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Abstract 

We have characterized a genomic clone containing the potato pathogenesis-related genes STH-2 and 
STH-21. The two genes are found 4 kb apart on the same chromosome and their sequences are highly 
similar. They present the same transcriptional orientation and are both interrupted by a single intron. 
A chimaeric gene consisting of 1015 bp of 5'-flanking sequence and part of the first exon of STH-2 fused 
to the bacterial fl-glucuronidase gene was highly-expressed in tubers of transgenic potato plants after 
wounding and elicitor treatments. The levels of activity observed in these transgenic plants parallel those 
observed for the accumulation of STH-2 mRNAs under similar conditions. This indicates that cis-acting 
elements necessary for the proper activation of the gene are present within 1 kb of 5'-flanking sequences. 
Functional analysis of 5' deletions of the STH-2/GUS constructs by transient expression in leaf pro- 
toplasts revealed the presence of an upstream regulatory sequence between -135 and -52 which con- 
tains a TGAC motif, and a possible negative regulatory region between -52 and -28. A factor present 
in nuclear extracts of wounded potato tubers was found to bind specifically to nucleotides located be- 
tween -135 to -105, suggesting that this region contains important cis-regulatory elements. 

Introduction 

Pathogen infection and wounding are two impor- 
tant stress conditions encountered by plants. In 
both cases, plants respond by altering the expres- 
sion of specific genes, an event which often results 
in profound modifications in primary and second- 
ary metabolism. In numerous plant-microbe in- 

teraction systems, a consensus of events contrib- 
uting to the resistance of the plant has now been 
identified [see 16, 23 for recent reviews]. In the 
potato, typical hypersensitive response symptoms 
appear when the leaves or tubers are inoculated 
with an incompatible (avirulent) race of the late 
blight fungus Phytophthora infestans (Mont.) de 
Bar y, or when the plant is treated with an elici- 

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under 
the accession numbers M29041 (STH-2) and M29042 (STH-21). 
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tor such as arachidonic acid. The hypersensitive 
response is characterized by a coordinated death 
of cells immediately surrounding the point of 
pathogen ingress. How it is controlled and medi- 
ated is unclear, but the resulting zone of dead 
cells is thought to inhibit further growth of the 
pathogen [34]. This response is also accompa- 
nied by changes in various metabolic activities, 
including the synthesis of sesquiterpenoid phy- 
toalexins [8], chitinase and t - l ,3  glucanases [22] 
as well as phenylalanine ammonia-lyase, 4-cou- 
marate:CoA ligase [15] and alcohol dehydroge- 
nase [7, 31]. Many genes coding for proteins of 
unknown function are also induced in potato 
upon infection, elicitor treatment or wounding 
[25, 41, 43]. One such group of genes is exem- 
plified by the STH-2 gene family, which was 
shown to be induced rapidly in potato during the 
hypersensitive response [28, 29]. STH-2 protein 
accumulates following elicitation or infection in 
tuber, stem, petiole and leaf tissue [6, C.P. Con- 
stabel and N. Brisson, in preparation]. Signifi- 
cant levels were also detected after wounding. 
Whether STH-2 protein is required for resistance 
to pathogens is not yet clear; however a low con- 
centration of spores induced accumulation of 
STH-2 protein faster and to higher levels in the 
incompatible (host-resistant) than in the compat- 
ible (host-susceptible) interaction [6]. 

The function of the STH-2 gene product is un- 
known. Sequence data comparisons do not point 
to any biological activity. However, STH-2 ho- 
mologous genes were also described from infected 
pea endocarp [14] and elicited parsley and bean 
cell suspensions [40, 45]. Recently a related gene 
from a monocot plant family was cloned from 
mechanically isolated and cultured asparagus 
cells [46]. STH-2 homologous genes have also 
been found to be expressed during late pea em- 
bryogenesis [1], in auxin-starved soybean cell 
cultures [9], as well as in birch pollen [3]. The 
presence of homologous genes activated by infec- 
tion or elicitation in both monocot and dicot plant 
families suggests that STH-2 is important in the 
plant disease response. 

We have reported the sequence of the gene 
corresponding to the pSTH-21 cDNA clone [30]. 

In the present study we report the isolation and 
characterization of the gene corresponding to the 
pSTH-2 eDNA clone. We show that the STH-21 
and STH-2 genes are found closely together on 
the same chromosome and that their structure is 
highly similar. About 1 kb of 5' flanking DNA is 
sufficient to direct wound and elicitor induction of 
the STH-2 gene in transgenic plants and a short 
30 bp region of this flanking DNA appears to play 
an especially important role for the expression of 
this gene. 

Materials and methods 

Materials 

DNA modification enzymes were purchased from 
New England Biolabs, Beverly, MA. Arachidonic 
acid was purchased from Sigma, St.-Louis, MO. 
The Sequenase sequencing kit was purchased 
from U.S. Biochemical, Cleveland, OH. Cellul- 
ysin and macerase were from Calbiochem, 
LaJolla, CA. Ancymidol was a gift from Elanco 
Products, Indianapolis, IN. pBI101 and pBI221 
vectors were purchased from Clontech Labora- 
tories, Palo Alto, CA. 

