamideherbicidesin
protectedgrasscrops(2,5,11,12).

A strongcorrelationbetweenthe ability of a safenerto increaseGST activity andits
ef�cacy in protectingmaize, grain sorghum, rice and wheat from herbicideinjury has
beendemonstrated(1,6,10).Pretreatmentof maize,rice andgrainsorghumwith safeners
suchasdichlormid, benoxacor, fenclorim and �urazole enhancesgreatly the crops' low
intrinsic toleranceto thiocarbamateand chloroacetanilideherbicidesby inducing GST
activity, andin turn elevatingtherateof theherbicidedetoxi�cation via GSHconjugation
(1,2,5,6,10,12).Safenersmay alsoelevateGSH levels in protectedplantseitherdirectly
by regulating the assimilatorysulfate reductionto cysteineand activating key enzymes
involved in thebiosynthesisof GSH,or indirectly by inducingtheactivity of glutathione
reductase(2,5,6).

Multiple GST isozymesconjugating herbicideshave beencharacterizedin maize,
wheat,sorghum,andrice (1,6,10).Someof theseGSTisozymesareconstitutiveandsome
are inducibleby safeners.Several safener-inducedcDNA clonescoding for GSTs(e.g.
Gst27) have beenisolatedfrom maizeandothercrops(1,6,10). Hershey andStoner(8)
developeda novel geneexpressionsystem,regulatedby a safeneranda promoterderived
from a safener-responsivegene.They isolatedtwo cDNA clones,designatedasln2-1, ln2-
2, whosemRNAs were inducedrapidly in root and leaf tissuesof maizeafter treatment
with the benzenesulfonamidesafener2-CBSU.In subsequentstudies,De Veylder et al.
(3) transformedArabidopsisthaliana with a reportergeneconstructunderthe control of
the ln2-2 promoter, which is activatedby the2-CBSUsafener. It wasfound that the ln2-
2 promoteractivity couldbe inducedby severalsafenersandtheherbicidechlorsulfuron.
This indicatesthat theremaybe a correlationbetweenln2-2 expressionandinhibition of
acetolatatesynthaseactivity by sulfonylureaherbicides(3).

Plantsrespondto biotic or abiotic stressesby a sequenceof eventsincluding stress
recognition,signal transductionanddefensegeneactivation (4,10). The involvementof
a commonfactor in the signalingtransductionpathway, from the initial recognitionof
thestimulusto theactivationof geneexpressionof plantGstgenes,is very likely. This is
supportedby thefactthatGstgenesareactivatedby oxidativestress(H � O� ) andtheactivity
of theencodedproteinsis neededfor cellularprotectionagainstoxidativedamage(1,6,10).
Treatmentof plantswith herbicidesandsafenersconstitutesa chemicalstress,andcould
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act asan elicitor of the signaltransductionsystemspresentin plants. Indeed,apartfrom
safeners,many biotic or abioticstresses(e.g. pathogenattack,wounding,auxins,ethylene,
abscisicacid,heatshock,heavy metals,andenvironmentalconditionsgeneratingoxidative
stress)actalsoasactivatorsof genescodingfor plantdefenseenzymes(1,2,6,10).

Signal transductioncomplexes in plants may be permanentor ephemeraland are
characterizedby a strong spatial dimension,which is exempli�ed by the presenceof
membrane-boundreceptors,channels,G proteinsand kinasesfound in plant cells (14).
After ligandbindingandautophosphorylation,receptorkinasesmayactasnucleationsites
for theconstructionof ephemeralsignalingcomplexesthatmaycontainmany proteinsand
facilitatethe regulationof speci�c transcriptionfactors(14). Protein-proteininteractions
arevery importantin signaltransductionregardlessof whethertheproteinsaremembrane-
boundor sittingonpromoterregions(14).

Walton andCasida(15) discovereda membrane-boundproteinwith high af�nity for
bindingof dichloroacetamidesafenersandthiocarbamateandchloroacetanilideherbicides
in maizeanddesignatedit assafener-bindingprotein(SafBP).A clearqualitative correla-
tionwasobservedbetweensafenerpotency andspeci�c bindingto theSafBP, whichismost
abundantin thecoleoptileandscarcestin theleavesof maize(15). Subsequentstudieswith
puri�ed SafBPby Scott-Craigetal. (13)showedthatthesequenceof SafBPhadsigni�cant
homologyto a classof plantO-methyltransferaseenzymes.It wasconcludedthatSafBP
might not be a functional receptorsite involved in the action of the dichloroacetamide
safenersand/orherbicides(13).

Multiple regulatoryelementsarepresentin thepromotersof genescodingfor speci�c
defenseenzymes(e.g. GSTandP450),someof which reactto speci�c signalsandothers
whichreactto moregeneralstress-relatedsignals(10). However, in contrastto mammalian
systems,wherexenobioticregulatingelements(XRE) arefoundin multiplecopiesof GST
and P-450genes,plant GST promotersdo not contain functional XRE (10). Instead,
someplantGSTgenesareknown to possessoctopinesynthase(ocs)elementswithin their
promoterregions (10). The ocs elementsof plant GST promotersappearto be stress-
inducibleelements,respondingto biotic andabioticagentssuchasplanthormones,heavy
metals, pathogenattack, wounding and environmentalconditionsgeneratingoxidative
stress(10). Jepsonet al. (9) have proposedthe presenceof a safenerresponseelement
in thepromotersof Gstgenescodingfor maizeGSTs.

In spiteof their costlydevelopmentandtheincreasedcommercializationof transgenic
cropsresistantto herbicides,herbicidesafenersremaina viable tool for optimizing the
selectiveuseof currentandnew herbicides.Continuingprogressin microarraytechnology,
proteomicsandmetabolomicswill advanceourunderstandingof themechanismsinvolved
in stressrecognition,signaltransductionandactivationof defensegenesin plants.In turn,
suchadvanceswill elucidatemore clearly how safenerswork at the molecularlevel in
protectingcropplantsagainstherbicideinjury.
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