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Salicylic acid (SA) plays an important signaling rolein the
resistance of many plants to pathogen invasion. Increases
in endogenous SA levels have been associated with the hy-
persensitive response as well as systemic acquired resis-
tance (SAR). SA also induces the expression of a subset of
the pathogenesisrelated (PR) genes. However, relatively
little is known about the events occurring subsequent to
SA accumulation during a resistance response. In order to
identify mutations in components of the SA signal trans-
duction pathway, we have developed a genetic screen in
Arabidopsis thaliana that utilizes the Agrobacterium tume-
faciens tms2 gene as a counter-selectable marker. SA-
inducible expression of the tms2 gene from the tobacco
PR-la promoter confers sensitivity to a-naphthalene
acetamide (a-NAM), resulting in inhibition of root growth
in germinating transgenic Arabidopsis seedlings. Mutants
in which root growth is insensitive to a-NAM have been
selected from this PR-1a:tms2 transgenic line with the ex-
pectation that a subset will lack a regulatory component
downstream of SA. The sail mutant so identified ex-
pressed neither the PR-1a:tms2 transgene nor the endoge-
nous Arabidopsis PR-1, PR-2, and PR-5 genes in response
to SA. These genes also were not induced in sail by 2,6-
dichloroisonicotinic acid (INA) or benzothiadiazole (BTH),
two chemical inducers of SAR. As expected of a mutation
acting downstream of SA, sail plants accumulate SA and
its glucoside in response to infection with an avirulent
pathogen and are more susceptible to this avirulent patho-
gen than the wild-type parent. sail isallelicto nprl, apre-
viously identified SA-noninducible mutation. The reces-
sive nature of the noninducible sail mutation suggests that
the wild-type SAI1 gene acts as a positive regulator in the
SA signal transduction pathway.

Additional keyword: enhanced disease susceptibility.

In plants, disease resistance can be manifested as a hyper-
sensitive response (HR) to the pathogen. The HR involves lo-
calized death of host cells at the site of ingress and restricted
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pathogen growth and spread (Matthews 1991). Within hours
to afew days of the HR, the entire plant can develop a long-
lasting, broad-spectrum resistance to future pathogen assault
(systemic acquired resistance, SAR; Chester 1933; Ross
1961). Associated with the HR and SAR are the increased ex-
pression of a subset of pathogenesis-related (PR) genes, many
of which possess antimicrobial activities and are good mo-
lecular markers for a resistance response (Alexander et al.
1993; Broglie et a. 1991; Klessig and Maamy 1994).

Salicylic acid (SA) is an important component of plant de-
fense against disease. Exogenously applied SA induces ex-
pression of a subset of PR genes in tobacco (Antoniw and
White 1980) and Arabidopsis (Uknes et a. 1992) and confers
increased resistance to pathogen attack. Several studies of
plants following infection have shown a strong correlation
between increased levels of SA and both the expression of
these SA-inducible PR genes and disease resistance (Dempsey
et a. 1997; Maamy et al. 1990; Métraux et al. 1990; Uknes et
al. 1993). MoreoverArabidopsis mutants &cd2, cprl, 1sd6,

Isd7) that contain a high level of SA constitutively express
these PR genes and show enhanced resistance to pathogens
(Bowling et al. 1994; Greenberg et al. 1994; Weymann et al.
1995). Furthermore, preventing the accumulation of SA in
plants through ectopic expression of the bacteahlG gene

that encodes salicylate hydroxylase, an enzyme that converts
SA to catechol, prevents induction of these PR genes by SA
and increases susceptibility of these plants to both virulent and
avirulent pathogens (Delaney et al. 1994; Gaffney et al. 1993;
Lawton et al. 1995).

Very little is known about the events occurring subsequent
to SA accumulation during the HR and SAR. SA and its bio-
logically active analogs have been shown to reversibly bind to
catalase and suppress thgohidegrading activity of catalase,
both in vivo and in vitro(Chen et al. 1993; Conrath et al.
1995). In addition, the other major,®L-scavenging enzyme,
ascorbate peroxidase, is also inhibited by SA (Durner and
Klessig 1995). It has been proposed that an altered redox state
resulting from the inhibition of catalase and ascorbate peroxi-
dase might be involved directly or indirectly in the activation
of defense responses (Chen et al. 1993; Conrath et al. 1995;
Dempsey and Klessig 1995; Durner and Klessig 1995). The
involvement of catalase inhibition by SA and the resulting in-
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crease in H,O, levelsin a plant’s resistance response is, how- gal pathogens, could very well contain a lesion in the SA sig-
ever, in debate. 0, and HO,-generating chemicals induce nal transduction pathway. However, the effect of SA applica-
PR-1 at much higher levels in wild-type tobacco than in NahG tion on the expression of PR genes and disease resistance was
transgenic plants, where the SA signal is destroyed (Bi et al.not evaluated imdr1-1; hence, its role in the SA signal trans-
1995; Neuenschwander et al. 1995). In addition, elevated lev-duction pathway, if any, is still unclear (Century et al. 1995).
els of HO, were not detected during development of SAR  We have devised a genetic screerAmabidopsis thaliana
(Neuenschwander et al. 1995), and application of very high(L.) Heynh. to rapidly identify mutants defective in their re-
concentrations of D, were found to stimulate SA accumula- sponse to SA. Thans2 gene fromAgrobacterium tumefaci-
tion (Ledn et al. 1995; Neuenschwander et al. 1995; Sum-
mermatter et al. 1995). These results suggest tj@4 tinc-
tions upstream of SA rather than, or in addition to, acting
downstream of SA. Hence, currently it is not very clear how A
the SA signal is perceived and propagated.

