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Analysis of Regulatory Elements lnvolved in the 
lnduction of Two Tobacco Genes by Salicylate Treatment 
and Virus lnfection 
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Tobacco genes encoding the PR-la protein and a glycine-rich protein are expressed after treatment of plants with 
salicylate or infection with tobacco mosaic virus. Upstream sequences of these genes were fused to reporter genes, 
and these constructs were used to transform tobacco. Upstream sequences of the PR-la gene of 689 base pairs 
or longer were sufficient for induction of the reporter gene in tobacco mosaic virus-inoculated leaves, systemically 
induced leaves from infected plants, and leaves treated with salicylate. N o  such induction was found with upstream 
sequences of 643 base pairs or shorter of the PR-la gene. When the PR-la upstream sequence from nucleotides 
-625 to -902 was fused to the cauliflower mosaic virus 35s core promoter, a construct was obtained that conferred 
tobacco mosaic virus and salicylate inducibility to the reporter gene in transgenic plants. This confirmed the 
localization of tobacco mosaic vírus- and salicylate-responsive elements between positions -643 and -689 in the 
PR-la promoter. With the glycine-rich protein gene, an upstream sequence of 645 base pairs was sufficient for 
tobacco mosaic virus and salicylate inducibility of the reporter gene, whereas constructs containing 400 base pairs 
or fewer of the glycine-rich protein promoter were largely inactive. 

INTRODUCTION 

The necrotic infection of plants with pathogens triggers 
the synthesis of a number of host proteins that are believed 
to be involved in various defense mechanisms, collectively 
known as “systemically acquired resistance” (Collinge and 
Slusarenko, 1987; BOI and Van Kan, 1988). These proteins 
include enzymes involved in biosynthesis of aromatic com- 
pounds, peroxidases, proteinase inhibitors, cell wall com- 
ponents, and the “pathogenesis-related” (PR) proteins. In 
virus-infected plants, the induction of PR proteins has been 
studied in most detail, but the induction of other classes 
of proteins by this type of infection has been reported as 
well (Van Loon, 1982). The PR proteins induced in Samsun 
NN tobacco after infection with tobacco mosaic virus 
(TMV) include acidic PR-1 proteins (PRs 1 a, 1 b, and 1 c) of 
unknown function, acidic p-1,3-glucanases (PRs 2, N, and 
O), acidic chitinases (PRs P and Q), and an acidic thau- 
matin-like protein (PR-S). Basic isoforms of these four 
classes of acidic PR proteins have been identified in TMV- 
infected tobacco (BOI and Van Kan, 1988; BOI et al., 1990). 
In addition to TMV infection, the genes encoding acidic 
and basic PRs are differentially induced by a number of 
chemicals, such as ethylene and salicylate. Moreover, the 
genes for acidic and basic PRs show differences in tissue- 
specific expression, and their induction is light dependent 

’ To whom correspondence should be addressed. 

(for references, see BOI et al., 1990). Thus, an analysis of 
the promoter regions of these genes may reveal a mosaic 
of cis-acting elements and shed light on the regulation of 
other classes of stress-induced plant genes as well. 

We cloned cDNAs to a number of mRNAs that are 
strongly induced in Samsun NN tobacco after TMV infec- 
tion (Hooft van Huijsduijnen et al., 1986). These clones 
were used as probes to isolate corresponding genes from 
a genomic library of Samsun NN tobacco. We reported the 
complete sequence of the PR-1a gene and two PR-1 
pseudogenes (Cornelissen et al., 1987), two active PR-S 
genes (Van Kan et al., 1989), and two genes encoding a 
glycine-rich protein (GRP) that does not show homology 
to any of the known PR proteins (Van Kan et al., 1988). In 
addition, the sequence of the PR-1a gene was reported 
by severa1 other groups (Ohshima et al., 1987; Payne et 
al., 1988; Pfitzner et al., 1988). The PR-1a and GRP genes 
are strongly induced by spraying tobacco with a 5 mM 
salicylate solution, whereas the PR-S genes are weakly 
induced by this treatment. A comparison of the putative 
promoter regions of the PR-la, GRP, and PR-S genes 
revealed only limited similarities in the first 100 bp up- 
stream of the respective transcription initiation sites (Van 
Kan et al., 1989). Here we report an analysis of cis-acting 
elements involved in the induction of the PR-1 a and GRP 
genes by salicylate treatment and TMV infection. The 
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Figure 1. lnduction of GUS Activity in Tobacco Transformed with 
PR-1 a/GUS Gene Fusions. 

