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Salicylate Activity. 1. Protection of Plants from Paraquat Injury
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Paraquat (1,1'-dimethyl-4,4'-bipyridinium; methylviologen) is a widely used, nonselective contact
herbicide that rapidly stimulates free radical generation. It has been found that the addition of sodium
salicylate (sodium 2-hydroxybenzoate; NaSA) to paraquat spray solutions significantly decreased
herbicidal activity. This protection was observed in tobacco (Nicotiana tabacum) regardless of whether
NaSA was foliar-applied along with or prior to paraquat application or NaSA was soil-applied prior to
paraquat application. Because salicylic acid (SA) is an inducer of systemic acquired resistance (SAR)
to plant disease, paraquat protection by three SAR inducers (acibenzolar-S-methyl, harpin, and
probenazole) and selected salicylate derivatives was assessed. Twenty-two of 24 compounds tested
decreased herbicidal activity when foliar-applied with paraquat. Protection from paraquat was greatest
with 5-chlorosalicylate, and no protection was observed with benzoic acid. NaSA decreased paraquat
activity on npr1-2, an Arabidopsis mutant that is compromised in NaSA-induced SAR, and on ein2-1,
an ethylene-insensitive Arabidopsis mutant. Thus, salicylate protection from paraquat is independent
of disease resistance and ethylene perception. This suggests the existence of an NaSA-mediated
pathway capable of protecting plants from reactive oxygen stress.

KEYWORDS: Photosystem | inhibitor; PSI; alternative respiration; salicylhydroxamic acid; SHAM,;
aminoethoxyvinylglycine; AVG; benzo-(1,2,3)-thiadiazole-7-carbothioic acid S-methyl ester; BTH; 3-(2-
propenyloxy)-1,2-benzisothiazole-1,1-dioxide

INTRODUCTION Ananieva et al. (10) and Kim et all{) also determined that
pretreatment of plants with SA provided protection from
subsequent paraquat treatment. In these papers, resistance to
paraguat was significant, but all assumed a time element

molecule in the defense response of many plants and is integral”eces‘:']ary for tr;e '?d.Lt’Ct'?tn. of le’l(?(s-assoﬂc]latted enzymes (;0
in the establishment of resistance to pathogen attack known agjuench paraguat activity. 1t Is well-known that synergies an

systemic acquired resistance (SAR) (2). SA is also involved in antagonisms of crop protection agents may S|gn|f|cantl_y affect
plant stress tolerance. Exogenous applications of SA protectthe performqnce of pest!C|des in the f!eld. In our studleg, e
mustard plants from heat stre& &nd maize from chilling stress have determined that salicylate protection from paraquat injury

(4). SA application also induces antioxidant defenses, including does not require any pretreatment interval and that resistance

superoxide dismutasg)( Moreover, SA levels have been shown [© Paraguat is independent of SAR and ethylene perception.

to increase in response to the free radical generators ozone and
UV illumination (6). MATERIALS AND METHODS

Paraquat is a free radlca_l-generatlng herbicide that inhibits Chemicals.Paraquat (1,3dimethyl-4,4-bipyridinium; methylviolo-
phc_)tos_ysnthe5|s by acceptln_g electrons from photosyster_n I’gen), sodium salicylate (sodium 2-hydroxybenzoate; NaSA), and other
which in turn generates reactive oxygen species (ROS) in light ¢hemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless
(7). The ROS generated, which include superoxide anion, otherwise noted. 3-Fluorosalicylate, 6-methylsalicylate, and 3,5-di-
hydrogen peroxide, and the hydroxyl radical, cause lipid fluorosalicylate were produced by synthesis as described elseviipre (

Salicylic acid (SA) is a simple plant phenolic. The role of
SA as an endogenous signal was first shown by the induction
of thermogensis irArum lilies (1). SA is an important signal

peroxidation and membrane damage (8). Aminoethoxyvinylglycine (AVG) was obtained from Valent Bio-
In the present study, we examined the relationship between Sciences Corp. (Libertyville, IL). Actigard 50WG with the active
salicylates and paraquat damage. Strobel and Buognd that ingredient acibenzola®methyl [benzo-(1,2,3)-thiadiazole-7-carbothioic

SA pretreatment protects tobacco plants from paraquat injury. acid S-methyl ester] was obtained from Syngenta Crop Protection
(Greensboro, NC). Messenger, with the active ingredient harpin, was

