
tities of  P R l  mRNAs in uriinfccted 1ca1.c~ as 
compared to irifected leaves (Figs. 1B arid 
2 C ) .  N o  P R 1  gene expression o r  s'~licylic 
acid irlcrcasc was seen i11 urlinfcctcd lea\,es of 
TMV-inoculated Xdnthi (1111) plants or  in 
mock-inoculated pl'~rlts o f  either gcno5,pc 
(Fig.  2A). 

In 1983  \'an L.oon (1.7) postu1'1tcd that 
salic!,lic acid dcts by mimicking ,In cndogc- 
nous phenolic sign'11 that triggers P R  gene 
expression dnd disease resistance. O u r  re- 
sults suggest that the signal is salicylic acid 
itself. Susceptible Sarithi (nn )  plants c d r n  
the P R  gcrlcs, dnd thcsc genes cdn be acti- 
\rated by treatment \i.ith czogc~lous s'11icylic 
acid (Fig.  1C) but not \vith Thl\ ' .  There- 
fore, it is likely t11'1t ilifectiori o f  susceptible 
plants f-~ils t o  trigger the signal transduction 
path\vay that leads to  s'~lic?lic acid produc- 
tion, resist'~nce, and P R  gcrlc cspressior~. 

IM6tranx f 3 t  t d .  (16)  p r ~ s e r ~ t  indcperldcnt 
evidence suggesting thdt salicylic acid pldys 'I 
rolc in the inductior~ o f  SXR in cucumber 
after p '~ thoger~ attdck. In addition, Raskin 
and co-\i.orkers recently demonstrated that 
salicylic acid is an cndogcrlous rcgu1'1tor of 
heat and odor  production ~ I I  the inflores- 
cences of  some thcrmogcnic lilies (1 7-1 9) .  
These three studies suggest that salic!,lic acid 
pldys 'I brodd arid imporrarlt rolc in sigrial 
tr'~rlsduction in p1'1nts. 
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Increase in Salicylic Acid at the Onset of Systemic 
Acquired Resistance in Cucumber 

In an effort to identifv the signal compound that mediates systemic acquired resistance 
(SAR), changes in the content of phloem sap were monitored in cucumber plants 
inoculated with either tobacco necrosis virus or the fUngal pathogen Colletotrichuni 
lagenarium. The concentration of a fluorescent metabolite was observed to increase 
transiently after inoculation, with a peak reached before SAR was detected. The 
compound was purified ,and identified by gas chromatography-mass spectrometry as 
salicylic acid, a known exogenous inducer of resistance. The data suggest that salicylic 
acid could function as the endogenous signal in the transn~ission of SAR in cucumber. 

LANTS INO(:UWTEI) WITH NE(:KO- increase '~ppcared before nccrotization Iixi 
tropliic pathogens such as fungi, b x -  taken pldce o n  the infected leaf and preceded 
tcria, o r  ~ i r u s c s  react by inducing a the induction o f  rcsistarice obsened in the 

tr'~nsicnt resistance agdirlst s ~ l b s e q ~ ~ e ~ i t  furl- upper ~ ~ ~ l i ~ l f e c t e d  lea\.cs, independent of  the 
gdl, bacterial, o r  viral infections (1-4). This pdthogcn used t o  induce rcsistaricc (Fig.  1, 
induced resistance can be restricted t o  areas C and D). 
of the first inoculation 1.3) but may spread t o  The timing o f  the increase was different 
other pdrts of  the plant t o  establish SAR ( 1).  depending &n the pathogen used for the 
I t  has beer1 proposed that SAR is nicdi'~tcd p r iman  infection. Both resistarlcc and the 
by an endogenous signal that is produced i11 fluorescirlg peak dppcared sooner aftcr infec- 
the infected leaf and trarlslocatcd in the tion \\hen T N V  \vas used '3s an irlducer. 
phlocr-n to  other plant parts \\-here it acti- T N V  produces necrosis 3 to  4 davs dfter 
\.'I~CS resistarl~e riiecha~iisms ( 1 ,  2 ,  5). i n o c ~ l ~ ~ t i o n ,  \\-hereas c'. i i ~ q t , t i L r r i l r i r i  produces 