Isolation and characterization of genomic clones 

The construction of a 2EMBL3 potato genomic 
library has been described previously [4]. The 
library was screened with the pSTH-2 cDNA in- 
sert [29] radiolabelled by the random primer 
method [13] and positive clones were purified by 
three rounds of plating and screening. Phage 
DNA was isolated from a selected clone and the 
12 kb insert was mapped by the partial digestion 
method of Smith and Birnstiel [39]. DNA frag- 
ments were subcloned in the pBluescript plasmid 
vector (Stratagene, San Diego, CA) and the se- 
quence was determined by the dideoxy chain ter- 
mination method [ 36 ]. The transcription start site 
was determined as described by Wu et al. [48] by 
primer extension of mRNAs isolated from 24 h 
elicitor-treated potato tuber discs. The 16-mer 



primer used in these experiments was located at 
position + 79 to + 94. 

Potato transformation and assay for GUS activity 

A Hind III fragment spanning the region from 
-1015 to + 145 of the STH-2 gene was modified 

by ligation of a 10-mer Hind III to Barn HI adap- 
tor (5'-AGCTGGATCC-3').  The modified frag- 
ment was inserted into the Barn HI restriction site 
in the transformation vector pBI101 which con- 
tains the Escherichia coli uidA (fl-glucuronidase, 
GUS) gene followed by the nopaline synthase 3' 
terminator region [ 18, 19]. This placed the STH-2 
coding sequence in phase with the GUS coding 
sequence. The STH-2/GUS construct was then 
introduced into the disarmed Agrobacterium 
tumefaciens strain LBA4404 by the triparental 
mating procedure [12]. Potato plants (Solanum 
tuberosum L. cv. Drsirre) were transformed using 
a modified leaf disc co-cultivation method [ 10, 
17]. Mini-tubers were prepared by placing nodes 
of in vitro grown transgenic D6sir6e potato plants 
on solid (0.6~o agar) MS medium [33] supple- 
mented with 80 g/1 sucrose and 3 mg/1 ancymidol. 
Mini-tubers were grown in the dark at 20 °C for 
one month and used immediately after harvest- 
ing. The mini-tubers (ca. 6 mm in diameter) were 
cut in halves, placed on a moistened sterile What- 
man 3MM paper in a small Petri dish and the 
cut surface treated with 5 #1 of water (wound re- 
sponse) or 5 #l of an emulsion of arachidonic acid 
(1 ktg/#l) (elicitor treatment) for 24 h. Unsliced 
mini-tubers from untransformed plants were used 
as controls. The mini-tubers were ground at 4 °C 
in extraction buffer (50 mM sodium phosphate 
pH 7.0, 10 mM EDTA, 0.1~o v/v Triton X-100, 
0.1 ~o Sarkosyl, 15 mM 2-mercaptoethanol, [ 19], 
the extracts cleared by centrifugation, and the 
protein concentration adjusted to 0.1 mg/ml. 
GUS assays were performed in 50 #1 of extrac- 
tion buffer with 1 mM 4-methylumbelliferyl glu- 
curonide (MUG) as described [19]. Fluoromet- 
ric measurements were performed on a Hoefer 
Scientific DNA Fluorometer. 
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S TH-2 / G US constructions 

The -1015 to + 145 STH-2 modified fragment 
was inserted at the Bam HI site of the promoter- 
less pBI201 vector which was obtained by dele- 
tion of the CaMV 35S promoter from the pBI221 
vector. Deletions in the Y-upstream region of 
STH-2 were generated by using useful restriction 
sites (Eco RI, -670; Spe I, -549; Eco 47 III, 
-281; Xmn I, -179; Xba I -135 and -52), liga- 
tion of synthesized fragments to an existing de- 
letion ( -80)  and PCR amplification ( -27  and 
-5). The CaMV 35S minimal promoter [2] was 
excised as an Eco RV/Bam HI fragment (-90,  
+ 5) from the pBI221 plasmid. The DNA spacer 

was a 1 kb fragment of mitochondrial DNA from 
Allomyces macrogynus 

Protoplast isolation and electroporation 

Leaf mesophyll protoplasts were isolated from 
6-week-old in vitro grown potato plants cv. D~- 
sirre. The protoplast isolation procedure and cul- 
ture media are as described by Magnien [27], 
except for the enzymatic solution which contained 
2 ~o w/v cellulysin and 0.5 ~o w/v macerase. Elec- 
troporation of protoplasts was conducted with a 
home-made capacitor discharge system, using the 
disposable electroporation chambers (0.4 cm) of 
the Cell-Porator System of Gibco-BRL (Gaith- 
ersburg, MD). The electrical pulse was delivered 
from a 1000#F capacitor charged at 185 V. 
Pulses from the electroporator were delivered to 
320/11 of protoplasts (1 x 10 6 protoplasts/ml) to 
which was added 160 #1 of a solution containing 
10 mM HEPES, 150 mM NaC1, 5 mM CaC12, 
335 mM mannitol and 50 #g of CsCl-purified su- 
percoiled plasmid DNA (1 #g/#l). After elec- 
troporation the protoplasts were left on ice for 
10 min and then transferred to 3.5 ml of medium. 
They were incubated at room temperature for 
18 h in the dark, harvested by gentle centrifuga- 
tion and lysed by vortexing in the GUS assay 
medium [19]. Protein content was determined 
using the BioRad Bradford protein assay. GUS 
activity was measured according to Jefferson et al. 
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[19]. Each construction has been assayed by 
electroporation with 3 to 10 batches of proto- 
plasts. The results shown in Figs. 4 and 5 have 
been obtained with two batches of protoplasts 
prepared at different times, and each construction 
has been electroporated three times with each 
batch of protoplasts. Expression levels are ex- 
pressed relative to the value of the - 1015 to + 145 
GUS construction which was used as an internal 
control. 