« Auth - 4 hould be add i obtained from Eden Bioscience (Bothell, WA). Oryzemate, with the
pauIAsLiJILe?:n;(r)\@V\\l/acl)gr]]t ggrr;()espon ence shou e addressee (e-mail .40 ingredient probenazole [3-(2-propenyloxy)-1,2-benzisothiazole-

t Present address: Shandong University of Technology, Zibo, Shandong, 1,1-dioxide], was obtained from Meiji Seika Kaisha Ltd. (Tokyo, Japan).
People’s Republic of China. The crop oil concentrate (COC) used in all foliar sprays comprised
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83% Orchex 796 (Exxon Co., Houston, TX) and 17% AT Plus 300F <& Paraquat (780 M)
; 5~ Poraquat (780 M) + NSA (10 m) A
(Unigema, New Castle, DE). 100f | 2 esa (o mi)
Plant Material. Tobacco (Nicotiana tabacumv. Xanthi-nc) seed ok
was obtained from Dr. llya Raskin (Rutgers University, New Brunswick,
NJ). Tobacco plants were grown as previously descriti8jl Briefly, 601
tobacco was sown onto Pro-Mix PGX and grown under cool white 40
fluorescent lamps at 250mol-m=2-s7* (16:8 h light/dark cycle; 25 20k
°C). Three weeks after sowing, individual plants were transplanted into =
pots (7.6 cm diameter) containing Pro-Mix PGX, grown in the Or_@ 9 i —® T 9
greenhouse for 3 weeks, and treated at th® 4eaf stage. 0 ]DA‘rS gl—‘rER gPPI_IC;:TION 5 6
Seed for theArabidopsis thaliana(L.) Heyn. nprl-2 and ein2-1
mutants was obtained from the Arabidopsis Biological Resource Center | B Forgauat + Ko (10 n-u)| B
(The Ohio State University, Columbus, OH). The corresponding wild 100p F
type (Columbia) seed was obtained from Lehle Seed (Round Rock, O gob E
TX). Arabidopsisplants were grown in Pro-Mix PGX under cool white g 2l
fluorescent lamps at 150mol-m2-s7* (16:8 h light/dark cycle; 25 < D
°C) and treated at maturity. % 40t
Herbicide and Combination Treatments.In all herbicide applica- O b
tions, plants were sprayed with a hand sprayer with a volume sulfficient <
to ensure complete coverage. The pH of spray solutions was unaffected L] 0 0 29 145 290 780
by the addition of NaSA. COC bhlend was added to all spray solutions % PARAQUAT CONCENTRATION (M)
at rates of 0.1% (v/v) foArabidopsisand 0.25% (v/v) for tobacco.
) - L . L I Poroquat (780 )
All foliar treatments containing both herbicide and salicylate or SAR < ool "= uat (780 j) + NoS4 (5 mM C
inducer were mixed and applied in a single spray solution as soon as 5 E E E
possible after mixing. After spraying, plants were returned to their 80r D
previous growth conditions, light bankérabidopsis) or greenhouse E i
(tobacco), and arranged in a randomized complete block. Herbicidal L C
activity was determined by visual inspection and expressed as percent % 40 B B
leaf area damaged. Protection was defined as a decrease in percent |7 opf A
leaf area damaged (herbicidal activity) as compared to the herbicide o
alone. Protection data were normalized for the damage observed on Gsimuﬁcneous 1 day 2 days 4 days
paraquat-treated plants in the same trial. TIME OF NaSA APPLICATION
Statistical Analysis. Data were subjected to analysis of variance, PRIOR TO PARAQUAT
and means were separated by Duncan’s new multiple-range test using
PlotIT software (Scientific Programming Enterprises, Haslett, MI). B it 600 N D
100f
RESULTS 80
Leaves of tobacco plants sprayed with paraquat (/180 60r
desiccated within 3 h after application and quickly became 40F
necrotic. The addition of NaSA (10 mM) to the foliar spray 20l
solution (simultaneous application) significantly decreased ._‘_
paraquat damagéigure 1A). Paraquat damage increased with 0
concentration (29, 145, 290, or 7g@M) and was inhibited by NaSA CONCENTRA“ON (mM)
NaSA (10 mM) at all paraquat concentratiofsgure 1B). Figure 1. Sodium salicylate (NaSA) protection of tobacco from paraquat

