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Abstract 

A potato gene encoding cathepsin D inhibitor (CDI) is expressed constitutively in tubers and flower buds 
and it is inducible in leaves upon wounding of the tissue or by treatment with methyl jasmonate (MJA). 
A fusion gene (CDI:GUS) in which the 2.4 kb long promoter of the CDI gene was translationaly fused 
with the coding sequence for/~-glucuronidase (GUS) showed MJA-inducible expression in transformed 
tobacco cells in suspension. The maximum level of induction by MJA was obtained in the absence of 
auxin and repression of MJA-inducible expression of the fusion gene by auxin was released by aphidi- 
colin, the results suggesting that MJA-inducible expression is repressed during active cell division. JA 
and MJA showed similar activities in inducing the expression of the fusion gene, while other JA-related 
compounds such as cucurbic acid, tuberonic acid and dihydrojasmonic acid neither induced expression 
of the fusion gene nor inhibited the MJA-inducible expression of the fusion gene. Methyl dihydrojas- 
monate specifically stimulated the MJA-inducible expression of the fusion gene. The MJA-inducible 
expression of the fusion gene was observed even with a 100 bp long promoter of the CDI gene albeit 
with significantly decreased level of expression compared to the 2.4 kb long promoter. The 100 bp long 
CDI promoter did not contain a G-box or hexamer motif that had been implicated in the MJA-responsive 
expression of several other plant genes. Further mutagenesis of the 100 bp long promoter by deletion 
or oligonucleotide insertion suggested that although a sequence between -100 and -82 is required for 
the MJA-responsive expression, the presence of this sequence alone does not confer the MJA-responsive 
expression. 

Abbreviations: BA, N6-benzyladenine; CA, cucurbic acid; CaMV, cauliflower mosaic virus; CDI, 
cathepsin D inhibitor; DMSO, dimethyl sulfoxide; GUS, fl-glucuronidase; HJA, dihydrojasmonic acid; 
JA, jasmonic acid; MCA, methyl cucurbate; MJA, methyl jasmonate; MHJA, methyl dihydrojasmonate; 
MTA, methyl tuberonate; PI-II, proteinase inhibitor II; TA, tuberonic acid; 2,4-D, 2,4-dichlorophenoxy- 
acetic acid. 
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Introduction 

Jasmonic acid (JA, 3-oxo-2-[(z)-2-pentenyl]- 
1-cyclopentaneacetic acid), methyl jasmonate 
(MJA), and other compounds that are structur- 
ally related to JA occur naturally in plants and 
they are called jasmonates [28]. Exogenous ap- 
plication of jasmonate to plants causes diverse 
physiological effects such as inhibition of growth, 
promotion of leaf senescence, promotion of sto- 
mata closure and induction of potato tuber for- 
mation [19, 28]. JA and MJA have also been 
shown to induce the synthesis of specific proteins, 
which include storage proteins, stress- or wound- 
inducible enzymes and proteinase inhibitors [ 3, 5, 
9, 32]. Since a rapid increase in the endogenous 
levels of JA and MJA occurs after wounding of 
leaves [4] and after elicitor treatment of cells [8, 
24], JA and MJA probably act as natural media- 
tors of these stress signals in the signal transduc- 
tion of defense-related genes. 

Similar to the wound-inducible gene for pro- 
teinase inhibitor II (PI-II) of potato [5, 7, 30], 
expression of the potato genes encoding cathep- 
sin D inhibitor (CDI) was induced in leaves upon 
treatment with MJA [10, 12, 13]. In addition to 
MJA, various other jasmonates induced both 
genes for PI-II and CDI with different strength, 
and activities of various jasmonates in the induc- 
tion of expression of genes encoding CDI and 
PI-II were similar, suggesting that two genes are 
regulated by similar mechanisms [ 12]. In order to 
understand the molecular mechanisms involved 
in the signal-induced gene expression, use of the 
suspension-cultured plant cells has various ad- 
vantages over using whole plants or explants. 

In the present study, we examined the induc- 
ibility of expression of a fusion gene, CDI:GUS, 
composed of the 2.4 kb long promoter of the po- 
tato gene for CDI with the coding sequence of 
]%glucuronidase (GUS [15])in transformed and 
suspension-cultured tobacco cells. In contrast to 
experiments using whole plants or leaf explants of 
potato, induction of expression of the fusion gene 
by various JA-related compounds was highly spe- 
cific for JA and MJA in tobacco cells. Auxin in 
the culture medium strongly repressed the MJA- 

inducible expression of the fusion gene, and ex- 
periments using aphidicolin suggested that induc- 
tion by JA is repressed in cells undergoing active 
cell division. The MJA-inducible expression of 
the fusion gene was observed even with a 100 bp 
long promoter of the CDI gene albeit with sig- 
nificantly decreased level of expression compared 
to the 2.4 kb long promoter. It is suggested that 
synergistic action of at least two cis-regulatory 
elements in the 100 bp long promoter is required 
for the MJA-inducible expression. 