Tobacco plants were transformed with the indicated PR-1 a up- 
stream sequences fused to the GUS gene, and leaf discs of these 
plants were assayed for GUS activity after various treatments. 
For each construct, 6 to 13 plants were tested. The dots represent 
the leve1 of GUS activity in the individual primary transformed 
plants. 
(A) Leaf discs taken from TMV-inoculated leaves. 
(B) Leaf discs taken from mock-inoculated leaves. 
(C )  Leaf discs from noninoculated leaves floated on water con- 
taining 1 mM salicylate. 
(D) Leaf discs from noninoculated leaves floated on water. 
(E) Leaf discs from noninoculated leaves assayed immediately 
after punching. 

upstream sequences of the PR-1 a gene and an active GRP 
gene were fused to P-glucuronidase (GUS) and chloram- 
phenicol acetyltransferase (CAT) reporter genes, respec- 
tively. Transient expression assays in tobacco protoplasts 
showed no induction of the GRP/CAT construct by addi- 
tion of salicylate to the medium. Therefore, the constructs 
were used to transform tobacco, and transgenic plants 
were assayed for induction of the reporter genes by sali- 
cylate treatment and TMV infection. 

Analysis of the PR-la Promoter 

A fragment of the PR-1a gene (Cornelissen et al., 1987) 
containing the sequence of nucleotides -902 to +29 was 
fused to the GUS gene in the transformation vector 
pBI101. Deletions were made with Ba131 starting from 
position -902 and ending at positions -792, -742, -689, 
-643, -51 6, and -436 of the PR-1 a upstream sequence. 
In addition, a restriction fragment containing nucleotides 
-287 to +29 of the PR-1a gene was fused to the GUS 
gene. These constructs were used to transform tobacco, 
and transgenic plants that expressed the selectable 
marker gene (NPTII) were regenerated. These plants were 
called PRB plants. Leaf discs were punched from the 
plants, and GUS activity was measured either directly after 
punching (zero time) or after flotation of the discs for 24 
hr on water or water containing 1 mM salicylate. In addi- 
tion, GUS activity was measured in leaf discs taken from 
mock-inoculated or TMV-inoculated leaves. For each pro- 
moter construct, 9 to 20 independent transformants were 
assayed. A considerable variability in expression levels of 
the introduced gene was found, as has also been observed 
by others (e.g., Dean et al., 1988). This is illustrated in 
Figure 1, which shows the GUS activity in individual trans- 
formants containing PR-1 a upstream sequences ranging 
from 643 bp to 792 bp. Table 1 shows the average GUS 
activity observed in plants containing PR-1 a upstream 
sequences with a length of 287 bp to 902 bp. In leaf discs 
from mock-inoculated leaves, and leaf discs assayed im- 

Table 1. lnduction of GUS Activity in PRB plants by Salicylate 
Treatment and TMV lnfectiona 

PR-1 a Upstream Zero 
Sequenceb n Time Water Salicylate Mock TMV 

bP 
902 
792 
742 
689 
643 
51 6 
436 
287 
O 

20 0.6 1.1 11.3 0.7 51.3 
0.8 15.5 13 0.5 0.8 4.8 

12 0.5 0.7 2.1 0.8 3.2 
10 0.3 0.5 2.3 0.3 4.9 
10 0.9 1.0 1.0 0.8 1.1 
9 1.0 0.7 1.2 1.0 0.6 
9 1.2 1.2 1.0 1.0 1.3 
9 0.9 1.6 1.2 1.5 0.8 
6 0.2 0.2 0.2 0.2 0.1 

a Leaf discs from noninoculated PRB plants were assayed for 
GUS activity directly after punching (zero time), or after flotation 
for 24 hr on water (Water) or water containing 1 mM salicylate 
(Salicylate). In addition, leaf discs were assayed from mock- 
inoculated (Mock) or TMV-inoculated (TMV) leaves. The average 
GUS activity in n plants is given. 