A genetic approach can be used to help address these ques
tions by identifying mutations in components of the SA signal ND-D '”BEfs
transduction pathway. To date, four mutants are known that

block the transmission of the SA signal leading to the expres- O
sion of the PR genes and disease resistanéeainidopsis. :E"' g :E“ g
The nprl mutant was initially identified in a screen for mu- :

tants that do not express the SA-induciBBL2: GUS trans- v | tms?
gene (Cao et al. 1994). Subsequently,atsd andeds53 mu-

tants that are allelic toprl were obtained based on their
enhanced susceptibility seudomonas syringae pv. maculi-
cola (Glazebrook et al. 1996). Théml mutant was isolated . . PR-1
in a screen for plants defective in 2,6-dichloroisonicotinic acid !
(INA)-induced enhanced resistance to pathogens (Delaney et ;

al. 1995). In these four mutants the SA-inducible PR genes are m rRNA
not induced by SA or INA. How these four mutations affect :

the transmission of the SA signal is not known, although the
recessive nature of these mutations suggests that the corr
sponding wild-type alleles are positive regulators of the SA
signal transduction pathway. A fifth mutamigrl-1, which

shows enhanced susceptibility to avirulent bacterial and fun- B
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I - 14 Fig. 2. A, Sdlicylic acid (SA)—-inducible expression of theR-la:tms2
H = — 0.5 transgene monitored by Northern (RNA) blot analysis. RNA was ex-
tracted from nontransgenic parental (No-0) and RRela:tms2 trans-
genic line 1/8E/5, 24 h after treatment with 500 UM SA (SA) or water
(H,O). The blot was sequentially probed for the transgene (tms2), the
Fig. 1. A, Structure of the T-DNA containing the PR-1a:tms2 transgene. Arabidopsis PR-1 gene (PR-1), and ribosomal RNA (rRNA) as an inter-
The left (B.) and right (Bg) borders of the T-DNA, the PR-1a promoter, nal control for gel loading and transf&;, Sensitivity of root growth to
the tms2 DNA, and the neomycin phosphotransferase Il (nptll) gene are a-naphthalene acetamide-NAM) plus SA in the nontransgenic paren-
indicated. Arrows indicate the direction of transcription. B, Bglll; H, tal (No-0) and thePR-la:tms2 transgenic line (1/8E/5). Nine-day-old
Hindlll; B, Pstl. B, Southern blot analysis of total genomic DNA di- seedlings germinated on minimal agar (Control), or minimal agar con-
gested with Hindll1 (lanes 1 and 4), Bglll (lanes 2 and 5), and Pstl (lanes taining 25 uM SA (SA), or 1 uMi-NAM (NAM), or 1 uM a-NAM plus
3 and 6) from nontransgenic parental No-0 (lanes 1 to 3) and the PR- 25 uM SA (NAM + SA) are shown. All minimal agar media contained
la:tms2 transgenic line (1/8E/5; lanes 4 to 6) probed with the tms2 AgNO; (25 pM) to prevent induction of the transgene by ethylene. Two
DNA. The fragment sizes are indicated on the right in kilobases. representative seedlings are shown for each treatment.
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ens (Klee et a. 1987), which has been previously utilized as a
counter-selectable marker in Arabidopsis (Karlin-Neumann et
al. 1991; Sundaresan et al. 1995), encodes an amidohydrolase
that converts the biologically inactive o-naphthalene
acetamide (a-NAM) to the biologically active auxin a-
naphthalene acetic acid (a-NAA; Thomashow et al. 1984).
Elevated levels of auxin are toxic to germinating seedlings
and this causes a significant reduction in root growth (Boerjan
et a. 1995; King et a. 1995). We have expressed the tms2
gene in Arabidopsis from the SA-inducible tobacco PR-la
promoter. The SA-induced expression of this chimeric con-
struct confers a-NAM sensitivity to the transgenic plants at
concentrations that are nontoxic to nontransgenic plants. Mu-
tants that do not express the transgene in response to SA can
be rapidly identified among a population of wild-type plants
on agar plates containing a-NAM plus SA, due to their long
roots. We have successfully used this screen to identify a sali-
cylic acid-insensitive ail) mutant that is allelic toprl (Cao
et al. 1994).

RESULTS

Construction of the PR-1a:tms2 transgenic
Arabidopsisline.

Expression of th®R-1a gene is SA inducible in tobacco. A
chimeric PR-1a:uidA(GUS) gene that contains the tobacco
PR-1a promoter sequences is SA inducible in tobacco. When
stably integrated inté\. thaliana this chimeric gene was SA
inducible, suggesting the conservation of components in-
volved in SA signaling between tobacco ahdbidopsis (J.
Shah and D. F. Klessig, unpublished results). fig2 gene
from Agrobacterium tumefaciens (Klee et al. 1987) was
cloned downstream of this SA-inducible toba&®1a gene
promoter. The T-DNA containing thER-1a:tms2 transgene
(Fig. 1A) was transformed bygrobacterium tumefaciens—
mediated root transformation (Marton and Browse 1991), into
the A. thaliana ecotype N&éssen (No-0). Kanamycin-resistant
(kar) progeny from several primary transformants containing
the chimeric PR-1la:tms2 transgene were allowed to self-
fertilize and set seed#érabidopsis lines homozygous for the
transgene were identified in thg frogeny by their inability
to segregate kanamycin-sensitive plants.

