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ExecutIve Summary 

We have used two approaches to find ways to lower herbIcIde use whIle also endeavonng 
to preclude and/or overcome herbIcIde resistance use of herbIcide IIl1xtures whereby one 
component exerts negatlve cross resIstance, fully understand the modes of resistance m a few cases, 
as well as to design strategies to prevent or delay resIstance 

Molecular analysIs of chloroplast psbA gene of susceptlble and resistant to atrazme forms 
was contmued for PolIsh bIOtypes of C canadensls and E crus-gaUL whIch confirmed the SIte 
mutatlon m resIstant forms Weak addltlonal band "susceptzble" was found m resIstant forms 
Farther mcrease m the number of perenmal specIes was noted An mcrease of m the ratIo of 
resistant to susceptIble blotypes m populatIOns was observed whenever atrazme was applIed even 
with lowest rate 

The work on findmg synergists dId not lead to a sufficiently actIve compound to lead to 
field testmg, so only the basIc phYSICO blocheffilcal aspects of that research has been followed up 
Great effort has been put mto better understandmg the modes of oXidant tolerance m the paraquat 
We report below how a senes of enzymes, hIgher levels of the polyamme putrescme, as well as 
elevated transcnpt levels of the mRNAs are all correlated wIth resistance 

Modellmg resIstance management strategIes has contmued, both for cases where herbICides 
are seed treated to control paraSitIC weeds and for where low herbICide rates are used 

The results of thIS project has led to a senes of publIcatlons by both groups, mcludmg a 
jomt pubhcatlon 

SectIon I 

A Research ObjectIves 
The control of resIstant weeds reqUIres additIOnal herbICIdes, whIch erodes agncultural 

effectlveness and aggravates envIronmental problems Nowadays, the populace demands that 
modem agnculture mamtam the quantIty and qUality of final products whIle usmg a lowered mput 
of cheIIl1cals to the agroecosystem The appearance m agnculture of resIstant weeds makes thIs 
goal even more difficult to attam StudIes on agroecology and bIOlogy of resIstant weed bIOtypes IS 
useful m practlce as well as theoretIcally mterestmg Even If we start to change our conventIOnal 
agnculture with ItS hIgh energy mput to more sustamable low energy mput, a transitlon penod IS 
necessary, charactenzed by the ratIOnal use of some herbICIdes Our Objective IS to enter thIs penod 
of tranSItIOn almost Immediately by findmg ways to decrease amounts of applIed cheffilcals utllIzmg 
the phenomena of negatIve cross resIstance and/or use synergistically actlve compounds 
HerbICIdes exertmg negatlve cross resIstance m resistant weed speCIes should have better 
envlfonmental and agronoffilc lffipact and decreased probabIlIty of evolvmg additlonal resIstances 
We have performed both laboratory and field expenments WIth aVaIlable herbICIdes and have 
syntheSIzed new synergIsts that conSIderably reduce the herbICIde levels m a coalltlve manner, 
where the levels herbICIde and synergIst are so low that when used alone each has no phytotOXICIty 
To perform thIS, we have had to better understand a mechanism of resIstance Our results are 
begmnmg to meet the objectlves of both lowenng herbIcIde use and preventlng or overcoIIl1ng 
resistance 

B Research AccomplIshments 

a Molecular analysIs of chloroplast pshA gene of Pohsh resistant and susceptible 
blOtypes of C canadensls and of E crus-galll (Poland) 

Molecular analyses of chloroplast psbA gene of susceptlble and resIstant to atrazme forms 
were contlnued for the PolIsh bIOtypes of C canadensls and E crus-gaUL Procedures of CTAB 
DNA extractIOn, peR amplIficatlon, BstXI enzyme digestlon and electrophoresIs were as descnbed 
m Annual Report 1995 Both m prevIOUS and thIs year's studIes results of electrophoresIs of the 
DNA mcubated wIth the restnctlon enzyme BstXI confirmed the Site mutatlon m codon 264 and 
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clearly dIstmgUlshed the resIstant and susceptIble bIOtypes of both specIes based on the cleavage of 
DNA at the sIte mutatIOn However, when a large abundance of peR product from resIstant 
bIOtypes, was fractIOnated from an addItIonal weak band appeared m the pOSItIon of susceptIble 
band (not cut by BstXI) At the same tIme DNA samples of the susceptIble bIOtypes of both speCIes 
were not cut by the enzyme and never showed "reSIstant" bands 

A detaIled analYSIS was undertaken to explam the appearance of the addItIonal "susceptzble" 
band m the reSIstant bIOtypes Assummg that not all DNA was cut, the mcubatIon was performed 
WIth hIgher quantIty of the BstXI enzyme and was extended for longer penod of tIme ThIs 
modIficatIOn m the procedure dId not change the result and the addluonal "susceptzble" band was 
stIll present There are several restnctIOn enzymes that are senSItIve to varIOus base moruficatIOns 
occurnng m the DNA sequence what may reduce the rate of cleavage of the modIfied SItes or even 
completely block It Trus however, IS not the case WIth BstXI Trus enzyme 1S senSItIve to 
methylatIOn but trus type of mod1ficatIOn can be excluded when PCR products are used WIth Taq 
polymerase because there are no eVIdence that Taq polymerase modIfIes nucleotIdes Therefore, we 
may assume that the addItIOnal band IS not a methodology artIfact 

DNA fragments contammg tills band were recovered from the agarose gel WIth PCR 
products punficatIon kit (Fermentas, Llthuama) to explaIn the reason of appearance of the addItIOnal 
"susceptlble" band The eXCIsed band was melted and ffilxed WIth NaI solutIOn and then bound to 
SIlIca powder, and eluted mto water and dIVIded mto two parts The first was used for mcubauon 
WIth BstXI and other for cycle sequence analYSIS Even though the recovered DNA was from 
reSIstant bIOtypes, lIttle DN was dIgested suggestmg an absence of the SIte recogmzed by the 
enzyme 

There was a dIfference m the E crus-galu sequence patterns Although only reSIstant 
mdIviduals were analyzed, the nucleotIde sequence of thIS addItIonal fragment (recovered from the 
gel) was the same as for susceptIble bIOtype, 264 codon mutatIOn Other nucleotIdes matched the 
speCIes-specIfic sequence of nucleotldes for susceptIble E crus-gaUl reported preVIOusly (Annual 
Report IV) It IS belIeved that psbA gene IS one of the most conservatIve gene and confirmatIOn of 
the presence of thIs speCIes-specIfIc sequence allowed us to exclude Impuntles from other sources m 
our samples In case of C canadlensls we also obtaIned the addItIonal band, but the analYSIS IS stlll 
m progress 

It IS dIfficult to explaIn the appearance of "susceptIble" band m the reSIstant plants But some 
assumptIOn can be made There are many copIes of the chloroplast genome m the cell If not all of 
them are m the mutated verSIOn they WIll not be cut by the enzyme leadmg to the addItIonal 
"susceptIble" band appearance If much enough DNA matenal was used for the analys1s It also can 
be taken mto a count that the process of reverSIOn of reSIstant mdlvlduals to susceptIble takes place 
espeCIally when havmg m ffilnd that the studIes were conducted under condItIons free of the atrazme 
selectIOn 

b Changes III the expressIOn of resistance to atrazIlle III progeny of reSIstant 
blOtypes of C canadenSIS and E crus-galll (Poland) 
Greenhouse tests 

These results are summarIzed m our Jomt manuscnpt (Appenrux A) 

c The expressIOn of negatIve cross reSIstance In the field conditIons 
The expreSSIon of negatIve cross-reSIstance by E crus-gaUl and by C canadenSlS was 

studIed m field conrutIOn m separate expenments for each speCIes Dunng the whole five year 
expenmental penod the soIl on the plots was not culuvated and the herbICIdes were applIed 
accordmg to agronoffilc recommendatIOns The effect of five years of herbICIdes treatments on weed 
mfestatIOn, commumty structure and changes m the number of plants per umt area were evaluated 
on 1 m-2 plots m August 1997 and the results are presented m Tables 1 and 2 

In the last project year, the number of weed speCIes noted on the plots was slIghtly hIgher 
than m last year 17 vs 13 m E crus-gaUl and 18 vs 17 m C canadensls m the number of weed 
speCIes mE crus-gaUl and me canadensls plots treated WIth two herbICIdes decreased to a much 
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Table 1 SpecIes structure of weed commumty after four years of treatment for Echmochloa crus-galll 

Species Herbicides [kll"ha I] 
----

control atrazme glyphosate metolachlor fiuazlfop atrazme I 0 plus atrazme 05 plus 

20 16 16 butyl 025 glyphosate 0 8 metolachlor 0 8 fiuazlfop glyphosate 04 metolachlor 04 fiuazlfop 

butyl 025 butyl 006 

plants*m 2 

AchIllea mlllefoitum 10 0'1 

Amaranthus retroflexus 03 

Anthemls arvenslS 03 

Agropyron repens '13 13 0'1 10 70 

Capselfa bursa pastorls 03 

Chenopod,um album 20 05 18 

Ctrslum arvense 35 03 10 03 78 0'1 03 23 08 

COIIYza canadensIS 38 03 10 50 10 

Echlllochioa cruss galh 790 3050 3480 138 525 2733 245 177 0 3300 415 2380 

Geum urbanum 1'1 

LaIllIUIllSP 13 08 03 45 03 

Poaallnua 120 13 08 118 235 15 35 18 08 25 

Polygollum aVlcufare 03 

SenecIO vulgaris 05 43 48 

SOllchus oleraceus 03 

StefarUl medUl 03 

Taraxacum officlllale 170 90 168 03 I ~ 13 110 08 10 

Total a 1150ab 3100d 3505d 453a 1073ab 2753cd 383a IS53bc 3423d 493a 246 Scc 

Percent of control 1000 2696 3048 394 933 2394 3'\3 1611 2977 429 2146 

a Means followed by the same letter are not slgmficantly different at the 10% level accordmg to DunC1n s mUltIple Range Test 4 



Table 2 SpecIes structure of weed commumty (number of plants) after fourth year of herbIcIde treatment 

for Conyza canadensIs control 

Species Herbicides [J-.!1,*ha I] 

control trazme glyphosate 24 D pynd'lte atrazme I 0 plus atrazme 0 5 plus 

20 16 18 10 ~I~~hosate 08 24 D o 9 ~~f1dateO 5 ~ly~hosate 04 24 D 045 ~yndate 025 

plants"m 2 
AchIllea mlllefollUm 33 03 
Amaranthus retroflexus 03 13 03 03 98 03 15 
Anthemls arvenslS 10 05 
ArtemlSta vulgans 03 
Capsella bursa pastons 08 18 
Cerastlum Vlscosum 50 05 10 
Chenopod,um album 53 93 70 10 08 
C,rs,um arvense 18 05 18 03 35 13 05 
Conyza canadensIs 25 83 40 28 03 05 03 03 03 
Daucus carota 03 
Echmochloa cruss galll 33 23 
Eplloblum adenocaulon 18 148 10 08 123 08 03 
Equlsetum arvense 15 08 45 
Lamlumsp 21 33 85 253 01 
Plantago mawr 10 63 
Poaannua 58 238 20 10 163 58 215 53 
Polygonum sp 08 2 I 08 08 08 
Ronppa sllvestrlS 15 120 
Rumex aLCtosella 13 30 35 
SenecIO vulgaris 10 103 58 05 20 
Sonchus arvensls 05 
Sonchus oleraceus 140 03 03 03 
Stellarta medta 130 38 03 80 
Taraxacum ofjicmale 185 03 433 338 395 03 08 395 155 230 
Veromca perslca 10 03 
VIOla arvenslS 03 03 

Total a 72 8ede 308ab 85 Ode 848de 993e 143a 193ab 13 3a 575bed 420abe 368abe 

Percent of control 1000 423 1168 1165 1364 196 265 183 790 577 505 

a Means followed by the same letter are not sIgnIficantly different at the 10% level accordmg to Dum.an s muiliple Range Test 
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lugher degree than when treated wIth smgle compound thIS was true even when the herbICIdes 
were reduced to a quarter the recommended rates 