Preparation of crude nuclear extracts 

Treatment of potato tubers with arachidonic acid 
(elicitor response) and water (wounding response) 
was performed as described previously [28]. The 
preparation of nuclear extracts was carried out 
essentially by the method of Willmitzer and Wag- 
ner [47]. The tuber discs treated for 17 h and 
freshly cut tubers were homogenized in a blender 
in 2ml/g ice-cold buffer C (0.25 M sucrose, 
10 mM NaC1, 10 mM MES-NaOH pH 6.0, 5 
mM EDTA, 0.15 mM spermine, 0.5 
mM spermidine, 20 mM 2-mercaptoethanol and 
0.2 mM phenylmethylsulphonyl fluoride 
(PMSF)) containing 0.6~o Nonidet P40 and 
0.1~o bovine serum albumin (BSA). The homo- 
genate was filtered through three layers of Mira- 
cloth and one 60/~m nylon membrane then cen- 
trifuged for 5 min at 4000 x g. The crude nuclear 
pellet was resuspended in 1/10 volume buffer C 
containing 0.6~o Nonidet P40, loaded on a 50~o/ 
88~o Percoll step gradient and centrifuged for 
15 min at 4000 × g in a swinging-bucket rotor. 
Material at the interface was collected and diluted 
with buffer C. The nuclei were pelleted by centri- 
fugation at 4000 × g for 5 min. Nuclear proteins 
were prepared from this crude nuclear pellet by 
resuspension and sonication in 0.5-1 ml extrac- 
tion buffer (420mM KC1, 20mM HEPES- 
NaOH pH 7.9, 1.5 mM MgC12, 0.2 mM EDTA, 
0.5mM PMSF, 0.5 mM DTT, 25~o glycerol). 
The mixture was incubated for 1-2 h on ice, and 
nuclear debris were removed by centrifugation for 
15 min at 15 000 x g. Extracts containing nuclear 
proteins were dialysed for 3 h against 100-200 

volumes of extraction buffer containing 50 mM 
KC1. Aliquots were frozen and stored at -80 ° C. 

Probe and competitor DNA preparation 

All probes were labelled at the 3' end using the 
Klenow fragment of DNA polymerase I. Total 
incorporation of radioactivity (usually 10 4- 
105cpm/ng of DNA) was assayed on DE81 
paper. The STH-2 probe and competitor DNA 
fragments spanning the region -135 to -52 were 
isolated by preparative gel electrophoresis. The 
AP-1 DNA element, which interacts with the pro- 
teins c-Jun and c-Fos, was isolated from a plas- 
mid containing several copies of the element [ 11 ]. 
The plasmid pBluescript (pBS) was obtained 
from Stratagene. 

Gel retardation assays 

Binding reactions were carried out at 22 °C for 
30 min in a total volume of 30 #l containing 
20mM HEPES-NaOH pH 7.9, 150mM KC1, 
1.5 mM MgCI z, 0.2 mM EDTA, 0.5 mM PMSF, 
0.5 mM DTT, 6% glycerol, 2#g  poly(dIdC), 
15/~g of crude nuclear extract and the labelled 
DNA fragment. Competition reactions were con- 
ducted with various competitors added in the 
molar ratios described in the text. After incuba- 
tions, reactions were loaded onto 6% polyacry- 
lamide gels (30:0.8, acrylamide/bisacrylamide in 
50 mM Tris-HC1 pH 8.0, 380 mM glycine, 2 mM 
EDTA), which had been pre-run at 8 V/cm for 
1 h. Electrophoresis was performed under the 
same conditions. Gels were blotted on Whatman 
3MM paper, dried and exposed to X-ray films. 

Results 

Structure of the STH-2 and STH-21 genes 

A genomic library in 2EMBL3 was screened with 
the cDNA insert from pSTH-2 [29] and a posi- 
tive clone containing a 12 kb insert was charac- 
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Fig. 1. A. Organization of  two members of  the STH-2 gene 
family on a 12 kb potato genomic clone. B. Comparison of the 
STH-2 and STH-21 genes. The black boxes represent exon 
sequences and IVS is the intervening sequence. The percent- 
age identity was calculated using the Align program [24]. Ar- 
rows indicate the direction of transcription. S, SalI; B, 
Barn HI, E, Eco RI; H, Hind III. 

terized by partial digestion mapping. Regions of 
the insert hybridizing to the pSTH-2 cDNA in- 
sert were subcloned and analyzed by sequencing. 
The results indicated that two highly similar genes 
separated by approximately 4 kb were present on 
the genomic clone (Fig. 1A). The sequence of one 
of these genes (STH-21) has already been 
reported [30] and was shown to correspond per- 
fectly (100~o match) to the sequence of the pre- 
viously characterized pSTH-21 cDNA [29]. The 
sequence of the second gene has now been de- 
termined and is presented in Fig. 2. The sequence 
of the exons, including the untranslated regions, 
shows 100~o similarity with the sequence of the 
previously characterized pSTH-2 cDNA [29]. 
The STH-2 and STH-21 genomic sequences 
therefore likely correspond to active genes. 