Materials and methods 

Chemicals 

JA, MJA and other JA-related compounds used 
in this paper were described previously [12, 20]. 
They were racemic and mixture of cis and trans 
with respect to the plane of the cyclopentane ring. 
MJA and its related compounds were dissolved 
in 1 70 Tween 20 or dimethyl sulfoxide (DMSO) 
and diluted with water to a final concentration of 
50 #M unless otherwise indicated. 

Construction of fusion genes in binary plasmid 

The 2.4 kb long 5'-upstream sequence of a potato 
gene for CDI (gCDI-A1 [ 13]) was subcloned into 
Hind III-Bam HI sites of pBI101 (Clonetech) to 
give a plasmid pBI-CGN harboring the fusion 
gene CDI:GUS c6r~ with terminator from the no- 
paline synthase gene (nos). Substitution of the 
nos-terminator fragment in CDI:GUS c~N with 
the 3'-downstream sequence of the CDI gene gave 
a plasmid construct pBI-CGC harboring the fu- 
sion gene CDI:GUS cGc. As a control, the plas- 
mid plG121-Hm harboring the cauliflower mo- 
saic virus (CaMV) 35S promoter: intron-GUS 
fusion gene [26] in a double selection vector for 
kanamycin and hygromycin (S. Ohta et al., manu- 
script in preparation; referred to in [2]) was used. 
Serial deletion of the 5' terminus of the CDI 
promoter were obtained by exonucleaselII/ 
exonuclease VII. The deletion end-points were 



determined by sequencing. The binary Ti plas- 
mids were transferred to Agrobacterium tumefa- 
ciens LBA4404 by triparental mating. 

Culture and transformation of tobacco cell line B Y-2 

Suspension-cultured cell-line BY-2 derived from 
tobacco (Nicotiana tabacum cv. Bright Yellow 
[11 ]) was grown and maintained by subculturing 
every 7 days in the BY-2 medium containing 2,4-D 
(0.2 mg/1) and transformed with Agrobacterium as 
described previously [23]. Transformants were 
selected on solid medium containing 200 mg/1 
kanamycin and 500 mg/1 carbenicillin, and either 
the mixture of several hundred transformants or 
the individual transformants selected randomly 
were brought into suspension. 

Treatment of transformed tobacco cells with methyl 
jasmonate and assays of GUS activity 

Seven-day-old cells of transformed tobacco cells 
were collected by centrifugation and diluted with 
the fresh medium containing 2,4-D (0.2 mg/1) or 
benzylaminopurine (BA; 0.5 mg/l). JA and its re- 
lated compounds were added to the culture me- 
dium at a final concentration of 50/~M and cul- 
tured for 24 h unless otherwise indicated. Cells 
were collected by centrifugation and resuspended 
in GUS extraction buffer [15], and they were 
broken by sonication at 50 W for 20 s with a soni- 
cator (Ohtake Works, Tokyo). The cell extracts 
obtained by centrifugation were assayed for GU S 
activity by the fluorimetric methods described by 
Jefferson et al. [15]. Proteins in the extracts were 
determined by the method of Lowry etal. [21]. 

Treatment of cells with aphidicolin 

After a 7-day subculture, the suspension of cells 
at stationary phase was diluted with culture me- 
dium which contained 2,4-D and 5 #g/ml of 
aphidicolin (Wako Chemical Industry, Osaka, 
Japan), and cultured for 24 h. Cells were washed 
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and resuspended with culture medium which 
either contained or did not contain aphidicolin. 
After 12 h, when cells in the culture medium with- 
out aphidicolin resumed cell division [1 ], MJA 
was added to give the final concentration of 
50/~M and cultured for an additional 24 h. 

Results 

MJA-inducible expression of the CDI:GUS fusion 
gene in suspension cultured cells of tobacco 

A potato gene encoding CDI, gCDI-A1, isolated 
previously [13] does not contain any introns. A 
DNA fragment that covers the 2.4 kb long pro- 
moter fragment of the gCDI-A1 gene was fused 
to the coding region of the uidA gene in such a 
way that translation of the GUS protein is initi- 
ated by the initiator codon for the CDI gene. The 
fusion gene thus constructed (CDI:GUSCGN; 
Fig. 1) contained a terminator from the nopaline 
synthase gene (nos). The nos-terminator fragment 
in CDI:GUS cGN was replaced with the 3'- 
downstream sequence of the CDI gene (+ 688 to 
+ 1057, where + 1 indicating the transcription 
start site [13]) to yield a CDI:GUS cac  fusion 
gusion construct (Fig. 1). These two CDI:GUS 
fusion genes were used to transform tobacco cells. 
In a preliminary experiment, we assayed GUS 
activities in more than twenty independent 
kanamycin-resistant cells, for each construct, that 
had been cultured in the presence or absence of 
50/~M MJA. About 15~o of the kanamycin- 
resistant cells did not express GUS activity at all 
(data not shown). The CDI:GUS fusion genes in 
all of the other transformants examined re- 
sponded to MJA although the levels of GUS ac- 
tivities varied significantly among individual 
transformants (data not shown). Three indepen- 
dent transformants for each construct with dif- 
ferent levels of GUS expression were brought 
into suspension in the medium containing 2,4-D 
and maintained by subculturing every 7 days for 
further analyses. 

