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Production of Salicylic Acid Precursors 1s a Major Function 
of Phenylalanine Ammonia-Lyase in the Resistance of 
Arabidopsis to Peronospora parasitica 
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Arabidopsis ecotype Columbia (Col-O) seedlings, transformed with a phenylalanine ammonia-lyase 1 promoter (PAL7)- 
0-glucuronidase (GUS) reporter construct, were inoculated with virulent and avirulent isolates of Peronospora parasitica. 
The PAL7 promoter was constitutively active in the l ight in  vascular tissue but was induced only in  the vicinity of fungal 
structures in  the incompatible interaction. A double-staining procedure was developed to distinguish between GUS ac- 
tivity and fungal structures. The PAL7 promoter was activated in cells undergoing lignification in  the incompatible interaction 
in response to  the pathogen. Pretreatment of the seedlings with 2-aminoindan-2-phosphonic acid (AIP), a highly specific 
PAL inhibitor, made the plants completely susceptible. Lignification was suppressed after AIP treatment, and surprisingly, 
pathogen-induced PAL7 promoter activity could not be detected. Treatment of the seedlings with 2-hydroxyphenyl- 
aminosulphinyl acetic acid (1,l-dimethyl ester) (OH-PAS), a cinnamyl alcohol dehydrogenase inhibitor specific for the 
lignification pathway, also caused a shift toward susceptibility, but the effect was not as pronounced as it was with AIP. 
Significantly, although OH-PAS suppressed pathogen-induced lignification, it did not suppress pathogen-induced PAL7 
promoter activation. Salicylic acid (SA), supplied to AIP-treated plants, restored resistance and both pathogen-induced 
lignification and activation of the PAL7 promoter. Endogenous SA levels increased significantly in the incompatible but 
not in the compatible combination, and this increase was suppressed by AIP but not by OH-PAS. These results provide 
evidence of the central role of SA in  genetically determined plant disease resistance and show that lignification per se, 
although providing a component of the resistance mechanism, is not the deciding factor between resistance and 
susceptibility. 

INTRODUCTION 

Downy mildew, caused by the oomycete fungus Peronospora 
parasitica, occurs on cultivated Brassicas and other crucifers 
with a worldwide distribution. f! parasirica is a very success- 
ful obligate biotroph that has coevolved closely with the host 
species such that, in a compatible interaction, very little dam- 
age is apparent in the early stages of infection. However, in 
wet, cool conditions that favor heavy sporulation, necrosis 
in the host can be extensive and disease outbreak serious. 
In nature, primary infection of Arabidopsis with P parasifica 
at the beginning of the season results from oospores that are 
set free from plant debris in the soil from the previous season. 
After germination, the germ tubes penetrate the roots of the 
host, and the coenocytic mycelium ramifies intercellularly 
throughout the plant. Numerous haustoria are produced into 
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host cells along the length of the hyphae but predominantly 
in cortical and mesophyll cells. The haustoria invaginate the 
host plasmalemma but do not penetrate it and are thought to 
facilitate transfer of nutrients from the host to the fungus. In 
compatible interactions, no symptoms are usually visible be- 
fore conidiophores, carrying the asexual conidia, emerge from 
the plant through the stomata. The bed of conidiophores can 
be Seen as a white down covering; hence, downy mildew. 

P parasitica exists in a number of host-adapted forms 
pathogenic on different crucifers (Channon, 198i), including 
Arabidopsis (Koch and Slusarenko, 1990). Severa1 different 
pathogen isolates have been characterized as separate races 
that exist in a gene-for-gene relationship with specific Arabidop- 
sis genotypes (Holub et al., 1994). At least 11 different major 
host resistance genes have been characterized at the genetic 
leve1 (Holub et al., 1994), and one of these (RPP5, [esistance 
to E. parasitica) has been cloned (J. Parker and J. Jones, per- 
sonal communication). Recognition of the pathogen by the host 
is coupled by an as yet undefined signal transduction path- 
way leading to the activation of defense genes. Resistance 
in Arabidopsis is associated with a hypersensitive response 
(HR) involving one or a few host cells locally at the site of 
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Figure 1. Branches of the Shikimate and Phenylpropanoid Pathways 
Leading to the Synthesis of Tryptophan and Phenylalanine and of Lignin 
and SA, respectively. 

The inhibition of PAL activity by AIP (1) affects both SA and lignin syn- 
thesis, whereas the inhibition of CAD activity by OH-PAS (2) influences 
only lignin formation. 

pathogen ingress (Koch and Slusarenko, 1990; Mauch-Mani 
et al., 1993) and the accumulation of the antimicrobial sub- 
stance camalexin, which is an indole compound with a thiazole 
substituent (lsuji et al., 1992). l h e  indole ring in camalexin 
is derived from tryptophan, which is synthesized from choris- 
mate, as is phenylalanine, but on a separate branch of the 
pathway (Figure 1). 

One defense gene activated in the incompatible interaction 
is phenylalanine ammonia-lyase (PAL; EC 4.3.1.5), which cata- 
lyzes the deamination of L-phenylalanine to produce (€)-cin- 
namic acid, a substrate feeding into several biosynthetic routes 
to various classes of phenylpropanoid-derived secondary plant 
products (Figure 1; Hahlbrock and Scheel, 1989). Transcripts 
of fAL genes have been shown to accumulate in several differ- 
ent incompatible host-pathogen combinations and in response 
to elicitors (Edwards et al., 1987; Davis and Ausubel, 1989; 
Hahlbrock and Scheel, 1989). Early reports that PAL activity 
in elicited bean cell suspension cultures was not correlated 
with the accumulation of isoflavonoid phytoalexins in bean 
(Dixon and Fuller, 1978; Dixon et al., 1981) and reports of PAL 
activity increases in plants that did not synthesize phenyl- 
propanoid-derived phytoalexins drew attention to other potential 
roles for PAL in disease resistance. 

