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The S-adenosyl-L-methionine:pinosylvin-O-methyltransferase (PMT)* gene was sequenced from Scots pine (Pinus sylvestris).
The open reading frame is arranged in two exons spaced by one 102-bp intron. Promoter regulatory elements such as two
“CAAT” boxes and one “TATA” box were identified. Several cis-regulatory elements were recognized: stress-responsive
elements (Myb-responsive elements) as well as G, H, and GC boxes. Moreover, elicitor-responsive elements (W boxes) and
a sequence resembling the simian virus 40 enhancer core were found. In phloem and needles of control trees, the transcripts
of stilbene synthase (STS) and PMT were hardly detectable. Increased ozone fumigation up to 0.3 uL L™ enhanced the
transcript level of STS and PMT in needles but not in healthy phloem. Wounding, e.g. mock inoculation, of stem-phloem was
characterized by a transient increase in STS and PMT transcripts, which was more pronounced in the case of fungal
inoculation. Combination of fungal-challenge or mock treatment with ozone resulted in a positive interaction at 0.3 uL L™ ".
Scots pine stilbene formation appeared to be induced via STS and PMT gene expression upon ozone and fungal stress as well
as wounding. The broad stress-responsiveness is in agreement with the range of various cis-acting elements detected in the

STS and PMT promoters.

In pine species, the constitutive stilbenes pinosyl-
vin (PS), and pinosylvin monomethylether (PSM) oc-
cur exclusively in the heartwood (Kindl, 1985). How-
ever, both compounds are induced in the sapwood,
phloem, and needles as a response to wounding or
fungal attack (Hart, 1981; Kindl, 1985; Richter and
Wild, 1992; Lieutier et al., 1996).

An increasing amount of data shows that some of
the stilbenoid constituents may function as phytoa-
lexins in seedlings (Schoppner and Kindl, 1979;
Derks and Creasy, 1989). The formation of stilbenes
can be induced in young plants of Scots pine (Pinus
sylvestris) by UV light and stress (Schoppner and
Kindl, 1979) by a minimum of 4 h of ozone exposure
at 0.2 uL L™ in primary needles (Rosemann et al.,
1991) and by fungal attack in the phloem of adult
pine trees (Lieutier et al., 1996). Stilbenes have been
classified either as constitutive protectants prevent-
ing the decay of wood by microorganisms or as in-
duced phytoalexins that protect phloem against bark
beetles and other insects and against fungi symbiot-
ically associated with pine beetles (Hart, 1981; Lieu-
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tier et al., 1996). The pathway to methoxystilbenes
originates from L-Phe and includes the activities of
Phe ammonialyase (PAL), stilbene synthase (STS),
and pinosylvin methyltransferase (PMT). It has been
shown that STS activity is the limiting factor in the
pathway leading to PS and PSM (Schanz et al., 1992).
Changes in gene expression of STS and/or PMT con-
ceivably are a critical point in the induced resistance
by stilbenoids.

There is little information on the transcriptional
effects of simultaneous application of different stres-
sors in plants, but exposure of plants to UV-B radia-
tion or O; may result in the induction of similar
genes. In Scots pine seedlings, STS (and cinnamyl
alcohol dehydrogenase) mRNA levels have been re-
ported to increase upon O; fumigation (Zinser et al.,
1998), and a pathogen-induced accumulation of STS
mRNA has also been proven (Schwekendiek et al.,
1992). The regulatory patterns are complex and may
involve the differential induction of isoenzymes as
described for PAL (Cramer et al., 1989) and the com-
binatorial interaction of several spatially separated
promoter elements including exonic sequences
(Hauffe et al., 1993).

After our previous report on the PMT cDNA se-
quence (Chiron et al., 1998) we now describe the pine
PMT genomic sequence, including a 5'-flanking re-
gion and putative cis-regulatory elements that clas-
sify the enzyme as a typical member of the inducible
phenylpropanoid pathway. Moreover, we report on
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changed STS and PMT mRNA levels upon O; fumi-
gation in needles as well as upon wounding and
fungal inoculation in phloem. The latter treatments
were also combined with O; fumigation to highlight
the sequential action of transactive factors in the
regulation of stilbene biosynthetic genes.