Southern blot analysis was performed on therbgeny of
homozygous kdrlines to identify those with a single, intact
copy of the T-DNA. ThePR-1a:tms2 transgenic line 1/8E/5

was shown to have an intact copy of the transgene since the

tms2 probe hybridized to fragments of expected sizes with
genomic DNA from 1/8E/5 digested with various restriction
enzymes (Fig. 1B, lanes 4 to 6). Additionally, it contains only
a single copy of the transgene, as indicated byBtiB re-
striction pattern (Fig. 1B, lane Bglll cuts three times within

the T-DNA, therefore, théms2 probe should hybridize to the
0.8- and 1.4-kb internal fragments and one border fragment of
>4 kb containing flanking plant DNA for each insert (Fig.
1A). Besides the 0.8- and 1.4-kb fragments, tthe? probe
hybridized to only one other fragmenrtl@ kb), indicating that
1/8E/5 carries only one copy of the transgene. The presence o
a single copy was also confirmed by digestion viitdoRY
(data not shown). As expected, DNA from nontransgenic pa-
rental No-0 plants did not hybridize with tires2 probe (Fig.

1B, lanes 1 to 3).

The PR-1a:tms2 transgeneisinduced by SA and
confersa-NAM sensitivity on transgenic seedlings.

Expression of thé®R-1a:tms2 transgene was monitored by
Northern (RNA) analysis (Fig. 2A). The basal level of trans-
gene expression in the transgenic line 1/8E/5 was usually very
low, although somewhat variable. Twenty-four hours after
treatment with SA there was a marked increase in the steady
state level of thems2 gene transcript. In contrast, RNA from
nontransgenic parental No-0 plants did not hybridize with the
tms2 probe. To ensure that the SA treatment was effective,
expression of the SA-inducible endogenduabidopsis PR-1
gene was monitored. As expected, both the nontransgenic pa-
rental and 1/8E/5 transgenic plants showed comparably high
steady state levels of tHRRR-1 transcript after treatment with
SA.

The effect of thePR-1a:tms2 transgene expression on pri-
mary root elongation in the presenceceNAM plus SA was
analyzed next. We have observed that SA is phytotoxic to
germinatingArabidopsis seedlings grown on agar medium at
concentrations above 125 pM. At the concentration of SA
used in our screen (25 uM), some inhibition of root elongation
occurred in both the transgenic 1/8E/5 and nontransgenic pa-
rental plants (Fig. 2B; compare plants marked control versus
SA). Under the conditions used-NAM (1 pM) alone
showed no adverse effects on root growth of either plants.
However, the combination ai-NAM (1 puM) plus SA (25
pM) inhibited primary root growth of thBR-1la:tms2 trans-
genic line 1/8E/5 by 40 to 60% (compare plants marked NAM
+ SA with plants marked either SA or NAM). As anticipated
with the nontransgenic parental No-0O plants, additior-of
NAM plus SA to the medium did not increase the level of root
growth inhibition beyond that seen with SA alone. These re-
sults suggested that tiR-la:tms2—-based screen should be
successful for the isolation of mutants in the SA signal trans-
duction pathway. This conclusion was further supported by the
finding that, among the progeny of several independent trans-
genicPR-1a:tms2 lines, the level of transgene expression cor-
related with sensitivity to-NAM plus SA (data not shown).

Isolation of the sail mutant.

M, progeny of ethylmethyl sulfonate (EMS)-mutagenized
M, seeds from thé’R-la:tms2 transgenic line 1/8E/5 were
screened on minimal agar plates contairgnAM (1 M)
plus SA (25 pM) for seedlings whose primary root lengths re-
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Fig. 3. Length of primary roots of 9-day-old wild-type transgenic
(1/8E/5) and the sail mutant seedlings grown on minimal agar medium
containing the indicated chemicals (Fig. 2B caption). Root lengths were
measured for seven to 12 seedlings per treatment.
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sembled those of the nonmutagenized 1/8E/5 seedlings grown
on medium containing only SA (25 pM). Among the various

the 53% decrease observed in the root length of the wild-type
transgenic line 1/8E/5 (compare SA versus NAM plus SA).

classes of mutants that could be identified by this screen (see

below), two_SAinsensitive (sai) mutants were isolated among
the 20,000 M seedlings screened.;Nrogeny of one of these
mutants,sail, were rescreened with the root length assay. In
the secondary screesail and wild-type PR-1a:tms2 trans-
genic seeds were germinated on plates contaiokiAM

plus SA, a-NAM alone, SA alone, or neither chemical
(control). Primary root lengths were measured on 9-day-old
seedlings from each plate (Fig. 3). T¥a€l mutant repeatedly
showed very little reduction in the length of the primary roots
(only 4%) in the presence atNAM plus SA, compared with
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Fig. 4. Northern (RNA) blot analysis of RNA extracted from wild-type
transgenic (1/8E/5) and the mutant sail M, plants after chemical treat-
ment. A, RNA was extracted from plants treated with salicylic acid (SA,

500 uM), 2,6-dichloroisonicotinic acid (INA) (100 uM) or,8, 24 h
post treatment (hptB, RNA was extracted from plants before chemical
treatment (0) or 8, 24, 48, and 72 hpt with SA (500 uM), benzothiadia-
zole (BTH) (100 puM), INA (100 pM), or }D. The blot inA was se-
quentially probed for the expression of tines2 transgene, the endoge-
nousArabidopsis PR-1, BGL2 (PR-2), PR-5, and the rRNA genes while
the blot inB was probed for thArabidopsis PR-1 and rRNA genes.
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SA, INA, and BTH fail to induce the endogenous PR
genes, aswell asthe PR-1a:tms2 transgene,
to high levelsin sail plants.