PAL activity provides precursors for lignin biosynthesis 
(Henderson and Friend, 1979; Friend, 1985; Davis and Ausubel, 
1989; Hahlbrock and Scheel, 1989) and other phenolics that 
accumulate in response to infection, for example, salicylic acid 
(SA) (Malamy et al., 1990; Métraux et al., 1990, Ward et al., 
1991; Yalpani et al., 1993). SA recently has been shown to be 
essential for systemic acquired resistance (SAR) (Gaffney et 
al., 1993; Vernooij et al., 1994) and for the expression of ge- 
netically determined primary resistance of Arabidopsis to /? 
parasifica (Delaney et al., 1994). One function of SA might be 
to inhibit catalase activity, which, by removing H202, sup- 
presses the oxidative burst necessary for the HR (Chen et al., 
1993; Levine et al., 1994). 

SA is made from cinnamic acid by decarboxylation and side 
chain shortening to benzoic acid, followed by hydroxylation 
(Figure 1; Yalpani et al., 1993; Pierpoint, 1994). The hydrox- 
ylated and methoxylated cinnamic acid lignin precursors are 
synthesized from the COA esters in a two-step process via cin- 
namoyl-COA reductase and cinnamyl alcohol dehydrogenase 
(CAD) (Figure 1). CAD activity is regarded as specific for lignin 
synthesis and was reported to increase rapidly in elicitor-treated 
bean suspension cells (Grand et al., 1987). 

l h e  proposal that lignification was a general defense mechan- 
ism of plants was made by Hijwegen (1963) after he investigated 
the infection of cucumber plants by Cladosporium cucumeri- 
num. Lignification as an active response to pathogen attack 
has since been shown in several plants, particularly in grami- 
naceous species in which lignified papillae often form at the 
sites of attempted funga1 penetration (Ride, 1983) and cells 
undergoing hypersensitive cell collapse become lignified 
(Beardmore et al., 1983). Enhanced lignification has been 
reported in response to challenge inoculations with Col- 
letotrichum lagenarium or C. cucumerinum in immunized 
cucumber plants in the SAR state (Hammerschmidt and Kuc, 
1982). In Arabidopsis, PAL activity is not required for the syn- 
thesis of the phytoalexin camalexin, which accumulates in 
response to Peronospora (Slusarenko and Mauch-Mani, 1991) 
and fseudomonas (Tsuji et al., 1992). We had observed previ- 
ously that the Arabidopsis PAL7 promoter was activated at the 
site of pathogen ingress in the incompatible interaction of 
Arabidopsis with /? parasitica (Mauch-Mani and Slusarenko, 
1993). lhus ,  this model pathosystem is well suited to inves- 
tigating roles for PAL in defense other than synthesizing 
phytoalexins. l h e  work reported here investigated the contri- 
butions of PAL-dependent lignification and SA accumulation 
to resistance in this pathosystem. 

RESULTS 

PAL7 Promoter Activation and Lignification in the 
Compatible and lncompatible lnteraction 

Arabidopsis ecotype Columbia (COLO) plants transformed with 
the Arabidopsis fAL7 promoter-p-glucuronidase (GUS) re- 
porter gene (A. thaliana pSO1) (Ohl et al., 1991) were colonized 
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rapidly by the virulent NOCO isolate of /? parasifica; 5 days 
after inoculation, the first conidiophores could be observed 
emerging from the leaves through the stomata. In Magenta- 
P-D-GIcA (Magenta-Gluc)/trypan blue double-stained prepa- 
rations, the constitutive activity of the PAL7 promoter in the 
vascular tissues in the light was visualized by the magenta 
color (Figure 2A). No activation of the PAL7 promoter was 
observed near the trypan blue-stained fungal hyphae and 
oospores. The confinement of PAL7 promoter activity to the 
vascular system (Figure 26) correlates with a strong positive 
reaction of phloroglucinollHCl reagent with lignified cell wall 
thickenings of a xylem element (Figure 2C). Thus, in the com- 
patible interaction, there is no apparent activation of the PAL7 
promoter in response to colonization by the pathogen. In the 
incompatible interaction of A. fhaliana pSOl plants with the 
avirulent EMWA isolate of /? parasifica, activation of the PALl 
promoter around the site of fungal invasion was evident from 
strong staining with Magenta-Gluc. Thus, where the trailing 
necrosis type of growth (Mauch-Mani et al., 1993) was ob- 
served, a band of PAL7 promoter activity (magenta) associated 
with the presence of the hypha (blue) was seen (Figure 2D). 
When fungal penetration was stopped with a local HR, local 
activation of the PAL7 promoter was visible at the HR site (Fig- 
ure 2F). A correlation between cells expressing PAL in an 
incompatible combination and cells undergoing lignification 
was observed (Figures 2E and 2F). 

When dichloro-isonicotinic acid (INA) is used to induce SAR 
in Arabidopsis, a normally compatible interaction is converted 
to a resistant reaction, and a trailing necrosis associated with 
hyphal growth also is observed often (Uknes et al., 1992). In 
such cases, cells surrounding the hyphae also turned out to 
be lignified (Figure 2G). Interestingly, the number of cells show- 
ing activation of the PALl promoter is usually greater than the 
number of cells that react with the phloroglucinollHCl reagent 
(Figures 2A and 2C to 2G). 