Upstream sequence of O bp: control plants transformed with the 
vector pBll O1 . 
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mediately after punching or after floating for 24 hr on 
water, no significant GUS activity was observed. More- 
over, no significant induction of GUS activity by salicylate 
treatment or TMV infection was observed in leaf discs 
from 37 plants containing 287 bp to 643 bp of the PR-1a 
upstream sequences (Table 1). On the other hand, with 
the plants containing 689 bp to 902 bp of the PR-1a 
promoter, a significant induction of GUS activity by salicy- 
late treatment or TMV infection was observed in more 
than half of the plants in each group. On average, the 
induction by TMV infection was somewhat higher than the 
induction by salicylate treatment (Table 1). The inducibility 
of the GUS gene by salicylate and TMV observed in the 
primary transformants was reproducibly found in the F1 
progeny of these plants (results not shown). For a number 
of PRB643 and PRB689 plants, it was confirmed by DNA 
gel blot hybridization that, in addition to the selectable 
marker gene, the GUS gene was present in the genome 
of these plants (results not shown). This demonstrates 
that the lack of inducibility of GUS activity in the PRB643 
plants is not due to the absence of the reporter gene. 

Systemic lnduction of the PR-la Gene 

After inoculation of the lower leaves of a Samsun NN 
tobacco plant with TMV, the PR-1 a genes are induced in 

the primary infected leaves as well as in the virus-free 
noninoculated upper leaves (Cornelissen et al., 1986). This 
indicates that the long-distance signal pathway includes a 
mobile compound that migrates from the lower to the 
upper leaves. To investigate a possible difference between 
cis-acting elements of the PR-1 a promoter responding to 
local infection and systemic induction, GUS activity was 
measured in the virus-free upper leaves of PRB plants, the 
lower leaves of which had been inoculated with TMV. 
Figure 2 shows the average GUS activity in a number of 
transformants containing 643 bp to 902 bp of the PR-1a 
upstream sequence. For each construct, eight F1 plants 
derived from two independent primary transformants were 
tested. GUS activity was measured before inoculation, in 
the primary inoculated leaves, and in the virus-free upper 
leaves. As a control, it was checked that mock inoculation 
did not induce GUS activity (Figure 2A). The systemic 
induction of GUS activity by TMV infection closely paral- 
leled the induction in primary inoculated leaves, although 
the average leve1 was somewhat lower (Figure 2B). Sys- 
temic induction of the reporter gene was obtained with 
689 bp or longer upstream sequences of the PR-1 a gene, 
whereas no such induction was obtained with a construct 
containing 643 bp of the PR-1 a promoter. Also, PRB plants 
with promoter sequences shorter than 643 bp did not 
show systemic induction of GUS activity after TMV infec- 
tion (result not shown). 
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Figure 2. Local and Systemic lnduction of GUS Activity in PRB Plants after TMV Infection. 

Tobacco plants were transformed with PR-1a upstream sequences of the indicated length (in base pairs) fused to the GUS gene. 
(A) Mock-inoculated lower leaves of transformed plants. 
(B) TMV-inoculated lower leaves of transformed plants. 
GUS activity was assayed in leaf discs taken before inoculation (zero time), taken from inoculated leaves [(A), Mock; (B), TMV], or taken 
from noninoculated upper leaves. For each PR-Ia construct, the average GUS activity in eight F1 plants derived from two independent 
primary transformants is given. c, nontransformed control plants. 
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Figure 3. Schematic Representation of PR-1 a/35S/GUS Fusions. 

In pXAlO1, the GUS gene in the transformation vector pBI1 O1 is 
preceded by the CaMV 35s core promoter (nucleotides -90 to 
+1) and the PR-1a upstream sequence of nucleotides -902 to 
-287. In pXS101, the PR-Ia upstream sequence is reduced to 
nucleotides -902 to -625, whereas, in pCP101, the PR-1 a se- 
quence is absent. 