Both STH-2 and STH-21 contain a single short 
intervening sequence interrupting the coding re- 
gions at amino acid 57. Figure 1B shows that 
both 5'-upstream and 3'-downstream regions are 
highly-conserved between the two genes. The 5'- 

Fig. 2. Nucleotide and deduced amino acid sequences of the 
STH-2 gene. The restriction sites used to create the deletions 
analysed in Fig. 4 are indicated. The TATA element is boxed. 
The transcription start site is the + 1 nucleotide. 
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-1500 TTGTCGTCATTTGTGTTCTAAGTAGAAAATTGTGATA 

-1440 TTGAAAAATAGAAAATTGTTGATTAAGTTGGTACCTCTAGTAATTCTCTTAGATTCTGTC 

-1380 ATTGGAQCGTGATTTAGAGTTTATCAAATCCTAAACGTGATTTCAACTACATACAACAAT 

-1320TTTAAACAAAAATAAAATCATAAAATAAATCTTAAAAAACGAATAJ~AGATGCATACCTCA 

-1260 ATAAAAGGGATTGTGTGAATATCTTTATAAATATATTTTTCAATTTCTGGAAAAAAAGAA 

-1200 AGGAAGAGAGAGGCGAATTTTGA~ATGGAGTAGAATTGGAAUATUTAAATATGTTGCAAA 

-1140 AAAAAGAAGAAGATGAAAATATGAGAGAGAGAAAATATTCCCTTTATTTTAAACATATGA 

-I°80TAAGGGATTAATTGGGAAATGTGTAATTAAGGTAAGATAAAATAGGAAGTAAATTAGGAT 

HindIII 
-1020 ACACAAGCTTTTCTAAAATAATGACATTTTGACATTTTTACTAATATTTATAAAATATGG 

-960 AGGTTTTTACTAATTAAGTTAGACTTTTTGACTAGTTTGCTAATTTTTCCTATTTATTAC 

-900 GCCTTTTACAACATAGATAGTGGGATATTATGATACAAATAAATAAAATTATGCTCTCGG 

-840 CATAAGTATATGTTTATTAATTTTTTGTACGGATACTCGATATTAUAAAATTTTGAGUCA 

-780 AAAACTTCTTCCCTAGTTCCTTAGTTCGTATTTTCTATATGAAACTTTAATAGTTATTTG 

ECORI 
-720 AATTAATTTUTAGACTTTCTAAAAAAAAATCATTTTGTTAAAAAGCTAAAGAATTCAATT 

-660 TATAAGCAA~ATGAAAGAGATTTATTAACCACTAATCATTTATGTGTCAATTTTCTAGCA 

SpeI 
-600 TCCATTAAAAAGGATAATGTAAATGAATATATAAACTAAATAAATAATCAAACTAGTCTT 

-540 TTGAACTGTACTCTCTTGTTTAGTCTATGAAACATACCTTATATAATTGATGAACTAATA 

-480 GAGTTAAAAAATAGAAATAAAACTTTGTAGGTTTGAACACATGAATATAATATACCCATA 

-420 ACCCATGT~TCAGTAAGCCTCATTGT~FAGACCATTTGACATAAAGTTTTCCGCGCGACTA 

-360 CGGCAGTGUATGGAGTTGCTCTTTCTTTAATAAAATATTTTGGGTTCAAACTTTGTGTAT 

Eco471II 
-300 GGAAATTTTTTCGATAGAGAGCGCTTCCTCTCAAACAAGACCCTATCCGACTCTAATACG 

-240 CGTACCAAATATCAGATAGAAAATCAAATAAAACATAAAATTCTCCAACGACATTATCTA 
Xmnl X b a l  

-180 AGAAAGTGTTCATTTAATATAAAAAGAAGGCACATTTCAAGAACATCTAGATAAAATGAC 

-120 ACAAATGTCAAAAATGGACTACTTTGAATGTTGAAATTAAGGTAAAAGGAATTAATTGTT 

XbaI 
-60 GATTTAACT,CTAGACTGTCACTTGTTTTTTTTAC~--'--~ACCATCGAACAATATTTC 

÷I ATTATCACACACCTCACAACATTCTCACACATAACATTTTUTATATCCTTTTTGTGTGTT 

61 CAATATCTCTAATAACATCATGGGTGTCACTAGCTATACACATGAGACCACAACACCAAT 

M G V T S Y T H E T T T P l  
121 TGCCCCTACTAGGTTGTTCAAAUCTTTGGTTGTTOATTCTGACAATCTTATTCCTA~GTT 

A P T R L F K A L V V D S D N L I P K L  
181 GATGCCACAAGTTAAAAATATTGAGGCTGAGGGAGATGGAAGCATCAAAAAGATGAACTT 

M P Q V K N I E A E G D G S I K K M N F  
241 TGTTGAAGGTAATATAATAATTGATCTGATTGTGTAAATATTTTTTGCACCGCTAGTAAA 

v E LIvs 

301TAGAACTAAZTAAATTTAA.%,TTCTTTGAGTGGAG~GTTAJ~I%AGTACATTTAACGTATTTC 

361 GATTATAAGAGTTTCATACCTAAAATATCAGACAACGTGACTTTCCTATCAAAAATTCTA 

421 TTCGATTGATCAAAATGTTAACTTTAAAGTTTTCCAAGAAAATTCTACAATGAATATATC 

481 AGTATATTTTCACAAGTGAGGTCTGGGTAAACGGATGTATGTAGACCATAACCTATCTTT 

54~ TGTGGAOTAAAGAAGTTATTTATGATAGACTTCC, CCTCGTTAAGTTCATTTTTGGQAATA 

601 ATTGCAGGTTCACCAATCAAGTACTTGAAGCACAAGATTCATGTTGTTGATGACAAGAAT 
I V S ~ G S P I K Y L K H K I H V V D D K N  

661 TTGGTGACCAAATATTCAATGATTUAAGGAGATGTTCTTGGAGACAAACTTGAATCCATT 
L V T K Y S M I E G D V ~ G D K L E S I  

721 TCCTATGATCTCAAATTTGAAGCTCATGGAAATOGAGGATGTGTTTGCAAGTCTATAACT 
S Y D L K F E A H G N G G C V C K B I T  

781 GAGTACCACACAAAAGGTUATTATGTGTTGAAGGATGAAGAACACAATGAAGGCCAAAAA 
E Y H T K G D Y V L K D E E H N E G Q K  

841 CAAGGCATGGA/%CTTTTCAAGATTGTTGAAGCATACCTCCTCGCCAATCCTTCTGTCTAC 
Q G M E L F K I V E A Y L L A H P S V y  

901 GCTTAAGTGATGAAJ%AAAGAATCAGGCCCACACTTGAAATATAACGTGTTGTGACATTAT 
A" 

961 ATAATAAAGTATACTCTCATTAAAAAGTTTAATCTTTTAAATGAUATGATGGTTTGAGTT 

1021 TCCATTAATGTTATAGGTCTTTTTGTTGAGTTGTGTGTTCTTTTTCCAAGTTTATCAT~G 

1081 GAAGAACTCTTAATAATGTAAGCAACCTTAAATTTTGCTTATCAAATACTTATATTAAAA 
End of eDNA 

1141 AATGTATTACTTTTCGAAAATTAATTGTTTCTAGTTAAGTACCTATAGCAGAAAATTGAT 

1201 AACTCAAATGAGGTTTATATAGTCTTTTCTAAAACTGTGGTGACCGGTTAGTGTATACAT 

1261 ATTTCGACTAATTTATTATAGTATAGAAAGTGTAAOTGGTTATTGAAACGGAGGGAGTAG 