RESULTS
PMT Gene Organization

A total of 1,908-bp DNA sequence covering exonic,
intronic, and flanking sequences of the P. sylvestris
PMT gene has been determined. The full nucleotide
sequence is shown in Figure 1. To facilitate sequence
numbering the first nucleotide of the 5'-non-coding
region of the cDNA has been set as +1. Comparison
of the genomic sequence with the PMT-cDNA se-
quence (Chiron et al., 1998) resulted in 100% identity

-615 CATTT CTCCCTARAT -601
-600 CTATTAGGTA CTTTGGGGTT TTTGATAGTG CTGAATCTAT TTCTGCTGTG CGGRATCTAT -541
-540 BATCTATTAG ATACTTTGGG ATTTTTGATA GTGCTGAATC TATTTCTACT ATGCGGAATC -481
-480 TATTTCCTAT TARATCTATT GAGTGCTTTG AGGTTTTTGA TGACGCTGAA TCCATTARAT -421
-420 ATTTTGGAAT TTTTTATAAC ATTGAATTAA TTTCTTCCAT E;JT“GAAAGT TCARACACTC -361
-360 TTACTTACCA CCCTATTTTT ATAAAAATAR CCAARATTCGG TGATTTTGARA CCATCCTGGC =301

MRE SV40 GBox
=300 ARATTTGRGA CCTCACTAGA GARAGGGCAGC ATTTATTACT GCRAARGAAA GATTTCCAGA -241
WBox

-240 CARAATGATGT CCAACCACTC AACGAGTAAA CAATACGACA CACTGTGTTG TTCCGCGACA -181
CART Box WBox MRE
-180 ACGATCGGTT CCAGTGTGGT CGCTGGGGAG TGGGTGGCTT GGTAGGGAAT TTCCCATCTC -121
GBox GBox HBox MRE
-120 CAACCACCTC CACTTTCCTT TACTTCCCGG ARAGATCCAT CAATGGAARG GGGCAGAATT -61
MRE CAAT Box GC Box
-60 TGTCGACTGA AGGTGATAAR AGCACCGTAG CCCCAAATCT TTTCATTCGT ACTATTTTCT -1

WBOxX TATA Box CAP siqgnal
1 GGTGCTCCTC TTACCCAATT TTTGTGTGTA GAATTGGATT CGAAATGGGA TCGGCTTCCG &0
M G S A S
81 AARGCTCAGA GATGAATGCG AAGATTGTGA ATGAAGATGA ATGGCTTCTG GGCATGGAAC 120
E S S E MNA K I V N EDE WUIL L &6 ME
121 TCGGGAATTT CTCCTGCGTT CCTATGGCTA TGAAGGCAGC CATTGAGCTC GATGTCCTCC 180
L 66N F 5 CV P MA MKAA I EL DV L
181 AARTCATAGC ARATGCCGGC AATGGCGTCC AGCTCTCGCC CAGACAARATC GTTGCCCACA 240
I 1 A NA G NGV QL S P R QI V A H
241 TTCCGACCAC GAACCCCGRC GCTGCCATTA CACTTGATCG GATCCTCAGA GTGTTAGCCA 300
r pTT N PD AAI TULDU R I LR ¥V L A
301 GCCATTCGGT TCTGAGCTGC TCTGTGACCA CGGACGAGAA TGGCAAGGCC GAGAGGCTCT 360
S H SV L $ ¢ $V T T DEWDN G K& E R L
361 ATGGCCTCAC TCCTCTCTGC ARATATCTGG TCAAGRACCA GGATGGAGTT TCTCTGGCTC 420
Yy 6 LT P L C K YL ¥V KN DG V S L A
421 CATTGGTGTT GATGAATCAA GATAAGGTGT TGATGGAGTC CTGGTATTAT CTCAAGGACG 480
P L VL M N Q DKV L MES WY Y L KD
481 CGGTGCTGGA TGGTTCCCAG CCATTCACCA AAGCCCATGG AATGRATGCG TTCGAGTACC 540
A VvV L D G S Q P F T X AR B G M NA F E Y
541 CAGCCATGGA CCAGRGATTC AACCGGGTTT TCARCCGGGG AATGGCTGAG CATTCTACCA 600
P AMD QR F N RV FNIRG MAZE H ST
601 TGTTGATGAR CARRGATTCTG GATACTTACG AGGGTTTTAA GGAGGTTCAG GAATTGGTGG 660
M L Mm N8N K I L DT Y EGF K EV Q E L V
661 ATGTGGGAGG AGGAGTTGGG TCGACTCTCA ATCTCATAGT CTCGARAGTAT CCCCACATTT 720
Db vGeG6G6G GV GG 8§ TUL N LI V § K Y P H I
721 CAGGAATCAA CTTTGACATG CCCCATGTGG TGGCCGATGC TCCTCACTAT CCAGCTGTGA 780
5 6 I N F DM P HV ¥V A DA P HY P AV
780 ARCATGTGGG TGGAGACATG TTTGATAGCG TACCAAGTGG CCAAGCTATC TTTATGAAGES - 840
K # v 6 6 b M FDS5 VP S G QA&ATI F M K
841 TATGGCATTG AATTTCTGGT GTTGGGGAGC TTCATATGAR ARTTGAGATT GGATGAATAG 200