Fusions of PR-la Sequences with the 35s Core 
Promoter 

The results indicated that salicylate- and TMV-responsive 
elements are located between positions -643 and -689 
in the PR-1a upstream sequence. To confirm this obser- 
vation, various upstream sequences of the PR-1a gene 
were fused to the 35s core promoter (nucleotides -90 to 
+1) of cauliflower mosaic virus. Figure 3 shows schemat- 
ically that construct pXA1 O1 contains the PR-1 a sequence 
from nucleotide -287 to -902, whereas pXS101 contains 
the sequence from -625 to -902. As a control, pCPlOl 
contained only the 35s core promoter fused to the GUS 
gene. These three constructs were used to transform 
tobacco, and, for each construct, 10 to 14 primary trans- 
formants were assayed for induction of GUS activity by 
salicylate treatment and TMV infection. Table 2 lists the 
average levels of GUS activity in the various samples of 
the plants. No significant induction of GUS was observed 
in any of the pCP101 control plants, whereas, in the 
pXA1 O1 and pXSl O1 plants, the reporter gene was clearly 
induced by salicylate treatment and TMV infection. This 
induction is further illustrated in Figure 4, which shows the 
GUS activity in pXA1 O1 and pXS1 O1 plants with the high- 
est, an intermediate, and the lowest expression levels. 

Analysis of the GRP Promoter 

reporter gene. At the 3' end, all fragments terminated at 
position +8 in the GRP leader sequence. The constructs 
were used to transform tobacco, and the resulting trans- 
genic plants were named PRC645 (1 O plants), PRC400 (5 
plants), PRC135 (10 plants), and PRC114 (5 plants). In- 
duction of the CAT gene in these plants was assayed by 
floating leaf discs for 24 hr on water or water containing 1 
mM salicylate. Table 3 lists the average levels of CAT 
activity measured in these leaf discs, and Figure 5 shows 
the results of CAT assays done with representative plants 
from the four groups of transformants. In general, the 
PRCl l4 ,  PRC135, and PRC400 plants showed little or no 
induction of CAT activity by salicylate (Figure 5, lanes 6 to 
11). However, one PRC135 plant (PRCl35-7) showed an 
exceptionally high induction of the reporter gene by sali- 
cylate (Figure 5, lanes 1 and 2). In contrast to all other 
transformants, this plant showed an abnormal phenotype. 
The distance between internodes was increased and the 
leaves were yellow-green. 

In one of the PRC645 plants (PRC645-4), the CAT gene 
was not inducible by salicylate. All other PRC645 plants 
showed CAT activities comparable with those shown in 
lanes 3 to 5 of Figure 5. The background in leaf discs 
assayed immediately after punching was rather low (lane 
3). Flotation on water induced a significant CAT activity 
(lane 4). This may be due to the wounding involved in 
making the leaf discs. However, when the leaf discs were 
floated on the salicylate solution, the CAT activity was 3 
times to 7 times higher than in the water-treated control 
(Figure 5, lane 5; Table 3). 

Seeds from two PRC400 plants (PRC400-4 and -5) and 
three PRC645 plants (PRC645-1, -3 and -6) were used to 
grow kanamycin-resistant progeny plants. These plants 
were assayed for induction of the CAT gene by TMV 
infection, using salicylate treatment as a control. Table 4 
lists the average leve1 of CAT activity measured in samples 
of these plants. In the PRC400 plants, salicylate and TMV 
induced no detectable CAT activity. In the PRC645 prog- 
eny plants, the background of CAT activity (zero time 
sample) was higher than in the primary transformants. This 
may be due to a difference in growing conditions of the 
plants. Compared with the water-treated control, salicylate 

Table 2. lnduction of GUS Activity in Plants Transformed with 
pXAlO1, pXS101, and pCPl01" 

Transformant n Time Water Salicylate Mock TMV 
Zero 

0.8 10.3 

0.1 0.1 

pXAl O 1  10 0.6 0.8 2.3 

pCPl0l 14 0.1 0.1 0.3 
pXSl o1 10 0.5 0.8 2.3 1.0 3.7 

Fragments containing 645 bp, 400 bp, 135 bp, and 114 
bp of the upstream sequence of the G R ~  gene in clone 
gGRP-8 (Van Kan et al., 1988) were fused to the CAT 

"The structure of plasmids pXA101, pXSlO1, and pCPlOl is 
shown in Figure 3. Experimental conditions are given in a footnote 
to Table 1. 
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Figure 4. lnduction of GUS Activity in Tobacco Transformed with 
PR-1 a/35S/GUS Fusions. 

Plants were transformed with constructs pXAlO1 and pXS101 
shown schematically in Figure 3. Leaf discs from noninoculated 
plants were assayed for GUS activity directly after punching (zero 
time) or after flotation for 24 hr on water (water) or water contain- 
ing 1 mM salicylate (salicylate). In addition, leaf discs were assayed 
from mock-inoculated (mock) and TMV-inoculated (TMV) leaves. 
For each construct, the GUS activity is shown for the plant with 
the highest expression level (l), an intermediate expression level 
(2), and the lowest expression level (3). 