In 8% of the EMWA- and 11% of the WELA-isolate-inocu- 
lated plants, occasional hyphae were observed that were not 
associated with trailing necrosis. In these cases, the fungal 
hyphae, rather than the adjacent plant cells, reacted positively 
with the phloroglucinollHCl reagent (Figure 2H). Interestingly, 
only the intercellular hyphae, but never the intracellular haus- 
toria, showed an orange coloration with phloroglucinollHCl 
reagent (Figure 2H). These hyphae ceased to grow and often 
appeared light brown in cleared leaves (Figure 21). When these 
plants were stained for GUS activity, the normal-looking plant 
cells in the vicinity of the hyphae showed PAL7 promoter 
activity (Figure 21). However, these plant cells did not collapse 
and lignify but remained healthy looking. 

lnhibition of PAL and CAD Activity 

Treatment of pSOl plants with the PAL inhibitor 2-aminoindan- 
2-phosphonic acid (AIP) or the CAD inhibitor 2-hydroxyphenyl- 
aminosulphinyl acetic acid (1,l-dimethyl ester) (OH-PAS) had 
no influence on the compatible interaction with the virulent 
isolate NOCO of P parasifica. In both cases, the plants be- 

came infected, and the interaction was indistinguishable from 
nontreated controls (data not shown). However, treatment of 
pSOl plants with AIP before infection with EMWA converted 
an incompatible interaction to a fully compatible one in which 
both sexual and asexual sporulation was able to occur and 
GUS expression was seen only in the vascular bundle and not 
in the plant cells near the hyphae (Figures 2J and 3). In con- 
trast, OH-PAS treatment of pSO1 plants, although suppressing 
EMWA-induced lignification (data not shown) and allowing more 
pathogen growth than in the controls, did not enable the patho- 
gen to sporulate (Figure 3). In addition, the,pathogen-induced 
activation of the PALl promoter still occurred (data not shown). 

lnfluence of SA on Plant Responses 

SA fed to AIP-treated plants, which were subsequently inocu- 
lated with EMWA, restored resistance to the leve1 seen in the 
controls (Figure 3). In addition, measurement of endogenous 
SA levels in pSOl plants showed that SA accumulated to rela- 
tively high levels in the incompatible combination with EMWA 
but not in the compatible combination with NOCO (Figure 4). 
AIP treatment reduced the accumulation of SA, whereas OH- 
PAS did not suppress SA accumulation significantly (Figure 
4). The restoration of resistance by SA in AIP-treated plants 
restored the activation of the PAL7 promoter associated with 
the HR in EMWA-inoculated seedlings. 

lnfluence of AIP and OH-PAS on CAD Activity 

Treatment of the plants with AIP and OH-PAS had no influence 
on overall protein concentration. However, specific activity of 
CAD was reduced in AIP- and OH-PAS-treated plants com- 
pared with untreated controls. Control plants showed a specific 
CAD activity of 14 nanokatals mg-' protein, whereas the spe- 
cific CAD activity was inhibited by 51% in AIP-treated and 98% 
in OH-PAS-treated plants. 

DISCUSSION 

Arabidopsis COLO is resistant to the EMWA and WELA iso- 
lates of /? parasifica; in these host-isolate combinations, the 
pathogen has limited growth, and an HR ensues in the host 
cells adjacent to the hyphae. Frequently, when hyphae grow 
into the leaf, a trailing necrosis of host cells is seen in their 
wake; this eventually overtakes the hyphal tip and growth 
ceases (Mauch-Mani et al., 1993). The interaction phenotypes 
of WELA and EMWA with Col-O were graded as FR (jlecking, 
!are sporulation) by Holub et al. (1994). COLO is, however, 
susceptible to the NOCO isolate of P pafasitica, and coloni- 
zation is associated with sexual and asexual sporulation of 
the pathogen (Parker et al., 1993). The interaction phenotype 
was graded as EH (qarly, beavy sporulation) by Holub et al. 
(1 994). 



Figure 2. PALI Promoter Activity and Lignification in Compatible and Incompatible Interactions of Arabidopsis Ecotype Columbia (Col-0) (Trans-
formed with an Arabidopsis PALI Promoter-Gl/S Reporter Construct) with P. parasitica.
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The activation of the Arabidopsis PAL7 promoter in cells un- 
dergoing an HR in the incompatible interaction reflects the 
putative sites of lignification as indicated by phloroglucinollHCl 
coloration. This is compatible with the hypothesis that PAL 
plays a role in resistance in Arabidopsis by providing precur- 
sors necessary for lignification. The Arabidopsis PALl promoter 
also was reported to be activated after stable transformation 
into tobacco when the plants were challenged with Pseudo- 
monas solanacearum (Huang and McBeath, 1994). 

The finding that the number of cells expressing PAL is usu- 
ally higher than the number of cells actually undergoing 
lignification could reflect a true activation of the PAL7 promoter 
in severa1 cells (whereas lignification only occurs in a limited 
number of these), or it could be a result of the previously 
documented “leaky” non-cell-autonomous nature of the GUS 
reporter that has been observed under some circumstances 
(Ludwig et al., 1990). 

It has been suggested that lignification as a resistance re- 
sponse not only might involve toughening the plant cell wall 
and thus rendering it resistant to attack by pathogen hydro- 
lases but also that the free radical-mediated polymerization 
of lignin precursors in intercellular spaces might lignify patho- 
gen structures (Ride, 1983). Hammerschmidt and Kuc (1982) 
reported that a lignin-like substance was deposited on myce- 
lia of Colletofrichum lagenarium and C. cucumerinum when 
incubated with coniferyl alcohol, H202, and a crude cucum- 
ber peroxidase preparation. An increase in peroxidase activity 
in the incompatible interaction of Arabidopsis with P parasit- 

ica has been described by Mauch-Mani et al. (1993). Our 
observations support the hypothesis that lignification of fun- 
gal hyphae by the plant might be a part of the defense repertoire 
of the host. It is particularly interesting that the intracellular 
haustoria, which invaginate the plasmalemma into the 
“penetrated” cell, presumably are not exposed to the lignify- 
ing milieu in the intercellular space and remain unaffected 
(Figure 21). 

To a s s e s  the contribution of lignification to the resistance 
of Arabidopsis to P parasifica, we initially decided to suppress 
PAL activity in vivo using the very potent inhibitor AIP (Zon 
and Amrhein, 1992). This very specific PAL inhibitor was pre- 
viously shown to suppress lignification in the vascular tissues 
of growing plant parts and is thus lethal eventually (Keller et 
al., 1990). 