901 ACAGAGACCT TACTGTATCT ATCAARTGTTG TTTGATTGCA GTGGATCCTG CACGATTGGA 960
w I L H D W

961 GCGATGATCA TTGCTTGAGG CTTTTGAAGA ATTGTCACAA GGCATTGCCA GAGRAAGGGA 1020
$ DD H CL R L L K N CHZ K AL P E K G

1021 AAGTGATTGT GGTGGACACC ATTCTCCCTG TTGCTGCAGA GACATCTCCC TATGCTCGCC 1080
KvIiv vop<T I L P VAAE T S P Y AR

1081 AGGGATTTCA TATAGATCTG TTGATGTTGG CGTACAATCC AGGAGGCAAG GAGCGCACAG 1140
G FH I DL L ML A Y NP G G K E R T

1141 AGCAAGBATT TCGAGATTTG GCTABAGAGG TGGGATTTGC AGGTGGCGTT AAACCTGTCT 1200
E Q E F R DL A KZE V G F A G G V K PV

1201 GTTGTGTCAA TGGACATTGG GTAATGGAAT TCCACAAGTA ACTCTTCATT AGATCGCAGT 1260

¢ Cc vV N G H W v M E F H K
1261 TGGATTATCT TCCACGTCGG CGGCGRCATG TTA 1293

Figure 1. Nucleotide sequence of the P. sylvestris PMT gene and
deduced protein sequence. The predicted transcription start site is
noted as +1. Conserved eukaryotic promoter elements (CAP signal,
TATA, CAAT, and GC boxes) and putative plant regulatory elements
(G and H boxes), as well as MREs are underlined. Elicitor regulatory
elements (W boxes) are bold and simian virus 40 (SV40) enhancer is
italic.
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in the 5'-non-coding region, whereas in the coding
region two nucleotide exchanges were identified.
They were located at positions 686 (T instead of C)
and 953 (C instead of T) (numberings refer to Fig. 1).
However, this resulted in no change of the deduced
amino acid sequence. The PMT gene consisted of two
coding exons and one intron region. The intron (102
bp) was in the range of the intron sizes commonly
given (between 70 and thousands of nucleotides;
Goodall and Filipowicz, 1991). The 5'-exon/intron
and 3’-intron/exon boundaries conformed with the
known GT/AG donor/acceptor site rule valid in
both plants and animals (Brown, 1986). Upon closer
inspection, the AG/GTA motif at the 5'-exon/intron
splice junction was in accordance with the AG/
GTAAG consensus. In addition, the intron contained
the CAG/motif at the 3'-intron/exon splice junction
in analogy to the TGCAG/G consensus for plant
genes (Goodall and Filipowicz, 1991). The intron is
AT rich (64%), which is essential for splicing (Goodall
and Filipowicz, 1991). Inspection of upstream se-
quences showed conserved prokaryotic elements
such as a catabolite activator protein (CAP) signal
TCATTCGT at position —18, a TGATAAAAGCA
motif at position —46 identified as a TATA box, and
presumptive CAAT boxes located at positions —80
and —210.