MJA dissolved in DMSO was added to the 
suspension culture of cells transformed with the 
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Fig. 1. Structures of the CDI :GUS fusion genes. The coding sequence of CDI and G U S were indicated by black box and dotted 
box, respectively. The open boxes indicate the 5'-  and 3'-untranslated regions of the gene. The terminator fragment of the nos gene 
was indicated by a dotted line. 

CDI:GUS cGc fusion gene to give the final con- 
centrations of 50 #M for MJA and 0.1~o for 
DMSO. At various time after the addition of 
MJA, extracts were prepared from cells and GUS 
activities were assayed. Three transformants 
showed similar time course of increase in GUS 
activity and representative results with one of 
them are shown in Fig. 2A and 2B. Treatment of 
cells with MJA resulted in increase of the specific 
activity of GUS after about 12 h of lag-time 
(Fig. 2A). The specific activity of GUS in cell 
extracts slightly decreased when cells were treated 
with 0.1 ~o DMSO alone. Under these conditions, 
MJA did not affect growth of cells and increase 
in the amount of proteins (data not shown). Simi- 
lar results were obtained with cells transformed 
with the CDI:GUS cGN fusion gene (data not 
shown). In control cells harboring the Intron- 
GUS fusion gene under the control of the CaMV 
35S promoter [26], no such increase in the level 
of GUS activity by MJA was observed (Fig. 2C). 
These results indicated that the promoter of the 
CDI gene confers MJA-inducible expression of 
the GUS reporter gene in tobacco cells and the 
3'-terminator fragment did not affect the MJA- 
inducible expression. 

MJA-inducible expression of the CDI:GUS fusion 
gene in tobacco cells is repressed by auxin 

When cells transformed with CDI:GUS cGc 
cultured in the medium containing 2,4-D were 
diluted 10-fold with the medium containing ben- 

zyladenine (BA), the level of MJA-inducible ex- 
pression of the fusion gene was significantly higher 
than those obtained with cells cultured in the 
2,4-D medium (Fig. 2B). After treatment with 
50 #M MJA in the BA medium, the specific ac- 
tivity of GUS in transformants with high levels of 
GUS expression like that shown in Fig. 2B, was 
significantly higher than that in cells transformed 
with CaMV 35S:Intron-GUS fusion gene 
(Fig. 2C). The CaMV 35S:intron-GUS fusion 
gene has been shown to give higher level of ex- 
pression of GUS activity than the CaMV 
35S:GUS fusion gene in tobacco [26]. 

Transformed cells were treated with various 
concentrations of MJA in the 2,4-D medium for 
24 h and the levels of GUS activities were deter- 
mined. As shown in Fig. 3A, stimulation of ex- 
pression of the fusion gene by MJA was observed 
with concentrations higher than 5 ~M and it did 
not show saturation for up to 500 #M. Similar 
results were obtained in another independent ex- 
periment with the same transformant as well as in 
an experiment with another transformant. Induc- 
tion of expression of the CDI gene by MJA in 
excised leaves of potato also occurs at concen- 
trations higher than 5 ~M [ 12]. 

When effects of various concentrations of MJA 
on expression of the CDI:GUS fusion gene were 
examined in tobacco cells cultured under various 
growth conditions, the level of expression of the 
fusion gene was significantly higher in cells cul- 
tured in BA medium compared to cells cultured 
in 2,4-D medium at all of the concentrations 
of MJA (Fig. 3B). High-level of MJA-inducible 
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Fig. 2. Time course of increase in specific activities of GUS 
in transformed tobacco cells after the addition of MJA to the 
culture. Tobacco cells transformed with the CDI:GUS c c ¢  
fusion gene were maintained by subculturing every 7 days in 
the 2,4-D medium. Experiments were carried out with three 
independent transformants, and the representative results with 
o n e  of them is shown. A. After a 7-day subculture, ceils were 
diluted 10-fold with the 2,4-D medium in the presence (----O) 
or absence ( - - - ©  - - - )  of 50/2M MJA. After various time 
periods indicated in the figure, cell extracts were prepared and 
specific activities of GUS were determined. B. Cells were di- 
luted with the 2,4-D medium [©; same as in A] or with the 
BA medium (IS]) in the presence ( ) or absence 
( . . . . .  ) of MJA. C. The 7-day-old cells of tobacco cells 
transformed with the CaMV 35S :intron-GUS fusion gene were 
diluted 10-fold with the 2,4-D medium ((3) or with the BA 
medium ([])  in the presence of 50 #M MJA. Two independent 
transformants showed similar results. 

expression of the fusion gene was also observed 
with cells transferred to the hormone-free me- 
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Fig. 3. Effects of various concentrations of MJA on expres- 
sion of the CDI:GUS fusion gene in transformed tobacco 
cells. The 7-day-old culture of tobacco cells transformed with 
the CDI:GUS cGc fusion gene was diluted 10-fold with the 
2,4-D, BA, 2,4-D plus BA, or hormone-free medium in the 
presence of various concentrations of MJA. After incubation 
for 24 h, specific activities of GUS in cell extracts were de- 
termined. The data shown in A are the same as those shown 
in B and presented on a different scale. 

dium. Furthermore, addition of 2,4-D to the me- 
dium containing BA reduced the MJA-inducible 
expression of the fusion gene to the level that was 
obtained with cells cultured in the 2,4-D medium. 
These results suggest that 2,4-D represses the 
MJA-inducible expression of the CDI :GUS 
fusion gene in tobacco cells. 