1321 TACTATTATGTAGAATGTTTQGACTAATACTATTATGAAGAACATATATCGACTAATTCT 

1381 TTCTCAAGCATCGCATTAAATTAAATAATATCATATAAA 
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upstream sequence similarity extends throughout 
660 bp and then decreases abruptly. The 88~o 
identity in nucleotide sequence in this region is 
almost as high as that observed between the cod- 
ing regions. The nucleotide sequence similarity is 
also very high (91~o) for at least 237 bp down- 
stream of the poly(A) addition site. Multiple tran- 
scription start sites have been identified by re- 
verse transcription of polyadenylated RNA from 
elicitor-treated tuber discs, using an oligonucle- 
otide primer complementary to nucleotides + 79 
to + 94 (data not shown). The major and most 
upstream site was designated as the + 1 nucle- 
otide (Fig. 2). A putative TATA box element is 
located 25 bp upstream of the + 1 nucleotide. 

STH-2 expression in transgenic potato plants 

To determine whether c/s elements required for 
the induction of STH-2 by elicitor treatment and 
by wounding were present in the 5'-flanking re- 
gion, the sequence from - 1015 to + 145 was fused 
translationally to the E. coli uidA gene (,8- 
glucuronidase, GUS) and transgenic potato 
plants were produced. This translational fusion 
encompassed all the STH-2 5'-untranslated 
leader sequence plus 22 amino acids from the first 
exon of STH-2, and 8 amino acids derived from 
the polylinker and the GUS 5'-untranslated 
leader. Figure 3 shows that, for ten independent 
transgenic potato plants harboring the STH-2/ 
GUS gene fusion, the level of activity in unsliced 
mini-tubers was comparable to the level observed 
in tubers from untransformed plants, indicating 
that the gene is not expressed to a significant level 
in intact mini-tubers. Slicing the mini-tubers, 
however, lead to a 3-fold increase in activity, while 
treatment with arachidonic acid elicitor resulted 
in an approximately 40-fold induction. The ratios 
of activities in intact versus wounded tubers (3- 
fold increase) and wounded versus elicitor-treated 
tubers (13-fold increase) were comparable for all 
clones. These results indicate that the region from 
-1015 to + 145 is sufficient to confer wound and 
elicitor induction of the gene. 
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Fig. 3. Comparison of/~-glucuronidase activity induced by 
wounding or elicitor treatment of transgenic potato plants. 
The STH-2 region from -1015 to + 145 was fused to the 
/~-glucuronidase reporter gene and introduced in potato via 
A. tumefaciens transformation. Mini-tubers from 10 different 
transgenic plants were cut in half and treated with water 
(wounding) or arachidonic acid (elicitor treatment) for 24 h. 
Unsliced mini-tubers served as controls. D = untransformed 
mini-tubers. 

Deletion analysis of the STH-2 promoter 

The -1015 to + 145 STH-2 region was further 
analyzed in transient expression assays to deter- 
mine if specific DNA sequences having regulatory 
functions could be identified. Figure 4 shows that 
in potato leaf mesophyU protoplasts, the -135 to 
+ 145 region confers the same level of activity as 
the region extending to - 1015. This suggests that 
no regulatory sequences important for the activ- 
ity of the gene (as assayed in this transient ex- 
pression system) are present in the - 1 0 1 5  t o  - 1 3 6  

region. However, deletions - 105, -80 and -52 
showed a 3-fold decrease in GUS activity when 
compared to the -135 deletion. Deletion -27 
consistently showed higher reporter gene activity 
than the -52 deletion. Deletion -5  showed a 
very low level of GUS activity, which was only 
about twice the background level observed with 
the promoterless gene cassette pBI201. These re- 
suits suggest that an upstream activating sequence 
(UAS) is present in the - 135 to - 105 region. The 
significant decrease in activity observed when the 
-27 to -5  region is removed indicates that an 
important regulatory element is present in this 
region. This element could be a TATA box, as 