Simultaneous foliar application of NaSA with paraquat damage: (A) effect of NaSA (10 mM) on the time course of paraquat
provided greater protection than application of NaSA either 1, (780 uM) activity (bar represents + SE); (B) effect of paraguat
2, or 4 days prior to paraquat applicatiokigure 1C). The concentration (29, 145, 290, or 780 «M) on NaSA (10 mM) reduction of
effectiveness of simultaneous NaSA treatment with paraquat herbicidal activity; (C) effect of time of NaSA (5 mM) application on
suggests that changes in gene expression are not necessary faaraquat (780 «M) activity (NaSA was applied with or 1, 2, or 4 days
protection of tobacco from paraquat. NaSA applied to the soil prior to application of paraquat); (D) effect of soil application of NaSA (1,
1 day prior to foliar application of paraquat reduced herbicidal 10, and 50 mM) on paraquat (580 M) activity. NaSA was foliar-applied
activity (percent herbicide-induced leaf damage) by 15, 45, and in A-C. Paraquat was foliar-applied in all studies. Crop oil concentrate
70% for 1, 10, and 50 mM NaSA, respectively, on tobacco (0.25% viv) was used in all foliar treatments. Leaf area damage was
(Figure 1D). Moreover, NaSA itself caused only minor phy- assessed 6 days after treatment except in the time course. Means were
totoxicity under the conditions used in these studies and only separated by Duncan's new multiple-range test (p = 0.05; n = 6 plants
at 50 mM, thus suggesting that paraquat protection is not dueper treatment). Means with the same letter are not statistically different.
to salicylate-induced cell death. Because protection from
paraquat does not require either NaSA pretreatntégti(e 1C) tested provided protection from paraquat comparable to that of
or application to the same part of the plant as Na&&j\re NaSA. The most effective salicylates were 5-chlorosalicylate,
1D), the effect of NaSA is assumed to be on the plant rather 3-chlorosalicylate, 5-methoxysalicylate, and 3-fluorosalicylate
than on the chemical stability or cuticular penetration of (70, 26, 23, and 13% greater protection than NaSA, respec-
paraquat. tively), and the least effective was 3-methylsalicylate80%

Protection from paraquat damage was conferred by other less protection than NaSAable 1). The halogenated salicylates
compounds, including commercially available SAR inducers and that were the most effective at protection from paraquat are also
salicylate derivativesliable 1). The SAR inducers acibenzolar-  as active as salicylate at induction of the defense-related protein
S-methyl, harpin, and probenazole protected against paraquatPR-1a (12). Benzoic acid, which did not protect plants from
Most of the chloro-, fluoro-, methyl-, and methoxysalicylates paraquat (Table 1), was also not active as an inducer of PR-1a
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Table 1. Protection of Xanthi-nc Tobacco from Paraguat Damage with damage to an extent similar to the protection observed on NPR1
Selected Salicylates, Systemic Acquired Resistance Inducers, and (Columbia wild type) plantsRigure 2A). These results argue
Other Compounds against SAR involvement in the NaSA protection of plants from
ecton' i ecti paraquat injury.
par;;zaetc(;)rle?urzﬂon reffoxepr;r:;gja'fn The role of the plant hormone ethylene in NaSA protection
in damage compared (compared with from paraquat was examined using either ¢fre2-1 mutant or
compound? to paraquat alone)® salicylate)° AVG, an inhibitor of ethylene biosynthesis. Plants with muta-
control (paraquat alone) 0 0.00 tions i_n EIN2 are unable to per(?eive ethylene due to a Ie_sior_1 in
sodium salicylate (NaSA) 46 1.00 the signal transducer (15). Simultaneous NaSA application
3-chlorosalicylate 58 1.26 protected theein2-1 mutant from paraquat to the same extent
g'ﬂ”"tLosla“:?V'?tf 5; é;g as for plants with wild-type EIN2Rigure 2B). Furthermore,
4:2:1?0%:;'3';: 47 102 AVG did r!ot protgct .tobacco from paraqudtaple 1). Thgse
4-fluorosalicylate 45 0.98 two experiments indicate that neither ethylene perception nor
4-methoxysalicylate 15 0.33 production is involved in NaSA protection of plants from
i . % paraqua
5.5&?55;?%515 45 0.98 Salicylhydroxamic acid (SHAM), an inhibitor of alternative
5-methoxysalicylate 57 1.23 respiration and salicylate structural analogue, protected tobacco
S-methylsalicylate 42 0.91 from paraquatTable 1). However, the protection observed from
g:ﬁ;ﬁ;@g!iﬁa\te jg égg the combination of SHAM (2 mM), NaSA (2 mM), and paraquat
6-methylsalicylate 31 067 (580 uM) was the same as for the combination of NaSA and
3,5-dichorosalicylate 31 0.67 paraquat. This experiment demonstrates that SHAM does not
3,5-difluorosalicylate 28 0.61 affect NaSA protection from paraquat and indicates that
?heigggllii;?édacid 18 83? alternative respiration is not involved in NaSA protection of
benzo-(1,2,3)-thiadiazole- 40 0.87 plants from paraquat.
7-carhothioic acid
S-methyl ester DISCUSSION
(acibenzolar-S-methyl)
gfi(rzp-lgropen (0 1.2-benz- gé 822 SA is an important inducer of the plant defense response.
isothiazo}(e_lyyl_d}oxide ' Since 1970, when SA applic.ation was.shovyn to induce the
(probenazole) synthesis of resistance-associated proteins (cited ibGgfSA
aminoethoxyvinylglycine (AVG) 1 0.02 has been used in the analysis of plant response to pathogens.
salicylhydroxamic acid (SHAM) 32 0.70 The subsequent discovery of its role as a signal in the induction
of SAR further detailed the complexity of SA action. The
a Paraquat (580 /lM) and test Compounds (2 mM) were Simultaﬂeously fOllarIy absolute requ”'ement for SA |n the |nduct|0n of SAR was
applied to tobacco. Probenazole and SHAM were applied at 5 mM, harpin was demonstrated by the use of thahGtransgene, which rapidly