The Scots pine PMT promoter contained potential
cis-elements. Myb-responsive elements (MRE) are lo-
cated at position —121, —129, —194, —230, —310, and
—358. The element ACTTACCACCCT at position
—358 matched in 8 of 12 positions the consensus
sequence '/,CT</,ACCTAS/,C“/, in UV-light
and fungal-elicitor-induced plant gene promoters of
the phenylpropanoid pathway (Lois et al., 1989). At
positions —121 and —230, the (A+C)-rich motifs
CCAACCACCTCC and CCAACCACTC matched a
second consensus motif (CCA*/-C*/+AACS/CC)
in 10 and 9 of 12 positions, respectively (Lois et al.,
1989). The element GTTG at position —194 was the
inverse position of the core motif CAAC. Another
motif, at position —129, TCCCATCTCC, matched in 9
of 10 pTositions the consensus of the box E (*/,C-
CC?/1T/AC*/1*/+5/ ), which appears to be con-
served in stress-inducible phenylpropanoid gene
promoters (Grimmig and Matern, 1997).

Other regulatory cis-acting elements known to fla-
vonoid and stilbene biosynthetic genes were also
detected: G-box-like motifs (GTGG at positions —147
and —165, CACC at position —353) (Faktor et al.,
1996); H-box-like motif CCATCC in inverse orienta-
tion (GGTAGG at position —140); GC box, GGGGCA-
GAAT (consensus ©/:GGGCGG®/ %/, /1), at posi-
tion —72; elicitor-responsive elements, i.e. W boxes
(ACTG at positions —55, —199, and —263, and TGAC
at position —440) (Rushton and Somssich, 1998), and a
SV40 enhancer core in inverse position (TTACCAC at
position —356).
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Stress Effects on Scots Pine
Single Ozone Treatment

In all reverse transcriptase (RT)-PCR experiments
only single bands were detected at 1.15 kb for PMT,
1.17 kb for STS, and 0.8 kb for chlorophyll a/b-
binding protein (cab). RT-PCR controls performed
with cab primers showed a steady-state level of cab
transcripts in non-ozone fumigated tissues, and a
decrease of these transcripts in tissues exposed to
0.15 and 0.3 uL L~' ozone (data not shown). In
control trees exposed to ozone-free air, STS and PMT
transcripts were hardly detectable in needles (Fig. 2)
and phloem (Figs. 3 and 4A). Two 10-h periods of
ozone fumigation were sufficient to dramatically in-
crease STS and PMT transcript levels in needles of
Scots pine trees (Fig. 2). Exposure to 0.15 uL L!
ozone resulted in a first peak of STS transcripts after
6 h of exposure followed by another increase 48 h
after the onset of fumigation, whereas PMT tran-
scripts remained at the control level until 24 h after
the beginning of the treatment and only then began
to accumulate. Exposure to 0.3 pL L™ ozone led to a
further increase of both transcript levels and re-
mained at a high level in the needles (Fig. 2). In
contrast STS and PMT mRNA levels in phloem were
not significantly affected by ozone (Figs. 3 and 4A).