To examine whether the effects of 2,4-D in the 
medium are due to active division of cells, we 
treated cells cultured in 2,4-D medium with 
aphidicolin, an inhibitor of DNA synthesis, to 
arrest the cell division. Treatment of tobacco 
BY-2 cells with 5/~g/ml aphidicolin inhibits DNA 
synthesis and decreases the mitotic index of cells 
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to zero [ 1 ]. When cells that had been pretreated 
with 5/~g/ml aphidicolin for 36 h were treated 
with 50/2M MJA in the presence of aphidicolin 
for 24 h, a high level of MJA-induced expression 
of the fusion gene, i.e. specific activity of GUS 
around 40 000 pmol/min per mg protein, was ob- 
tained (Fig. 4). This value was similar to those 
obtained with cells cultured in the BA or 
hormone-free medium (see Fig. 3B). By contrast, 
when cells that had been arrested for cell division 
by treatment with aphidicolin for 24 h were re- 
sumed for cell division by transferring them to 
aphidicolin-free medium for 12 h [ 1 ] before treat- 
ment with 50/~M MJA for 24 h, the level of GUS 
activity obtained was significantly lower than that 
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Fig. 4. Effect of treatment of cells with aphidicolin on MJA- 
inducible expression of the CDI :GUS fusion gene in trans- 
formed tobacco cells. The culture of tobacco cells transformed 
with the CDI:GUS c ~ c  fusion gene in the 2,4-D medium was 
treated with aphidicolin for 24 h to arrest the cell division. 
Cells were collected by centrifugation, and half of the ceils was 
resuspended in the 2,4-D medium containing aphidicolin 
( + Apb), while the other half was resuspended in the fresh 
medium without aphidicolin ( - Aph) to resume the cell divi- 
sion [1]. After 12 h of incubation, cells were treated with 
50 #M MJA in Tween 20 ( + ) or with Tween 20 alone ( - ) for 
24 h. NT, non-treated cells. Similar results were obtained with 
additional two independent experiments. 

obtained in cells cultured and treated with MJA 
in the presence of aphidicolin (Fig. 4). 

Induction of expression of the CDI:GUS fusion gene 
by various MJA-related compounds 

Various compounds structurally related to MJA 
(Fig. 5A) were examined for their activities to in- 
duce the expression of the CDI:GUS fusion gene. 
These compounds were previously examined for 
their activities to induce tuber formation in potato 
shoots [20] and to induce expression of genes for 
CDI and PI-II in potato leaves [ 12]. Transformed 
tobacco cells in the BA medium were treated with 
50#M solutions of various JA-related com- 
pounds for 24 h and analyzed for the level of 
GU S activity. Each compound was examined in 
more than three separate experiments which con- 
tained treatment of cells with JA and Tween 20 
as controls. Figure 5B shows representative re- 
sults with one of the transformant and similar 
results were obtained with another independent 
transformant. The highest levels of GUS activi- 
ties were obtained with JA and MJA (Fig. 5B). 
None of the other JA-related compounds exam- 
ined showed inducing activity. JA-related com- 
pounds which showed weak activities to induce 
the genes for CDI and PI-II in leaves of potato 
such as cucurbic acid (CA), tuberonic acid (TA) 
and dihydrojasmonic acid (HJA) [ 12] had almost 
no activity in inducing the CDI:GUS fusion gene 
in tobacco cells (Fig. 5B). 

In order to examine whether JA-related com- 
pound would interfere with the binding of JA to 
a potential receptor for JA in tobacco cells, we 
preincubated transformed cells with various JA- 
related compounds at 50/~M for 30 rain, and then 
MJA was added to the culture to give a final 
concentration of 5/~M. After incubation for 24 h, 
we assayed for GUS activities in cell extracts. As 
shown in Fig. 5C, none of the JA-related com- 
pounds blocked the MJA-inducible expression of 
the fusion gene. Interestingly, MHJA significantly 
and specifically enhanced the level of MJA- 
induced expression of the fusion gene. Similar 
results were obtained with two independent 
transformants. 
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Fig. 5. Effects of various JA-related compounds on expression of the CDI:GUS fusion gene in transformed tobacco cells. A. 
Structure of  various JA-related compounds. 1, JA, jasmonic acid; 2, MJA, methyl jasmonic acid; 3, CA, cucurbic acid; 4, MCA, 
methyl cucurbic acid; 5, TA, tuberonic acid; 6, MTA, methyl tuberonic acid; 7, HJA, dihydrojasmonic acid; 8, MHJA, methyl 
dihydrojasmonic acid; 9, compound 9, i.e. 3-(2-hydroxyethyl)-2-[(z)-2-pentenyl]-l-cyclopentanone; 10, M9, methyl ester of com- 
pound 9. B. The 7-day-old culture of tobacco cells transformed with the CDI:GUS cGc fusion gene was diluted 10-fold with the 
BA medium in the presence of various compounds at the final concentrations of 50 #M. After incubation for 24 h, GUS activi- 
ties were assayed. TW, Tween 20 alone. C. Transformed cells transferred to the BA medium were incubated with methyl esters 
of various JA-related compounds at 50/~M for 30 min before the addition of MJA to a final concentration of 5/~M. After incu- 
bation for 24 h, GUS activities were assayed. NT, untreated cells; Tw, cells treated with Tween 20 alone. 