With the above screen, we expected to identify five major
classes of mutants: (i) mutations in genes that are components
of the SA signal transduction pathway; (ii) mutations affecting
uptake and/or metabolism of SA; (iii) mutations in the pro-
moter of thePR-la:tms2 transgene that would alter the SA
responsiveness of the transgene; (iv) mutations in the open
reading frame (ORF) of thens2 gene that would lower the
amount of functional enzyme formed, but not affect the SA
inducibility of the transgene; and (v) mutations that alter the
auxin responsiveness of the plant. Only mutations in class i
and class ii will reduce SA inducibility of the endogenous
Arabidopsis PR genes in addition to that of the transgene. SA
induction of thePR-1, PR-2 (3-1,3-glucanase 2BGL2]), and
PR-5 genes, as well as that of the transgene, was monitored in
three subsequent generationsafl. SA responsiveness of all
four genes was depressedsail (Fig. 4A). This lack of in-
ducibility was most evident for thR-1 and PR-5 genes.
With the transgene and tH&GL2 gene, induction by SA in
sail plants was also poor, compared with that seen in wild-
type transgenic plants; however, the basal expression levels
and SA inducibility of these genes were more variable from
experiment to experiment. Thus, ts@1 mutation defines an
important component necessary for the SA inducibility of all
threeArabidopsis PR gene families.

INA and benzothiadiazole (BTH) are synthetic chemicals
that simulate many of the biological properties of SA, includ-
ing its ability to inducePR-1 gene expression (Conrath et al.
1995; Gorlach et al. 1996; Lawton et al. 1996; Métraux et
al.,1991; Ward et al. 1991). The induction of B¢ 1 gene by
INA or BTH does not require elevated levels of SA (Lawton
et al. 1996; Malamy et al. 1996; Vernooij et al. 1995), sug-
gesting that INA and BTH act either via a different signal
transduction pathway or, alternatively, through the SA signal
transduction pathway at the same step or at a step downstream
of SA. INA did not induce either the transgene or the endoge-
nousPR-1, PR-2, and PR-5 genes to high levels in trsil
mutant plants (Fig. 4A). Similarly, BTH failed to induce the
PR-1 gene in thesail mutant (Fig. 4B). These results argue
that thesail mutation is in a component common to the SA,
INA, and BTH signal transduction pathways.

Pathogen infection induces accumulation
of higher than wild-type levels of SA and SAG in sail.

Since thesail mutation appeared to disrupt the transmission
of the SA signal leading to inducible expression of RRel,
PR-2, andPR-5 genes, we anticipated that the mutant should
accumulate SA and its glucoside, SAG, upon infection with an
avirulent pathogen. The levels of SA and SAG were moni-
tored in wild-type andsail plants, 24 h post infection (hpi)
with P. syringae pv. tomato DC3000 (Pst), which contains the
plasmid-borneavrRpt2 avirulence gene. Th&il mutant is in
the No-0 ecotype genetic background, which contains the re-
sistance genBPS2 (Bent et al. 1994). Thus, wild-type No-0 is
resistant to strains of Pst carrying theRpt2 gene. In mock-
infected wild-type andail plants, free SA levels were barely



detectable (<0.01 ug per gram of fresh weight [FW]) while the levels by 16 hpi. In comparison, in te&1 mutant appearance
average SAG levels were 0.8 pg per gram of FW (Fig. 5). As of the PR-1 transcript was delayed, being first detected at 16
expected, thesail mutant plants accumulated high levels of hpi (visible on longer exposures of the blot). Moreover, the
SA and SAG upon infection with the avirulent pathogen. steady state levels of tHeR-1 transcript never attained the
However, the levels of SA imail plants (15.3 3.6 ug per maximal levels seen in the wild-type transgenic plants, even
gram of FW) were 12 times higher than in wild-type plants after 72 hpi. Nonetheless, this activation of Bie 1 gene in
(1.3 + 0.41 pg per gram of FW). SAG levels in pathogen- sail plants upon infection with pathogen was surprising, as
infected wild-type (19.2 1.7 pg of FW) as well asil plants treatment with even high levels of SA (500 puM), INA (100
(27.3+ 5.3 pg per gram of FW) increased 23- and 35-fold, uM), or BTH (100 uM) failed to induce this gene sail
respectively, over the corresponding mock-infected plants. plants even after 48 or 72 h post treatment (hpt) (Fig. 4B).

sai 1 shows enhanced susceptibility to pathogen. Genetic analysis of the sail locus.

To test whether resistance in te@l mutant is compro- Plants homozygous for theil locus were backcrossed to
mised due to this mutation in the SA signal transduction the wild-type parent 1/8E/5. Thsil mutant phenotype was
pathway, leaves afil and wild-type transgenic 1/8E/5 plants followed in the k and F progeny by the inability of SA to
were infiltrated with Pst containing trerRpt2 gene. In the induce the accumulation &R-1 mRNA. All 18 R, plants ac-
wild-type transgenic plants, the pathogen grew 100-fold, at- cumulated high wild-type levels oPR-1 transcript after
taining maximal numbers by 72 hpi. This 100-fold increase of treatment with SA (Table 1), suggesting that $hid mutant
Pst containing thevrRpt2 gene, in wild-type plants, is typical allele is recessive to the wild-type allele. Té#1 mutant
for RPS2-mediated resistance (Bent et al. 1994). In contrast,
sail plants supported 20 times more growth of the pathogen
(Fig. 6A). Thus, as anticipateshil plants were more suscep-
tible to this avirulent Pst.

The accumulation oPR-1 gene transcript was also moni-
tored in these plants after infection (Fig. 6B). In wild-type
transgenic plant?R-1 gene induction was evident by 8 hpi 10’

(visible on longer exposures of the blot) and reached maximal
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0 Fig. 6. A, Growth of Pseudomonas syringae pv. tomato DC3000 (Pst)

carrying the avrRpt2 gene in wild-type transgenic (1/8E/5) and sail
plants. The bacteria (ODgy of 0.001) in 10 mM MgCI, were injected in
the abaxial surface of 12 leaves per time point. CFU of Pst per leaf disk
(0.28 cm?) were determined at various time points in hours post infec-

mock Pst

1/8E/5

mock Pst
sail

Fig. 5. Salicylic acid (SA) and SA with its glucoside (SAG) levels in
wild-type transgenic (1/8E/5) and sail plants 24 h after infection with
Pseudomonas syringae pv. tomato DC3000 containing the avrRpt2 gene
(Pst; ODggp Of 0.001) or mock-infected with 10 mM MgCl, (mock). The
SA and SAG values presented as micrograms of fresh weight (FW) per
gram are averages of four sets of samples per treatment.