Effects of Ozone Treatment on Wounding and Fungus
Inoculation into Pine Phloem

A mock inoculation (Figs. 3 and 4B) led to the
accumulation of both transcripts on d 5 (3 d after
inoculation). STS mRNA displayed a progressive ac-
cumulation up to d 9 (120 ng ng~ ' cDNA), then de-
clined slowly, and was still at a high level after 16 d.
PMT mRNA decreased progressively after d 5 (50 ng
ng ' cDNA) to reach the control level at the end of
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the experiment. The two kinetics in response to mock
inoculation were strongly affected by a previous
ozone treatment, and 0.15 uL L™! ozone led to a
dramatic decrease of STS mRNA response pattern.
The PMT mRNA response curve was also lowered. A
0.3-uL L™' ozone pretreatment resulted in the same
9-d peak of STS transcripts as mock inoculation alone
but prolonged the accumulation until d 16. PMT
transcripts showed a progressive accumulation until
d 16 (75 ng ng ' cDNA).

The fungus inoculation resulted in transient peaks
of STS and PMT transcripts at 5 (200 ng ng~' cDNA)
and 9 (130 ng ng~' cDNA) d after beginning of
experiment, respectively (Figs. 3 and 4C). Ozone
fumigation at 0.15 uL L™ decreased slightly the peak
of STS transcript accumulation, and delayed the peak
of PMT transcripts until d 16 (110 ng ng~* cDNA).
Ozone fumigation of 0.3 uL. L™" prolonged the peak
of STS to a steady-state level of 150 ng g~ ' cDNA,
whereas PMT transcript amount was still increasing
16 d after beginning of experiment at 170 ng
g ' cDNA. Fungus increased approximately 2-fold
the peak of STS and PMT transcript amounts occur-
ring in wounding with a 4-d earlier occurrence for
STS. STS and PMT transcript amounts exhibited sim-
ilar responses to ozone. At 0.15 uL L™" a significant
decrease occurred, whereas at 0.3 pL L7! the peak
level was prolonged or slightly increased.

DISCUSSION
PMT Gene

The genomic sequence matches the open-reading
frame of the cDNA previously reported (Chiron et al.,
1998), showing only two base changes that did not
affect the polypeptide sequence. A possible discrep-
ancy could be observed between the 5'-untranslated

Figure 2. Induction of transcript levels of STS
and PMT by ozone in Scots pine needles. RT-
PCR was carried out on 5 ug of RNA isolated
from needles at 0, 6, 12, 24, 36, and 48 h after
the beginning of ozone treatment (0, 0.15, and

0.3 pL L™ ozone for 10 h per day during 2 d).

% 175 {STS PMT % RNA was isolated according to Kiefer et al.
% 150 4 L 0 % (2000). @, PCR products in pine needles treated
o T with 0 uL L~ " ozone; B, 0.15 ul L™" ozone; and
S 125 4 = A, 0.3 pL L™ ozone. Bars represent = SE (n =3
o =)
= {2 trees; at least two samples per tree and two
o 100 1 @ RT-PCR reactions per sample).
3 751 L 255
) °
5 o
o 50 4 o
o o
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Figure 3. Indcution of mRNA levels of STS and PMT by ozone and fungus in Scots pine phloem. Pine trees were treated with
ozone for 10 h/d, during 2 d. Then inoculations were performed with a 3-week-old culture of Leptographium wingfieldii (F)
or with sterile malt agar (S). C, Controls without inoculations. RT-PCR was carried out on 5 ug RNA isolated from phloem
at2, 5,9, and 16 d after onset of ozone fumigation. Ethidium bromide-stained RT-PCR products of three individual saplings

are shown for each treatment.

region reported for the cDNA and the genomic leader
sequence since the CAP signal ended 10 bp upstream
of the 5'-non-coding start of the cDNA. Conse-
quently, the beginning of the cDNA could be 10 bp
upstream and the TATA box would be located at
—36, which is more consistent with its positions in
walnut chalcone synthase (CHS) (—32) (Claudot et
al.,, 1999), parsley caffeoyl-coenzyme A (CoA)-O-
methyltransferase (CCoAOMT) (—32) (Grimmig and
Matern, 1997), grapevine STS (—33) (Schubert et al.,
1997), and parsley PAL (—30) (Logemann et al.,
1995).