Analysis of MJA-responsible elements in the CDI 
promoter 

The 5'-upstream region of the CDI promoter in 
the CDI:GUS cac fusion gene was deleted from 
its upstream side to various lengths and analyzed 
for their MJA-inducible expression in trans- 
formed tobacco cells cultured in the BA medium. 
In these experiments, mixtures of several hundred 
kanamycin-resistant transformants rather than 
individual transformants for each construct were 
brought into suspension in order to eliminate the 

variabilities in the level of expression of the fusion 
gene among individual transformants. 

As shown in Fig. 6A, the level of MJA-induced 
expression of the fusion gene decreased with de- 
creasing length of the 5'-upstream region of the 
CDI promoter. The level of expression increased 
when the deletion extended from -230 to -210, 
suggesting that there exists some negative element 
in this region. However, the basal level of expres- 
sion in the absence of MJA did not change in 
these 5'-deletion mutants. Deletion of the 5'- 
upstream region to position -100 still showed 
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Fig. 6. Effects of mutation in the CDI promoter on MJA- 
inducible expression in transformed tobacco cells. Tobacco 
cells transformed with various GUS fusion constructs were 
assayed for their MJA-responsible expression by incubating in 
the BA medium with or without 50/~M MJA for 24 h. 35S, 
CaMV35S:Intron-GUS; CGC, CDI:GUS cGc. Numbers in 
abscissa indicate position of the deletion endpoints of the 
5'-deletion mutants of the CDI promoter with respect to the 
transcription start site. 

MJA responsiveness, although the level of GUS 
activity after the induction by MJA was reduced 
significantly compared to the construct with the 
2.4 kb long promoter (Fig. 6, A and B). 

In contrast to the 5' -deletion mutants described 
above, the 5'-deletion mutants -81 and -65 
showed only the basal levels of GUS activities 
which could not be enhanced by treatment of cells 
with MJA (Fig. 6B), the results suggesting that 

the 19 bp sequence between -100 and -82 plays 
an important role in the MJA-responsive expres- 
sion of the 100 bp CDI promoter. This result is 
consistent with the fact that the 5'-upstream re- 
gions of the CDI gene and another structurally 
related potato gene, gCDI-B 1, are highly homolo- 
gous for up to the position -72 from the tran- 
scription start site even though the latter gene is 
not inducible by MJA [13]. 

During the course of our studies, reports on the 
analysis of MJA-responsible domains in the 5'- 
upstream regions of genes coding for potato PI-II 
[17], n o s  [18] and soybean vegetative storage 
protein (Vsp-B; [22]) appeared. The sequence re- 
quired for the MJA-responsible expressio n in 
these promoters contained a G-box motif 
(CACGTG [17, 22]) or a hexamer motif 
(TGACGT [ 18]), both of which containing a core 
sequence of ACGT. The 5'-upstream region of 
the CDI promoter for up to -100 from the site 
of transcription start does not contain the ACGT 
core motif (Fig. 7A). However, a sequence be- 
tween -68 and -58 is similar to the sequences 
encompassing the MJA-responsive regions of 
other plant genes with the G box or hexamer 
motif(Fig. 7B). Since the 5'-deletion mutant -81 
that contains this homologous region did not 
show MJA-responsive expression (Fig. 6B) and 
this sequence is highly conserved in the corre- 
sponding region of the gCDI-B 1 promoter [13], 
it is highly unlikely that this homologous region 
alone is sufficient to confer MJA-responsive ex- 
pression. 

A mutant promoter -100 x in which a 17 bp 
oligonucleotide was inserted between position 
-66 and -65, or between position -61 and -62, 
of the 5'-deletion mutant -100 (Fig. 7A) did not 
show MJA-responsive expression (Fig. 6B) indi- 
cating that the sequence between -100 and -61 
is not sufficient to confer the MJA responsiveness 
to the basal level of expression observed with the 
5'-deletion mutant -65 (Fig. 6B). It is possible 
that the homologous sequence between -58 and 
-68, in addition to the sequence between -100 
and -82, is also required for the MJA-responsive 
expression. Alternatively, changes in the distance 
of the upstream element from the TATA box due 
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Fig. 7. Nucleotide sequence of the promoter mutants of the CDI promoter. Nucleotide sequence of the 5'-deletion mutants -100, 
-81 and -65 are shown. The mutant -1001 contains an insertion of 17 bp oligonucleotide between - 6 6 / - 6 5 ,  or - 6 2 / - 6 1 ,  of 

the mutant -100. An inverted repeat sequence is indicated by an arrow, and the TATA box is boxed. B. Comparison of nucle- 
otide sequence of the -60  region of the CDI gene promoter [13] with the MJA-responsive region of potato proteinase inhibitor 
II (PI-II [17], soybean VspB [22], and nos [18]. Numbers indicate position of nucleotide relative to the site of transcription start. 
The G-box motif and the hexamer motif are indicated by the underline and by the dotted underline, respectively. 

to insertion of the oligonucleotide may have elimi- 
nated the MJA-responsive expression. 