The E crus-gaUz plots were mfested wIth annual Poa annua and SeneclO vulagans and 
perenmals Taraxacum officmale, Czrszum arvense and Agropyron repens (Table 1) NegatIve cross 
reSIstance was exerted on E crus-gaUz m the field plots that were treated WIth metolachlor, 
fluazifop-butyl and m combmatIOn WIth atrazme (1 0 kg-ha-1) plus metolachlor (08 kg-ha- 1) and 
atrazme (05 kgeha 1) plus metolachlor (0 4 kgeha 1) Metalachlor exerted results shows very strong 
negative cross reSIstance, at the lowest rate (04 kgeha- 1) applIed together WIth atrazme Supenor 
control of reSIstant plants of reSIstant C canadensls was obtamed WIth pyndate alone and together 
WIth atrazme (Table 2) These results well correspond to data obtamed m the greenhouse studIes 
(AppendIx A) 

d SyntheSIS and characterizatIon of synergIsts that prevent loss of toxicIty 0 f 
OXIdant generatmg herbiCides (Israel) 

OXIdant-generatmg herbICIdes cause the generatIon of oxygen radIcals that rapIdly cause cell 
and plant death We have reported how enzymes of the HallIwell-Asada pathway can detOXIfy 
these radIcals as they form, protectmg a plant from damage In our prevIOUS reports we dIscussed 
how chelators that remove copper from the first enzymes of the pathway can prevent OXidant 
detOXIfication The results of the syntheSIS program, based on dltluocarbamate denvatives, are 
summanzed m AppendIX B As none of these compounds proved to have a suffiCIent level of 
synergy to conSIder for use m the field, the applIcable SIde of such studies was termmated, and the 
graduate student workmg on tlus has been workmg only on the physical-bIOcheffilcal aspects of the 
mteractIon of these chelators WIth pure superoxide dismutase, wluch IS beyond the aegIS of tlus 
project (Rogachev et al ,1998b) 

More effort has been exerted m the other aspects of thIS project 

e IndUCibIlIty of enzymes (and theIr mRNAs) that detOXIfy actIve oxygen speCIes 
(Israel) (m conjUnctIOn WIth a SIster project funded by GIARA) 

We have shown that both the magrutude of reSIstance m a stram of the weed Conyza 
bonanensls that has evolved reSIstance to the OXIdant generator paraquat changes throughout 
development (see prevIOUS reports) Only at the tIme of maxImum reSIstance (8-11 weeks) was It 
pOSSIble to measure dIfferences m the enzymes that detOXIfy actIve oxygen 

Others have shown that OXIdant stresses can enhance tolerance to OXIdant generators wlule 
elevating of the OXidant-tolerating enzymes We also performed a senes of expenments to ascertam 
whether thIs was the case m Conyza of dIfferent ages and reSIstance to paraquat 
Enzymes 

Pre-stressmg the plants WIth an OXidative stress (the herbICIde paraquat) enhances the 
reSIstance of the reSIstant Conyza stram This treatment also mcreased the levels of the oXIdant
protectmg enzymes, mcludIng two enzymes that we had not studIed preVIOusly m Conyza 
monodehydroascorbate reductase, and dehydroascorbate reductase (Ye and Gressel1998) 

We followed thIS up by assaymg another enzyme, glutathIone peroXIdase lffiplIcated by 
others to be related to stress tolerance m annual and plant systems In plants thIs can only be 
conSIdered to be a tenuous ImplIcation by gene transcnpt siffilianty to an arumal enzyme and by an 
mdIrect enzyme assay fraught WIth pOSSIble artIfacts Months of research led to a drrect assay for 
glutathIone perOXidase and we mdeed found that there were constItutively elevated levels of this 
enzyme m the paraquat-reSIstant bIotype of Conyza bonanenszs Furthermore, a 24 h prestressmg 

of the plants WIth I~M paraquat mduced even lugher levels of thIS enzyme (Ye et aI, 1998a) 
GlutathIone perOXIdase can dIrectly accept electrons from perOXIde, augmentmg the preVIOusly 
reported effects of ascorbate perOXIdase and mono and hydroascorbate reductases 

Glutatluone reductase IS key to regeneratmg the scavengmg power of all these enzymes 
We therefore WIshed to see whether a speCIfic Isozyme of thIS enzyme IS elevated, and found the 
gel assays used by others as severely wantmg We developed new method that allows the selectIve 
stammg and quantification of glutathIone reductases m cell extracts followmg acrylaIDlde gel 
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electrophoreSIS The method IS based on modIficatIOns of two prevIOus procedures, It uses DTNB 
[5,5'-dithIO-bls-(2-mtrobenzOlc aCId)] to develop a yellow color on reactIOn wIth GSH formed 
from the NADPH-dependent reductIOn of OXidIzed glutathIOne ThIS IS followed by specIfic 
counter-stammg of glutathIOne reductase wIth dichlorphenolmdophenol I mtroblue tetrazohum The 
use of DTNB m the lll1hal staInmg step mrubits enzymes other than glutatruone reductase, that 
could be stamed WIth the dichlorphenohndophenol Imtroblue tetrazohum counterstam Enzymes 
such as truoredoxm reductase, wruch can drrectly reduce DTNB with NADPH may be non
selectIvely staIned by trus new procedure Plant ferredoxIn-thIOredoxm reductase IS not reduced by 
NADPH and therefore does not appear Glutatruone reductase stams much qUIcker WIth DTNB m 
the presence of GSSG than truoredoxIn reductase, allowmg them to be dIstIngUIshed, If parallel 
gels are run WIthout GSSG, where the two enzymes react at the same rate The sequentIal use of 
two staInIng procedures results In dIshnct, sharp permanent bands that can be used to quantIfy the 
actIVIty of glutatruone reductase whIle precludIng artIfacts generated by the preVIOUS methods The 
new method IS also far more senSItIve than the older methods (Ye et al , 1997a) 

We have DNA probes for the genes codmg for some of these enzymes In general, 
whenever there was an Illcrease m enzyme aCtIvIty, we found an mcrease III mRNA by northern 
blottmg analyses These results are summanzed III Ye et al (1998b) It IS clear that the transcnpt 
levels of the mRNAs are elevated more or less m parallel WIth the achvity levels, both constItutIve 
and Induced, In the OXIdant reSIstant Conyza AddItIOnally, we were recently able to obtaIn a probe 
for the putatIve glutathIOne peroXIdase of Carus, wruch we used to challenge Conyza mRNA It IS 
clear from the blots that the reSIstant bIotype can be mduced by low level OXidatIve stress to 
produce more mRNA correlatmg WIth the glutatruone perOXidase aCtIVIty data 

Polyammes 
Polyammes have also been noted as scavengers of radIcals, and there was even a report that 

they are elevated III a paraquat-resIstant Conyza canadensls from Hungary (SzIgetI et al J 
EnVIron SCI Health B31 599-604, 1996) We valIdated and extended therr findIngs by 
measunng polyamIne levels at two weeks (when the paraquat reSIstant Conyza bonanensls IS 
mlidly reSIstant) and at 8-10 weeks when It IS rughly reSIstant Only a change III putrescme was 
observed The putrescme level was >2 hmes rugher m the reSIstant bIotype at two weeks and >5 
hmes rugher at ten weeks We are developmg a hypothesIs that we WIll study, that the elevated 
putrescme level IS responsIble for the mIld reSIstance (as we and others have not been able to 
measure dIfferences m the OXidant detoxIfymg enzymes at two weeks), whereas the detoxIfymg 
enzymes gIve nse to the rugh level reSIstance at ten weeks (Ye et al 1997b) 

f StrategIes for reSIstance management 
A key part of thIS project has been to deSIgn and test strategIes for reSIstance management 

(see above and Appendix A) We have been followmg up and venfymg a preVIOUS strategy we 
deSIgned - usmg the negatIve cross reSIstance exerted by some herbICIdes We have been desIgmng 
novel strategIes to deal WIth newer types of reSIstance, espeCIally those brought about by usmg low 
rates of herbICIdes, WhICh speCIfically select for polygemc reSIstances (Gressel et al 1996, Gardner 
et ai, 1998) Indeed, the newest and most fnghtenmg case of reSIstance, to the herbICIde 
glyphosate (Gressel 1997b) may be due to trus mechamsm, and the strategIes outlIned may be 
helpful m assuagmg reSIstance, WIthout usmg megadoses of herbICIdes, I e keepIng m tune WIth 
the lowenng herbICIde use, as an mtegral part of tills project 

Addihonally, we have delmeated new strategIes to deal WIth evolutIon of reSIstance to 
herbICIdes where a speCIfic case dose rates were lowered by USIng seed treatments of herbICIde 
(Gressel, Segel and Ransom, 1996) As these strategIes have been publIshed or are m press, they 
WIll not be summanzed at length herem 
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B PublIcatIOns based on thIS research 
Abayo, GO, J K Ransom, J Gressel, and G D Odluambo, (1996) Stnga hermonthlca control 

WIth acetolactate synthase mlubItmg herbIcIdes seed-dressed to maIZe WIth target sIte 
resIstance Advances m ParasItiC Weed Research, Junta de AndalucIa, pp 762-768 

Clarka D and S W Gawronski 1996 Secondary effects followmg acqUIsItIOn of tnazme 
reSIstance m weeds Proceedmgs of the InternatIOnal SympOSIUm on Weed and Crop 
ReSIstance to HerbICIdes Dmv of Cordoba (R De Prado, J Jornn and G Marshall, eds ) 
p 149 -151 

GadamskI G , Clarka D , Gawronski S W 1996 Molecular survey of PolIsh reSIstant 
bIOtypes of weeds Proceedmgs of the Second InternatIOnal Weed Control Congress, 

Copenhagen, Denmark p 547- 550 
GadamskI, G, D Clarka, J Gressel, S W Gawronski (1998) NegatIve cross-resIstance rn 

trazrne reSIstant bIOtypes of bamyardgrass (Echmochloa crus~galll) and horseweed (Conyza 
canadensls) Weed SCIence (submItted) 

Gardner, S N, J Gressel, M Mangel (1998) A revolvrng dose strategy to delay the evolutIOn 
of both polygemc and monogemc pestiCIde and drug reSIstances Intl J Pest Management 
(m press) 

GawronskI S W and G GadamskI 1996 Negative cross reSIstance m the weeds WIth dIfferent 
reSIstance mechamsm Proceedmgs of the InternatIOnal SympOSIUm on Weed and Crop 
ReSIstance to HerbICIdes Cordoba (R De Prado, J Jornn and G Marshall, eds) p 80-81 

Gressel, J (1995) Creeprng reSIstances The outcome of usmg margmally effectIve or reduced 
rates of herbICIdes Bnghton Crop ProtectIOn Conf - Weeds pp 587-590 

Gressel, J (1996) Fewer constramts than proclaImed to the evolutIOn of glyphosate-resistant 
weeds ReSIstant Pest Management 8 (1) 2-5 

Gressel, J (1997) Burgeomng reSIstance reqUIres new strategIes m Weed and Crop ReSIstance 
to HerbICIdes (R De Prado, ed), Kluwer, Amsterdam, pp 1-14 

Gressel, J ,J K Ransom and E A Hassan (1996) BIOtech-denved herbICIde-resIstant crops for 
thIrd world needs Ann New-York Acad SCI 792 140-153 

Gressel, J, S Gardner, and M Mangel (1996) PreventIOn vs remedlatlon m reSIstance 
management m Molecular GenetIcs and EvolutIOn of PestiCIde ReSIstance, (T M Brown, 
ed), Amer Chern Soc, Washmgton, DC, pp 169-186 

Gressel, J , L E Segel and J K Ransom (1996) Managmg the delay of evolutIOn of herbICIde 
reSIstance m paraSItIc weeds IntI J Pest Management 42 113-129 

Gressel, J (1996) $ynerglZlng herbICIdes Proc 2nd IntI Weed Control Cong - Copenhagen 
pp 1211-1221 

Rogachev, I, V Kampel, V GUSIS, N Cohen, J Gressel and A Warshawsky (1998a) 
SyntheSIS, propertIes and use of copper-chelatIng ampluplullc dItluocarbamates as synergIsts 
of mudant-generatmg herbICIdes PestIC BIOchem PhYSIOI (m press) 

Rogachev, I ,L Wemer, J Gressel, and A Warshawsky (1998b) InhIbItIOn of CU/Zn superoxide 
dIsmutase actIVIties by amplupluhc ditluocarbamates (m manuscnpt) 