The fact that inhibition of PAL activity by AIP led to a sup- 
pression of the fAL7 promoter activity was unexpected because 
initially it was not clear why the PAL7 promoter activity usually 
induced in response to the pathogen in the incompatible in- 
teraction (Figures 2D and 2E) should be suppressed by 
inhibiting enzyme activity. The complete conversion of the 
plants from resistant to susceptible was reminiscent of the same 
phenomenon observed when the accumulation of SA was sup- 
pressed by the expression of the bacterial nahG gene in 
transgenic plants (Delaney et al., 1994). Because PAL activity 
is necessary for SA synthesis as well as for providing lignin 
precursors, we decided to try and a s s e s  separately the ef- 
fects of these two components on resistance. To this end, the 

Figure 2. (continued). 

(A) Low-magnification microscopy of the compatible interaction with R parasitica isolate NOCO. The plant was double stained with Magenta- 
Glucltrypan blue 5 days after inoculation. The constitutive activity of the fAL7 promoter in the vascular tissue is evidenced by the magenta color. 
Funga1 structures are stained blue. C, conidiophore; H, hypha; O, oospore; VT, vascular tissue. Bar = 100 pm. 
(E) Compatible interaction with Rparasitica isolate NOCO at high magnification (phase contrast optics). Double staining with Magenta-Gluc/trypan 
blue 5 days after inoculation clearly demonstrates fAL7 promoter activity in the vascular tissue only but not in the vicinity of the hypha. HA, 
haustorium. Bar = 25 vm. 
(C) PhloroglucinollHCl test for lignin in the compatible interaction with R parasitica isolate NOCO. The lignin in the vascular tissue (VT) is stained 
red-orange by this procedure, and no staining is visible in the cells near the pathogen. H, hypha. Bar = 25 pm. 
(D) lncompatible interaction with P parasifica isolate WELA stained with Magenta-Gluc/trypan blue. PALl promoter activity occurs in cells sur- 
rounding an invading hypha (white arrows) as well as in the vascular tissue (VT). Bar = 35 pm. 
(E) and (F) Light microscopy of the hypersensitive reaction of single cells in the incompatible interaction with R parasitica isolate WELA. The 
site of lignification, seen as red-orange coloration after phloroglucinollHCl treatment in (E), correlates with the PALl promoter activity, denoted 
by the blue color after staining with X-Gluc in (F). Bars = 15 pm. 
(G) PhloroglucinollHCl stain of a trailing necrosis resistance phenotype after immunization of a susceptible plant with INA. The cells surrounding 
the hypha of the normally virulent NOCO isolate are lignified as visualized by their red-orange color. H, hypha. Bar = 25 vm. 
(H) Lignin-positive reaction of a hypha of P parasitica isolate WELA in an incompatible interaction. The intercellularly growing hypha became 
red-orange after exposure to the phloroglucinollHCI reagent, whereas the intracellular haustoria remained unstained. Note the absence of lignifi- 
cation in the plant cells adjacent to the hypha. H, hypha; HA, haustorium. Bar = 20 pm. 
(I) X-Gluc staining of an incompatible interaction with f? parasitica isolate WELA as given in (D). fALl promoter activity is visible in the healthy, 
nonlignified, non-HR plant cells surrounding the hypha. The hypha has a natural brown discoloration, but the haustoria within the plant cells 
are not discolored. H, hypha; HA, haustorium. Bar = 25 pm. 
(J) Nomarski interference contrast microscopy after Magenta-Gluc/trypan blue staining of a genotypically incompatible interaction with R parasit- 
ica isolate EMWA made phenotypically compatible by AIP treatment. The constitutive expression of the PALl promoter can be seen in the vascular 
tissue, but in contrast to (D), there is no PALl promoter activity associated with the hyphae. H, hypha; VT, vascular tissue. Bar = 25 pm. 
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Figure 3. Effect of lnhibitors of PAL (AIP) and CAD (OH-PAS) on Re- 
sistance to i? parasitica and the Complementary Effect of SA. 

The histogram shows the infection phenotypes of pSOl transgenic 
Col-O plants infected with either avirulent EMWA or virulent NOCO 
and the effects of the various treatments on these phenotypes. The 
transition from resistant to susceptible after AIP treatment is clear, as 
is the reversal of this effect by SA. Note the intermediate effect of OH- 
PAS on resistance of Col-O to EMWA. 

CAD inhibitor OH-PAS was used to suppress lignification spe- 
cifically without affecting PAL. The much greater reduction of 
CAD activity in response to OH-PAS compared with AIP sug- 
gests that lignification was reduced to a greater extent by 
OH-PAS than by AIP. 

In addition, we investigated changes in endogenous SA lev- 
els and the effect of feeding SA in selected experiments with 
the inhibitors. CAD is regarded as an enzyme specific for the 
lignin biosynthetic pathway because it synthesizes cinnamyl 
alcohols that are the immediate precursors of lignin. This role 
is supported by recent CAD promoter studies showing that ac- 
tivity is localized to lignifying vascular tissues of stem, roots, 
petioles, and leaves and in parenchyma cells surrounding lig- 
nified phloem vessels and sclerenchyma fibers (Feuillet et al., 
1995). The latter authors speculate that the CAD activity in the 
nonlignified young parenchyma cells provides lignin precur- 
sors to the adjacent lignifying elements. 

