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ABSTRACT

The potato proteinase inhibitor 11 promoter was studied to
identify cis-acting regulatory sequences involved in methyl jas-
monate (MJ) response using transgenic tobacco plants carrying
various lengths of the promoter fused to a chloramphenicol ace-
tyltransferase reporter gene. An intemal fragment between -625
and -520 was sufficient to confer a response to MJ, wounding,
or sucrose when it was placed upstream of the nos promoter
-101, which contains the CAAT-TATA region. Deletion of the
proteinase inhibitor 11 promoter sequence upstream of -611 did
not affect the MJ response, but a further deletion to -573 elimi-
nated the response. The 3'-deletion study showed that the DNA
sequence downstream from -520 is dispensable. However, 3'-
deletion mutant -574 did not respond to the MJ treatment. These
results indicated that an element essential for the MJ response
is located at the -574/-573 region where the G-box sequence
(CACGTGG) is located. The G-box sequence was not required for
the sucrose enhancer effect, suggesting that the MJ response
mechanism is different from that of sucrose.

JA2 and MJ occur commonly in the plant kingdom (4, 32,
34). These chemicals are synthesized in plants from linolenic
acid by an oxidative pathway (4, 28, 33). It has been proposed
that these compounds function as phytohormones because
JA and its methyl ester alter the growth of plant tissues (4)
and induce senescence (32). Recently, JA and MJ were shown
to influence expression of several plant genes. For example,
the application of MJ selectively induced the accumulation
of vegetative storage proteins in soybean (12, 30) and PIs in
tomato (11).
The PIs also accumulate in many plant species in response

to various environmental or developmental factors (24). For
example, the level of the proteinase inhibitor transcripts is
increased drastically by either insect attack or mechanical
wounding (13). In addition to the wound stress response,
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several other factors also influence the expression of PI genes.
Pectic polysaccharides derived from the cell wall have been
shown to be inducers of the PIs (25). The phytohormone
ABA has been suggested as a wound-affiliated hormone be-
cause ABA-deficient mutants do not accumulate the PIs upon
wounding (23). It also was recently reported that the addition
of sucrose to wounded leaves further enhanced expression of
the potato PI-II gene (16, 19). It is unknown whether these
various factors induce the PI-II promoter by independent
regulatory sequences or whether some of the regulatory ele-
ments are shared by different environmental factors. In this
study, we have shown that the induction mechanism of MJ
is independent from that of wounding or sucrose.

MATERIALS AND METHODS

Bacterial Strains and Plant Materials

Escherichia coli strain MC1000 (5) was used as a host for
the routine cloning experiments. Agrobacterium tumefaciens
strain LBA4404 (15), carrying avirulent helper tumor-induc-
ing plasmid pAL4404, was used for the transformation of
tobacco (Nicotiana tabacum L. cv Xanthi or cv Petit Havana
SR 1) plants grown aseptically on MS agar medium supple-
mented with 3% sucrose (21).

Constructions and Plant Transformation

The generation of 5'- and 3'-deletion mutants was reported
previously (19). Internal fragments were generated by digest-
ing the 3'-deletion mutants at the SspI site that cuts between
-625 and -626. The 3'-deletion mutants and internal frag-
ments were then connected to the truncated nopaline synthase
(nos) promoter -101, which carries the CAAT box and the
TATA box region (1). Both strands of the 23-base pair nu-
cleotide sequence between -522 and -500 of the PI-II pro-
moter were synthesized and inserted at the XhoI site located
at the junction between the PI-II promoter 3'-deletion mutant
-574 and the nos -101 fragment to generate a chimeric
promoter, 3'-574-23-mer.
These mutant promoter fragments were linked to the CAT

gene (cat) and subcloned into a binary tumor-inducing vector
(2). The plasmids were transferred into A. tumefaciens by the
direct DNA transformation method (2). Tobacco leaf slices
were transformed stably by the cocultivation method as de-
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scribed earlier (2). Transgenic R1 plants were selected from
selfed seeds on MS agar medium supplemented with 3%
sucrose and 50 ,g/mL kanamycin.