Ye, B and J Gressel (1998 ) TranSIent OXIdant mducIbIhty of antIOXidant enzymes and OXidant 
reSIstance to lugher levels m paraquat-resIstant Conyza bonanensls (submItted) 

Ye, B, C Gitier and J Gressel (1997a) A hIgh senSItIVIty, smgle gel, PAGE method for 
quantIfication of glutatluone reductases Anal BIOchem 246 159-165 

Ye, B , H Muller, J ZIang and J Gressel (1997b) Elevated putrescme levels and putrecrne 
generatmg enzymes constitutively correlated WIth OXIdant stress reSIstance m Conyza 
bonanensls and wheat Plant PhYSIOI 115 1443-1451 

Ye, B ,H TZIvon, Z Faltm, G Ben-HayyIm, Y Eshdat, and J Gressel (1998a) Involvement of 
glutatluone perOXIdase m OXIdative stress reSIstance m Conyza deterrmnatIon by a drrect 
fluorometric assay (submItted) 

Ye, B , H TZIvon, , and J Gressel (1998b) CoordInately-mduced elevated levels of mRNAs 
encodmg antiOXIdant enzymes correlate WIth mduced enzyme levels and OXIdative stress 
tolerance m paraquat-resIstant Conyza bonanensls (m manuscnpt) 
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C SCIentIfic Impact of CollaboratIOn 
The semor Investigators met at meetIngs In Poland In 1995 and most recently In the U S In 

Jan 1996 and later at the International Weed Control Congress In Copenhagen, where both 
presented findIngs emanatIng from thIS project AddItionally, S GawronskI went to Israel In 1996 
under the auspIces of the project Below IS ills report 

The publIcations lIst from thIS project and ItS sIster proJects, mcludmg our Jomt publIcation 
(AppendIx A) summanze as best one can, the sCIentifIc Impact of the project 

D Project Impact 
Developmg countnes have generated some of the worst problems of reSIstance due to overuse 

of smgle herbICIdes Tills has become eVIdent especIally m Hungary, Poland, IndIa and AustralIa 
(whIch some conSIder somewhat backward m herbICIde-use practIces, If not "developIng") Dr 
Gawronski's work IS a step In the nght dIrectIOn towards ratIOnale herbICIde use, and hIS findIngs are 
ready for lImIted field testmg by farmers The Impact from the collaboratIOn so far IS from the 
theoretical framework promulgated by the Rehovot group that the Warsaw group IS reducmg to 
practIce The Rehovot group has contmued theIr theoretical work modellmg methods of delaymg 
reSIstance, as an mtegral part of tills project 

SectIon II 

A ManagerIal Issues 
No Issues beyond those dIscussed m earlIer reports 

B Budget 
No major changes were made 

C SpeCIal Concerns 
None 

D CollaboratIon, Travel, Trammg and PublIcations 
See SectIOns I B, IC There was also conSIderable collaboratIOn by phone, letter and fax and 

emrul 

E Request for A I D I BOSTID Actions 
None 
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AppendIX A 
Submztted to Weed SCIence 

NegatIve cross-resIstance In trazine resIstant blotypes of 
barnyardgrass (Echlnochloa crus-galll) and horseweed (Conyza 

canadensIs). 

Grzegorz GadamskI\ Dorota Clarka., Jonathan Gressee, Stamslaw W GawronskII 

1 Weed SCIence Lab, Faculty of Hortlculture, Warsaw Agncultural UmversIty, Poland 
2 Dept of Plant SCIences, Weizmann InstItute of SCIence, Rehovot, Israel 

Abstract Negative cross reSIstance at the whole plant level was studIed m C canadensls and E 
crus-gaUl two very Important global weeds as It can be a most useful tool m cost and 
evolutIOnary effectIve reSIstance management Seeds of tnazme susceptIble as well as reSIstant 
bIOtypes collected m orchards treated contmuously WIth atrazme, were treated m a greenhouse, 
WIth herbICIdes from dIfferent chemIcal groups tnazmes, benzothtadazole, phenyl-pyndazme, 
arylophenoxy-propIOnates, cyc1ohexanodIOnes, phenoxycarboxylIc aCIds, pyndate carboxyhc 
aCIds, phosphmic aCIds, glyphosate, chloracetamIdes, sulfonoureas, bIpyndylmms Eleven of the 
18 herbICIdes tested exerted sIgmficant negatIve cross reSIstance where the reSIstant bIOtype was 
affected at 0 03 to 0 67 the concentratIOns that affected the tnazme senSItIve type Bentazon and 
fluoroxypyr, whIch separately exerted negatIve cross reSIstance were tested m mIxture No 
synergIsm was found between these compounds and a reSIstance mdex dId not mdicate better 
control of reSIstant blOtypes Still, usmg thIS mIXture allows a reductIOn m envIronmental Impact, 
and could aSSIst m controllmg a broader spectrum of other weeds 

Key words negatlve cross reSIstance, atnazme reSIstance, herbICIde mIXture, mechamsms of 
negatIve cross reSIstance 

1 INTRODUCTION 
Monoculture IS all too common m conventIOnal agnculture It can contnbute to SOlI 

eroSIon, as well as water and aIr pollutIOn, whIle enhancmg the rate of evolutIOn of reSIstance 
when there IS also no rotatIOn of pestICIdes It IS necessary to decrease the mput of chemIcals to 
agroecosystems to resolve some of these problems and to prevent new ones from emergmg The 
evolutIOn of reSIstant weed biotypes makes these goals even more dIfficult to attam, espeCIally If 
YIelds and crop quahty have to be mamtamed 

More than 60 dIfferent weed speCIes have evolved tnazme reSIstance creatmg a very long 
and stIll growmg lIst smce the first reported case m 1970 (Heap, 1997, Powles and Holtum, 1994, 
Ryan, 1970) These weeds are estImated to cover 6M ha, where alternative herbICIdes are added 
to the tnazmes, to attam broad spectrum and reSIstant weed control, WIth added costs to farmers 
Tnazme-resIstant bIOtypes have evolved first m monocultures contmuously treated WIth atrazme 
contmuously for 6-10 years (Gressel and Segel, 1990) The mechamsm of atrazme reSIstance m 
weeds IS almost mvanably based on the pomt, mutatIOn m codon 264 of the chloroplast psbA 
gene leadmg to an ammo aCIds replacement of senne by glycme (HIrschberg and McIntosh, 
1983, Gronwald, 1994, GawronskI et at , 1992) There IS only one exceptIOn found m the field 
where a senne 264 to threonme change evolved, m Portulaca oleracea treated WIth hnuron 



contmuously for 25 years (Masabm and Zandstra, 1996) ThIS bIOtype was hIghly cross reSIstant 
for atrazme ReSIstant bIOtypes of Conyza canadensls and Echmochloa crus-galll both WIth the 
264 senne to mutatIOn survIve >32 times more atrazme than theIr susceptible bIOtypes, 
precludmg control WIth atrazme (GadamskI et ai, 1996) Fortunately, the mutant herbICIde 
bmdmg domam can allow other herbICIdes to bmd better (Kless et aI, 1994, Sobolev and 
Edelman, 1995), leadmg to phenomenon of negatIve cross-reSIstance (collateral senSItIvIty) 
where mdlVidual reSIstant to one group of pestICIdes have a hIgher senSItIvIty to other chemIcal 
groups The unfitness of reSIstant bIOtypes also renders them more susceptIble to some herbICIdes 
than the susceptIble bIOtype, also leadmg to negatIve cross-reSIstance Our mterests focussed on 
negatIve cross reSIstance m plants reSIstant to herbICIdes as a weed management strategy and 
reSIstance management tool as proposed, on theoretical grounds by Gressel and Segel (1990) 
NegatIve cross reSIstance for herbICIde-reSIstant bIOtypes was first seen at the level of Isolated 
plastlds, some PSII mhibitors were more effectlVe on plastIds from reSIstant plants (Fuerst et al , 
1986, Oettmeler et al , 1982) StudIes of negatIve cross reSIstance at the whole plant level are of 
great Importance If thIS phenomenon IS gomg to be utilIzed m practice So far, not many data are 
aVailable m the hterature on the negatIve cross reSIstance for the whole plants (Arlt and 
Juttersonke, 1992, De Prado et al , 1992, Parks et al , 1996) Many studIes on the control of 
atrazme-reslstant weeds dId not test the same chemIcals on the susceptIble bIOtype and thus much 
potentIally useful mformation has been lost, that could be valuable m developmg reSIstance 
management strategIes 

Another IS usmg mIxtures of herbICIdes powerful method of weed control ThIS technIque 
has Important advantages as herbICIdes can often be apphed m lower rates, espeCIally when 
synergIstIC mteractIOns appear (StreibIg, 1987, Gressel, 1990) MIxtures can be envIronmentally 
safer and less expenSIve than contmuous applIcatIOn of one compound, and can often control a 
broader spectrum of weed speCIes Moreover reSIstant mdividuais are effectIVely controlled and 
reSIstant populatIOns rarely evolve when herbICIdes WIth dIfferent mechamsms are used 
SImultaneously 

The goal of thIS study was to search for herbICIdes that exert negatIve cross-reSIstance 
atthe whole plant level for control atrazme-resistant bIOtypes of a grass E crus-galli and a broad 
leaf speCIes C canadensls AddItionally, a mIxture ofbentazon and fluoroxypyr was exammed to 
ascertam If these herbICIdes are synergIstic m exertmg negative cross reSIstance Together these 
herbICIdes have WIde spectrum of actIVIty and well control reSIstant biotypes 

The results of thIS study can also be useful as a paradIgm for selectmg herbICIdes that are 
effectIve m controllmg of atrazme-resistant weeds, but also prOVIdes mformatIOn about the 
pOSSIble mechamsms 

2 MATERIALS AND METHODS 
Plants of reSIstant and susceptIble blOtypes of E crus-galll and C canadensIs were used m these 
studIes Seeds of reSIstant blOtypes were collected from plants grown m orchards that were 
contmuously treated WIth atrazme for more than ten years and from susceptible plants from 
neighbonng places free of such treatment As pollen transmISSIOn of thIS maternally-mhented 
reSIstance IS rare, there IS lIttle lIkelIhood of gene flow mto these nelghbormg populatIOns Plants 
were grown m the greenhouse m 12-cm dIameter pots contammg a soIl mIxture of peat-moss and 
sand (2 1 v/v) The herbICIdes used, and theIr modes of actIOn, are shown m Table 1 Based on 
results of our prevIOUS work (GawronskI et al , 1992) m selectmg herbICIdes for thIS study, we 
omItted those that are already known as not exertmg negative cross reSIstance HerbICIdes were 
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applIed eIther by mIxmg wIth SOlI Just before seedlmgs were transplanted to the pots or sprayed at 
the 4-5 leaf growth stage Dependmg on the compound, 5-6 geometncally progressmg rates were 
used The medIan rate was near the recommended one m practIce, and a pestIcIde free treatment 
was used as the control All expenments were repeated at least two times The plants were 
harvested, and bIOmass recorded three to four weeks after applIcatIOn of herbIcIdes The level of 
resIstance to atrazme and the effectiveness of the herbICIdes were estimated on the basIs of 50 % 
reductIOn of added plant growth (GR50) (GawronskI et ai, 1995) EIght replIcatIOns wIth three 
plants per replIcatIOn were used per treatment, 1 e 24 plants per treatment The data are presented 
usmg problt analysIs (Fmney 1952) The resIstance mdex (RI) was calculated as the ratIO of the 
GR,o for the resIstant to the GR50 for the susceptIble A value of RI below 1 0 denotes a hIgher 
senSItivIty of the atrazme resIstant bIOtype than the susceptIble one, I e negatIve cross resIstance 
The lower the RI the greater the magmtude of negatIve cross resIstance 

HerbICIde mIxture 
In the expenment where a mIxture of herbICIdes was tested, plants of C canadlensls were 

treated WIth bentazon and fluoroxypyr Together, these compounds control a WIde spectrum of 
weed speCIes, are stable and effective, and exerted moderate negative cross reSIstance Plants 
were grown and treated as descnbed earher WIth the exceptIOn that herbIcIdes m the mIxture were 
used mIl (w/w) proportion, and the rates from 45g ha- 1 to 750 g ha- l were Increased 
geometrIcally 