285 

GLUCURONIDASE ACTIV ITY  

-1015 7 I srH~ J~l~,(~> 

-sro I I r r~ let.~'~=> 

-~91 I =~" I ~ >  
-281 I I sn~ I ~ >  

-1791 I sm-e I G U S - N ~  

-1351 I ~ I~JS.NOS> 

-1051 I ~ leUS.I~> 

I I s r ~  IQUS-,OS> 

pmole 4-MU mg-lmin -1 

, ~  , ~  , ~  , fro ,~°°° 

-- t  
...q 

H'-- I  

qq--q 

~ H  

B ~ H  
165 

Fig. 4. Effect of 5' promoter deletions on the level of GUS 
activity. Different deletions of the STH-2 gene 5' flanking re- 
gion were fused to the GUS reporter gene and analysed for 
their activity by electroporation in potato leaf mesophyll pro- 
toplasts. Means and standard deviations are from six elec- 
troporated replicates. 

suggested by the presence of the sequence 
TATAAATA at positions -25 to -18. 

Characterization of the STH-2 upstream activating 
sequence 

The function of the putative upstream activating 
sequence present between nucleotides -135 and 
-52 was further characterized in the transient 
expression system. Figure 5 indicates that this se- 
quence could still increase transcription when 
placed in the inverse orientation (Fig. 5C), with 
activity levels higher than with the sequence 
placed in the correct orientation (Fig. 5A). The 
duplication of this sequence in the sense orienta- 
tion (Fig. 5D) resulted in almost twice the activ- 
ity observed with a single element. The ability to 
activate transcription at a distance was also in- 
vestigated by inserting a 1 kb DNA spacer be- 
tween two UAS and the -52 deletion (Fig. 5E). 
This led to a two-fold increase in reporter gene 
activity compared to the -52 deletion (Fig. 5B), 
but to a three-fold decrease in activity when com- 
pared to the same construct without the 1 kb 
spacer (Fig. 5D). The 1 kb DNA spacer had no 
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A ~//A [ STH-2 IGUS-NOS> 
-52 
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Fig. 5. Effect of the -135 to -52 region on reporter gene 
activity. The region from -135 to -52 (hatched box) was 
further analyzed by electroporation in potato leaf mesophyll 
protoplasts. The numbering defines the borders of the DNA 
fragments and their orientation. The A35S is the CaMV 35S 
minimal promoter ( -90 to + 5). Means and standard devia- 
tions are from six electroporated replicates. 

effect on the activity of the -52 deletion in the 
absence of the UAS (not shown). An internal 
deletion removing the UAS from the STH-2 pro- 
moter while keeping the rest of the sequence in- 
tact (Fig. 5H) had the same effect as deleting all 
the promoter sequence up to nucleotide -52 
(compare Fig. 5G, H and B), suggesting that the 
UAS functions independently and as a complete 
unit. This is supported by the results showing that 
an inverted STH-2 UAS retains its enhancing 
activity when positioned upstream of the CaMV 
35S minimal promoter (Fig. 5J). Finally, the in- 
sertion of the UAS upstream to the -27 deletion 
had a pronounced effect on reporter gene activ- 
ity (Fig. 5F). This gene fusion showed a 5-fold 
increase activity over the - 135 deletion (Fig. 5A), 
suggesting that the region from -52 to -28 has 
the properties of a negative regulatory element. 

Gel retardation 

In order to identify protein factors interacting with 
the STH-2 UAS, we characterized DNA-protein 
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Fig. 6. Assay of STH-2 specific binding activity in the potato 
nuclear extract. The probe (STH-2, fragment -135 to -52) 
was incubated in the absence (-) or the presence (+) of a 
nuclear extract prepared from 17 h elicited tuber disks. A 
forty-fold molar excess of specific competitor DNAs was in- 
cluded as indicated above the lanes. - 135/- 52, unlabelled 
- 135 to -52 STH-2 fragment; AP-1, oligonucleotide contain- 
ing the AP-1 binding sequence [ 11 ]; pB S, plasmid pBluescript 
(Stratagene), I indicates the position of complex I. 

complexes using a gel-retardation assay [35]. The 
32p-labelled UAS characterized in Fig. 5 was in- 
cubated with a nuclear extract from elicited tuber 
discs. Upon electrophoresis, one retarded band 
was observed on the gel, indicating the formation 
of a DNA-protein complex (I) (Fig. 6). Sequence 
specificity was assessed by including unlabelled 
specific competitor D N A  in the binding reaction. 
Binding was markedly reduced when a forty-fold 
molar excess of  the -135 to -52 D N A  fragment 
was present, whereas the same molar excess of  a 
heterologous D N A  fragment (AP-1 or pBS) had 
little effect on the formation of the complex. This 
suggests that the nuclear factor involved in the 

Fig. 7. Binding activity in nuclear extracts from tubers having 
received different treatments. The probe (STH-2, -135 to 
-52) was incubated in the absence (-) or the presence of 
nuclear extracts prepared from elicited (E), wounded (W) and 
fresh (F) tubers. The same amount of nuclear protein was used 
in the binding reaction of each extract. I indicates the position 
of complex I. 

formation of complex I is specific for the -135 to 
-52  D N A  fragment. 