Induction Assay

Leaves were wounded by cutting into pieces, which were
floated on MS liquid medium for 20 h at room temperature.
Sucrose effect was studied by addition of 3% sucrose during
the incubation period. MJ (Bedoukian Research Inc., Dan-
bury, CT) effect was studied by either the isopiestic movement
of the volatile ester from an adjacent cotton-tipped dowel
placed in the same chamber as the plants ( 11) or by addition
of MJ into the MS liquid medium at the final concentration
of 0.1 mm. The CAT assay was conducted with 2 to 100
,ug of total soluble protein at 37°C for 20 to 60 min by
the TLC method using ['4C]chloramphenicol as described
previously (2).
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RESULTS

MJ Effects on the Pl-ll Promoter

It was previously reported that transgenic tobacco plants
carrying about 1 kilobase of the potato PI-II promoter frag-
ment that was fused to the cat reporter gene did not express
the chimeric gene. The gene was, however, activated by
mechanical wounding or by incubating the leafpieces in water
(3, 18). Results in Figure 1 demonstrate that expression of the
transgene was induced by MJ as well as by wounding. We
observed that the PI-II promoter activity was inducible either
by treating an intact plant with MJ gas or by incubating leaf
pieces in water containing MJ. Such effects were not observed
in control transgenic tobacco plants carrying the cauliflower
mosaic virus 35S promoter fusion to the cat reporter gene
(data not shown).

Analysis of 5'-Deletion Mutants

It was previously reported that the wound response of the
PI-II promoter was further enhanced by addition of sucrose
to wounded tissues and that the sucrose-responsive and
wound-responsive sequences are located at separate distinc-
tive regions. Because both sucrose and MJ induce the PI-II
promoter by a mechanism that is different from that ofwound
response, we investigated whether there is any connection
between the MJ effect and sucrose effect.

It was shown earlier that the 5 '-deletion mutant lacking the
DNA sequence upstream of -573 of the PI-II promoter was
unable to respond to the mechanical wounding but was able
to respond to sucrose (19). If MJ is involved in the sucrose
effect, transgenic plants carrying this mutant should also
respond to MJ. Figure 1 shows that the mutant -573 was
unable to respond to MJ, although it responded to sucrose.
Longer promoter fragments (-892 or -611) responded to
wound, MJ, or sucrose, whereas the 5'-deletion mutant -453
did not respond to any of these stimuli. These results indicate
that the DNA sequence between -61 1 and -573 is necessary
for the MJ response and that this upstream sequence is not
required for the sucrose effect.

;.

Figure 1. Analysis of the 5'-deletion mutants. Leaf pieces of trans-
genic Rl seedlings carrying either the parental molecule (5'-892) or
three 5'-deletion mutants (-611, -573, and -453) were assayed for
the CAT activity before wounding (lane C) or after floating wounded
pieces on MS medium (lane W), MS medium with 0.1 mM MJ (lane
M), or MS medium with 3% sucrose (lane S). The results shown are
a representative sample from at least four independently transformed
transgenic plants tested in this study. Assay conditions: 4 ,g protein
and 20-min incubation period for the promoter -892; 40 ug and 20
min for -611 and -573; 100 ug and 60 min for -453. Arrowheads
indicate the position of 3-acetylchloramphenicol.

Analysis of 3'-Deletion Mutants

To further locate the MJ-responsive element on the PI-II
promoter, transgenic plants carrying various 3'-deletion mu-
tants were studied for MJ responsiveness. We demonstrated
earlier that deletion of the sequence downstream of -500 did
not significantly alter the promoter strength or the respon-
siveness to sucrose or wound induction (19). Deletion of an
additional 20 nucleotides between -500 and -520, however,
reduced the promoter activity by a factor of 10 without
altering the sucrose or wound responsiveness. Further deletion
to -574 abolished the sucrose-enhancing effect (Fig. 2), which
was also observed previously (19). Examination ofthese trans-
genic plants showed that treatment with MJ gas induced the
3'-deletion mutants -500 and -520 to the level equivalent
to that of the wound-induced level. However, plants carrying
the mutant -574 or -624 were no longer inducible by the
MJ treatment (Figs. 2 and 3).

Similar results were observed with the 3'-deletion mutants
lacking the far upstream region that was deleted by digestion
of the mutants with SspI site at -625 (Fig. 4, A-C). These
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Figure 4. Analysis of the internal fragments. The samples were
treated as described in Figure 1. Assay conditions: Samples A-C, 40
/Ag protein and 20 min; sample D, 50 jg and 60 min. C, Control; W,
floated on sucrose-free liquid MS medium; M, 0.1 mm MJ treatment;
S, floated on MS medium containing 3% sucrose.