<:ucurbitaceac have the unique p r o p c m  r~ccrosis 5 t o  6 days aticr i~ iocu l~~ t ion .  The  
of  rcleasirig phloem sap fr-om cut stern o r  appcardnce of  tlic fluorescent peak is there- 
petiole surfaces ( 6 ) .  \Vc used a high-per- fore likely t o  be dependent o n t h c  timing of  
formance liquid chror-natograph ( H P L C )  discdse development inherent in the nature 
system, originally de\.iscd for the detcctiori of  the i n o c ~ ~ l ~ ~ t e d  pathogen. The metabolite 
o f  hydrosylated polyarnines (7). t o  '1n~11yzc \vds also obsened to  $crease lvhen both 
phloem sdp aftcr inoculation of  cucumber necrosis o n  the first Ic'~\~es and SXR Jvere 
le'~ves ( C 1 r c l r t t i i . z  s c l r i ~ j l i x  L. cv. Alarketer S M R  \veil establrshed ( 7 to  9 days after inocula- 
580) with either tobacco rlccrosrs virus t ion) .  
(TN\ ' )  o r  the fungal pathogen C o l i t ~ t o t r i i l ~ i i r r i  Further analys~s o f  the metabolite indi- 
i t ~ q c ~ t r ~ ~ r i i r r r ~ .  A distrnct increase of  a fluo- cated that it consisted of  several ultraviolet- 
rcscing metabolite \\.as detected in the phlo- absorbing components (Fig. 2 ) .  Only one o f  
em after inoculation (Fig.  1, A and B) .  This these was fluorescent and separated at thc 

position o f  the initial metabolite. , I  prepa- 
ration of  this fluorcsccnt fraction n.as dcriva- 

J.  P. XICrraus, H S~gncr .  h l .  \Vyss~Bcn/, J .  Gaudln. tized to collve* polar  to 
Agricultirral 111\1s1on, CIK,AAXIC;Y Ltmltcd. 4002 
R.lscl. Sn-~vcrl.ind. their volatile t r i rnc th~ l s i l~ l  derivati1.e~ ( 8 ) .  . . 
J .  R!.als .ind E.  \Vard, .\gr~cuirur.il B i o t c c l i n o l o ~  R c  alld this \vas Llscd for analysis by ,--pillan' 
sc.lrch C n ~ t .  (:IB.\-GEIGT Corporarlon. Rcsc.irch Trl- 
angle Park. h'C 27709. gas chromatography-mass specrrornernr 
K. Raschii(xi'. E .  Schmid. LV. Klum. 5.Invcr.irdi. Central (GC-MS). TIlc chemical ionization mass 
Rcscarch. CIR.\-GEIGY AG. 4002 R~sc l ,  S\vlt/crland. 

spectra and chromatographic retention data 
'TCI \\.honi corrcsponilct~cc s l i o ~ ~ l d  be ~ddrcsscd .  shelved that the trimcth!.lsilyl ester o f  
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2-hydroxybenwic acid (salicylic acid) was an endogenous phloem-located metabolite pared to between 0 and 0.7 PM in mock- 
the primary compound and that the trimeth- whose concentration increases afier infection infected plants (Fig. 1, A and B). Salicylic 
ylsilyl ester of 4-hydroxybenwic acid was of a leafwith necrotizing pathogens. acid has been reported to induce resistance 
present at a trace level (less than 1%). Both The concentration of salicylic acid in the against C. lagenarium when exogenously ap- 
the HPLC and the GC-MS results were cor- phloem sap before resistance occurs ranged plied to cucumber cotyledons at a concen- 
roborated by coinjecdon of the respective typically between 0.2 and 7 PM in infected tration of 14.5 rnM (9, 10). Furthermore, it 
reference compounds. Thus, salicylic acid is plants, depending on the pathogen, corn- has no direct antifungal activity against C. 