In order to check whether the ability to form 
complex I was restricted to the elicited tuber 
preparation, we prepared nuclear extracts from 
fresh and wounded tubers (tuber discs treated 
with water instead of  arachidonic acid). Figure 7 
shows that the intensity of  the retarded band is 
comparable for both the elicited (E) and wounded 
(W) tuber preparation. In contrast, the nuclear 
extract prepared from fresh tubers (F) yielded a 
faint retarded band for complex I. This complex I 
was also formed when using nuclear extracts from 
untreated leaves, stems and roots, suggesting that 
the same factor is present in all parts of  the plant 
(data not shown). 

Oligonucleotides covering the region from 
-134 to -50  were synthesized (see Fig. 8) and 
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Fig. 8. Position and sequence of the oligonucleotides used in the experiments presented in Fig. 9. 



used as probes in the DNA binding assay in order 
to define more precisely the sequence elements 
involved in the formation of complex I. No spe- 
cific binding was observed when oligonucleotides 
B, C and D were incubated with nuclear extracts 
from elicitor-treated tubers (data not shown). 
However, Fig. 9 shows that two retarded bands 
(complex II and III) are formed with oligonucle- 
otide A. The specificity of the binding to oligonu- 
cleotide A was assessed by using a twenty-fold 
molar excess of each of the four unlabelled oli- 
gonucleotides (A, B, C and D) and of the control 
oligonucleotide AP-1. Only oligonucleotideA 
could reduce significantly the formation of the 
DNA-protein complexes II and III. Competition 
of oligonucleotide A with the -135 to -52 DNA 
fragment caused a similar reduction of the for- 
mation of complexes II and III (data not shown). 

Fig. 9. Binding assays delimiting the DNA sequence respon- 
sible for the formation of the complex with the -135 to -52 
fragment. Oligonucleotide A was labelled with 32p and incu- 
bated in the absence ( - )  or the presence ( + )  of the nuclear 
extract. A twenty-fold molar excess of each specific compet- 
itor DNA (oligonucleotides A, B, C, D and AP-1) was in- 
cluded. N.S. indicates a non-specific band. II and III indicate 
the position of complexes II and III, respectively. 
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This suggests that the factor(s) involved in the 
formation of complexes II and III is (are) specific 
for the oligonucleotide A, which is part of the 
-135 to -52 DNA fragment. 

Discussion 

We have shown that two functional copies of the 
pathogenesis-related genes STH-2 and STH-21 
are closely spaced on a single chromosome in 
potato. The two genes contain a single interven- 
ing sequence interrupting the coding region at 
amino acid 57. The position of this intron is also 
conserved in pea and parsley homologous genes 
[5, 40, 44]. The very high similarity that exists 
between STH-2 and STH-21 suggests that they 
arose from a recent duplication event [26]. Inter- 
estingly, the similarity extends up to approxi- 
mately 660 bp in the 5'-flanking region and at 
least 237 bp in the 3'-flanking region, indicating 
that these non-coding regions were included in 
the duplicated unit (Fig. 1). The percent identity 
in these regions is remarkably similar to that ob- 
served in the exon regions, and is higher than the 
percent identity observed between the introns. 
This suggests that the flanking regions are under 
some selective pressure preventing them from ac- 
cumulating mutations as freely as the introns. The 
high sequence similarity in the 5' region precluded 
any attempt to identify distinctive DNA motifs in 
the two genes. 

Analysis of ten transgenic plants transformed 
with a Ti-plasmid containing the STH-2 -1015 
to + 145 bp region fused to the GUS reporter 
gene indicated that this region contains cis-acting 
elements necessary for the wound and elicitor- 
induction of the gene. The levels of activity ob- 
served in these transgenic plants parallel those 
observed for the accumulation of STH-2 mRNAs 
under similar conditions. In the transgenic plants, 
the ratio of GUS activity in elicitor-treated over 
wounded tubers is approximately 13-fold, while 
the ratio of STH-2 mRNAs in the same tissues is 
about 10-fold [29]. Similarly, the absence of a 
significant level of GUS activity in unsliced mini- 
tubers is in agreement with the lack of accumu- 
lation of STH-2 mRNAs in these tissues [29]. 
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This further indicates that the transgene is nor- 
mally regulated and under tight control in the 
transgenic plants. 

Results from deletion analysis of the STH-2 
gene 5'-flanking region suggested that 135 bp of 
upstream region may be sufficient for full pro- 
moter activity in the transient expression system. 
Our results further indicated the presence of an 
important regulatory sequence localized between 
nucleotides -135 and -105 (Fig. 4). This se- 
quence showed some properties characteristic of 
a promoter enhancer: it worked independently of 
its orientation when positioned upstream of the 
STH-2 TATA element, its duplication had an 
additive effect on reporter gene activity (Fig. 5) 
and it also increased the activity of an heterolo- 
gous promoter (CaMV 35S minimal promoter). 
However, the activity was decreased when the 
element was positioned at a distance, and no en- 
hancing effect could be detected when the element 
was inserted downstream of the TATA box of the 
CaMV 35S minimal promoter (not shown). The 
reduced expression observed with the -670A- 
UAS gene construction, which is identical to the 
-670 deletion except for an internal deletion of 

the -135 to -52 region (compare Fig. 5G and 
5H), confirmed that this element is necessary for 
full promoter activity in the transient expression 
system. Our results, however, do not eliminate 
the possibility that the region upstream of -135 
contains other regulatory elements necessary for 
gene regulation in planta. Furthermore, the high 
basal expression level that remains in the -27 
deletion and the loss of this activity in the -5 
deletion indicate that a regulatory element is 
present in the -27 to -5 region. Although this 
element could be the TATA box which is present 
at positions -25 to -18, it is also possible that 
another element is present further downstream, 
and that this element requires the presence of a 
functional TATA box at position -25 to exert its 
action. 