3 RESULTS 
Eleven of 18 tested herbICIdes exerted negative cross reSIstance WIth values of RI rangmg from 
003 to 067 for E crus-galll (Table 1) and C canadensls (Table 2) The RI for the remammg 
herbICIdes was eIther 1 0 or hIgher for three and SIX other compounds, respectively showmg 
appearance of other phenomenon that IS cross reSIstance The hIghest RI (GR50>32 kg ha I for 
reSIstant bIOtypes of both speCIes studIed was noted for atrazme, as expected 

The greatest negatIve cross reSIstances were found for fluazlfop-butyl (RI=O 03) mE 
crus-galll and MCPA (RI=O 12) In C canadensls Both of these herbICIdes were the most 
effectIve ones A low rate of 109 ha 1 reduced growth of both reSIstant bIOtypes by 50% Among 
other chemIcal famIlIes, low reSIstance mdices were found for the chioracetamide metolachlor, 
(RI=O 49) and the phenylpyndazme, pyndate (RI=O 14) The benzothiadazole, bentazon and the 
bIpmdylmm, dIquat controlled reSIstant bIOtypes at half of the rate used for susceptIble ones 
Glyphosate exerted strong negatIve cross reSIstance on C canadenSIS but a rather weak one on E 
crus-galll Glufosmate was only weakly effective and only on E crus-galll A WIde vanatIOn of 
RI was noted not only for dIfferent chemICal famihes but even for herbICIdes that belong to the 
same group No sIgmficant negative cross reSIstance was observed for 2,4-D (RI=O 95) whIle It 
was very hIgh for the analogous MCPA SImIlar SItuatIOns were observed for gramimcides used 
to control E crus-galll where four out of seven used herbICIdes were less effective for reSIstant 
than for susceptIble bIOtypes that led to a cross-reSIstance The hIghest RI=1 81 m thIS group of 
herbICIdes was noted for fenoxaprop-ethyl whIch IS rather hard to understand 

An analYSIS of negatIve cross reSIstance was used as the baSIS for selectIOn of the 
herbICIdes to be used In mIxture The reSIstance Index for both bentazon and fluoroxypyr were 
around 0 5 Therefore, theIr combmatIOn m mIxture should suffiCIently control bIOtype of an 
atraZIne reSIstant C canadlensls reSIstant to atrazme The mIxture was at first evaluated In 
relatIOn to the herbICIde mput to the enVIronment The mIxture was more than tWIce as active 
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-1 
(G R5 0=0 60/0 29 kg ha for susceptible / resIstant bIotype) than fluoroxypyr alone 

(GR50=1 38/072 kg ha-
1
) but still three tImes less effectIve than bentazon used alone 

-1 
(GR50=0 19/0 10 kg·ha ) (Table 2) ThIs effect was observed both for susceptIble and resIstant 
to atrazme bIOtypes of C canadensIs The mIXture was also analyzed accordmg to changes of Rl 
The level of negative cross resIstance for the mIxture (RI=O 48) was almost the same as for 
herbICIdes used separately (the RI for bentazon and fluoroxypyr were both near 05) There was 
clearly no mteractIOn between these compounds that further lowered the RI, 1 e enhanced the 
negative cross resIstance 

The GRso values were lower than expected, probably due to the near optimal grOWIng 
condItions m the greenhouse Therefore, plants were dehcate and more senSItIve to herbICIdes 
The temperature and humIdIty m the greenhouse was shghtly hIgher than IS usual In the field, and 
herbICIde uptake and metabohsm could have been altered as well 

4 DISCUSSION 
The phenomenon of negative cross resIstance was more common than expected among the 
herbICIdes used, those mcludmg herbICIdes that do not affect PSII ThIS IS probably due to the 
fact that m atrazme- resIstant bIOtypes, are tYPIcally less fit, than the susceptIbles, and thus may 
be more susceptible to secondary stresses Several processes on dIfferent levels of plant 
orgamzatIOn are altered Changes m bIOlogy of growth and reproductIOn of resIstant blotypes are 
well known (Gronwald, 1994 CIarka et al J 1995, Clarka, m preparatIOn) ReductIOn of the 
fundamental hfe process 1 e photosynthesIs has been found when resIstant bIOtypes have lower 
ATP and NADPH productIOn and thus lower CO2 fixatIOn (15-25%) because of the slower rate of 
electron transfer m PSII (Holt et al , 1981, Ahrens and Stoller, 1983) Changes In chloroplast 
membrane structure connected WIth hIgher level of unsaturated aCIds have been measured In 
reSIstant plants (PIllai and St John, 1981, Burke et at, 1982) These changes are pleIOtropIC 
results of a smgle target-SIte mutatlOn m the psbA gene (Gronwald 1994) The same mutatlOn has 
been found for both speCIes used m thIS study (Gawronski et at, 1992, Gadamski et al, 1996) 
The reduced fitness of the tnazme-reslstant bIOtypes cannot completely explam the phenomenon, 
as there then should be negative cross reSIstance to all herbICIdes, IrreSpectIve of SIte of actIOn 

AryloxyphenoxypropIOnates and cyclohexanedIOnes grammlcldes mhlblt lIPId 
bIOsynthesIs by blockmg acetyl-coenzyme A carboxylase (ACCase) mediated acetate converSIOn 
mto fatty aCIds Via herbICIde bIndmg to ACCase (Devme et at 1993) It IS not clear why there are 
Rl dIfferences among these herbICIdes The only common denommator IS ACCase mhlbitIon, 
1eadmg to decrease to membrane synthesIs and the thylakOld membrane actiVIty of PSII 
mhlbltors There IS no eVIdence that de novo fatty aCId synthesIs occurs outsIde of plastlds 
Therefore, the phenomenon of negative cross reSIstance mIght result from the changes of 
membrane compOSItIOn Plants reSIstant to tnazmes have altered thy1akolds and WIth mcreased 
proportIOn of unsaturated to saturated fatty aCIds (PIlla! and St John, 1981, Burke et at , 1982) 
LipOphillIc herbICIdes may penetrate more eaSIly to reSIstant plants, as proposed by Chapman et 
at (1985) Thus, hIgher herbICIde solubIlIty m orgamc solvents mIght be responSIble for lower 
RI Acetone solubIlIty of arylophenoxypropIOnates showed strong negative correlatIOn 
(R2=0 98%) WIth the level of negative cross reSIstance (FIg 1) One must test many compounds 
from each chemIcal famIly as It was done for arylophenoxypropIOnates to be able to extrapolate 
thIS hypotheSIS to other herbICIde famIlIes The chemIcal structure of herbICIdes could be 
conSIdered m the respect WIth the exceptlOn of fenoxaprop ethyl ArylophenoxyproplOnates are 
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used as esters to facIlItate absorptIOn mto plant tissue The resIstance mdices seem to relate to the 
length of alcohol group bUIldmg these esters (FIg 1) PeculIarly hydroxylatIOn to the actIve 
ACCase mhibitor takes place soon after the herbICIde enters plant cell tIssue, before reachmg the 
chloroplast SIte of actIOn Therefore, ACCase-related phytOtOXICIty IS assocIated wIth free aCIds 
and negatIve cross resIstance IS correlated wIth theIr ester solubIlIty ThIS correlatIOn cannot yet 
be extrapolated to the cyc1ocyc1ohexanedIOnes, whIch also mhibit ACCase at overlappmg 
bmdmg SItes 

Glyphosate relIably exerted negatIve cross reSIstance to a much hIgher degree on C 
canadensIs than on E crus-galll (Tables 1 and 2) Glyphosate mhibits the EPSP synthase both 
before and especIally after glyphosate It enters the chloroplast (Devme et at, 1993) as httle IS 
known about chloroplasts 

Strong negative cross reSIstance was found for bentazon and pyndate (Table 1, 2 and De 
Prado et al, 1992, Parks et al, 1996) Moreover, pyndate IS used m practice for reSIstance 
management m the field Bentazon and pyndate both mhibit photosynthesIs be conSIdered as 
good candIdates for negative cross reSIstance because they seem to act lIke phenolIc type of PSII 
mhibitors, and bmd more tightly to the mutated psbA gene product, and thus can exert greater 
negatIve cross reSIstance (Gressel and Evron, 1992) 

The grammocide metolachlor, was excellent for controllmg reSIstant E crus-galll (Table 
1) (Just as the broad leaf pyndate had been for C canadensIs) Metolachlor exerted good 
negatIve cross reSIstance m greenhouse and even better m the field condItIons (Gadamskl et at m 
preparatIOn) However, the mechamsms mvolved m negatIve cross reSIstance exerted by 
metolachlor has no logIcal explanatIOn at present 

MIxture of bentazon and fluoroxypyr exerted the same negatIve cross reSIstance but not 
synergIstically WIth each other as hoped Lack of synergy IS due to mechamsms of negative cross 
reSIstance are mvolved m these two compounds 

There IS no unIVersal negative cross reSIstance mIxture that can be recommended for use 
when bIOtypes reSIstant to atrazme appear StIll, thIS mIxture controls WIder spectrum of weed 
speCIes and thus IS more rehable than a smgle herbICIde The mIxture IS cheaper m each herbICIde 
used separately and what IS even more Important thIS mIxture reduces the mput of each herbICIde 
mto the enVIronment 
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FIg 1 The most acetone soluble arylophenoxy-proplOnates exert the greatest negative 
cross resIstance The resIstance mdex exerted by arylophenoxy-propIOnates (RI) IS plotted 
agamst the solubIlIty of these herbICIdes m acetone Letters mdicatmg herbICIdes (a) 
fenoxaprop-ethyl, (b) ha1oxyfop-methyl, (c) diciofop-methyl, (d) qUlzalofop-ethyl, (e) 
fluazifop-butyl AddItional hnes mdicate the 95% confidence mtervals of the regressIOn 
(dotted) and the 95% confidence mtervals of the predIctIOn (dot-dashed) 



Table 1 Negative cross resIstance exerted by selected herbIcIdes on Echtnochloa crus-galll L 

GR50
b RI50 c,d 

Target of actIOn ChemIcal famllya HerbICIde suseptJble resIstant 

Photosystem II tnazmes atrazme 060 3200 5333 

ACCase aryloxyphenoxy- propIOnates fluazifop-butyl 021 001 o 03a 
qmzalofop-ethyl 003 003 o 99d 
dIc1ofop-methyl 028 031 1 13de 
haloxyfop-methyl 003 003 1 17de 
fenoxaprop-ethy 1 017 031 1 81f 

cyclohexanedlOnes sethoxydlm 009 004 047b 
cycloxydlm 007 012 165e 

EPSP synthase glycmes glyphosate 020 019 o 95c 

Cell dIVISIon chloracetamldes metolachlor 1 30 064 o 49b 

ALS sulfonylureas chlorsulfuron 000 000 o 67bc 

Glutamme synthase phosphmIc aCIds glufosmate 032 020 o 63bc 

a Accase-acetylCoA carboxylase, EPSPsynthase-enolphosphate, shlklmate phosphate synthase, ALS-acetolactate synthase 
b -I 

GRSO - rate ofherblClde [kg*ha ] reduclllg plant btomas by SO% 
c 

R1SO == GRSO of resistant bIOtype / GR$O of susceptible bIOtype 
d 

The RI for herbICides followed by the same Jetter are not slgmficantly dIfferent at the P<O 05 level usmg Duncan,s MultIple Range Test data for atrazille have 
not been lllcluded 

~ 



Table 2 NegatIve cross resistence exerted for selected herbIcIdes on Conyza canadensis Cronq 

GR50
b RI50 c,d 

Target of actIOn ChemIcal famIly a HerbICIde susceptIble resIstant 

PhotosynthesIs at PSII tnazmes atrazme 095 3200 3368 

benzothtadazole bentazone 019 010 o 53c 
phenyl-pyndazme pyndate 1 69 023 o 14ab 

Gluthamme synthetase phosphmic aCIds glufosmate 011 o 16 145e 

AuxmIc phenoxycarboxyhc aCIds 2,4-D 011 o 11 o 95d 
MCPA 008 001 o 12a 

pyndmecarboxyhc aCIds fluoroxypyr 1 38 072 o 52c 

EPSP synthase glycmes glyphosate 1 20 046 o 38bc 

Photo system I bIpyndyhums dIquat 004 002 o 54c 

HerbIcIde mIxture (1 1 w/w) 
PSII benzothtadazole bentazone 
Synthetlc auxms pyridmecarboxyhc aCIds fluoroxypyr 060 029 o 48c 
abed 