lagenariurn, and no fungitoxic metabolites - - 
Fig. 1. Time course of lo l o -  B 

were detected in salicylate-treated cucumber 

the appearance of a fluo- tissue (9). However, the concentration 
rescent metabolite in the : range needed to elicit resistance from exog- 
phloem in relation to the % C. i a ~ e ~ r i u m  enous application is substantially higher 
induction of resistance than the concentration measured in the phlo- 
against C. lagenarium af- 1 

ter initial infection with 4  
em. To address this disparity, we followed 

TNV (A and C) or with 2 the fate of 14C-labeled salicylic acid infil- 
C. lagenarium (B and D). a 2 control 

trated into a lower leaf and observed that 
At time zero the first Control 1.3% of the initial salicylic acid could be 
leaves of cucumber plants o  

were inoculated either Ib foundin the treated leaf1 day after applica- 

with TNV [a homoge- tion, whereas in the upper leaf 0.4% was 
nate of cucumber leaves recovered (11). Thus, salicylic acid, like 
infected with TNV was Control other organic acids, was translocated rapidly 
gently rubbed onto the to the upper leaf (l2), but a large portion of 
surface of the leaf with a $ 
thick, short-haired paint- the applied material was either distributed 
brush; mock-inoculated 3 and sequestered or metabolized. This rapid 
controls were treated in ; lo c. iagenarium turnover of the compound may explain why 
strictly the same way high concentrations of salicylate are needed 
with a homogenate from 

TNV to induce resistance in infiltration experi- healthy cucumber leaves 
(17)] or with C. lagenar- O 0 2 4 6 8 1 0 0 2 4 6 8 1 0  ments. 
ium (5 PI of a suspension Time after inoculation (days) Tlme after lnoculatlon (days) Among the resistance mechanisms that 
of 200,000 spores per are correlated with the establishment of 
milliliter, dispersed in 25 droplets over the surface of the first leaf). (A and B) At each time point, two SAR is the induction of pathogenesis- 
cucumber plants were cut with a razor blade through the stem above the first and below the second leaf. 
We harvested the phloem by collecting the exudate into ice-cold 50% aqueous methanol (vlv) and "Iated (PR) proteins. In cucumber, the 
pooled samples for analysis by HPLC. Methanolic extracts were injected onto a C-18 octadodecylsilane, major PR protein is an extracellular endo- 
5-um column eauilibrated with 13% (vlvl bu6ered acetonitrile ( s d u m  acetate buffer. 50 mM, pH chitinase (13). which mav be involved in 
4.k). Elution at i d m i n  was progra.&ed as a linear gradient of 13  to 35% buffered acetonitrile,Gith 
the gradient started 16 min after injection. Peak detection was by fluorescence (excitation, 290 nm; 
emission, 402 nm). The data were plotted as the concentration of salicylic acid in phloem. (C and D) 
At each time point, three inoculated cucumber plants were challenged with a secondary inoculation of 
C. lagenarium on leaf2. The number of lesions on the challenged leaf were plotted as a function of the 
day of challenge inoculation (error limits are ?SD, n = 3).  

\ , >  

protection against hngal attack. This pro- 
tein and its mRNA accumulate in leaves 
treated with either pathogens or salicylic 
acid (14). The induction of the chitinase 
gene by salicylic acid is, therefore, consistent 
with the proposed role of salicylate as a 
signal compound that activates SAR mech- 
anisms. In tobacco, exogenously applied sal- 
icylic acid also induces PR proteins and 
resistance in the treated and occasionally in 
the untreated leaves (15). Moreover, Mal- 
arny et a l .  (16) demonstrate that endogenous 
levels of salicylic acid, as well as expression 
of certain P ~ . ~ r o t e i n  genes, increasd in both 
infected and uninfected upper leaves of to- 
bacco after inoculation with tobacco mosaic 

Fig. 2. Characterization of the fluorescent component virus, which supports our observations in 
in phloem sap from plants inoculated on the first Icaf cucumber. with TNV. (A) Chromatogram showing further sepa- 
ration of thc crude fluorescent comDoncnt. The fluo- REFERENCES AND NOTES 
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peak from the HPLC separ'tiOn described in 1. A, F. Ross, in Vin~rer  ofPia~i,* A. R. R. Beemster and 
the legend to Fig. 1 was collected, lyophilized, and 
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214 nm. (B) Elution profiles of the fractions from (A) 5. J. L. MclntYre, J. A. Dodds, J. D. Hare, 71, 

separated on the system described in the legend to Fig. g,$z$)> ~ ; l , ~ ; a f ; l , ~ ~ ~ 9 ~ i ~ ~ $ ~ i ' ~ ;  
1. The were pooled as indicated in (A), 'yo- inmi and P. Ahl, Net}! .  1. P/aprt Patho/. 89, 275 
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"Sure, genetic fingerprinting can prove someone's innocence - 
but not in a case of stock fraud." 
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