Discussion 

The potato gene encoding cathepsin D inhibitor 
(CDI) is expressed constitutively in tubers and 
flower buds [10, 13, 29]. However, its expression 
is inducible in leaves upon wounding of the tissue 
or by treatment of the tissue with MJA [ 10, 12, 
13]. In the present study, we demonstrated that 
expression of the CDI:GUS fusion gene, which is 
composed of the promoter fragment of the gene 
for CDI and the GUS-coding sequence, was also 
inducible in transformed tobacco cells upon treat- 
ment with MJA. It is suggested that tobacco BY-2 
cells in suspension harbor mechanisms of regu- 
lating gene expression in response to MJA. In- 
deed, we observed that changes in population of 
translatable mRNA in tobacco BY-2 cells occur 
within a few hours after treatment with 50/zM 
MJA, and we isolated several MJA-inducible 

cDNAs (K. Hashizume, A. Ishikawa and K. 
Nakamura, manuscript in preparation). 

The MJA-inducible expression of the CDI- 
:GUS fusion gene was severely repressed by the 
presence of 2,4-D in the culture medium. Previ- 
ously, it has been reported that expression of a 
fusion gene, pin-2-CAT, composed of a promoter 
of the PI-II gene and the coding sequence for 
chloramphenicol acetyltransferase (CAT) in calli 
and leaves of tobacco is down-regulated by auxin 
[16]. In contrast to the expression of the CDI- 
:GUS fusion gene in suspension-cultured tobacco 
cells described in this paper, expression of the 
pin-2-CAT fusion gene in tobacco calli cultured 
on auxin-free solid medium occurs in the absence 
of exogenous supply of MJA. Down regulation by 
auxin of several other plant defense genes has 
also been reported [25, 27]. The reduced level of 
MJA-inducible expression of the CDI:GUS fu- 
sion gene in tobacco cells cultured in the 2,4-D 
medium was released by treatment of cells with 
aphidicolin (Fig. 4). These results suggest that the 
effect of auxin on the MJA-inducible expression 
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of the CDI:GUS fusion gene in tobacco cells is 
an indirect one, and that MJA-inducible expres- 
sion of the fusion gene is repressed in cells under 
active cell division. In contrast to the MJA- 
inducible gene expression, disruption of cortical 
microtubles of tobacco BY-2 cells by MJA occurs 
only in cells at the S phase of the cell cycle, and 
microtubles in cells kept in aphidicolin were in- 
sensitive to MJA [1]. These results suggest that 
MJA-induced gene expression and MJA-induced 
disruption of microtubles in tobacco BY-2 cells 
occur by different mechanisms. 

Among various JA-related compounds exam- 
ined (Fig. 5A), only JA and MJA, were effective 
to induce expression of the CDI:GUS fusion gene 
in tobacco cells and compounds other than JA 
and MJA did not show such an activity (Fig. 5B). 
In leaves of potato, CA, TA and HJA and their 
methyl esters in addition to JA and MJA induced 
the expression of the CDI gene albeit with effi- 
ciencies significantly lower than those of JA and 
MJA [ 12]. In both cases, whether or not the com- 
pound is methylated did not severely affect the 
activity. Compounds other than JA and MJA 
were not only unable to induce the expression of 
the fusion gene, but also did not repress the MJA- 
induced expression of the fusion gene in tobacco 
cells (Fig. 5C). It seems that the receptor in to- 
bacco cells would have high structural-specificity 
for JA and the binding of the receptor with JA is 
not competed by other JA-related compounds. 
Previously, Koda et al. [20] have reported that 
JA-induced tuberization from single-node seg- 
ments of potato is partially inhibited by analogues 
of JA that lack a carboxyl group at the C-1 po- 
sition of JA. The structure-activity relationships 
of various JA-related compounds in inducing 
tuber formation [20] are not identical with those 
in inducing the expression of genes encoding CDI 
and PI-II in leaves of potato [12]. The receptor 
for JA in tobacco cells involved in the regulation 
of gene expression could be different from those 
in shoots and leaves of potato in the specificity of 
binding with JA-related compounds. Alterna- 
tively, JA is the natural signalling molecule recog- 
nized by the receptor and activities expressed by 
compounds other than JA could be the second- 

ary effects. Wounding of leaves results in increase 
in endogenous levels of JA and MJA [4]. In ex- 
periments using whole plants or excised tissues 
and in experiments which require longer periods 
of time for assays, the transport and metabolism 
of JA-related compounds suplied exogenously 
must be taken into account. 