Symbols as III table 1 

--~ 
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The effect of herbicides that act by generatmg actlve oxygen speCIes IS often mitIgated by the enzymes 
of the HallIwell Asada oxygen detoxIf'icanon pathway Use of compounds mterfenng WIth this pathway 
synergtzes herbicides allowmg the !allmg of weeds at lower herbicide doses We have used different 
dlthlocarbamate chelators (Dtcs) capable of removmg copper from superoxlde dIsmutase the first enzyme 
of the pathway suppressIng Its action Dtcs With different hydrophilIc lIpophilIc propertles (sodium salts of 
ethyl (2 (2-ethoxyethoxy)ethyl) butyl (2 (2-ethoxyethoxy)ethyl) hexyl (2 (2 ethoxyethoxy)ethyl) and 
dIbutyldlthtocarbarruc acids) were synthesized so that they rmght penetrate plant cutIcles better than sodIUm 
dlethyldlthtocarbamate Octanol water dlstnbutlon ratIos and the stabilities of theIr copper complexes were 
deterrruned All Dtcs tested had a high affimty for copper The Dtcs did not prevent Iron-catalyzed Fenton 
reaction leadIng to hydroxyI~productlon In vitro Therefore they would not protect plants from the 
OXidative damage caused by herbiCide as do compounds that complex Iron and thereby prevent the phytotoXiC 
Iron catalyzed Fenton reaction These amphlphtbc compounds show some synergtstlc actiVity In VIVO WIth 
paraquat as well as lactofen herbiCides that generate active oxygen species by dIfferent mechamsms The 
results demonstrate that dlthtocarbamates have potential as synergtsts for OXidant generanng herbl 
cldes Q 1998 AcademIC Press 

INTRODUCTION 

One way to use less herbICIde IS to ensure 
that weeds cannot detOXIfy the herbICIde or the 
phytotOXIc compounds generated by herbICIde 
use (1), by USIng otherwIse InactIve compounds 
to block the detoxIficatIOn pathways (1, 2) The 
effects of the InhIbItors of metabohsm together 
WIth the herbICIdes are well beyond the sums of 
theIr actIvIhes alone Thus the metabolIc mhIbI
tors act as "synergIsts 'MaJor herbICIdes (bipyr
IdIlhums that Interact WIth photosystem I the 
many herbICIdes that block photosystem II, and 
others that block protoporphynnogen OXIdase 
(3) have one property In common, they cause 
the produchon of aChve phytotOXIC oxygen spe
CIes (4-7) There are WIde dIfferences among 

J To whom correspondence should be addressed Fax JR1Z. 
9'"1;' - 8 - q :1 Y I-( I L()., 8-946 6966 EmaIl cowarsha@welzmann welzmann ae II 

2 AbbreViations Dte sodIUm salts of dlthtocarbarrue acid 
OTS n octadecyltnehlorosIlane NTS hydrolyzed 15 
nonadecenyltnchlorosIlane 

plant specIes In theIr suscephbilIty to these her
bICIdes plant reSIstance can be a result of two 
major factors m Vltro degradatIOn of the herbI
CIde, andlor detOXIfication of the achve oxygen 
speCIes by one or more plant enzyme pathways 
such as the Halhwell-Asada pathway (8, 9) 

Compounds InhIbItIng the enzymes of the 
Halhwell-Asada pathway, m both m vztro and 
In vzvo systems, allow the kIlhng of weed speCIes 
at mimmal doses of oXIdant-generahng herbI
CIdes, Ie, they have "synergIzed" the herbICIdes 
(2, 10, 11) The chelators are capable of remov
mg copper andlor ZInC from supermude dismu
tase and copper from ascorbate perOXIdase, both 
key enzymes m the oxygen detOXIfication path
way are cogent examples The abIlIty to bmd 
copper from oXIdant-detoxIfymg enzymes opens 
a pOSSIbIlIty of ImprOVIng crop protectIOn WIth 
smaller amounts of herbICIdes 

OXIne (8-hydroxyquInohne) and oxme class 
chelators faIled as "synergISts" (2), because they 
have hIgher affimty for Iron than for copper, 

0048 3575/98 $25 00 
Capynght <Q 1998 by AcademIC Press 
AU nghts of reproducuan m any form reserved 
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preferentially b1Od1Og Iron m low copper plant 
systems Many Iron chelators such as hydroxy
qumobne are effectIve at prevent10g herbIcIde 
action 10stead of synerglZlng herbIcIde activity 
(10), presumably because they prevent the Iron
catalyzed formatIon of hydroxyl radIcals by the 
Fenton reaction As the Iron content of the plants 
IS at least two orders hIgher than the content of 
copper, thIS preferential affimty of oxmes for 
Iron leads to the protection of the plants from 
oXIdatIve damage 

DithlOcarbamates (Dtc? are powerful copper 
chelators, havmg far greater affimty for copper 
than Iron (12) SodIUm dlethyldlthlOcarbamate 
IS used m analytical cheffilstry for the estimatlOn 
of copper m Iron-contammg bIOlogICal matenals 
such as plants and blood (13, 14), as well as 10 
steel and ferrous alloys (15) SodIUm dlethyldl
thlOcarbamate has been used as an mhIbltor of 
superoxide dismutase (16, 17), bemg tested as 
a synergIst for OXIdant-generating herbICIdes (2, 
10, 11) HIgh levels of thIS hydrophIbc com
pound were requIred (10) as It could not pass 
easIly through leaf cuticles, and most remamed 
on the surface of the leaves Compounds that 
are too lIpophIlIc WIll stay 10SIde the cutIcle, so 
a balance between lIpophilIc and hydrophIlIc 
propertIes must be obtaIned 

We chose disubstItuted dlthlOcarbamates as 
potential synergIsts for two reasons (1) Dlsub
stltuted dithlOcarbamates are more stable than 
the monosubstItuted ones (18), and (2) 'the pres
ence of two Substltuents bound to mtrogen 
provIdes good opportumtles for varymg the 
hydrophllIc-hpophlhc balance of the 
compounds 

DlsubstItuted dlthlOcarbamates With poly
ether and alIphatIc SIde chaIns were syntheSIzed 
(FIg 1) The ether chaIn IS responSIble for the 

FIG 1 Amphlphilic dlthlOcarbamates syntheSized dur 
mg thiS study R IS an aliphatiC cham of different lengths 
(R = ethyl butyl or hexyl) 

hydrophIlIc properties, and the ahphatlc chaIn 
allows for varymg the hpophlhclty The 
hydrophobIC dlbutyldithIOcarbamate was used 
for companson The hydrophIllc-bpophIhc bal
ance, the abIlIty to mhlbIt the Fenton reactIOn, 
and the potentIal of these compounds to act as 
synergISts were tested, as reported below 

MATERIALS AND METHODS 

SyntheSIS of 
Glycol (alkyl) dlthlocarbamates 

Strategy N-Alkyl-N-(2-(2-ethoxyethoxy)-
ethyl)dlthIocarbamates were synthesIzed ac
cordmg to the scheme shown m FIg 2 The 
method used for the preparatIon of2,3-dIOxypro
pyl(alkyl)ammes (reactIon of 2,3-dlOxypro
py lchlonde WIth 8-10 times excess of 
alkylamme) (19) was adapted for the syntheSIS 
of alkyl(ethoxyethoxyethyl) affilnes RelatIvely 
pure secondary ammes 10 good YIelds were pre
pared from ethoxyethoxyethylchlonde usmg a 
10 times excess of pnmary affilnes The prepara
tion of dithIOcarbamates (20) results from the 
reactIOn of a secondary amme WIth CS2 m the 
presence of NaOH Ethyl alcohol was used for 
the preparatIon of sodIUm salts of butyl- and 
hexyl(2-(2-ethoxyethoxy)ethyl)dIthiocarbamlc 
aCIds However, the syntheSIS of the sodIUm salt 
of ethyl(2-(2-ethoxyethoxy)ethyl)dIthlOcarba
mlC aCId m ethanol also resulted m the formatIOn 
of ethylxanthate by O-alkylatIon of the solvent 
The syntheSIS ofI-Et-Dtc In tetrahydrofuran WIth 
sodIUm hydnde was preferred for thIS reason 
Dlbutyl dithIOcarbamic aCId was synthesIzed 
from dibutylamme m water accordmg to Ref 
(21) The water-soluble dlthlocarbamate salts 
were converted to the correspondmg methyl 
esters by alkylation WIth methyl IodIde pnor to 
analytical charactenzatIOn by TLC, NMR and 
elemental analYSIS 

Chemlcals and znstrumentatwn for synthesls 
of Dtcs The followmg chemIcals were used for 
syntheses thlOnylchlonde (E Merck, for syn
thesIs) diethylene glycol monoethyl ether 
(Fluka AG) butylaffilne (Fluka, AG), sodIum 
carbonate (E Merck, for analYSIS) hexylaffilne 
(Fluka AG), ethylamlne (Fluka, AG) potasSIUm 
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--.......O~O~OH 

J SOC12 

--.......O~O~Cl 

J 
RNH2 

10 tImes excess 

--.......O~O~NH 
R'" 

I CS2 
} NaOH 

--.......O~O~N-r-:,S 
R.... .........SNa 

(For use as synergIst) 

J CH31 

----.....O~O~ -:,S 
R",N- c::: S- CH

3 

(For proof of structure) 

A R=Et 
B R=Bu 
C R=Hex 

FlG 2 General scheme for the syntheSIS of amphlphillc 
dlthlOcarbamates and their methyl esters 

hydroXIde (E Merck, GR, for analysIs), sodIUm 
hydroxIde (E Merck, GR, for analysIs), ethyl 
alcohol absolute (BIO-LAB, AR), carbon dIsul
fide (Fluka, punss ), tetrahydrofuran (BIO-LAB, 
A R) sodIUm hydnde suspensIOn (80% m par
affin 011 E Merck, for synthesIs) calCIUm chlo
nde anhydrous (Fluka AG), dIbutylamme 
(Fluka AG), methylIodIde (E Merck, for 
synthesIs) 

Proton NMR spectra were measured on a Var
Ian FT-80 Bruker WH-270, or a Bruker AMX 

400 NMR spectrometer All chemIcal ShIfts are 
reported m delta umts downfield from tetrameth
ylsIlane as mternal standard, or the H20 SIgnal 
was used as a reference The follOWIng abbrevIa
tlons have been used s, SInglet, d, doublet, 
t, tnplet, q, quartet, m, multlplet Deuterated 
CDCl3 (Aldnch) and D20 (E Merck) used for 
NMR were of 998% Isotope punty UVNIS 
spectra were measured on a Hewlett-Packard 
8450A dIOde array spectrophotometer Flash col
umn chromatography separatlons were per
formed on slltca gel Merck 60 (230-400 mesh 
ASTM) TLC was performed on E Merck Kte
seIgel 60 F254 plates StaInIng ofTLC plates was 
done by (1) basiC aqueous 1 % KMn04, and (n) 
o 3% mnhydnn In EtOHabs Tetrahydrofuran was 
dIStilled under LIAI~ and passed through an 
Al20 3 column 

SyntheslS of 2 (2 ethoxyethoxy )ethyl chlo
rzde A solutlon of SOCl2 (668 g 561 mmol, 
10% excess) m 50 ml of chloroform was added 
dropwise at the rate of 1 drop / s for 2 h to 
a cooled, stlrred solution of dIethylene glycol 
monoethyl ether (68 mI, 508 mmol) In 68 ml of 
chloroform The mIxture was strrred for 4 h at 
room temperature followed by 1 h at 50°C After 
the removal of chloroform by distIllation, the 
reSIdue was dIstllled at low pressure (l05°C 30 
mm Hg) to YIeld 58 1 g (75% YIeld) of colorless 
lIqUid TLC Rf = 047 (CHCI3, staInmg WIth 
KMn0 4) 

IH NMR 0 (CDCI3, 80 MHz) = 3 85-3 5 
(8H, m), 354 (2H, q), 121 (3H, t) 