The characterization of the promoter allows the
determination of potential cis-regulatory elements
that are possibly related to the rapid transient accu-
mulation of PMT mRNA by treatment of pine with
ozone and fungal elicitor. Genes encoding PAL, cin-
namate 4-hydroxylase, and 4-coumarate-CoA ligase
(4CL) are well known to be largely controlled at the
level of transcription and to be coordinately ex-
pressed in response to both developmental and en-
vironmental stimuli in many plant species. Members
of the Myb family are involved in the regulation of
these phenylpropanoid genes (Rushton and Soms-
sich, 1998).

MREs were located in Scots pine PMT promoter at
positions —121, —129, —194, —230, —310, and —358
(Fig. 1). The MREs at positions —358, —310, and —230
have been described in parsley as boxes L, A, and P,
respectively for nearly all known PAL and 4CL genes
(Logemann et al., 1995) and also in parsley CCoAOMT
genes (Grimmig and Matern, 1997). These elements
alone, or the promoter region containing all of them
together, failed to confer elicitor or light responsive-
ness of a reporter gene in transient expression assays.
Consequently these elements appear to be necessary
but not sufficient for elicitor or light-mediated PAL
and 4CL gene activation (Logemann et al.,, 1995).
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Moreover, no example of a gene outside those in-
volved in general phenylpropanoid metabolism,
whose promoter contains a complete set of all three
boxes, is reported, further supporting their functional
importance in the coordinate regulation of these
genes.

A G box located proximal to the TATA box is a
widely dispersed sequence motif in eukaryotic pro-
moters. G boxes were present in Scots pine PMT
promoter at positions —147 and —165 and in an
inverse orientation at position —353. Plant G box or
its core ACGT motif has been reported to bind dif-
ferent nuclear factors. Functional analysis of plant
promoters has demonstrated the role of the G box in
promoter activation by various signals including
light, abscisic acid, and UV light (Faktor et al., 1996).
The conservation of both G box and H box between
TATA and G boxes in different CHS promoters em-
phasizes their importance as regulatory motifs (Fak-
tor et al., 1996). One H box is present in Scots pine
promoter in an inverse orientation at position —140
between TATA and G boxes. Both G and H boxes
were found in the proximal region of the promoters
of a number of genes encoding phenylpropanoid bio-
synthetic enzymes, including PAL, 4CL, and CHS
(Zhu et al., 1996). G box and H box located near the
TATA box were described to be both essential for
floral expression (Faktor et al., 1996). G boxes are
involved in the regulation of diverse genes by
developmental- and pathogen-derived signals as
well as abcisic acid, light, UV irradiation, wounding,
as well as pathogen signals. The H box has a much
more restricted distribution, being characteristic of
phenylpropanoid biosynthetic gene promoters (Zhu
et al., 1996). G box and H boxes, in combination, are
necessary and apparently sufficient for feed-forward
stimulation by 4-coumaric acid (Loake et al., 1992).
The H box is also present in the parsley CHS and PAL

Plant Physiol. Vol. 124, 2000
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Figure 4. Time course of changes in STS and PMT mRNA abun-
dance. A, Transcript levels of STS and PMT in Scots pine phloem.
Pine trees were treated with ozone (0.15 and 0.3 uL L™' ozone for
10 h per day during 2 d). B, Induction of transcript levels of STS and
PMT by ozone and wounding in Scots pine phloem. Sterile inocula-
tions were performed at t = 2 d with 3-mm discs of sterile malt agar
culture (indicated by an arrow). C, Induction of transcript levels of
STS and PMT by ozone and fungus in Scots pine phloem. Pine
saplings were fumigated with ozone (0.15 and 0.3 uL L' ozone for
10 h per day during 2 d). Fungal inoculations were performed at t =
2 d with 3-mm discs of a 3-week-old L. wingfieldii culture (indicated
by an arrow). RT-PCR was carried out on 5 ug of RNA isolated from
phloem at 2, 5, 9, and 16 d after beginning of ozone treatment. RNA
was isolated according to Kiefer et al. (2000). ®, PCR products in
pine phloem treated with O L L~" ozone; M, 0.15 uL L~" ozone; and
A, 03 uL L~ ozone. Bars represent £ St (n = 3 trees; see Fig. 2).

promoters, and functional analysis indicates that this
cis-element is involved in UV induction (Loake et al.,
1992). Enhancer or activator elements dramatically
increase the transcriptional activity of certain eukary-
otic genes. A copy of the SV40 enhancer core se-
quence is found at position —356 in the PMT pro-
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moter. Such enhancer sequences were previously
reported from the promoters of Phaseolus vulgaris
PAL genes (Cramer et al, 1989) and parsley
CCoAOMT (Grimmig and Matern, 1997).