Lignification has been associated with hypersensitive resis- 
tance in wheat (Beardmore et al., 1983). However, HR occurred 
under circumstances in which lignification was suppressed, 
and this result does not support the speculation that lignification 
per se is the mechanism by which host cells might die in the 
HR (Moerschbacher et al., 1990), at least in Arabidopsis. Experi- 
ments with wheat using PAL inhibitors less potent than AIP in 
vivo (i.e., a-aminooxy acetic acid, [S]-2-aminooxy-3-phenylpro- 
pionic acid and [RI-[1-amino-2-phenyl-ethyl] phosphonic acid) 
(Zon and Amrhein, 1992), and OH-PAS and NHrPAS as CAD 
inhibitors, were also shown to reduce resistance (Moerschbacher 
et al., 1990). However, in the wheathvheat stem rust pathosystem, 
the CAD inhibitors caused a shift to susceptibility greater than 
did the PAL inhibitors (Moerschbacher et al., 1990). This result 
might reflect the difference in the relative importance of defense 
reactions in cereals. 

Thus, although lignification as a component of hypersensi- 
tive resistance in cereals is well documented (Ride, 1983), data 
suggesting a role for SA in induced resistance or the HR in 
cereals have not yet been published, and indications are that 
SA does not induce resistance in wheat or other cereals, as 
was shown recently for barley by Kogel et al. (1995). Indeed, 
Silverman et al. (1995) show that neither virulent nor avirulent 
pathogens alter endogenous levels oi SA in rice leaves. How- 
ever, they do find a correlation between horizontal resistance 
of rice cultivars to Magnaporfhe grisea and the endogenous lev- 
els of SA in leaves. Therefore, it was suggested that SA might 
play a role as a constitutive defense compound. 

Taken together, our results suggest that in the Arabidop- 
sis-Peronospora pathosystem, where PAL is not required for 
the synthesis of the phytoalexin camalexin, PAL is involved in 
synthesizing SA and precursors for lignification, lignification is 
associated with the HR but not causally, and SA contributes 
more to the expression of resistance than lignification. Endog- 
enous SA levels need to rise in Arabidopsis for resistance to 
be expressed, and the increase depends on PAL activity. In- 
terestingly, the inhibition of SA accumulation caused by the PAL 
inhibitor prevents the pathogen-induced activation of the fAL7 
promoter. It is not clear whether the observed block of fAL7 pro- 
moter activity by AIP is really due to reduced accumulation of 
SA or whether it has some other cause. 

The elucidation of the relative contributions of these biochem- 
ical events, functional in the expression of host resistance in 
Arabidopsis and downstream of pathogen recognition by das- 
sical resistance genes, is helping to build an emerging picture 
ot how plants detend themselves against pathogen attack and 
provides another example of the usefulness of Arabidopsis as 
a model in plant pathology. 

METHODS 

Plant Material 

Seed of Arabidopsis thaliana ecotype Columbia (COLO) transformed 
with a phenylalanine ammonia-lyase 1 promoter (PAL7)-B-glucuron- 
idase ( G U S )  reporter construct (Ohl et al., 1991) were surface sterilized 
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Figure 4. Measurements of SA Levels after Various Treatments. 

in 2.5% bleach for 10 min, followed byseveral washes with sterile tap- 
water, before sowing into 30" pots containing cactus soil. The seeds 
were kept for 7 days at 4OC in the dark before being transferred to a 
growth chamber with a photoperiod of 8 hr of light (150 pE m-z sec-i 
at plant level) at 22% and 16 hr of dark at 18%. 

For inhibitor and salicylic acid (SA) experiments, seed were surface 
sterilized as described above, and the plants were grown aseptically 
on autoclaved cosmdic cotton wool pads imbibed with sterile liquid 
Murashige and Skoog medium (Murashige and Skoog, 1962) in Petri 
dishes. These plants were grown under the same conditions as de- 
scribed for soil-grown seedlings. 

Funga1 Cultures 

lsolates of Peronospora parasitica were maintained by subculturing 
weekly on Arabidopsis ecotype Weiningen (Wei-O) for the WELA iso- 
late (Koch and Slusarenko, 1990), on ecotype Col-0 for the NOCO isolate 
(Parker et al., 1993), and on ecotype Wassilewskija (WS) for the EMWA 
isolate (Holub et al., 1994). The NOCO and EMWA isolates are both 
oospore germlings derived from material supplied by J. Parker (The 
Sainsbury Laboratory, Norwich, UK) and E. Holub (Horticultural Re- 
search International. East Malling, UK), respectively. 

lnoculation oi Plants 

Four-week-old plants (after sowing) were inoculated by spraying with 
a conidial suspension (m105 conidia mL-' sterile tap water) of P 
parasitica (Mauch-Mani and Slusarenko, 1994) and incubated in a 
growth chamber under a photoperiod of 8 hr of light (75 pE m-* sec-') 
and 16 hr of dark, at a constant temperature of 16OC. The inoculated 
plants were kept under high air humidity for the whole period of the 
experiment. 

Treatment of the Plants with INA, SA, AIP, and OH-PAS 

Dichloro-isonicotinic acid (INA) treatment was performed 3 weeks af- 
ter sowing, according to Uknes et al. (1992), on soil-grown plants to 
give a final concentration of 1 mM INA in the soil. SA (Fluka, Buchs, 
Switzerland) and 2-aminoindan-2-phosphonic acid (AIP) were dissolved 
in distilled water, and 2-hydroxyphenyl-aminosulphinyl acetic acid (1,l- 
dimenthyl ester) (OH-PAS) was first moistened in a few drops of etha- 
no1 before the water was added. All solutions were filtered through 
a O.Z-pM filter (Schleicher & Schuell, Keene, NH) before being applied 
to the cotton pads used to grow the plants on. SA and OH-PAS were 
applied a1 a concentration of 10-3 M and AIP at a concentration of 

The data shown are from two independent experiments of three mea- 
surements each (i.e., six data values per treatment). The data were 
analyzed by a one-factor ANOVA with repeated measures, and the 
Fisher PLSD test for significance was applied. Columns labeled with 
different letters are significantly different from each other (P = 0.001). 
Bars show SEM. 
(A) Bound (conjugated) SA. 
(8) Free (nonconjugated) SA. n.d., no difference. 
Note the difference in scale between (A) and (B), which reflects the 
high toxicity of free SA to the plant. 
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W4 M. AIP and OH-PAS solutions were fed to the plants for 7 days 
and SA for 4 days before inoculation with F! parasitica. Controls were 
treated with sterile water. After 7 days of treatment, AIP- and OH-PAS- 
treated and control plants were quick-frozen in liquid nitrogen and stored 
at -7OOC to be used for cinnamyl alcohol dehydrogenase (CAD) ac- 
tivity measurements. 