DlSCUSSlON 

Genes encoding PR-1 -like proteins are highly conserved 
in both dicotyledonous and monocotyledonous plants 
(Nassuth and Sanger, 1986; White et al., 1987), and PR-1 
may constitute more than 1% of the soluble leaf protein 
when plants are subjected to various stress conditions 
(Antoniw and Pierpoint, 1978). In addition to a hypersen- 
sitive response to pathogens, PR-1 proteins are known to 
be induced by a wide variety of abiotic agents, including 
plant hormones such as ethylene, abscisic acid, and cy- 
tokinin; aromatic compounds like benzoic acid, salicylic 
acid, and acetylsalicylic acid; amino acid derivatives; poly- 
acrylic acid; barium and manganese salts; and elicitors 
obtained from funga1 and bacterial cell cultures (for refer- 
entes see Van Loon, 1982, 1985; BOI, 1988). lnducers 
triggering the expression of tobacco GRP genes have been 
studied in less detail. It is known that GRP expression is 
leaf specific and light dependent and that the GRP genes 
are strongly induced by ethylene (Memelink, 1988). The 
function of PR-1 and GRP is not known. It has been 
suggested that these salicylate-inducible proteins are in- 
volved in the salicylate-induced resistance of tobacco to 
virus infection. However, constitutive expression of PR-1 
or GRP in transgenic tobacco did not reduce the suscep- 
tibility of the plants to infection with TMV or alfalfa mosaic 
virus (Linthorst et al., 1989). Glycine-rich proteins, induced 
by wounding, water stress, or plant hormones, have been 
characterized at the molecular level in petunia (Condit and 
Meagher, 1987), bean (Keller et al., 1988), maize (Gomez 
et al., 1988), and rice (Mundy and Chua, 1988). The bean 
GRP has been shown to be a cell wall component, asso- 
ciated with the vascular system (Keller et al., 1988). By 
analogy, the TMV-induced tobacco GRP may be a cell wall 
component. 

Table 3. lnduction of CAT Activity in PRC Plants by Salicylate 
Treatment" 

GRP Upstream 
Sequenceb n Water Salicylate 

treatment caused a threefold to fourfold increase of CAT 
activity, as was observed before. Mock inoculation of 
PRC645 plants did not induce the reporter gene, but TMV 
infection resulted in a sevenfold to eightfold increase in the 
level of CAT activity. Data obtained with a representative 
PRC645 plant are shown in Figure 6. Together, the results 
demonstrate that elements between -400 and -645 of 
the GRP upstream sequence are important to induction of 
the reporter gene by both salicylate treatment and TMV 
infection. 

bP 
645 - 10 37.7 115.9 
400 5 0.1 0.3 
135 10 0.0 0.4 
114 5 0.0 0.1 
O 3 0.0 0.0 

a Leaf discs from PRC plants were assayed for CAT activity after 
flotation for 24 hr on water (Water) or water containing 1 mM 
salicylate (Salicylate). The average of CAT activity in n plants is 
given. 

Upstream sequence of O bp: control plants transformed with 
pAGSl29 containing the CAT gene. 
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Figure 5. Induction of CAT Activity in Tobacco Transformed with
GRP/CAT Gene Fusions.

Figures below the bars give the number of base pairs of the GRP
upstream sequences that were fused to the CAT gene. Leaf discs
of plants PRC135-7 (lanes 1 and 2), PRC645-1 (lanes 3 to 5),
PRC400-4 (lanes 6 and 7), PRC135-8 (lanes 8 and 9), and
PRC114-2 (lanes 10 and 11) were assayed for CAT activity either
directly (lane 3), or after flotation on water (lanes W) or water
containing 1 mM salicylate (lanes S). As a control, the CAT gene
was fused to the CaMV 35S promoter (lanes 12 and 13).