tion (hpi) as described in Materials and Methods. The values represent
the average of four samples (each containing 3 leaf disks) + standard
deviation. B, Northern (RNA) blot analysis of RNA extracted at different
time points from the same group of plants used in A. The blot was
probed with the Arabidopsis PR-1 gene. Equal loading of RNA was
monitored by ethidium bromide staining.
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phenotype segregated in a 3:1 (wild-type:mutant; x? = 0.19; P
> 0.5) Mendelian ratio in the F, progeny (Table 1), thus con-
firming the recessive nature of the mutation and demonstrat-
ing that the mutant phenotype is due to a mutation at a single
genetic locus.

Thesail and nprl mutations belong
to the same complementation group.

The nprl1 mutation was identified by Cao et a. (1994) in a
screen for mutants defective in the induction of an SA-
inducible BGL2:GUS transgene. In addition, a subsequent
screen for mutants showing enhanced disease susceptibility to
strains of P. syringae pv. maculicola also identified alleles of
nprl (Glazebrook et a. 1996). Similar to the case with sail,
neither SA nor INA can induce the expression of the endoge-
nous PR-1, PR-2, and PR-5 genesin npr1 plants. Furthermore,
the npr1 mutant phenotype is due to a recessive mutation. The
similar characteristics of sail and nprl phenotypes suggested
that these mutations might be in different genes affecting the
same signa transduction pathway; aternatively, these muta-
tions could be aldic. To distinguish between these possibili-
ties, plants homozygous for the sail mutant allele were
crossed to plants homozygous for the nprl mutant alele (in
the ecotype Columbia). The success of the cross was con-
firmed by performing CAPS analysis (Konieczny and Ausubel
1993) on the F; progeny (data not presented). All of the F;
plants lacked induction of the endogenous PR-1 gene by SA
(Table 2), suggesting that sail and nprl mutations are in the
same complementation group. Additionally, PR-1 mRNA was
not induced in any of the 30 F, plants analyzed after treatment
with SA (Table 2), again suggesting that nprl and sail are a-
lelic.

DISCUSSION

To date, only a few mutations have been obtained that pre-
vent induction by SA (or INA) of plant defense responses. In
part, this may reflect the absence of easily scorable pheno-
types for such mutants. To isolate more such mutants, we have
developed a genetic screen based on an SA-inducible tobacco
PR-1a promoter-driven counter-selectable tms2 gene. The
tms2 gene encodes an amidohydrolase that converts the bio-
logically inactive a-NAM to the biologically active auxin a-
NAA (Thomashow et a. 1984), which is toxic to Arabidopsis
root growth. Thus, mutants that carry the PR-1a:tms2 gene but

Table 1. Genetic analysis of sail

SA inducibility of PR-1°

Cross® Generation  Tested wit® Mutant
1/8E/5 x 1/8E/5 F 16 16 0
sail xsail F 16 0 16
sail x 1/8E/5 R 18 18 0
sail x 1/8E/5 B 114 88 28

aThe plant receiving pollen is listed first for each cross.

are defective in their response to SA, such as the prototypic
sail mutant, can readily be obtained because growth of their
roots shows little inhibition in the presence of a-NAM and SA
(Figs. 2B and 3).

A variety of mutations could account for the inability of a-
NAM plus SA to inhibit root elongation. These include, in ad-
dition to the desired mutations in components of the SA sig-
naling pathway (class i), mutations that affect SA uptake
and/or metabolism (class ii), mutations in the promoter or
ORF of the PR-1a:tms2 transgene (classes iii and iv, respec-
tively), and mutations that alter auxin responsiveness (class
v). The responsiveness of the endogenous PR-1, PR-2, and
PR-5 genes, as well as the chimeric transgene, to SA was a-
tered in sail (Fig. 4A), suggesting that the mutation was not in
the transgene or in a gene affecting auxin responsiveness. The
latter was confirmed by demonstrating that sail seedling root
growth was as sensitive to the auxin a-NAA as that of the
wild-type transgenic plant carrying the PR-1a:tms2 transgene
(data not shown). The sail mutant, besides being unable to
express the PR-1, PR-2, and PR-5 genes at high levelsin re-
sponse to SA, was also less sensitive to the phytotoxic effects
of SA. Unlike the wild-type plants, growth of roots of sail
seedlings was only marginaly inhibited by SA (Fig. 3; com-
pare control versus SA). Additionaly, the leaves of sail plants
showed little or no symptoms of leaf burning when sprayed
with SA (1 mM), in contrast to wild-type plants that showed
extensive leaf burning (data not shown). This reduced sensi-
tivity of sail to the phytotoxic effects of SA could be due to
the poor uptake of SA in the mutant (classiii) or, aternatively,
dueto itsinsensitivity to SA because of alesion in the SA sig-
naling pathway (classi).

To help distinguish between class i and ii mutations, we
utilized several chemical inducers of plant defense responses.

INA mimics many of the functions of SA, including induction

of the PR-1 gene (Ward et al. 1991), enhancement of resis-

tance (Métraux et al. 1991), and inhibition of catalase (Con-
rath et al. 1995) and ascorbate peroxidase activities (Durner
and Klessig 1995). Since INA does not stimulate SA produc-
tion and can induce PR genes and enhanced resistance in
NahG transgenic plants that fail to accumulate SA (Malamy et
al. 1996; Vernooij et al. 1995), it has been suggested that INA
acts either downstream of SA or at the same step as SA (Con-
rath et al. 1995; Durner and Klessig 1995; Malamy et al.