Staining for Microscopy 

The plants were taken for microscopy 5 days after inoculation. Whole 
plants had the roots removed and were placed in fixation solution (0.3% 
formaldehyde, 0.001% Silwet L-77 (Union Carbide, Danbury, CT], 10 
mM Mes, pH 5.6, 0.3 M mannitol), vacuum infiltrated until the leaves 
appeared dark green, and incubated in the fixative for 1 hr at room 
temperature. The fixed plants were washed five times in 50 mM 
Na2PO4, pH 7.0, and then transferred to the histochemical reagent (10 
mg of Magenta-P-o-GlcA IMagenta-Gluc] or 10 mg of X-GlcA CHX 
[X-Gluc] [Biosynth AG, Staad, Switzerland] in 100 NL of dimethylform- 
amide diluted to 10 mL with 50 mM Na2P04). The plants were in- 
cubated in this solution for 5 hr at 37%. Plants stained with X-Gluc 
were transferred directly to chloral hydrate (2.5 g mL-l H,O) for clear- 
ing. Plants stained with Magenta-Gluc were washed twice with 50 mM 
Na2P04 and counterstained overnight with an alcoholic trypan blue 
solution (Keogh et al., 1980). The double-stained plants also were 
cleared in chloral hydrate for -24 hr. Single leaves were mounted in 
chloral hydrate and viewed under a microscope with bright-field, phase- 
contrast, or Nomarski interference optics 

Lignified structures were visualized using the phloroglucinoVHCI 
test. Plants were incubated in a solution of 1% phloroglucinol in 70% 
ethanol until they were totally cleared. Single leaves were then mounted 
on slides, a few drops of concentrated hydrochloric acid were added, 
and the leaves were covered with a coverslip (Gurr, 1965). After -5 
min, lignified structures appeared red-orange. but the color faded within 
-30 min. 

to powder in a cold mortar, 1 mL of extraction buffer (0.1 M sodium 
phosphate buffer, pH 6.5, 0.1 mM dithiotreitol, 10 mg mL-l Dowex 1 
x 2) was added, and the extract was stirred for 10 min and centrifuged 
(14,OOOg for 8 min). The resulting supernatant was used as enzyme 
extract for assessments of CAD activity. 

CAD enzyme assays were performed in a volume of 800 pL at 3OOC.  
A typical assay contained 500 pL of Tris-HCI (0.2 M, pH 8.8, 0.3 mM 
NADP+) and 200 pL enzyme extract. The reaction was started by add- 
ing 100 pL of substrate solution (2 mM coniferyl alcohol [Sigma] in 
0.2 M Tris-HCI, pH 8.8). Absorbance was monitored at 400 nm over 
a period of 6 min. Protein concentration in the extracts was determined 
by the method of Bradford (1976), using BSA as a standard protein. 
The calculation of enzyme activity was performed as described by 
Wyrambrick and Grisebach (1975). 

ACKNOWLEDGMENTS 

We thank Eric Holub and lan Crute, and Jane Parker for the EMWA 
and NOCO isolates of b? parasitica, respectively. We also thank Chris 
Lamb for the seeds of COLO pSO1 plants, Nikolaus Amrhein and Jerzy 
Zon for AIP and Richard Zeyen for OH-PAS, Paul Ward for the statisti- 
cal analysis, Felix Keller for help with the HPLC, and Antony Buchala 
for help with the CAD assay. We are especially indebted to Nikolaus 
Amrhein, Jürg Schmid, and Felix Mauch for helpful comments on the 
manuscript. This work was supported financially by the kanton of Zürich. 

Received August 28, 1995; accepted December 4, 1995. 

REFERENCES 
Determination of SA 

Tissues for SA determination were harvested 5 days after inoculation 
with F! parasitica, when plants were stained for microscopic investiga- 
tion, quick-frozen in liquid nitrogen, and stored at -2OOC. Extraction 
of SA was performed as described by Meuwly and Métraux (1993). 
HPLC separation was performed on an LKB (LKB Produkter AB, 
Bromma, Sweden) system (2152 HPLC controller, 2 x 2150 HPLC 
pumps) equipped with a Nucleosil 100-5 C18 AB-reversed phase 
column (15 cm x 4.6 mm with 5 pm packing; Macherey-Nagel, 
Oensingen, Switzerland). The column was preceded by a Nucleosil 
100-5 C 18 guard column (8 mm x 4 mm x 5 pm). Flow rate and 
elution gradient were performed according to Meuwly and Métraux 
(1993), and SA was detected photometrically at 280 nm using an LKB 
2158 Uvicord SD detector. Under the separation conditions used, the 
SA peak was well separated from other peaks, and the detection limit 
was equivalent to < 0.01 ng pg-' fresh weight of tissue. 

Assay of CAD Activity 

CAD activity was determined according to Wyrambrick and Grisebach 
(1975). Five hundred micrograms of frozen leaf material was ground 

Beardmore, J., Ride, J.P., and Granger, J.W. (1983). Cellular lignifi- 
cation as a factor in the hypersensitive resistance of wheat to stem 
rust. Physiol. Plant Pathol. 22, 209-220. 

Bradford, M.M. (1976). A rapid and sensitive method for the quantifi- 
cation of microgram quantities of protein utilizing the principle of 
protein dye binding. Anal. Biochem. 72, 248-257. 