Syntheszs of ethyl (2-(2 ethoxyethoxy)ethy
l)amzne EthylamIne (75% aqueous solutlon, 86 
mI, 1 06 mol, 10 tlmes excess) and 9 4 g of 
K2C03 were placed m a 8S0-ml flask fitted WIth 
a magnetlc stIrrer, a droppmg funnel, an Ice bath, 
and a reflux condenser 2-(2- Ethoxyethoxy)e
thyl chlonde (15 g, 98 4 mmol) was added drop
WIse The mIxture was stlrred at room 
temperature for 50 h, after which 300 mI of 
dlethyl ether and 30 g of KOH were added and 
stlrred for 20 mIn The ether solutlon was 
decanted and the reSIdue was extracted tWIce 
WIth ether The ether solutIOns were combIned 
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and dned over KOH Ether and the excess ethy
lamme were removed by dIstillatIOn at 26°C, and 
the product was dIstIlled tWIce under vacuum 
(66-68°C, 1 mm Hg) Of the product 11 7 g 
(74% YIeld) was obtained TLC Rf = 01 
(CHCh MeOH = 91 staInmg by mnhydnn) IH 
NMR 8 (CDCI3, 400 MHz) = 3 71-3 57 (6H, 
m), 3 54 (2H, q), 2 80 (2H, t), 2 66 (2H, q), 
1 816 (IH, s), 1 22 (3H, t) 1 12 (3H, t) 

SyntheSIS of butyl (2 (2 ethoxyethoxy )ethy
l)amzne n-Butylamme (150 ml 152 mol, 9 
times excess) and 122 g of sodlUm carbonate 
were placed m a 500-ml two-necked flask, fitted 
WIth a magnetic stirrer and a dropping funnel 
2-(2-Ethoxyethoxy)ethyl chlonde (256 g, 1678 
mmol) was added dropwise at room temperature 
The reaction mIxture was heated In an 011 bath 
at 110°C for 30 h and cooled at room temperature 
overnIght A gel-lIke substance formed An 
excess of n-butylamme was removed by dIstilla
tion under vacuum, and 200 ml of dlethyl ether 
was added to the reSIdue After homogeruzatIon 
of the rruxture, the ether solutIOn was filtered 
under argon and dned over K2C03 The ether 
was removed by dIstIllatIOn, and the product was 
dIstilled under vacuum (89-94°CIl mm Hg) to 
YIeld 21 6 g (753%) of colorless lIqUId TLC 
Rf = 0 36 (CHCI3 MeOH NH3(25% aq) 9 1 0 1 
stammg WIth nmhydnn 1H NMR 8 (CDCI3 

270 MHz) = 3 69-3 56 (6H m), 3 55 (2H, q) 
279 (2H, t), 260 (2H, t,), 1 860 (lH, s), 1 57-
14 (2H, m) 142-127 (2H m), 122 (3H, t), 
o 91(3H, t) 

SyntheSIS of hexyl (2-(2 ethoxyethoxy)ethy 
l)amme The synthesIs was the same as for butyl 
(2-(2-ethoxyethoxy)ethyl)amIne except that n
hexylarrune was used mstead of n- butylamme 
TLC Rf = 0 37 (CHCI3 MeOH NH3(25% aq) 
9 1 0 1 stammg WIth nmhydnn) 1H NMR 8 
(CDCI3, 270 MHz) = 3 8-3 5 (6H m), 3 53 
(2H, q), 2 80 (2H t), 2 60 (2H t), 1 81 (lH, s), 
155-140 (2H m) 142-125 (6H, m) 122(3H, 
t) 0 88 (3H, t) 

SyntheSIS of ethyl (2 (2-ethoxyethoxy)ethyl) 
dzthlOcarbamlc aCId sodzum salt (compound I 
Et Dtc) Ethyl (2-(2-ethoxyethoxy)ethyl)arrune 
(0 966 g 6 mmol) 6 ml of THF and 80% NaH 

(0 171 g, 5 7 mmol of pure compound) were 
placed m a 50-ml round-bottom flask, eqUIpped 
WIth a magnetIc stIrrer and a CaCl2 outlet CS2 
(0 343 ml, 5 7 mmol) was added to the rapIdly 
stIrred, cooled rruxture Ten mmutes after addI
tlOn of carbon dIsulfide the Ice bath was removed 
and the mIxture was stIrred for 2 5 h at room 
temperature THF (30 mI) was added and the 
solutlOn was filtered THF was evaporated under 
vacuum (25°C I 1 mm Hg), and the reSIdue was 
washed WIth three 50-ml portIons of dry dlethyl 
ether The product was dned under vacuum 
(25°C I 1 mm Hg) The YIeld was 0 971 g 
(658%) of whIte powder UV log t(258 nm) = 
414, log t(286nm) = 412 IH NMR 8 (D20, 270 
MHz) = 420 (2H, t), 408 (2H, q), 386 (2H, 
t), 3 74-3 62 (4H, m), 358 (2H q), I 21 (3H 
t), 1 18 (3H, t) 

SynthesIS of butyl (2-(2 ethoxyethoxy)ethyl) 
dlthwcarbamlc aCId sodIum salt (compound J
Bu-Dtc) Butyl (2-(2-ethoxyethoxy)ethyl)am
me (1647 g, 87 mmo!), NaOH (0349 g, 87 
mmol) and ethyl alcohol (96%, 10 mI) were 
placed In a 50-ml flask fitted WIth a magnetic 
stIrrer and an Ice bath CS2 (0 577 mI, 9 6 mmol, 
10% of excess) was added to the rapIdly stirred, 
cooled mIxture Ten rrunutes after addItion of 
carbon dIsulfide, the Ice bath was removed and 
the rruxture was stIrred for 2 h at room tempera
ture After the removal of the hqUId phase by 
dIstillation under vacuum (1 mm Hg), dry ethyl 
ether (40 mI) was added The reaction mlXture 
was stIrred for several mmutes, and the ether 
was removed The reSIdue was dned under vac
uum to constant weIght The YIeld was 2 32 g 
(93%) of whIte powder UV log t(258nm) = 415, 
log t(286 Dm) = 4 13 1H NMR 8 (D20, 270 MHz) 
= 420 (2H, t), 4 03 (2H, t), 3 85 (2H, t), 373-
360 (4H m), 3,57 (2H, q), 1 75-1 60 (2H, m), 
138-122 (2H, m), 117 (3H, t), 090 (3H t) 

H exyl (2 -(2 -ethoxyethoxy Jethyl )dzthwcar 
bamlc aCId, sodIum salt (compound J Hex 
Dtc) The synthesIs was the same as for com
pound I-Bu-Dtc except that hexyl (2-(2- ethoxy
ethoxy)ethyl)amme was used Instead of butyl 
(2-(2 ethoxyethoxy)ethyl)arrune UV log £(258 

nm) = 4 16, log t(286nm) = 414 IH NMR 0 (D20, 
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270 MHz) = 4 22 (2H, t) 4 05 (2H, t), 3 87 (2H, 
t),3 75-3 62 (4H, m), 360 (2H, q), 1 72(2H, m), 
1 31 (6H, m), 120 (3H, t) 088 (3H, t) 

Synthesls of dlbutyl dlthwcarbamlc aCld 
sodlum salt (compound Dlbutyl-Dtc) NaOH (1 
N water solutIOn, 15 853 ml, 15 8 mmol) and 
freshly distilled dlbutylamme (2 25 g, 17 4 
mmol, 10% of excess) were placed m a 100-ml 
flask, fitted wIth a magnetIc stIrrer CS2 (0953 
ml, 158 mmol) was added dropwise to the rap
Idly stIrred, cooled mIxture Ten mmutes after 
addItIOn of the reagents, the Ice bath was 
removed The mIxture was stIrred for 2 h at 
room temperature and lyophIlIzed for 1 5 days 
The YIeld was 3 324 g (93%) of white powder 
UV log E(260 om) = 421 log E(282 om) = 4 18 
IH NMR 8 (D20, 270 MHz) = 398 (4H, t), 
1 77-1 62 (4H, m) 141-1 23 (4H, m), 092 
(6H t) 

Synthesls of butyl (2-(2-ethoxyethoxy)ethyl)
dzthwcarbamlc aCEd, methyl ester Butyl (2- (2-
ethoxyethoxy)ethyl)amme sodIUm salt (1482 g 
5 16 mmol) and 10 ml of absolute ethanol were 
placed m a 50-mI round-bottom flask, eqUIpped 
With a magnetIc stIrrer and an Ice bath 
CH3I(0 347 mI, 5 57 mmol, 8% of excess) was 
added to the rapIdly stIrred, cooled mIxture FIve 
nunutes after additIcn of the reagents, the Ice 
bath was removed and the mixture was stIrred 
for 7 h at room temperature The ethanol was 
removed under vacuum The resIdue was nnsed 
WIth chloroform (40 ml) after WhICh the chloro
form solutIon was filtered The filtrate was evap
orated under vacuum (1 mm Hg) to YIeld 1 331 
g (92 4%) of yellow 011 TLC Rf = 039 (CHCI3 

stammg by KMn04) IH NMR 8 (CDCI3, 400 
MHz) = 42-365 (6H m) 348-358 (4H, m) 
346 (2H q) 257 (3H s) 1 68-159 (2H m), 
1 35-1 23 (2H m) 1 15 (3H t), 090 (3H t) 
Element analYSIS calculated for C12H25N02S2 
N 523%, S 23 97%, found N 56% S 2241 % 

Hexyl (2-(2-ethoxyethoxy )ethyl)dlthlOcar 
bamlc aCld methyl ester The syntheSIS was the 
same as for methyl ester of butyl (2-(2-elhoxye
thoxy)ethyl)dlthIOcarbamic aCid except that 
sodIUm salt of hexyl (2-(2-ethoxyethoxy)ethy
l)amme was used mstead of sodIUm salt of butyl 

(2-(2-ethoxyethoxy)ethyl)amme TLC Rf = 
040 (CHCI3 stammg by KMn04) IH NMR 8 
(CDCh 270 MHz) = 4 22-3 70 (6H, m), 3 67-
351 (4H m) 353 (2H, q), 263 (3H, s) 1 8-1 64 
(2H, m), 1 31 (6H, m), 1 22 (3H, t,), 0 90 (3H, 
m) Elemental analYSIS calculated for 
CI4H29N02S2 C 54 68%, H 9 51 %, N 4 56% S 
20 85%, found C 54 38%, H 9 27%, N 4 80%, 
S 2127% 

Ethyl (2-(2 ethoxyethoxy Jethyl Jdlthwcar 
bamlc acw, methyl ester The synthesIs was the 
same as for methyl ester of butyl (2-(2-ethoxye
thoxy)ethyl)dlthlocarbamIc aCid except that 
sodIUm salt of ethyl (2-(2-ethoxyethoxy)ethy
l)amme was used mstead of sodIUm salt of butyl 
(2-(2-ethoxyethoxy)ethyl)amme TLC Rf ::::; 

o 38 (CHCI3 stammg by KMn04) IH NMR 8 
(CDCh, 270 MHz) = 424-4 1 3 96-3 72 (6H, 
m) 3 66-3 52 (4H m), 3 52 (2H, q), 264 (3H 
s) 128 (3H, t), 1 22 (3H t) Elemental analYSIS 
calculated for CIOH2IN02S2 N 5 85%, S 
2678% found N 5 51 %, S 2549% 

Influence of Dlthlocarbamates on Fenton 
Reaction (rn Vitro) 

The ablhty of Dtcs to mhIblt or enhance the 
rate of Fenton reactIOns was measured usmg two 
dIfferent substrates and solvent systems as 
follows 

1 DeoxynboseiMalondwldehyde Assay for 
the Determmatwn of Hydroxyl Radlcals 
Usmg Thwbarbltunc AcEd 

Chemlcals The followmg chenucals were 
used Copper (II) sulfate pentaltydrate (E 
Merck, GR, for analYSIS), potasSIum dihydrogen 
phosphate (Aldnch, ACS), sodIUm phosphate 
dlbasiC heptaltydrate (Aldnch, ACS), femc 
chlonde solutIOn, 60%, w/v (BDH, Analar) , 
sodIUm dodecyl sulfate (SIgma, GC), L-ascorblc 
aCid (BDH, Analar), deoxynbose (Sigma), 2-
thlobarbltunc aCId (Aldnch), thIOurea (E 
Merck, for analYSIS), acetIc aCid glaCial (BIO
LAB), hydrogen perOXide (30%, E Merck, for 
syntheSIS) 