Recently, elicitor responsive elements (W boxes)
TTGACC have been reported (Raventés et al., 1995;
Rushton et al., 1996). Such W boxes are present at
position —440 and in an inverse orientation at posi-
tions —55, —199, and —263 in the PMT promoter (Fig.
1). Elicitor responsive element-like sequences occur
in the promoter of different defense-related genes,
including PR1 of parsley (Rushton et al., 1996), in the
CHS promoter of maize (Franken et al., 1991), and in
the STS promoter of grapevine (Schubert et al., 1997;
Ernst et al., 1999). Elicitor responsive elements may
be quite universally responsible for the induction of
plant defense pathways.

In the grapevine STS promoter, the ozone respon-
sive region (—430 to —280) differs from the pathogen
responsive region (—280 to —140) (Schubert et al.,
1997; Ernst et al., 1999). In the Scots pine PMT pro-
moter, W boxes were more abundant in the region
between —263 and —50. Comparison of the ozone
responsive STS promoter region did not reveal a
strong sequence similarity to the PMT promoter. This
has also been found for a senescence-associated gene
promoter in Arabidopsis (Miller et al., 1999). There-
fore, the presence of possible ozone responsive ele-
ments has still to be proven. Taken together the sim-
ilarities of motifs found in the pine PMT and
grapevine STS promoters may indicate interactions
of several cis-elements in the ozone- and pathogen-
induced transcript levels of stilbene biosynthetic
genes.

PMT and STS Induction by Ozone and Fungal Pathogen

The dose-dependent ozone induction accumulation
of STS and PMT transcripts in needles (Fig. 2) is in
good accordance with previously found increases of
stilbene contents, STS and PMT enzyme activities,
and STS transcripts in Scots pine seedlings (Rose-
mann et al., 1991; Zinser et al., 1998). Comparison of
all these data suggests that stilbene metabolites
seemed to be regulated at the transcriptional level.

Ozone did not induce STS and PMT mRNA in
phloem, indicating no systemic ozone effect (Figs. 3
and 4A). Similarly, in non-mycorrhizal roots of Scots
pine seedlings, no ozone effect on stilbene metabo-
lites was found (Bonello et al., 1993).

Wounding led to transient inductions of STS and
PMT transcripts (Figs. 3 and 4B), which are increased
by fungus during the first week after inoculation
(Figs. 3 and 4C). The stilbenes PS and PSM were
detected in reaction zone only in phloem wounded or
inoculated by a bark-beetle associated fungus, in
agreement with the proposed stilbene involvement of
tree resistance (Lieutier et al., 1996; Bois and Lieutier,
1997). Ozone resulted in transient STS and PMT
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mRNA increases in needles (Fig. 2), thus illustrating
similarities between ozone- and pathogen-induced
transcript increase.