Channon, A.G. (1981). Downy mildew of Brassicas. In The Downy Mil- 
dews, D.M. Spencer, ed (London: Academic Press), pp. 321-339. 

Chen, 2.. Silva, H., and Klessig, D. (1993). Active oxygen species 
in the induction of plant systemic acquired resistance by salicylic 
acid. Science 262, 1883-1886. 

Davis, K.R., and Ausubel, F.M. (1989). Characterization of elicitor- 
induced defense responses in suspension-cultured cells of Arabidop- 
sis. MOI. Plant-Microbe Interact. 2, 363-368. 

Delaney, T.P., Ukness, S., Vernooij, B., Friedrich, L., Weymann, 
K., Negrotto, D., Gaffney, T., Gut-Rella, M., Kessmann, H., Ward, 
E., and Ryals, J. (1994). A central role of salicylic acid in disease 
resistance. Science 266, 1247-1250. 

Dixon, R.A., and Fuller, K.W. (1978). Effects of growth substances 
on non-induced and Sotryfis cinerea culture filtrate-induced phaseolin 



lnvolvement of PAL in Arabidopsis Disease Resistance 21 1 

production in Phaseolus vulgaris cell suspension cultures. Physiol. 
Plant Pathol. 12, 279-288. 

Dixon, R.A., Dey, P.M., Murphy, D.L., and Whitehead, I.M. (1981). 
Dose responses for Colletotrichum lindemuthianum elicitor-mediated 
enzyme induction in French bean cell suspension cultures. Planta 

Edwards, K., Cramer, C.L., Bolwell, G.P., Dixon, R.A., and Lamb, 
C.J. (1987). Rapid transient induction of phenylalanine ammonia- 
lyase mRNA in elicitor-treated bean cells. Proc. Natl. Acad. Sci. USA 

Feuillet, C., Lauvergeat, V., Deswarte, C., Pilate, G., Boudet, A., 
and Grima-Pettenati, J. (1995). Tissue- and cell-specific expres- 
sion of a cinnamyl alcohol dehydrogenase promoter in transgenic 
poplar plants. Plant MOI. Biol. 27, 651-667. 

Friend, J. (1985). Phenolic substances and plant disease. In The Bio- 
chemistry of Plant Phenolics, C.F. van Sumere and P.J. Lea, eds 
(Oxford, UK: Clarendon Press), pp. 367-392. 

Gaffney, T., Friedrich, L., Vernooij, B., Negrotto, D., Nye, G., Uknes, 
S., Ward, E., Kessmann, H., and Ryals, J. (1993). Requirement 
of salicylic acid for the induction of systemic acquired resistance. 
Science 261, 754-756. 

Grand, C., Sarni, F., and Lamb, C.J. (1987). Rapid induction by fun- 
gal elicitor of the synthesis of cinnamyl-alcohol dehydrogenase, a 
specific enzyme of lignin synthesis. Eur. J. Biochem. 169, 73-77. 

Gurr, E. (1965). The Rational Use of Dyes in Biology and General Stain- 
ing Methods. (London: Leonard Hill). 

Hahlbrock, K., and Scheel, D. (1989). Physiology and molecular bi- 
ology of phenylpropanoid metabolism. Annu. Rev. Plant Physiol. 
Plant MOI. Biol. 40, 347-369. 

Hammerschmidt, R., and Kuc, J. (1982). Lignification as a mecha- 
nism for induced systemic acquired resistance in cucumber. Physiol. 
Plant Pathol. 20, 61-71. 

Henderson, S.J., and Friend, J. (1979). lncrease in PAL and lignin- 
like compounds as race-specific responses of potato tubers to 
Phytophfhora infestans. Phytopathol. 2. 94, 323-334. 

Hijwegen, T. (1963). Lignification, a possible mechanism of active re- 
sponse against pathogens. Neth. J. Plant Pathol. 69, 314-317. 

Holub, E.B., Beynon, J.L., and Crute, I.R. (1994). Phenotypic and 
genotypic characterization of interactions between isolates of 
Peronospora parasitica and accessions of Arabidopsis tbaliana. MOI. 
Plant-Microbe Interact. 7, 223-229. 

Huang, Y., and McBeath, J.H. (1994). Bacterial induced activation 
of an Arabidopsis phenylalanine ammonia-lyase promoter in trans- 
genic tobacco plants. Plant Sci. 98, 25-35. 

Keller, B., Nierhaus-Wunderwald, D., and Amrhein, N. (1990). Depo- 
sition of glycine-rich structural protein in xylem cell walls of French 
bean seedlings is independent of lignification. J. Struct. Biol. 104, 

Keogh, R.C., Deverall, B.J., and McLeod, S. (1980). Comparison of 
histological and physiological responses to Phakopsora pachyrbizi 
in resistant and susceptible soybeans. Trans. Br. Mycol. SOC. 74, 

Koch, E., and Slusarenko, A. (1990). Arabidopsis is susceptible to 
infection by a downy mildew fungus. Plant Cell 2, 437-445. 

Kogel, K.H., Ortel, B., Jarosch, B., Atzorn, R. ,  Schiffer, C., and 
Wasternack, C. (1995). Resistance in barley against the powdery 

151, 272-280. 

82, 6731-6735. 

144-1 49. 

329-333. 

mildew fungus (Erysiphe graminis f. sp. hordei) is not associated 
with enhanced levels of endogenous jasmonates. Eur. J. Plant Pathol. 

Levine, A., Tenhaken, R., Dixon, R., and Lamb, C. (1994). HZOZ from 
the oxidative burst orchestrates the plant hypersensitive disease re- 
sistance response. Cell 79, 583-593. 