Fenton reactwn kmetlcs A total of 0 05 M 
Na/K phosphate buffer, pH 7, was used for the 
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preparatIon of the aqueous solutIons Compo
nents of the Fenton reactIOn (2 ml of a 0 4 mM 
solutIon of FeCl3 (or Fe(Dtc)3, or CUS04, or 
CU(DtC)2) In 4% sodIUm dodecyl sulfate, 2 ml 
of a 8 mM solutlOn of ascorbic aCid ill the buffer, 
and 2 ml of a 40 mM solutIOn of deoxynbose 
In the buffer were added to 1O-ml polypropylene 
tube The free radical Fenton reactIOn was 
started by the additIon of2 ml of8 mM hydrogen 
peroxide solutIon In the buffer With shakIng The 
formatIOn of malondiaidehyde was measured by 
Its reactlOn with thIObarbltunc aCid and thIOurea, 
formmg a pInk chromophore 400 J.LI of the reac
tIon mtxture was added between 10 mm and 
5 h to the test tube contammg 1 5 ml of 20%, 
v/v, acetIc aCId, 15 ml of 0 8%,w/v thIObarbI
tunc aCId, and 0 6 ml of 0 5 M thIOurea The 
test tubes were closed, shaken, and placed m an 
oIl bath at 95°C The reactIOn mtxtures were 
Incubated for 1 h and cooled to room tempera
ture One mtlhhter of the solutlOn was taken 
after coohng and dIluted WIth water to 5 ml and 
the absorbance of the resultmg chromophore was 
measured at 532 nrn agamst water 

2 Methanol/Formaldehyde Assay for the 
DetermmatlOn of Hydroxyl Radtcals 
Usmg the Nash Reagent 

ChemIcals The follOWIng chemtcals were 
used Copper (II) sulfate pentahydrate (E 
Merck GR, for analYSIS), potaSSIUm dthydrogen 
phosphate (Aldnch, ACS), sodIUm phosphate, 
dibasic heptahydrate (Aldnch ACS), femc 
chlonde SolutIon, 60%, w/v (BDH Analar), L

ascorbIC acId (BHD, Analar), thIOurea (E 
Merck, for analYSIS) acetIc aCId glaCIal (BIO
LAB), hydrogen peroxide (30%, E Merck, for 
synthesIs), methanol absolute (BIO-LAB, AR), 
ammomum acetate (E Merck, for analYSIS), ace
tylacetone (E Merck, for synthesIs) formalde
hyde solutIon (mtn 37%, E Merck, GR, for 
analYSIS) 

Fenton reactIOn kmetzcs A total of 005 M 
Na/K phosphate buffer, pH 7, was used The 
Nash reagent for the color test (20, 22) contaInS 
15 g of ammomum acetate 300 J.Ll of acetIc 
aCId and 200 fl.l of acetyl acetone mIxed together 

and the volume was adjusted to 100 ml With 
water AscorbiC aCId (7 5 ml of 4 mM solutlOn 
m 50% methanollbuffer) was added to 375 ml 
of 0 4 mM solutIon ofFeCh (or Fe(Dtc)3, CUS04 
or Cu(Dtc)~ m 50% methanol/water The Fenton 
free radIcal reactIon was started by the addItIon 
of 3 75 ml of 8 mM hydrogen permade solutlOn 
m 50% methanollbuffer WIth shakIng The form
aldehyde formed by reactIon of hydroxyl radi
cals WIth methanol was measured by addIng 750 
J.LI of the reactIon mixture at vanous ttrnes 
between 10 and 300 mm to tubes contaInIng 
1 25 ml of 0 16 M water solutIon of thlOurea 
After the IncubatIon was fimshed, 3 m1 of Nash 
reagent was added to each of the test tubes, 
whIch were Incubated at 37°C for 1 hr The 
absorptIon of diacetyldihydrolutidme formed m 
the reactIon was measured at 412 nrn 

Hydrophilic and Lipophilic Distribution Ratios 

I-Octanol (RIedel-deHaen, syntheSIS grade 
(A250-270 nrn < 0 06) and double-dIstIlled 
water were used as the partItIOmng solutIOns A 
Hewlett-Packard 8450A dlOde array spectropho
tometer was used for the quantItatIve determma
tIon of dithlOcarbarnates In the standard 
solutIons and m the partItIoned solutIons The 
aqueous phase stock solutIOns were shaken WIth 
an excess of octanol to presaturate them and 
were then allowed to stand overmght before use 
The octanol stock solutIons were also presatu
rated With water and allowed to settle overnIght 
The expenments were performed In lO-ml stop
pered centnfuge tubes The tubes were mverted 
gently for 5 mm and then, to assure complete 
phase separatIon, they were centnfuged for 20 
mtn at 1000-2000g The aqueous and organIC 
phases were removed separately and analyzed 
by UV spectrophotometry 

For the expenments on the kInetIcs of 
absorbance of dithIOcarbamates on the glass sur
face, the octanol and water SolutIons were centn
fuged separately for several hours and the UV 
spectra of the solutIons were measured through 
partIcular pen ods of tIme 
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OXidative Properties (m VIVO) 

SolutIons of the herbIcIdes paraquat or lacto
fen contaInIng putatIve synergIsts (dIfferent dlth
IOcarbamates) were sprayed to run off on 
Stellana medza, at the 4 true-leaf stage, and 
Smapls alba, at the 2 true-leaf stage of 
development 

Plants were allowed to dry and kept for 24-48 
h at room temperatures ranged from 22 to 35°C 
wIth hght mtenslty around 500 j.LEm S-I m-2 

Visual assessment of damage was made on a 
0-4 scale (0 no damage to the plant, 4, death) 
The mam effect was a rapId deSIccatIon of the 
leaves due to water loss There was no major 
pIgment bleachmg or dry weIght loss wlthm thIS 
tIme, so vIsual assessment was the only rehable 
parameter that could be measured WhIle statIs
tIcs are often presented on such data, they are 
Inaccurate, as the VISUal measurements are Inher
ently nonlInear All treatments were performed 
on four pots WIth plants and the reported values 
are the average of four tnals Vanous concentra
tIons of herbIcIde WIth synergIst were used 
together WIth two controls herbICIde alone and 
synergIst alone 

RESULTS AND DISCUSSION 

Complevatlon Studies 

The stabIlIty of the Cu(Dtch complexes was 
determIned by the competItIon method descnbed 
by Janssen (23) Tlus method IS based on the 
competItIOn of dithlOcarbamate With 8-hydroxy
qumolme hgands for copper, and are deSCrIbed 
m detaIl In another paper (Rogachev et al , m 
preparatIon) The competltIOnal (Ke) value, 
presented In thIS artIcle shows the relatIve com
petItIve stabIlIty of Cu(Dtch over Cu(hydro
xyqumohneh (Table 1) The hIgher the Kc 
value, the stronger the copper-dlthlOcarbamate 
complex 

The relatIonshIps between the Kc values and 
the structure of dlthlOcarbamates are shown In 
Table 1 DecreasIng the sIze of the R2 substItuent 
from Hex to Bu and to Et, whIle retaInIng 
the same Et-O-CH2CHrO-CH2CHz-group, 
decreases the overall electron denSIty on the 
nItrogen and hence reduces the actIvIty of the 

sulfur atoms toward coOrdInatIOn of metal IOns 
DibutyldlthIOcarbamate was used as a more 
hydrophobIC compound for companson The 
dialkyl dlthIOcarbamates are stronger hgands for 
copper than theIr dlglycol analogs 

Distribution RatiO 

The partItIon coeffiCIent (P) or the dlstnbutIOn 
ratIo (D) between water and octanol are most 
commonly used measures of the hydrophobIcIty 
of compounds (24) The hydrophobIC parameter 
P IS of great practIcal utlhty m predIctIng the 
dIstnbutIon of the compounds IV VIVO through 
cutIcles D can depend on the concentratIon of 
solute, but at reasonably low concentratIOns, D 
becomes constant and IS called the partItIon coef
fiCient P 

ImtIally we tned to use relatIvely low concen
trations of Dtcs (0 1 mM) for the dIrect determI
natIOn of P PartItIOmng was performed by the 
shake-flask method accordmg to Leo (24) WIth 
10 mM NaOH m the aqueous phase, added to 
prevent the deCOmpOSItiOn of dithlOcarbamates 
SodIUm dIthIOcarbamates are amphiphIlIC mole
cules WIth polar -CSZ- groups and hydrophobIc 
alIphatIC taIls They behave as detergents and 
form emulSIOns WIth even gentle shakIng of 
water/octanol mIxtures whIch hampers the 
phase separation In the shake-flask method 
Complete phase separatIOn may be achIeved 
only by centnfugatIOn of these emulSIOns 

At first, the measurements of the partItIon 
coeffiCIents P USIng low Dtc concentrations were 
carned out m standard polypropylene or glass 
tubes The solutes adsorbed onto the surface of 
the tubes dunng centnfugatIon, WhICh greatly 
decreased the accuracy, rendenng the determIna
tIOn of P ImpOSSIble The adsorptIon of polar 
solutes onto glass surfaces IS known (25) treat
ment of the test tubes WIth polymethacrylate 
ester greatly dImInIshed the surface adsorption 
of quaternary ammOnIum salts (25) 

SpeCIal glass tubes coated With a hydrophobIC 
monolayer of eIther n-octadecyl-tnchlorosIlane 
COTS) or hydrolyzed 15-nonadecenyl-tnchloro
SIlane (NTS) were tested A low concentratIOn 
(100 J.LM) I-hexyl-Dtc was dIssolved In octanol 
and centnfuged and the absorbance at 290 nm 
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TABLE 1 
CorrelatIOn among Structure Llpophlllcity of the SynthesIZed DlthlOcarbamates and RelatIve Stabzlrtres of 

TheIr Copper Complexes 

Compound 

RI AS 
'N-C~ 

/ , 
Rl SNa 

R[ R2 log KeQ I-ll..B (D)b 

Dlbuty1 Dtc Bu Bu 364 021 
I Hex Dtc Et 0 CH2CH2 0 CH2CH2 Hex 203 014 
I Bu Dtc Et 0 CH2CHr O CH2CH2 Bu 195 005 
lEt Dtc Et 0 CH2CH2 0 CH2CH2 Et 153 0025 

Q Ke IS the compentlOnal stability constant wluch shows the re1anve stabIlity of CU(DtC)2 over Cu(Oxh where OX IS 

8 hydroxyquInoline 
b I-ll..B IS the hydrophilic lipophIliC balance as measured In the octanol/water system The dlstnbunon rano D = Corr! 