The significance of stimulation of the MJA- 
inducible expression of the fusion gene by MHJA 
(Fig. 5C) is not known at present. MHJA alone 
does not induce expression of the CDI:GUS 
fusion gene (Fig. 5B). HJA occurs naturally in 
plants, and it is active in promoting senescence of 
oat leaves [31] but not in promoting tuber for- 
mation [20]. It is tempting to speculate that HJA 
is also a natural signalling molecule and JA and 
HJA signals interact each other to regulate ex- 
pression of defence genes in plant cells. 

The results presented in Fig. 6A indicate that 
the 100 bp sequence upstream from the transcrip- 
tion start site of the CDI gene can exhibit MJA- 
responsive expression in tobacco cells. Neither 
the 5'-deletion mutants -81 and -65 nor the 
insertion mutant - 1 0 0 1  showed MJA-responsible 
expression (Fig. 6B). The sequence between - 100 
and -82 that is required for the MJA-responsible 
expression contains a palindromic sequence with 
a center of symmetry at position - 8 7 / - 8 6  
(Fig. 7A). However, this sequence is not suffi- 
cient to confer the MJA-responsiblility of the ex- 
pression. In the mutant -100 I, interaction of the 
protein that binds to this upstream element with 
other proteins may have affected by the insertion 
of the oligonucleotide. Alternatively, insertion of 
the oligonucleotide may have disrupted the func- 
tional element which functions synergistically 
with the upstream element. The sequence between 
-68 and -58 of the CDI promoter is similar to 
the sequences encompassing the MJA-responsive 
domains of promoters of other plant genes 
(Fig. 7B) and the oligonucleotide was inserted in 
the middle of this sequence. The MJA-responsive 
domains of PI-II [17], nos [18] and VspB [22] 
contain the G-box or hexamer motif to which a 
family of plant bZIP proteins bind [14]. Mason 
et al. [22] also noticed that both of the G-box 
motifs in the MJA-responsive domains of VspB 



and PI-II are preceded by a C-rich domain. How- 
ever, the sequence between - 100 and -82  of the 
CDI promoter is not similar to the C-rich domain 
and the homologous sequence in the CDI pro- 
moter lacks an ACGT core sequence shared by 
the G-box and hexamer motifs (Fig. 7B). Studies 
with more mutant promoters and analyses of 
nuclear factors that bind to the MJA-responsive 
region are required to clarify the nature of mul- 
tiple factors that are involved in the MJA- 
responsive expression of the CDI promoter. 

Acknowledgements 

This work was supported in part by Grant-in-Aid 
for Scientific Research on Priority areas ('Me- 
tabolite Accumulation in Higher Plants' for T.Y. 
and K.N. and 'Molecular Mechanism of Photo- 
synthetic Responses to Environment' to K.N.) 
from the Ministry of Educations, Science and 
Culture of Japan. 

References 

1. Abe M, Shibaoka H, Yamane H, Takahashi N: Cell cycle 
dependent disruption of microtubules by methyl jas- 
monate in tobacco BY-2-cells. Protoplasma 156:1-8 
(1990). 

2. Akama K, Shiraishi H, Ohta S, Nakamura K, Okada 
K, ShimuraY: Efficient transformation of Arabidopsis 
thaliana: comparison of the efficiencies with various or- 
gans, plant ecotype and Agrobacterium strains. Plant Cell 
Rep 12:7-11 (1992). 

3. Anderson JM: Jasmonic acid-dependent increase in the 
level of specific polypeptides in soybean suspension cul- 
tures and seedlings. J Plant Growth Regul 7:203-211 
(1988). 

4. Creelman RA, Tierney ML, Mullet JE: Jasmonic acid/ 
methyl jasmonate accumulate in wounded soybean hy- 
pocotyls and modulate wound gene expression. Proc Natl 
Acad Sci USA 89:4938-4941 (1992). 

5. Farmar EE, Ryan CA: Interplant communication: air- 
born methyl jasmonate induces synthesis of proteinase 
inhibitors in plant leaves. Proc Natl Acad Sci USA 87: 
7713-7716 (1990). 

6. Farmar EE, Ryan CA: Octadecanoid-derived signals in 
plants. Trends Cell Biol 2:236-241 (1992). 

7. Farmar EE, Johnson RR, Ryan CA: Regulation of 
expression of proteinase inhibitor gene by methyl jas- 

413 

monate and jasmonic acid. Plant Physiol 98:995-1002 
(1992). 

8. Gundlach H, Mueller MJ, Kutchan TM, Zenk MH: Jas- 
monic acid is a signal transducer in elicitor-induced plant 
cell cultures. Proc Natl Acad Sci USA 89:2389-2393 
(1992). 

9. Herrmann G, Lehmann J, Peterson A, Sembdner G, 
Weidhase RA, Parthier B: Species and tissue specificity 
ofjasmonate-induced abundant proteins. J Plant Physiol 
134:703-709 (1989). 