Studies on signals and transduction mechanisms for
activation of plant defense genes represent an active area
of research (for a review, see Lamb et al., 1989). For the
potato proteinase inhibitor II gene, evidence has been
obtained that an upstream sequence of 1 kb contains
sequences necessary for wound-inducible expression
(Thornburg et al., 1987; An et al., 1989). A functional
analysis of the promoter of the bean chalcone synthase
gene suggested the location of an activator between the
TATA-box and -173 and an upstream silencer between
-173 and -326, modulating the induction of the gene by
elicitor and glutathione (Dron et al., 1988). Stimulation of
transcription by glutathione was accompanied by the in-
duction of three DNase I hypersensitive sites between -53
and +79, suggesting the location of binding sites for
transacting factors in this region (Lawton et al., 1990). Our
results indicate that more extensive upstream sequences
are required for the induction of tobacco PR-1 and GRP
genes by microbial attack and abiotic agents. Figure 7
shows a schematic representation of various elements
that have been recognized in the upstream sequences of
the PR-1 a and GRP genes. The finding that the sequence
of -689 to +29 of the PR-1 a gene is sufficient for induction
of the reporter gene by salicylate treatment and TMV
infection indicates that the 36-bp direct repeat upstream
of position —689 may not be involved in these processes.

Because constructs with 643-bp or smaller fragments of
the upstream sequence were inactive, the region between
-689 and -643 probably contains elements important to
the induction of the PR-1 a gene by the two treatments.
The finding that the sequence from —625 to -902 confers
salicylate and TMV inducibility to a fusion of the 35S core
promoter and the GUS gene is in agreement with this
conclusion. Apparently, regulatory elements involved in the
induction of the PR-1 a gene by salicylate treatment, by
local TMV infection, and by systemic induction in TMV-
infected plants either coincide or are clustered in a small
region of the PR-1 a promoter. The data from Table 1 and
Figure 1B suggest a gradual decrease in the inducibility of
the reporter gene when the upstream sequence of the PR-
1a gene is reduced from 902 bp to 689 bp. This could
indicate that elements in this region enhance the induction.
However, in view of the wide variation in promoter activity
among independent transgenic plants observed in this
study and by others (Odell et al., 1987; Sanders et al.,
1987; Dean et al., 1988), it is difficult to draw conclusions
from quantitative differences observed with PRB plants
containing 689 bp to 902 bp of the PR-1 a upstream
sequences.

Figure 7 illustrates that the GRP upstream sequence is
rather rich in direct and inverted repeats, the most promi-
nent being a 64-bp inverted repeat that is almost identical
to a similar structure in the upstream sequence of the
ribulose-1,5-bisphosphate carboxylase/oxygenase small
subunit gene of tobacco (Van Kan et al., 1988). All of these
repeats are part of the sequence of -645 to +8 that was
found to be required for a reproducible induction of the
reporter gene by salicylate treatment and TMV infection.
Because transformants containing 400 bp or fewer of the
GRP upstream sequence were largely inactive, elements
present between -400 and -645 are probably required
for efficient induction of the GRP gene by salicylate treat-
ment and TMV infection. Around —540, the sequence
TGTGGAAA is found, which is identical to the SV40 core
enhancer sequence (ENH in Figure 7). A comparison of
the PR-1 a and GRP upstream sequences revealed only
very limited sequence similarities (Van Kan et al., 1988).
Between -689 and -643 of the PR-1 a promoter, the
sequences TGGAAATTA and GGAAATTA are found,
which resemble the SV40 core enhancer to some extent.

Table 4. Induction of CAT Activity in PRC Plants by Salicylate
Treatment and TMV Infection8

GRP Upstream
Sequence
bp
645
400

n

4
4

Zero
Time

14.3
0.1

Water

35.1
0.2

Salicylate

122.2
0.1

Mock

10.7
0.0

TMV

77.1
0.1

a Experimental conditions are given in a footnote to Table 1.
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In addition to PR-1 and GRP genes, we have cloned
seven other classes of tobacco genes that are strongly
induced by TMV infection (Bol et al., 1990). It will be
interesting to compare the TMV-responsive elements of
these nine classes of genes and to analyze transacting
factors involved in their coordinate induction by TMV
infection.

METHODS

PR-1a Promoter Constructs

Figure 6. Induction of CAT Activity in PRC645 Plants.

Leaf discs from a healthy PRC645 plant were assayed for CAT
activity immediately after punching (lane 1) or after flotation for 24
hr on water (lane 2) or water containing 1 mM salicylate (lane 3).
Discs from mock-inoculated (lane 4) or TMV-inoculated PRC645
leaves (lane 5) were assayed immediately after punching.