Ludwig, S.R., Bowen, E., Beach, L., and Wessler, S.R. (1990). A 
regulatory gene as a nove1 marker for maize transformation. Science 

Malamy, J., Carr, J.P., Klessig, D.F., and Raskin, 1. (1990). Salicylic 
acid: A likely endogenous signal in the resistance response of 
tobacco to vira1 infection. Science 250, 1002-1004. 

Mauch-Mani, B., and Slusarenko, A.J. (1993). Arabidopsis as a model 
host for studying plant-pathogen interactions. Trends Microbiol. 1, 

Mauch-Mani, B., and Slusarenko, A.J. (1994). Systemic acquired re- 
sistance in Arabidopsis rhaliana induced by a predisposing infection 
with a pathogenic isolate of fusarium oxysporum. MOI. Plant-Microbe 
Interact. 7, 378-383. 

Mauch-Mani, E., Croft, K.P.C., and Slusarenko, A.J. (1993). The 
genetic basis of resistance of Arabidopsis thaliana (L.) Heyhn to 
Peronospora parasifica. In Arabidopsis as a Model Host in 
Plant-Pathogen Interactions, K.R. Davis and R. Hammerschmidt, 
eds (St. Paul. MN: American Phytopathological Society), pp. 5-20. 

Métraux, J.P., Signer, H., Ryals, J., Ward, E., Wyss-Benz, M., 
Gaudin, J., Raschdorf, K., Schmid, E., Blum, W., and Inverardi, 
B. (1990). lncrease in salicylic acid at the onset of systemic acquired 
resistance in cucumber. Science 250, 1004-1006. 

Meuwly, P., and Métraux, J.-P. (1993). Ortho-anisic acid as interna1 
standard for the simultaneous quantitation of salicylic acid and its 
putative biosynthetic precursors in cucumber leaves. Anal. Biochem. 

Moerschbacher, B.M., Noll,'U., Gorrichon, L., and Reisener, H.J. 
(1990). Specific inhibition of lignification breaks hypersensitive re- 
sistance of wheat to stem rust. Plant Physiol. 93, 465-470. 

Murashige, T., and Skoog, F. (1962). A revised medium for rapid growth 
and bioassays with tobacco tissue cultures. Physiol. Plant. 15, 
473-497. 

Ohl, S., Hedrick, S.A., Chory, J., and Lamb, C.J. (1991). Functional 
properties of a phenylalanine ammonia-lyase promoter from Arab- 
idopsis. Plant Cell 2, 837-848. 

Parker, J.E., Szabo, V., Staskawicz, B.J., Lister, C., Dean, C., Daniels, 
M.J., and Jones, J.D.G. (1993). Phenotypic characterization and 
molecular mapping of the Arabidopsis thaliana locus RPP5, deter- 
mining disease resistance to Peronospora parasitica. Plant J. 4, 
821-831. 

Pierpoint, W.S. (1994). Salicylic acid and its derivatives in plants: Medi- 
cines, metabolites and messenger molecules. Adv. Bot. Res. 20, 
163-235. 

Ride, J.P. (1983). Cell walls and other structural barriers in defence. 
In Biochemical Plant Pathology, J.A. Callow, ed (Chichester, UK: 
Wiley), pp. 215-236. 

Silverman, P., Seskar, M., Kanter, D., Schweizer, P., MBtraux, J.-P., 
and Raskin, I. (1995). Salicylic acid in rice: Biosynthesis, conjuga- 
tion, and possible role. Plant Physiol. 108, 633-639. 

Slusarenko, A.J., and Mauch-Mani, 6. (1991). Downy mildew oí 
Arabidopsis thaliana caused by Peronospora parasitica: A model sys- 

101, 319-332. 

247, 449-450. 

265-270. 

214, 500-505. 



212 The Plant Cell 

tem for the investigation of the molecular biology of host-pathogen 
interactions. In Advances in Molecular Genetics of Plant-Microbe 
Interactions, Vol. 1, H. Hennecke and D.P. Verma, eds (Dordrecht: 
Kluwer Academic Publishers), pp. 280-283. 

Tsuji, J., Jackson, E.P., Gage, D.A., Hammerschmidt, R., and 
Somerville, S.C. (1992). Phytoalexin accumulation in Arabidopsis 
thaliana during the hypersensitive response to Pseudomonas syrin- 
gae pv. syringae. Plant Physiol. 98, 1304-1309. 

Uknes, S., Mauch-Mani, E., Moyer, M., Potter, S., Williams, S., 
Dincher, S., Chandler, D., Slusarenko, A.J., Ward, E., and Ryals, 
J. (1992). Acquired resistance in Arabidopsis. Plant Cell4,645-656. 

Vernooij, B., Friedrich, L., Morse, A., Reist, R., KolditzJawhar, R., 
Ward, E., Ukness, S., Kessmann, H., and Ryals, J. (1994). Sali- 
cylic acid is not the translocated signal responsible for inducing 
systemic acquired resistance but is required in signal transduction. 
Plant Cell 6, 959-965. 

Ward, E., Uknes, S.J., Williams, S.C., Dincher, S.S., Wiederhold, 
D.L., Alexander, D.C., Ahl-Goy, P., Métraux, J.P., and Ryals, J. 
(1991). Coordinate gene activity in response to agents that induce 
systemic acquired resistance. Plant Cell 3, 1085-1094. 

Wyrambrick, D., and Grisebach, H. (1975). Purification and proper- 
ties of cinnamyl-alcohol dehydmgenase from scybean cell suspension 
cultures. Eur. J. Biochem. 59, 9-15. 

Yalpani, N., LeÓn, J., Lawton, M.A., and Raskin, 1. (1993). Pathway 
of salicylic acid biosynthesis in healthy and virus-inoculated tobacco. 
Plant Physiol. 103, 315-321. 

Zon, J., and Amrhein, N. (1992). lnhibitors of phenylalanine ammonia- 
lyase: 2-aminoindan-2-phosphonic acid and related compounds. 
Liebigs Ann. Chem., 625-628. 