Table 2. Complementation analysis betwesnl andnprl

Salicylic acid (SA)
inducibility of PR-1°

Cross? Generation  Tested wt® Mutant
sail x Col F 19 19 0
nprl x nprl Fy 16 0 16
sail x nprl Fy 3 0 3
sail x nprl F, 30 0 30

2 Thesail mutation is in the ecotype Ndssen (No-0) whilerpel mu-
tation is in the ecotype Columbia (Col). The plant receiving pollen is

b Twenty-one-day-old plants were sprayed, as well as subirrigated for 10 listed first for each cross.

min, with 500 pM SA and RNA extracted 24 h later. Bad mutant
phenotype was followed by Northern (RNA) blot analysis as the in-
ability of the mutant plant to express the endogerRg gene in

response to SA.
¢ Wild-type with respect to SA-inducible expressiorPé1.
9%2=0.19; 0.7 P> 0.5.
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b Twenty-one-day-old plants were sprayed, as well as subirrigated for 10
min with 500 pM SA, and RNA extracted 24 h later. Baid andnprl
mutant phenotypes were followed by Northern (RNA) blot analysis as
the inability of the mutant plants to express the endogeRBtlsgene
in response to SA.

¢ Wild-type with respect to SA-inducible expressiorP&1.



1996; Vernoaij et a. 1995). In sail, INA was unable to induce leads to an increase in the biosynthesis of ethylene (Guzman

expression of endogenous PR-1, PR-2, and PR-5 genes as well and Ecker 1990).

as the transgene (Fig. 4A). This result further confirms that Two other recessive mutatiomgrl andniml, that are non-

SA and INA share a common signa transduction pathway, of responsive to SA and INA have been isolatedviabidopsis
which the wild-type SAI1 gene is an important component. (Cao et al. 1994; Delaney et al. 1995; Glazebrook et al. 1996).
Similar to SA and INA, BTH, a commercially available acti- Like sail, both of these mutants show increased susceptibility
vator of SAR (Gorlach et al. 1996), also did not indueB-1 to virulent and avirulent pathogens, as well as lack of induc-

gene expression igail (Fig. 4B). The inability of both INA tion of thePR-1, PR-2, and PR-5 genes by SA or INA. We
and BTH to induce th@R-1 gene to high levels and the fact tested allelism betweesail andnprl by analyzing Fand &
thatsail can accumulate high endogenous levels of SA and progeny of a cross between the two mutants for the SA in-
SAG (Fig. 5) rules out the possibility that the mutant pheno- ducibility of their PR-1 genes. Thesail and nprl mutations
type ofsail plants is due to a defect in the uptake or metabo- did not complement each other, suggesting that they are allelic
lism of SA. Thus, it appears that the1 mutation is in a bona  (Table 2). Whetheniml is allelic tosail/nprlis currently not

fide component of the SA signal transduction pathway. Since known. The inability of thesail, nprl, andniml mutants to

the noninduciblesail mutant allele is recessive to its wild- express th®R-1, PR-2, andPR-5 genes in response to chemi-
type allele and is inherited as a single Mendelian locus, thecal inducers of plant disease resistance (SA, INA, and BTH),
wild-type SAI1 gene is predicted to function as a positive combined with their decreased resistance to both virulent and

regulator of the SA signal transduction pathway. avirulent pathogens, provides further evidence that SA is an
In contrast to the failure of exogenously applied SA, INA, important signal in disease resistance. Thus, these SA-
or BTH to inducePR-1 gene expression isail plants, infec- insensitive mutants will serve as useful genetic tools to ad-

tion with Pst containing thevrRpt2 gene resulted in the ac- dress important issues surrounding plant-pathogen interac-
cumulation ofPR-1 mRNA, although expression was delayed tions. For example, it has been shown that SA levels increase
and lower than in infected wild-type plants. The lack of any within and surrounding the spontaneous lesions formed in
induction of PR-1 gene expression isail plants after appli- several lines of lesion mimic mutants (Greenberg et al. 1994;
cation of SA, INA, or BTH argues that the low level of induc- Weymann et al. 1995). Whether these increases in SA and the
tion after infection is not the result of a leaky mutation but is corresponding activation of the SA signal transduction path-
due to the presence of a second pathway, independgatlof way are involved in the programmed cell death that leads to
for the induction of thé°’R-1 gene. Similar results have also lesion formation is currently not known. However, with the
been reported by Glazebrook et al. (1996) and Delaney et alsail/nprl/niml class of mutants some of these questions can
(1995) with mutant alleles afprl andniml, respectively. In now be addressed. Sineail is blocked in its ability to re-
addition, the finding that transgenirabidopsis, which are spond to SA, formation of spontaneous lesionssail |sd
unable to accumulate SA due to the expression oh&h& double mutants would indicate that spontaneous lesion forma-
gene, accumulateR-1 transcript after infection with Pst con- tion in theselsd mutants is not dependent on t8&l1 gene
taining theavrRpt2 gene at levels higher than those seen in and the events occurring downstreamSaf1. On the other
mock-infected leaves (Delaney et al. 1994; Lawton et al. hand, absence of spontaneous lesions in ts$dsd double
1995), provides further support for the existence of a secondmutants would argue strongly for the involvement of the SA
pathway forPR-1 gene induction that probably is independent signal transduction pathway in the formation of these sponta-
of SA. neous lesions in thied mutants.