10. Hildmann T, Ebneth M, Pefia-Cort6s H, Sgnchez- 
Serrano J J, Willmitzer L, Part S: General roles of absci- 
sic and jasmonic acids in gene activation as a result of 
mechanical wounding. Plant Cell 4:1157-1170 (1992). 

11. IkedaT, Matsuomoto T, Noguchi M: Effects of nutri- 
tional factors on the formation of ubiquinone by tobacco 
plant cells in suspension culture. Agric Biol Chem 40: 
1765-1770 (1976). 

12. Ishikawa A, Yoshihara T, Nakamura K: Structure-activ- 
ity relationships ofjasmonates in the induction of expres- 
sion of two proteinase inhibitor genes of potato. Biosci 
Biotech Biochem 58:544-547 (1994). 

13. Ishikawa A, Ohta S, Matsuoka K, Hattori T, Nakamura 
K: A family of potato genes that encode Kunitz-type 
protinase inhibitors: structural comparisons and differ- 
ential expression. Plant Cell Physiol 35:303-312 (1994). 

14. Izawa T, Foster R, Chua NH: Plant bZIP protein DNA 
binding specificity. J Mol Biol 230:1131-1144 (1993). 

15. Jefferson RA, Kavanagh TA, Bevan MW: GUS fusions: 
/?-glucuronidase as a sensitive and versatile gene fusion 
marker in higher plants. EMBO J 6:3901-3907 (1987). 

16. Kernan A, Thornburg W: Auxin levels regulate the ex- 
pression of a wound-inducible preteinase inhibitor II- 
chloramphenicol acetyl transferase gene fusion in vitro and 
in vivo. Plant Physiol 91:73-78 (1989). 

17. Kim SR, Choi JL, Costa MA, An G: Identification of 
G-box sequence as an essential element for methyl jas- 
monate response of potato proteinase inhibitor II pro- 
moter. Plant Physiol 99:627-631 (1992). 

18. Kim SR, Kim Y, An G: Identification of methyl jas- 
monate and salicylic acid response elements from the 
nopaline synthase (nos) promoter. Plant Physiol 103: 97- 
103 (1993). 

19. KodaY: The role of jasmonic acid and related com- 
pounds in the regulation of plant development. Int Rev 
Cytol 135:155-199 (1992). 

20. Koda Y, KikutaY, Tazaki H, Tsujino Y, Sakamura S, 
Yoshihara T: Potato tuber-inducing activities ofjasmonic 
acid and related compounds. Phytochem 30:1435-1438 
(1991). 

21. Lowry OH, Rosebrough NJ, Farr AL, Randall ILl: Pro- 
tein measurement with the Folin phenol reagent. J Biol 
Chem 193:265-275 (1951). 

22. Mason HS, DeWald DB, Mullet JE: Identification ofa 
methyl jasmonate-responsive domain in the soybean vspB 
promoter. Plant Cell 5:241-251 (1993). 



414 

23. Matsuoka K, Nakamura K: Propeptide of a precursor to 
a plant vacuolar protein required for vacuolar targeting. 
Proc Natl Acad Sci USA 88:834-838 (1991). 

24. Mueller M J, Brodschelm W, Spannagl E, Zenk MH: Sig- 
naling in the elicitation process is mediated through the 
octadecanoid pathway leading to jasmonic acid. Proc 
Natl Acad Sci USA 90:7490-7494 (1993). 

25. Ockerse R, Siegel BI, Galston AW: Hormone-induced 
repression of a perioxidase isozyme in plant tissue. Sci- 
ence 151:452-453 (1966). 

26. Ohta S, Mita S, Hattori T, Nakamura K: Construction 
and expression in tobacco of a fl-glucuronidase (GUS) 
reporter gene containing an intron within the coding se- 
quence. Plant Cell Physiol 31:805-813 (1990). 

27. Ryan CA: Synthesis of chymotrypsin inhibitor I protein 
in polato leaflets induced by detachment. Plant Physiol 
43:1854-1856 (1968). 

28. Sembdner G, Parthier B: (1993) The biochemistry and 
the physiological and molecular actions of jasmonates. 

Annu Rev Plant Physiol Plant Mol Biol 44:569-589 
(1993). 

29. Suh SG, Stiekema WJ, Hannapel DJ: Proteinase- 
inhibitor activity and wound-inducible gene expression of 
the 22-kDa potato-tuber proteins. Planta 184:423-430 
(1991). 

30. Thornburg RW, An G, Cleveland TE, Johnson R, Ryan 
CA: Wound-inducible expression of a potato inhibitor 
II-chloramphenicol acetyltransferase gene fusion in trans- 
genic tobacco plants. Proc Natl Acad Sci USA 84: 744- 
748 (1987). 

31. Ueda J, Kato J, Yamane H, Takahashi N: Inhibitory 
effect of methyl jasmonate and its related compounds on 
kinetin-induced retardation of oat leaf senescence. Physiol 
Plant 52:305-309 (1981). 

32. Weidgase RA, Kramell HM, Lehmann J, Liebisch HW, 
Lerbs W, Parthier B: Methyl jasmonate-induced changes 
in the polypeptide pattern of senescing barley leaf seg- 
ments. Plant Sci 51:177-186 (1987). 