The functional significance of the - 135 to -52 
region for the expression of the STH-2 gene was 
strengthened by the observation that this region 
interacts with at least one specific nuclear protein. 
Furthermore, oligonucleotideA, which corre- 

sponds almost exactly to the sequence which is 
necessary for full promoter activity in transient 
assays, gave rise to the formation of two DNA- 
protein complexes. The fact that the oligonucle- 
otide B, which overlaps with oligonucleotide A 
except for the first 7 nucleotides, does not lead to 
the formation of a retarded complex suggests that 
this 7 bp region plays an important role in the 
establishment of the DNA-protein complex. In- 
terestingly, a 14 bp imperfect palindromic se- 
quence, -124 TGACACAAATGTCA which re- 
sembles the TGAC DNA-binding motif found in 
many promoters [21, 38, 42], is immediately ad- 
jacent to these nucleotides. A TGAC motif is also 
present in the sequence of the parsley PR1-1 gene, 
whose product shares 37~o amino acid identity 
with the STH-2 protein. In the PRI-1 promoter, 
this sequence (-240 TGACCGAGTAA) is part 
of a region which is protected in vitro from meth- 
ylation by dimethyl sulphate [32]. This further 
suggests that the TGAC motif found at position 
-124 in the STH-2 gene may be involved in the 
regulation of the gene. 

The observation that the nuclear factor is 
present in most parts of the plant (tuber, root, 
stem and leaf) suggests that it may not be directly 
involved in the induction of the STH-2 gene fol- 
lowing wounding or elicitor treatment, but may 
nevertheless be required for the induction to take 
place. The factor could play a role through an 
interaction with another, inducible, factor or 
could require activation through some post- 
translational modifications. The fact that a larger 
quantity of complex I is formed when the nuclear 
proteins are isolated from wounded or elicitor- 
treated tubers rather than from fresh tubers sug- 
gests that the synthesis of the factor is induced 
after wounding or that its ability to bind DNA is 
enhanced. However, this could simply reflect the 
low transcriptional activity which characterises 
unwounded potato tubers. Results presented in 
Fig. 7 also suggest that, unless it requires trans- 
activation, this factor is not directly involved in 
the increased expression of the gene following 
elicitor treatment, since the abundance of com- 
plex I remains the same after wounding or elici- 
tor treatment. 



The presence of a negative regulatory element 
in the promoter of STH-2 was first suggested by 
the small but reproducible increase in activity of 
the reporter gene observed when the -52 to -27 
region was deleted (Fig. 4). This result was sup- 
ported by the five-fold increase in GUS activity 
obtained following the internal deletion of nucle- 
otides -51 to -28 (Fig. 5F). It is therefore pos- 
sible that this region negatively regulates the ex- 
pression of the gene by binding to a specific factor. 
On the other hand, the increased activity could be 
the result of the change in the spacing between the 
UAS and the TATA box at position -25, favour- 
ing a better interaction between a UAS-binding 
transcriptional factor and RNA polymerase II or 
other general transcriptional factors binding near 
the TATA box. 

Addition of elicitors before or after preparation 
of the protoplasts and/of electroporation had no 
effect on the activity of the reporter gene (results 
not shown). We speculate that the protoplast iso- 
lation procedure was sufficient in itself for induc- 
tion of the expression of wound- and elicitor- 
responsive genes. There are many reported 
examples showing that this might be the case. For 
example, Jouanneau etal. [20] showed that 
defence-related genes were highly expressed in 
freshly isolated protoplasts of soybean and the 
pea DRRG49 gene, which shares high sequence 
identity with STH-2, was also active in unelicited 
electroporated tobacco protoplasts [ 5 ]. 

An interesting comparison can be made be- 
tween our results and those obtained by van de 
Lrcht et al. [44] with the elicitor-induced parsley 
PcPR2 gene, whose product shares 39~o amino 
acid identity with the STH-2 protein. In a tran- 
sient expression system with parsley protoplasts, 
a 125 bp promoter fragment of the PcPR2 gene 
was demonstrated to be sufficient for elicitor- 
mediated gene activation. This element is local- 
ized between nucleotides -168 and -52, and re- 
gions upstream of -168 were not necessary for 
reporter gene activity. This is similar to our re- 
suits which show that the region upstream of 
- 135 is not necessary for reporter gene activity in 
electroporated protoplasts. Comparison of these 
regions in both genes revealed a short stretch of 
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high similarity where 13 out of 14 nucleotides 
were identical ( -134 TGAAGTTGAAATT for 
PcPR2 and -96 TGAATGTTGAAATT for 
STH-2). Part of this region (GTTGAAATT) is 
also found in the 5'-flanking region of the wound 
and pathogen-inducible potato wunl and win1 
genes [37, 41]. 

In conclusion, our results indicate that a small 
region of the potato STH-2 PR gene is necessary 
for full promoter activity in electroporated proto- 
plasts, and that a nuclear factor is able to bind to 
this region. Transgenic plants harboring different 
deletions and chimaerae will determine if this 
short region is also important in planta and if other 
regulatory regions necessary for tissue-specific 
expression and developmentally controlled ex- 
pression are present in the STH-2 promoter. 
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