Thesail mutant accumulated much higher levels of free SA
than the wild-type plant upon infection with Pst containing the pATERIALS AND METHODS
avrRpt2 gene (Fig. 5). Two explanations for this result can be
envisioned: the presence of feedback control, which regulatesGrowth conditionsfor plant and bacteria.
the maximal level of free SA that accumulates in the wild-type  Arabidopsis plants were grown in soil at 22°C in growth
plant, or a mutation isail that negatively affects the conver- chambers programmed for a 14-h light (7,000 to 9,000 lux)
sion of SA to SAG. Since (i) SAG levels il after infec- and 10-h dark cycle unless otherwise staRedyringae pv.
tion were higher than those observed in wild-type plants (Fig. tomato DC3000 carrying a plasmid-boriagrRpt2 gene (Bent
5), and (ii) a defect in conversion of SA to SAG is inconsis- et al. 1994) was propagated at 30°C on King's B medium
tent with the inability of SA to induce PR genesaii plants, (King et al. 1954) containing rifampicin (100 pg/ml) and ka-
as SA and not SAG is the active molecule (Hennig et al. namycin (25 pg/ml).
1993), it is likely thatsail disrupts a feedback loop that in
wild-type plants negatively controls SA biosynthesis and ac- Bacterial infection of plants.
cumulation. Disruption of this feedback loop permits uncon-  For both the wild-type transgenic 1/8E/5 asaill, 9-day-
trolled SA biosynthesis and accumulation, as seesnilh af- old seedlings in soil were transferred to a Conviron growth
ter infection with pathogen. Precedence for negative feedbackchamber (22°C, 75 to 80% relative humidity, 12-h light
regulation of the biosynthesis of signaling molecules exists in [13,000 to 14,000 lux] and 12-h dark cycle). Two weeks later,
Arabidopsis for the hormone ethylene. Application of Ag  four leaves per plant were infiltrated with either 10 mM
which blocks ethylene action, leads to an increase in the bio-MgCl, (mock) or a suspension (@g of 0.001 in 10 mM
synthesis and accumulation of ethylene. Additionally, the ac- MgCl,) of P. syringae pv. tomato DC3000 carrying a plasmid-
cumulation of higher-than-wild-type levels of ethylene in the borneawrRpt2 gene (Bent et al. 1994). Infiltration was per-
leaves of theArabidopsis ethylene-insensitive mutan&sn2 formed with a 1-ml syringe (without a needle) on the abaxial
andein3 suggests that a block in ethylene action or responseside of the leaf. Leaf disks, 0.6 cm in diameter (0.28),cm
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from three Pst-infected leaves were ground in 1 ml of 10 mM
MgCl, and appropriate dilutions were plated on King's B me-
dium containing rifampicin (100 pg/ml) and kanamycin (25

lowed by a 10-min treatment with 30% household bleach plus
0.1% Triton X-100. After four washes in sterile water the M
seeds were placed in a single row on agar plates of selection

pa/ml). Four such samples were taken per treatment per timenedium. The selection medium consisted of minimal agar
point. Plates were incubated at 30°C for 2 days before count-(MS salts pH 5.9 [Gibco-BRL, Gaithersburg, MD], 0.7%
ing the bacterial colonies. Mock-infected and Pst-infected Difco agar, 1.3 mM KBEPQ, and 25 pM AgNQ@) containing
leaves were also harvested at each time point for extraction o5 uM sodium salicylate and 1 pddNAM. SA, a-NAM, and

RNA.

DNA manipulation.

Standard cloning techniques for DNA manipulation as de-

AgNO; were added to the medium after autoclaving. AgNO
was added to inhibit ethylene responsiveness of the transgene;
ethylene can induce tHR-1a promoter. As controls, minimal
agar media lacking either SA or-NAM, or lacking both,

scribed in Sambrook et al. (1989) were used. The borders ofwere also used. Unmutagenized seeds from the ecotype
all constructs were confirmed by dideoxy sequencing with N&ssen and from theR-1a:tms2 transgenic line 1/8E/5 were
Sequenase version 2 according to the manufacturer’s protocobllso sowed on all four kinds of plates, as controls for each ex-

(USB, Cleveland, OH).

Construction of the PR-1a:tms2 chimeric gene.

pJA3 contains a genomic clone of the tobaPBola gene
inserted in theHindlll site of pUC118 (J. Hennig, personal
communication). ANcol site overlaps the translation start site
of the PR-1a gene in pJA3. The translation start site in pJA3
was deleted by digesting witkcol followed by S1 nuclease

periment. The plates were sealed with Scotch 3M filter tape
and after 2 days of incubation at 4°C the plates were placed
vertically in the growth room exposed to continuous light
(5,000 to 6,000 lux). Nine days after transfer to the growth
room, mutant seedlings with primary roots 30% or more
longer than that of the unmutagenized parent were transferred
to soil and allowed to set seeds; pogeny of these putative
mutants were tested for SA insensitivity in the root length as-

and Klenow treatment. The resulting DNA was digested with say as well as for the induction of the transgene and the en-

Sall to excise théPR-1a ORF, and the vector backbone was

dogenoud’R-1, BGL2(PR-2), andPR-5 genes by SA.

self-ligated to give plasmid JS116. pJS116 contains a 930-bp

fragment of théPR-1a promoter from —933 to —3 upstream of
the PR-1a translation start codon. A 2-kBamHI fragment,

Treatment of plantswith SA, INA, and BTH.
For treatment with SA (500 uM) and INA (100 uM), 21- to

containing 15 bp of 'Stranscribed but untranslated sequences 25-day-old plants in soil were sprayed, as well as subirrigated

of the Agrobacterium tumefaciens tms2 gene, its ORF, and
transcription termination sequences,
pMON544 (Klee et al. 1987) and cloned into BamHI site

of pJS116, with thems2 gene 3to the PR-1a promoter, to
give pJS120. TheR-1a:tms2 chimeric construct was excised
as a 3.1-kiHindlll fragment from pJS120 and cloned into the
Hindlll site of the binary vector pGA482 (An 1986). The re-
sultant plasmid pJS125 was used to transfarthaliana.

Arabidopsis transfor mation.