The numbering of the upstream sequence of the PR-1 a gene that
we reported previously (Cornelissen et al., 1987) was corrected
according to data published more recently (Payne et al., 1988;
Pfitzner et al., 1988). A Hindlll site at position +856 of the PR-1 a
genomic clone (Cornelissen et al., 1987) was used as the starting
point to remove the coding region by Bal31 digestion up to
nucleotide +30 in the leader sequence. The digestion was fol-
lowed by addition of a BamHI linker.

An Xhol site at position -902 in the upstream sequence and
the generated BamHI site were used to produce a fragment from
the truncated clone containing nucleotides -902 to +29 of the
PR-1 a gene. This fragment was inserted upstream of the GUS
gene in the Sall/BamHI-digested transformation vector pBI101
(Jefferson et al., 1987), creating construct PRB902. To obtain
smaller PR-1 a promoter fragments, a series of deletions were
made with Bal31 , starting from position -902 in PRB902, ending
at positions -792, -742, -689, -643, -516, and -436. Hindlll
linkers were added to the truncated ends, and, after cutting with
Hindlll and BamHI, the PR-1 a promoter fragments were fused to
the GUS gene by ligation into pBI101 digested with Hindlll and

A comparison of this region of the PR-1 a promoter with
upstream sequences of other TMV-inducible tobacco
genes did not reveal any significant sequence similarity
(Van Kanetal., 1989).

Recently, regulatory elements have been analyzed of an
ethylene-inducible bean PR gene encoding a chitinase
(Broglie et al., 1989). The results pointed to the location of
an activator between -575 and -422 and the location of
ethylene-responsive elements between -422 and -195 in
the upstream sequence of this chitinase gene. It could be
that, also in the tobacco GRP gene, the sequence from
-400 to —645 contains an activator, whereas salicylate-
and TMV-responsive elements are located closer to the
TATA box. In this case, the unusual inducibility of the CAT
gene in the PRC135-7 plant (Figure 5, lane 2) could be
explained by integration of the chimeric gene near an
enhancer sequence in the recipient DMA. Alternatively, the
stress condition caused by the abnormal phenotype of this
plant could have played a role.
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Figure 7. Structural Features of the PR-1 a and GRP Upstream
Sequences.

The 5' region of the coding sequences of the PR-1 a and GRP
sequences are indicated by hatched boxes. Arrows represent
direct or inverted repeats of the indicated length. Figures below
the bars give the 5' end of deletion mutants discussed in the text.
Other features are: CAP, transcription initiation site (+1); TATA,
TATA box; HS, box resembling the heat-shock consensus se-
quence; ACT, box that has been identified as an activator se-
quence in several plant genes; ENH, box that is identical to the
SV40 core enhancer sequence. Data are from Cornelissen et al.
(1987) and Van Kan et al. (1988).
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BamHI. The resulting constructs were named PRB792, PRB742, 
PRB689, PRB643, PRB516, and PRB436, the figure giving the 
number of base pairs of the PR-1a upstream sequence present 
in the construct. Another promoter fragment was obtained by 
using an Accl site at position -287 of the PR-Ia promoter. After 
digestion with Accl and addition of a Hindlll linker, a Hindlll/BamHI 
fragment was obtained containing nucleotides -287 to +29 of 
the PR-1a gene. This fragment was ligated into pBllOl, yielding 
construct PRB287. Leaf discs of Nicotiana tabacum cv Samsun 
NN were transformed with the PR-1 a constructs and with pBI1 O1 
(PRBO) as a negative control, and transgenic plants were regen- 
erated as described below. 

Chimeric PR-la/35S Promoter Constructs 

A fragment containing the cauliflower mosaic virus (CaMV) 35s 
core promoter (nucleotides -90 to +1) was obtained by digesting 
pMOG181 (supplied by MOGEN International, Leiden) with EcoRV 
and BamHI. The transformation vector pBI101 was digested with 
Xbal, treated with Klenow polymerase to generate blunt ends, 
and digested with BamHI. Subsequently, the 35s promoter frag- 
ment was ligated into this vector, creating pCPlO1. The PR-1 a 
genomic clone was digested with Xhol and Sspl to obtain a 
promoter fragment containing nucleotides -902 to -625, 
whereas digestion with Xhol and Accl was used to isolate a 
fragment containing nucleotides -902 to -287. After addition of 
Sal1 linkers, the PR-1 a promoter fragments were cloned upstream 
of the 35s promoter element in pCPl O1 digested with Sall. The 
orientation of the PR-1 a fragments was checked by restriction 
enzyme analysis, and the constructs were named pXA101 (nu- 
cleotides -902 to -287) and pXSl O1 (nucleotides -902 to -625). 
Tobacco leaf discs were transformed with pCP101, pXAlO1, and 
pXSlOl as described below. 