Caq The linear slope of a plot of log Kc agaInst I-ll..B IS Y + 8 1621-2 + 82129-2 and ?= 0804 

was measured to evaluate the success of thIS 
method to reduce surface adsorption (FIg 3) 
The adsorption of the solute from aqueous phase 
was not observed AdsorptIOn onto the coated 
surface was less than onto the unmodIfied glass 
(FIg 3) NTS was the best surface-modIfying 
agent for thIS partIcular compound The OTS
coated glass seems to be too hydrophobIc to 
prevent the adsorption of I-Hex-Dtc thIS com
pound probably has some adherence to the 
hydrophobIc surface of the modIfied glass VIa 
Its hydrophobIC SIte 

1 5 ,.----_________ ---, 

E 
c 
o 
en 
C'\I ... as 
GI 
u 
ii 05 
..c ... 
c 
(II 
..c 
< 

~~,~,~-.-~====~::::::~---o~ NT5 
~ - - .. _ OT5 

o 

~ - -~-
)( - .... glass 

2 3 
time (hr) 

x 
polypropylene 

4 5 

FIG 3 PreventIOn of adsorptIOn of Dtc to sUiface dur 
Ing partlttonlng by coattng glass tubes The absorbance of 
01 mM I Hex Dtc In octanol after several hours of centnfu 
gatton In polypropylene tube an uncoated glass tube and 
glass tubes coated with OTS or NTS 

As all Dtcs have dIfferent hphophIhcItIes, 
each Dtc may need a speCIfic glass coating agent 
For sImphcIty, we deCIded to measure octanoV 
water dIstrIbutIOn ratio D Instead of partItion 
coeffiCIent P All dIstrIbution measurements for 
dIfferent Dtcs were performed at 100-fold hIgher 
concentratIOns of dithIOcarbamates (10 mM 
solutions) In polypropylene tubes to aVOid the 
need for a surface modIficatIOn procedure 
Absorbance of Dtcs on the surface IS then negh
gibly small compared to theIr concentrations, as 
the surface absorptive capaCIty qUIckly becomes 
saturated The expenments were performed In 

OppOSIte dIrectIOns for each compound extrac
tIOn of the Dtc, dIssolved In octanol by 10 mM 
NaOH aqueous solution, and extraction of the 
Dtc, dIssolved In 10 mM NaOH aqueous solu
tion, by octanol The agreement of these two 
values and a matenal balance of more than 98% 
recovery valIdated the use of hIgh Dtc 
concentrations 

Results of partItion measurements by the 
shake-flask method are presented In Table 1 
Changing the aliphatlc substltuent from ethyl to 
hexyl leads to a SIxfold increase in hydropho
bICIty of the dlthlOcarbamates There was a very 
strong pOSItlVe hnear correlatlon between the 
log Kc and the HLB values the correlatlon coef
fiCIent (,2) was 0804 

p1 
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Increasing or Suppressing In Vitro Fenton 
ActIVIty of Metals by Complexmg with 

Dlthlocarbamates 

Chelators such as OXInes can decrease the 
YIeld of hydroxyl radIcals by effecttvely render-
109 the metal catalyst unavrulable for Fenton 
reactIons, they funcnon mdrrectly as antIOXI
dants Some chelators such as EDTA act 1OdI

rectly as prooxidants, they 10crease the YIeld of 
hydroxyl radicals by b1Od1Og metals 10 such a 
way that there avrulabllIty to Fenton reacttons 
IS enhanced Hence, the mfluence of metal chela
tors on Fenton-dependent hydroxyl radIcal for
matton prOVIdes 1OformatIOn on the mdirect 
prooxidattve (or antIOxldattve) properties of 
these compounds 

The capaCIty of the synthesIzed dithIOcarba
mates to act as mdirect prooxidants when com
plexed WIth copper or Iron was evaluated 10 two 
test systems that measure OXIdation of organIC 

molecules due to Fenton reaction-generated 
hydroxyl radIcals The fIrst used deoxynbose as 
the radIcal scavenger (26, 27), and the second 
used methanol (22) 

1 Deoxynbose as Scavenger jor Fenton 
Generated Radzcals 

Fenton OXidation of aqueous deoxynbose IS a 
commonly used method for measunng hydroxyl 
radIcal production (28 29) The copper and Iron 
complexes of Dtcs are barely soluble 10 water 
and several organIC solvents such as I-methyl-2-
pyrrohd1Oone, dimethylformamide acetone, and 
ethanol, WhICh are supposed to be relatIvely 
weak scavengers of free radIcals, were exanuned 
as potential solvents for the deOXYrIbose assay 
The drastic decrease 10 absorption band of the 
pmk pIgment due to scavengmg of hydroxyl 
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FIG 4 Effect of Dtc In suppressing copper catalyzed Fenton reaction and stlmulatlng Iron catalyzed Fenton reaction 
Kinetics of Fenton type reactIOn With (A) Cu2+ and Curl Hex Dtc)z, (B) Fe3+ and Fe(l Hex Dtch measured by the 
detergent-modified deoxyribose assay and kinetiCS of the Fenton type reaction with (C) Cu2+ and Curl Hex Dtc)z, (D) 
Fe3+ and Fe(! Hex Dtch measured with the Nash reagent 
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radIcals by these solvents (data not shown) pre
vented a quantltatlve detenmnatIOn of the IndI
rect antIOxidatlve propertIes of Dtc complexes 
by the standard deoxynbose method 

The problem of the detenmnatlon of the Influ
ence of Dtcs on the Fenton reactIOn was solved 
by USIng a modIfied deoxynbose assay, USIng 
solubIhzatIOn of Cu(Dtc hand Fe(Dtc h In water 
by a 1 % solutlon of sodIUm dodecyl sulfate to 
Increase the water solubIlItIes of CU(DtC)2 and 
Fe(Dtc)3 The sodIUm dodecyI sulfate dId not 
sIgmficantly decrease the absorptIOn sIgnal at 
532 nm and, hence, the deoxynbose assay can 
be performed under these detergent condItions 

KInetlc data were obtamed by stoppIng the 
reactlon usmg thIOurea as a hydroxyl radIcal 
scavenger, as It quenches the reactIOn of 
hydroxyl radIcals WIth deoxynbose and allows 
measurement of the amount of malondlaldehyde 
at the tIme of the stoppage Results of the klnetlc 
measurements of the Fenton (formed WIth Iron) 
and Fenton-type (WIth copper) reactIOns usmg 
thIS modIfied deoxynbose assay are presented 
In FIgS 4A and 4B 

2 Methanol as a Solvent and as a Scavenger 
for Fenton-Generated RadIcals 

A 50% aqueous wethanol solutIOn was used 
to dIssolve Cu(Dtch, Fe(Dtc)), and the Fenton 
reagents and act as the scavenger The OXIdatIOn 

of methanol to formaldehyde was used to detect 
hydroxyl radIcal productlon The klnetlcs of the 
formaldehyde productlon were momtored by the 
speCIfic reagent descnbed by Nash (22), produc
mg a yellow chromophore (X-max = 412 nm) 
Results of the klnetlc measurements usmg the 
Nash reagent are presented In FIgS 4C and 4D 

Both methods show that Dtc IS an IndIrect 
prooxldant WIth Iron, stlmulatlng Iron-depen
dent Fenton reactlons (FIgS 4A and 4C) The 
same chelator IS an antloxidant WIth copper, sup
pressmg copper-dependent Fenton reactlons 
(FIgS 4B and 4D) The magmtude of suppres
SIon or stlmulatlon dIffers between methods, 
WhICh may be due to dIfferent conformatIOns of 
the complex m detergent vs methanol 

The presence of dithIOcarbamates should not 
protect plants from the OXIdatIve damage due 
to Iron-catalyzed Fenton reactlon Dtc chelates 
copper better than Iron, and only small amount 
of Iron IOns WIll be bound to a Dtc, but even thIS 
complexatlon WIll mcrease the rate of Fenton 
reactlon and shghtly Increase the productlon of 
hydroxyl radIcals The complexatIOn WIth cop
per leads to reductlon of hydroxyl radIcal gener
atIOn ThIs IS not relevant as copper has httle 
role In Fenton-type reactIOns m plants, as plants 
contaIn two orders of magmtude less copper 
than Iron The nunuscule reductIOn of hydroxyl 
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FIG 5 Enhancement of damage caused by paraquat by varymg amounts of synergIst The relatIve synergIsm IS the 
ratIO between destructIon due to the herbICIde together with synergISt and destruction due to the herbICIde alone for the 
concentration of herbzczde equal to (A) 3 f.LM (B) 6 f,LM (for Stellana medIa) 
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radIcal generatIon due to copper btndmg should 
not mfluence phytOtOXICIty 

OXIdatIve PropertIes (m \l)vo) 

The abilIty of the Dtcs to synergize the aCtIvIty 
of the oXidant-generatIng herbicide paraquat was 
assayed usmg S alba and S medza The results 
of many of these zn VIVO tests for dIfferent con
centratIons of paraquat and synergIsts (Dtcs) are 
summanzed m Table 2 The large number of pots 
and plants requrred for each data pomt precluded 
simultaneously measunng the effects of more 
than one chelator at a tIme A Q-4. vISUal scale 
was used for evaluatIon of plant damage (0, 
no damage to the plant 4, death) as no other 
parameter could rehably or adequately measure 

the wIltmg damage, which was so rapId that 
there was no loss of chlorophyll or dry weIght 
m the two weed speCIes used StatIstIcal analyses 
could not be used due to the mtnnsic nonlmeanty 
of such observatIons StIlI, the results consIs
tently reoccurred m the vanous repeat expen
ments, despIte therr not bemg astoundmgly great 
synergtsts The Kc values of dlthlOcarbamates 
are also presented for companson The ratIOS 
between damage due to the herbICide together 
With synergIsts and damage due to the herbICIde 
alone are presented for easy companson of the 
data (FIg 5) Data for 3 ILM and 6 paraquat 
are shown 

There IS some correlatIon between the syner
gistIc properties of dlthlOcarbamates and therr 

TABLE 2 
Damage to Plants Caused by the Use of Paraquat together WIth Synergists (Dtcs) 

Species SynergIst 

Stellana media 
I-Et Dtc 

I Bu Dtc 

I Hex Dtc 

Dlbutyl Dtc 

Smapls alba 

I Bu Dtc 

I Hex Dtc 

Dlbutyl Dtc 

log Kc 

153 

195 

203 

364 

195 

203 

364 

o 
03 
I 
3 
o 
03 
I 
o 
03 
I 
3 
o 
03 
1 
3 

o 
03 
1 
o 
03 

• 3 
o 
03 
1 
3 

o 

0 
0 
0 
0 
0 
0 
0 
0 
0 
01 
0 
0 

0 
0 

0 
0 
0 
0 
0 
01 
0 
0 

0 
0 

Concentration of paraquat J.LM 

3 6 

damage to plant 

1 3 
12 
16 
16 
07 
08 
15 
08 
15 
19 
16 
14 

18 

05 
1 1 
14 
07 
07 
20 
22 
1 3 

113 
15 

26 
32 
31 
34 
14 
18 
22 
14 
1 8 
24 
1 8 
19 

1 1 
14 

16 
22 

15 

2 
14 

10 

36 

35 

35 

25 

23 
32 

39 
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complexatIOn propertIes for I-Et-Dtc, I-Bu-Dtc 
and I-Rex-Dtc compounds (Table 2, FIg 5) The 
stronger the Cu-Dtc complex (hIgher value of 
Kc), the greater the damage to the plants due to 
the presence of the dIthIOcarbamates WIth para
quat The chelators alone caused no vIsIble dam
age at the concentratIOns tested Copper-dlbutyl
Dtc complex, whIch has the hIghest Kc value, 
demonstrates weaker synergIstIc propertIes, pos
sIbly due to Its hIgher hydrophobIcIty and lower 
penetratIOn through the cutIcle of the leaf 

The abIlIty of Dtcs to synergIze herbIcIdes IS 
not hmIted to paraquat, whIch generates super
oXIde after acceptmg electrons from (or m place 
of) ferredoxm m photosystem I of photosynthe
SIS DIphenyI ether (and other) herbIcIdes cause 
an accumulatIOn of photodynamIC protoporphy 
nn IX, generatmg actIve oxygen specIes (3), 
WhICh can be quenched by the same plant 
enzymes that quench the hydroxyl radIcals gen
erated m the presence of paraquat We thus tested 
whether there was a synergIsm between the 
diphenyl ether herbICIde lactofen and one of the 
amphIphIhc Dtc chelators (FIg 6) The Dtc had 
no effect alone, but enhanced the effect of lacto
fen, as expected 

CONCLUSIONS 

1 AmphIphlhc dlthIOcarbamates WIth dIffer
ent substItuents can be syntheSIzed by the 
method descnbed m thIS paper 

2~------------~--------~ 

, 5 

o Syn (0 JIM) 
o Syn (0 , 11M) 
121 Syn (0 311M) 

03 
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FIG 6 Enhancement of damage caused by lactofen on 
SinapIs alba by the synergzst I Bu Dtc The synergIst by 
Itself had no d,scern,ble effect on the weed Open bars no 
synergIst dotted bars 0 1 !LM synergIst SImultaneously with 
the herbIcIde hatched bars 03 Jl.M synergzst 

2 DIthIOcarbamates can be consIdered for use 
as potentIal synergIsts of oXIdant-generatIng her
bICIdes for the followmg reasons 

a. They have the abIlIty to strongly che
late copper 

b They stImulate Iron-dependent Fenton 
reactIOn (m vltro) generatmg phytOtOXIC 
hydroxyl radIcals 

c The compounds syntheSIzed show a 
modIcum of synergIStIC actIVIty (m vzvo) 

The Dtcs that we have syntheSIzed so far do 
not have a strong enough synerglZlng actIVIty 
to be conSIdered for further development 
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