The PR-1a:tms2 chimeric construct in pJS125 was mobi-
lized into Agrobacterium tumefaciens strain LBA4404 by tri-
parental mating (Ditta et al. 1980). RootsAofthaliana eco-

for 10 min, with a solution of pH 6.9. Wherever possible, an-

was excised fromother set of control plants was similarly treated for 10 min

with water. BTH (100 uM active ingredient) was applied, as
above, as a water-dispersible formulation. Plants were trans-
ferred to growth chamber and leaf tissue were harvested at
different times after treatment and quick frozen in liquid ni-
trogen. Leaf samples were stored at —80°C. For analysis of
individual plants, two leaves were harvested before any
chemical treatment and quick frozen in liquid nitrogen. This
sample served as the untreated control. The plant was then
treated with inducing chemicals as above and two leaves were
harvested 24 h later.

type Nossen (No-0) were transformed essentially as describedsouthern and Northern blot analyses.

by Marton and Browse (1991). Rooting of well-developed ka-

namycin-resistant ;Tshoots was induced according to the pro-

cedure of Huang and Ma (1992) on rooting medium contain-

ing 2 mg ofa-NAA per liter. Primary transformants {JTwith

Genomic DNA fromA. thaliana plants was extracted ac-
cording to the protocol of Das et al. (1990). Two micrograms
of DNA digested with appropriate restriction enzyme was re-
solved on a 1% agarose gel, denatured, and then renatured as

well-developed roots were transferred to soil and allowed to described by Sambrook et al. (1989). The DNA was trans-

set seeds.

M utagenesis and selection of SA-insensitive mutants.

Twenty thousand seeds fromy plants of aPR-la:tms2
transformant, 1/8E/5, with a single T-DNA insertion were
placed in 100 ml of 0.3% (vol/vol) solution of ethylmethyl

ferred to Nytran Plus membrane (Schleicher and Schuell,
Keene, NH) as recommended by the manufacturer. After UV-
cross-linking, the blot was hybridized and processed accord-
ing to the protocol of Church and Gilbert (1984) with a ran-
dom-primed, labeled 2-kiBamHI fragment of pMON544
(Klee et al. 1987) containing thems2 gene. Large-scale

sulfonate (EMS; Sigma, St. Louis, MO) at room temperature preparation of RNA fromArabidopsis was according to the

with gentle agitation. Twelve hours later the seedsg) (vere

protocol of Das et al. (1990). Small-scale extraction of RNA

washed with 15 changes of water over a period of 3 h. The M from one or two leaves was performed with the TRIzol rea-

seeds were sown in soil and allowed to self-fertilize skkeds
were harvested as pools, each pool containingsééds de-
rived from approximately 1,000 Mseeds. The Mseeds were

gent (Gibco-BRL, Gaithersburg, MD) according to the manu-
facturer’s protocol. Five micrograms of RNA was resolved on
a 1.5% agarose gel containing 1.1% formaldehyde as de-

imbibed in water for 30 min and then surface sterilized by a 5 scribed by Ausubel et al. (1987). Ethidium bromide was in-

min treatment with 70% ethanol plus 0.1% Triton X-100 fol-
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cluded in the loading buffer to visualize the RNA. The RNA



was transferred onto Nytran Plus membrane, UV-cross-linked,
hybridized, and processed as for the Southern analysis. Probes
specific for the Arabidopsis PR-1, BGL2(PR-2), and PR-5
genes were random-primed, labeled, gel-purified cDNA
clones. The tms2 gene probe is the same as that used for
Southern analysis. The rDNA probe was generated by random
priming of plasmid DNA containing the rDNA.

Genetic analysis of sail.

zation of an Arabidopsis mutant that is nonresponsive to inducers of
systemic acquired resistance. Plant Cell 6:1583-1592.

Century, K. S,, Houlb, E. B., and Staskawicz, B. J. 1995. NDR1, a locus
of Arabidopsis thaliana that is required for disease resistance to both
a bacterial and a fungal pathogen. Proc. Natl. Acad. Sci. USA 92:
6597-6601.

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

Chester, K. S. 1933. The problem of acquired physiological immunity in
plants. Q. Rev. Biol. 8:275-324.

For all crosses, sail plants in the ecotype Nossen were used Church, G. M., and Gilbert, W. 1984. Genomic sequencing. Proc. Natl.

as the recipient of pollen. Mature Beeds were harvested c
from individual siliques, 21 to 23 days post pollination and
germinated on MS medium containing 50 pg of kanamycin

Acad. Sci. USA 81:1991-1995.

onrath, U., Chen, Z., Ricigliano, J. R., and Klessig, D. F. 1995. Two
inducers of plant defense responses, 2,6-dichloroisonicotinic acid and
salicylic acid, inhibit catalase activity in tobacco. Proc. Natl. Acad.

per ml. Nine-day-old seedlings were transferred to soil and Sci. USA 92:7143-7147.

treated with SA 2 to 3 weeks later. Crossesatf to thenprl

mutant, in the ecotype Columbia, were confirmed by CAPS

analysis (Konieczny and Ausubel 1993) of thefgeny.

SA and SAG estimations.

Das, O. P, Alvarez, C., Chaudhuri, S., and Messing, J. 1990. Molecular
methods for genetic-analysis of maize. Methods Mal. Cell. Biol. 1:
213-222.

Delaney, T. P, Friedrich, L., and Ryals, J. 1995. Arabidopsis signa
transduction mutant defective in chemically and biologically induced
disease resistance. Proc. Natl. Acad. Sci. USA 92:6602-6606.

SA and SAG were extracted and estimated from 0.25 to 0.5Délaney, T. P, Uknes, S., Vernooij, B., Friedrich, L., Weymann, K., Ne-

g of fresh weight leaf tissue as described by Bowling et al.

(1994).
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