Figure 2. Analysis of the 3'-deletion mutants. Leaves of transgenic
Rl plants were sampled before wounding (lane C), after floating leaf
pieces on sucrose-free MS medium (lane W) or on MS medium with
3% sucrose (lane S), or treated for 20 h with MJ gas (lane M). A,
Analysis of CAT activity from a representative sample. The assay
conditions were 40 ug of protein for a 60-min incubation period. B,
Average values from five to nine experiments with at least three
independently transformed plants are shown as a specific CAT activ-
ity (units per gram). One unit of CAT converts 1 ng of [14C]chloram-
phenicol to acetylchloramphenicol per min. Arrowheads indicate
3-acetylchloramphenicol.
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3- 500 - 520 - 574
Figure 3. MJ response of the 3'-deletion mutants. Transgenic Rl
plants that were grown on MS agar medium with 3% sucrose in a

Magenta box were treated with MJ gas for 20 h. CAT assay condi-
tions were described in Figure 2. The numbers indicate independently
transformed plants.

results and those of the 5'-deletion mutants indicate that the
DNA sequence between -625 and -520 is sufficient for the
MJ response and that an element at the -574/573 region is
essential for the response.
The 3'-deletion analysis indicated that the sequence be-

tween -520 and -500 was not necessary for the MJ response
or sucrose response, but deletion of this region resulted in
about 10-fold reduction of the responses. To investigate the
role of this region, a synthetic oligonucleotide containing the
23-nucleotide sequence between -522 and -500 was inserted
into the 3'-deletion mutant -574, which alone was able to
respond weakly to wounding but not to MJ or sucrose. The
result in Figure 4D shows that addition of the 23-mer at this
region restored the sucrose response, but the MJ response was
not recovered.

DISCUSSION

We studied the MJ response of the potato PI-II promoter
using the transgenic tobacco system. Because the promoter is
inducible by several factors such as mechanical wounding,
MJ, and sucrose, we investigated whether there were any
relationships among the responses invoked by these factors.
Mechanical wounding may stimulate accumulation of MJ or

sucrose at the wound site, thereby further amplifying the
response. It was reported previously that three vegetative
storage protein genes of soybean were also inducible by
wounding or MJ and that the wound response was blocked
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(30). However, the of the G-box sequence in plant and other kingdoms (6, 10)
r was not changed by suggests that G-box-binding factors are ubiquitous elements
in the transgenic to- for transcriptional regulation. Therefore, in addition to the
published data). One G-box element, there should be another regulatory element(s)
e is that lipoxygenase required for the MJ response. Whether this additional se-
nechanical wounding quence element is located at the region immediately adjacent
ias sufficient residual to the G-box motif or at a distant region remains to be

answered. We showed previously that the G-box sequence is
)nse is different from not required for the sucrose induction of the PI-II promoter
a mutant -573 was (19). Therefore, it seems that the G-box is not a general
previously that the enhancer, but it specifically interacts with only a certain group
ownstream of -573 of regulatory factors, perhaps triggered by environmental
acrose (19). Although stimuli. The essential role of this G-box sequence will be
was required for the further studied.
se to an unwounded It has been proposed that the G-box-binding factors are
-tivity (19). However, related to a group of leucine zipper-type transcription factors
t wounding. that recognize a hexameric nucleotide motif, TGACGT (17,
t the DNA fragment 22, 29, 31). This hexamer motif is present in the essential
Lnd -520 is sufficient region of the nos promoter (1) as well as in the promoter of
ding or sucrose when cauliflower mosaic virus 35S (20), octopine synthase gene
incated nos promoter (29), mannopine synthase gene (7), and histone gene (31).
an upstream regula- These genes were shown to be functional in several different
ion of the PI-TI pro- types of organs. We reported previously that the hexamer
sponse was identified region is essential for the wound response of the nos promoter
ie G-box sequence (1). The fact that both the nos and PI-TI promoters are wound
G-box sequence has inducible (1) and that the -574/573 region of the PI-II
of several promoters promoter contains a sequence (TCACGT) related to the hex-
esis (9, 10, 26), chal- americ motif suggests that the PI-II G-box region is not only
,(14, 22), and Arabi- essential for the MJ response but also may be involved in the
common occurrence wound response.