';Ol'a”y applied at 112 g of MessengerlL, and AVG was applied at 0.5 mM. metabolizes SA to catechol, thus preventing SA accumulation
Protection is the percent reduction in the percent leaf area damaged compared

to paraquat alone. Value is the mean of protection of at least two trials with n = and bIOCKIng the establishment O_f SAR). Al_thOUQh the SAR

6 replicate plants per trial. ¢ Relative activity is leaf area damage for compound pathway Is not the. only plant disease resistance pathway, all

plus paraquat divided by damage for NaSA plus paraguat. commercial SAR inducers to date either mimic SA (e.g.,
acibenzolar-S-methyl) or induce the SA-dependent SAR path-

(12). These results suggest a link between SAR and protectionWa&y (18).
from paraquat. The role of SA in relation to oxidative stress is less clear. In

To determine the role of SAR in reducing paraquat activity, many cases, SA has been shown to increase oxidative stress
we tested whether NaSA protected tAeabidopsis mutant tolerance. Pretreatment with SA decreased the oxidative damage
nprl-2from paraquat. Plants with mutations in NPR1 are more and increased the survival Afabidopsisfollowing heat stress,
susceptible to pathogen attack and are less able to expressvhereasnahG transgenics showed increased susceptibility to
defense genes in response to 3A4)( Simultaneous application  heat (19). SA has been shown to increase stress tolerance in
of NaSA with paraquat protectegprl-2plants from herbicidal bean and tomato2(), chilling tolerance in maize2(), and

Figure 2. Simultaneous application of sodium salicylate (NaSA; 2.5 mM) protects Arabidopsis from paraquat (80 «M) damage: (A) protection from
paraquat by NaSA of Columbia (wild type) and npri-2, mutant compromised in systemic acquired resistance (SAR); (B) protection from paraquat by
NaSA of Columbia (wild type) and ein2-1, mutant insensitive to ethylene. Controls were sprayed with water plus adjuvant. Plants were photographed 4
days after foliar application.
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thermal tolerance in mustard (22). In contrast, some studies with Therefore, exogenous salicylate may induce cellular redox

nahGtransgenics show that SA increases the sensitivity of plants changes, resulting in better paraquat protection. Fourth, SA may

to free radical generators including paraquat, possibly through be inducing other pathways that lead to the protection of plants

a feedback mechanism increasing the response to RO34R3, from paraquat. For example, SA protection of paraquat may
We examined three processes (SAR, ethylene, and alternativeiunction in SAR in an NPR1-independent mannés)(

respiration) that are regulated by SA in an attempt to determine In summary, protection of plants from paraquat through

the mode of action by which salicylate protects plants from Simultaneous application of NaSA, other salicylates, or inducers

paraquat. (l) SA induces SAR. Neverthe|esslmidopsis of plant disease resistance is a novel means of IImItIng the

mutantnprl-2, which is compromised in SAR, was protected herbicidal activity of paraquat. The protection does not require

from paraquat by NaSAFqure 2A) ThUS, NaSA protection induction of SAR defenses, inhibition of ethylene, or stimulation

of plants from paraquat is independent of NPR1-dependent SAR.Of alternative respiratory pathway. This suggests that salicylate

The Arabidopsismutantein2-1, which is ethylene-insensitive ~ Protection from paraquat is likely through a mode of action not

and compromised in the induction of the induced systemic Yet determined.

resistance (ISR) pathwag%), was also protected from paraquat

by NaSA Figure 2B). Thus, the NaSA protection of SAR- and ACKNOWLEDGMENT
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