GRP Promoter Constructs 

Studies on the GRP promoter were done with a Hindlll restriction 
fragment containing nucleotides -645 to +155 of the genomic 
clone gGRP-8 (Van Kan et al., 1988). The sequence from +9 to 
+155, including the ATG initiation codon of the GRP reading 
frame, was removed by Ba131 digestion. The resulting fragment 
was used to generate a nested set of subclones with the 5'- 
terminal sequence reduced to -400, -1 35, and -1 14 by making 
use of EcoRV, Haelll, and Aval1 restriction sites occurring at these 
positions, respectively. Using Clal linkers, these fragments were 
fused to the CAT gene containing a polyadenylation signal from 
the nopaline synthetase gene (Tnos). In control experiments, the 
GRP sequence was replaced by a fragment containing the CaMV 
35s promoter. The fragments containing the CAT gene, Tnos, 
and the 35s promoter have been described (Fromm et al., 1985; 
Van Dun et al., 1987). The GRP/CAT constructs, cloned in pUC8, 
were inserted in the Hindlll site of the transformation vector 
pAGSl29 (Van Dun et al., 1987). 

Plant Transformation 

Transformation vectors were transferred to Agrobacterium tume- 
faciens by a triparental mating procedure (Van Dun et al., 1987). 
Leaf discs of N. tabacum cv Samsun NN were transformed with 
the PR-Ia and GRP constructs, and transgenic plants were 

regenerated as described (Horsch et al., 1985). Resistance to 
kanamycin, conferred by the NPTll gene in the transformation 
vectors, was used as a selectable marker. Progeny plants from 
primary transformants were obtained by germinating seeds on a 
medium containing kanamycin. 

Treatment of Transgenic Plants 

Discs of 2.5 cm were punched out from leaves of transgenic 
plants and floated in a Petri dish on water or on a neutralized 
solution containing 1 mM of salicylate for 24 hr at 26OC. After 
incubation, the leaf discs were frozen in liquid nitrogen and stored 
at -20°C until homogenization. For TMV inoculation, carborun- 
dum-dusted leaves were rubbed with a suspension of 5 pg/mL 
TMV (strain WUl) in PEN buffer (10 mM NaH2P04, 1 mM EDTA, 
1 mM NaN,, pH 7.0). Leaf discs were punched out from primary 
inoculated and virus-free upper leaves at 4 days and 14 days 
after inoculation, respectively. 

CAT and GUS Assays 

For CAT assays, each leaf disc was homogenized in 1.5 mL of 
buffer containing 250 mM Tris/HCI, 5 mM EDTA, pH 7.5. The 
assay was done with 0.1-mL samples as described (Fromm et al., 
1985). CAT activity is expressed in units; 1 unit is the activity 
converting 1 nmol of chloramphenicol per hour per milligram of 
extracted protein. For GUS assays, each leaf disc was homoge- 
nized in 1.5 mL of a buffer containing 50 mM NaH,P04, pH 7.0, 
10 mM EDTA, 0.1% Triton X-100, 0.1% sarkosyl, 10 mM p- 
mercaptoethanol. The homogenate was centrifuged for 1 O min in 
an Eppendorf centrifuge, and samples of 5 pL to 20 pL of the 
supernatant were incubated in a final volume of 0.1 mL containing 
50 mM NaH2P04, pH 7.0, O.lo/o Triton X-100, 10 mM p-mercap- 
toethanol, 1 m M  p-nitrophenylglucuronide, 0.02% NaN,, and 1 O0 
wg/mL BSA. After an incubation of 16 hr at 37OC, the reaction 
was terminated by the addition of 40 pL of 2.5 M 2-amino-2- 
methyl-propanediol. Absorbance was measured at 405 nm against 
a stopped blank reaction to which an identical amount of extract 
had been added. GUS activity is given in units; 1 unit is the activity 
converting 1 nmol of p-nitrophenylglucuronide per hour per milli- 
gram of extracted protein. 
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