We proposed previously that the sequence between -574
W M S and -520 contains a sucrose-response element because the

5-892 + + + 3'-deletion mutant -520 is inducible by sucrose, and further
deletion to -574 removed the sucrose response (19). However,

5'. 61 1 e + + the results shown in Figure 4D indicate that addition of the

5' 57373+ 23-nucleotide sequence (between -522 and -500) to the 3'-
deletion mutant -574 restored the sucrose response as well

5 453 - - - as the wound response but not the MJ response. This experi-
3' 500 + + + ment further supports that the G-box region is essential for

the MJ response but not for wound response or sucrose
3 520 + + + response. The use of heterologous promoters and other ap-

3'. 5 74 + _ _ proaches for studying plant promoters would facilitate further

3'- 624 - -analysis of these complex promoter elements.
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Figure 5. Summary diagram of the Pl-l1 promoter mutants. The DNA
fragment containing the 892-base pair untranscribed region and 32-
base pair untranslated sequence of the potato Pl-l1 promoter is shown
as open bars at the left. *, G-box element; E, 23-nucleotide region
between -522 and -500. The numbers above the open bars indicate
the distance in the number of bases from the transcription initiation
site at the position 1. The promoter deletion mutant constructs are
identified at the right of each bar. The positive response and negative
response by mechanical wounding (W), MJ (M), or sucrose (S) are
indicated by + and -, respectively.

LITERATURE CITED

1. An G, Costa MA, Ha S-B (1990) Nopaline synthase promoter is
wound inducible and auxin inducible. Plant Cell 2: 225-233

2. An G, Ebert PR, Mitra A, Ha SB (1988) Binary vectors. In SB
Gelvin, RA Schilperoort, eds, Plant Molecular Biology Man-
ual. Kluwer Academic Publishers, Dordrecht, The Nether-
lands, pp 1-19

3. An G, Mitra A, Choi HK, Costa MA, Thornburg RW, Ryan CA
( 1989) Functional analysis ofthe 3' control region ofthe potato
wound-inducible proteinase inhibitor II gene. Plant Cell 1:
115-122

4. Anderson MJ (1989) Membrane-derived fatty acids as precursors.

630 KIM ET AL.



METHYL JASMONATE-RESPONSIVE ELEMENT OF POTATO Pl-l1 PROMOTER

In WF Boss, DJ Morre, eds, Second Messengers in Plant
Growth and Development. AR Liss, New York, pp 181-212

5. Casadaban MJ, Cohen SN (1980) Analysis ofgene control signals
by DNA fusion and cloning in Escherichia coli. J Mol Biol
138: 179-207

6. Chodosh LA, Carthew RW, Morgan JG, Crabtree GR, Sharp
PA (1987) The adenovirus major late transcription factor
activates the rat y-fibrinogen promoter. Science 238: 684-688

7. DiRita VJ, Gelvin SB (1987) Deletion analysis of the mannopine
synthase gene promoter in sunflower crown gall tumors and
Agrobacterium tumefaciens. Mol Gen Genet 207: 233-241

8. DeLisle AJ, Ferl R (1990) Characterization of the Arabidopsis
Adh G-box binding factor. Plant Cell 2: 547-557

9. Donald RGK, Cashmore AR (1990) Mutation of either G box or
I box sequences profoundly affects expression from the Ara-
bidopsis rbcS-IA promoter. EMBO J 9: 1717-1726

10. Donald RGK, Schindler U, Batschauer A, Cashmore AR (1990)
The plant G box promoter sequence activates transcription in
Saccharomyces cerevisiae and is bound in vitro by a yeast
activity similar to GBF, the plant G box binding factor. EMBO
J 9: 1727-1735

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

12. Franceschi VR, Grimes HD (1991) Induction of soybean vege-
tative storage proteins and anthocyanins by low-level atmos-
pheric jasmonate. Proc Natl Acad Sci USA 88: 6745-6749

13. Graham JS, Hall G, Pearce G, Ryan CA (1986) Regulation of
synthesis of proteinase inhibitor I and II mRNAs in leaves of
wounded tomato plants. Planta 169: 399-405

14. Guiltinan MJ, Marcotte WR, Quatrano RS (1990) A plant
leucine zipper protein that recognizes an abscisic acid response
element. Science 250: 267-271

15. Hoekema A, Hirsch PR, Hooykaas PJJ, Schilperoort RA (1983)
A binary plant vector strategy based on separation of vir- and
T-region ofthe Agrobacterium tumefaciens Ti plasmid. Nature
303:179-180

16. Johnson R, Ryan CA (1990) Wound-inducible potato inhibitor-
II genes: enhancement of expression by sucrose. Plant Mol
Biol 14: 527-536

17. Katagiri F, Lam E, Chua N-H (1989) Two tobacco DNA-binding
proteins with homology to the nuclear factor CREB. Nature
340: 727-730

18. Keil M, Sanchez-Serrano J, Schell J, Willmitzer L (1990) Lo-
calization of elements important for the wound-inducible
expression of a chimeric potato proteinase inhibitor II-CAT
gene in transgenic tobacco plants. Plant Cell 2: 61-70

19. Kim S-R, Costa MA, An G (1991) Sugar response element

enhances wound response of potato proteinase inhibitor II
promoter in transgenic tobacco. Plant Mol Biol 17: 973-983

20. Lam E, Benfey PN, Gilmartin PM, Fang R-X, Chua N-H (1989)
Site-specific mutations alter in vitro factor binding and change
promoter expression pattern in transgenic plants. Proc Natl
Acad Sci USA 86: 7890-7894

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

22. Oeda K, Salinas J, Chua N-H (1991) A tobacco bZip transcrip-
tion activator (TAF- 1) binds to a G-box-like motif conserved
in plant genes. EMBO J 10: 1793-1802

23. Pena-Cortes H, Sanches-Serrano JJ, Mertens R, Willmitzer L,
Prat S (1989) Abscisic acid is involved in the wound-induced
expression of the proteinase inhibitor II gene in potato and
tomato. Proc Natl Acad Sci USA 86: 9851-9855

24. Ryan CA (1987) Oligosaccharide signalling in plants. Annu Rev
Cell Biol 3: 295-317

25. Ryan CA, Farmer EE (1991) Oligosaccharide signals in plants: a
current assessment. Annu Rev Plant Physiol 42: 651-674

26. Schindler U, Cashmore AR (1990) Photoregulated gene expres-
sion may involve ubiquitous DNA binding proteins. EMBO J
9: 3415-3427

27. Schulze-Lefert P, Dangl JL, Becker-Andre M, Hahlbrock K,
Schulz W (1989) Inducible in vivo DNA footprints define
sequences necessary for UV light activation of the parsley
chalcone synthase gene. EMBO J 8: 651-656

28. Siedow JN (1991) Plant lipoxygenase: structure and function.
Annu Rev Plant Physiol 42: 145-188

29. Singh K, Dennis ES, Ellis JG, Llewellyn DJ, Tokuhisa JG,
Wahleithner JA, Peacock J (1990) OCSBF-1, a maize ocs
enhancer binding factor: isolation and expression during de-
velopment. Plant Cell 2: 891-903

30. Staswick PE, Huang J-F, Rhee Y (1991) Nitrogen and methyl
JA induction ofsoybean vegetative storage protein genes. Plant
Physiol 96: 130-136

31. Tabata T, Takase H, Takayama S, Mikami K, Nakatsuka A,
Kawata T, Nakayama T, Iwabuchi M (1989) A protein that
binds to a cis-acting element of wheat histone genes has a
leucine zipper motif. Science 245: 965-967

32. Ueda J, Kado J (1980) Isolation and identification of a senes-
cense-promoting substance from wormwood (Artemisia absin-
thium L.). Plant Physiol 66: 246-249

33. Vick BA, Zimmermann DC (1987) Oxidative systems for modi-
fication of fatty acids: lipoxygenase pathway. In PK Stumpf,
EK Conn, eds, The Biochemistry of Plants, Vol 9: Lipids.
Academic Press, New York, pp 53-90

34. Yamane H, Takagi H, Abe H, Yokota T, Takahashi N (1981)
Identification ofjasmonic acid in three species of higher plants
and its biological activities. Plant Cell Physiol 22: 689-697

631