Combined Stress

The impact of simultaneous environmental stresses
on plants is not well known. Both positive and neg-
ative interactions seem to exist among different stress
factors with regard to gene expression (Orvar et al.,
1997; Xiong et al, 1999). When applied before
wounding or fungal attack, 0.15 pL L™" ozone de-
creased pine STS and PMT transient induction,
whereas 0.3 uL L™' ozone restored and prolonged
the induction level over 2 weeks (Fig. 4, B and C). As
in Scots pine PMT is present as a multigene family
(Chiron et al., 1998), different members of the family
might be differentially regulated upon environmen-
tal stimuli. There also could be a competition be-
tween induction and degradation of transcripts lead-
ing to the steady state level measured, or different
levels of stress might affect the balance differently.
Nevertheless, this different effect of the two ozone
concentrations applied requires further investiga-
tions. Similar contrary reactions have been reported
for birch clones exposed to ozone and/or drought
interactions (Padkkonen et al., 1998) as well as for
Heterobasidion-challenged roots of ozone-treated Scots
pine seedlings (Bonello et al., 1993). It is interesting
that a systemic ozone effect on stilbene metabolites in
roots of Scots pine seedlings was found only in
pathogen-challenged seedlings (Bonello et al., 1993),
similar as found in this report in the phloem of Scots
pine saplings. Future experiments should focus on
determining such complex interactions of ozone with
various abiotic/biotic stress factors.

MATERIALS AND METHODS
Plant and Fungal Material

Seven-year-old Scots pine (Pinus sylvestris) saplings were
purchased from the Bauchery nursery (Crouy-sur-Cosson,
Loir et Cher, France) and were further cultivated for 5
months under a pergola. After the experimental treat-
ments, the trees were transferred back to the pergola, and
1 year later the rate of survival was determined. L. wing-
fieldii was from the Institut National de la Recherche
Agronomique collection (Orléans, France), and was ini-
tially isolated from the bark beetle Tomicus piniperda and its
galleries. It was purified by monospore culture and culti-
vated on malt-agar at 22°C in dark (Lieutier et al., 1989).
Cultures were preserved at 4°C with a yearly passage on
Scots pine logs at 22°C to retain their activity.

Ozone Treatment

In April 1998, saplings were acclimated for 6 d in the
GSF phytotron walk-in chambers (Neuherberg, Germany;
Thiel et al., 1996). The light period was 14 h d ™' (1,300 nE
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m~? s~ photosynthetically active radiation; 22.5 W m >

UV-A; 0.45 minimum erythemal dose h~! UV-B); day/
night temperatures were 22°C/16°C and day/night rela-
tive humidities were 70%/85%. Saplings were fumigated
with ozone (0.15 or 0.3 L L™ ") for 10 h per day during 2 d.

Inoculations

Forty-eight hours after the beginning of ozone fumiga-
tion, two sterile and two fungal inoculations were carried
out onto every tree in each chamber. Calibrated agar discs
(3-mm diameter) of a 3-week-old sporulating L. wingfieldii
culture were introduced into the tree at the cambium level,
according to a method described by Wright (1933). Mock
inoculations without fungus were performed with 3-mm
diameter sterile malt agar discs. Inoculations were made at
two different levels of the trunk with a distant of at least 20
cm. A 4 (horizontal) X 7-cm (vertical) rectangle of phloem
tissue was removed around each inoculation site and used
for RNA analysis after discarding a 1 X 2-cm rectangle of
phloem tissue directly enclosing the inoculation point.

Nucleic Acid Isolation

Lyophilized needles (70-90 mg), omitting the current
year flush and lyophilized phloem tissue (100 mg), were
ground to a fine powder, and total RNA was isolated as
described (Kiefer et al., 2000). Genomic DNA was extracted
from adult Scots pine needles according to protocol 1 in
Csaikl et al. (1998).

PMT Genomic Clone Isolation

The promoter sequence was obtained using gene specific
reverse primers designed from the PMT cDNA sequence
(Chiron et al., 1998), according to the method described by
Cormack and Somssich (1997), and 1.5 ug of Scots pine
genomic DNA was completely digested with 20 units
EcoRI. The DNA was precipitated 5 min on ice with 2
volumes of isopropanol, washed with 70% (v/v) ethanol,
and resuspended in 15 uL H,O. After a 5-min incubation
at 90°C, the DNA was polyadenylated with 0.5 mm dATP
and 1.5 mMm CoCl, in 20 pL of terminal transferase (TdT)
buffer (Roche, Mannheim, Germany) containing 50 units of
TdT at 37°C for 1.5 h. The reaction was stopped by heating
the sample at 72°C for 5 min.

The first PCR was performed with 1/10 volume of the
polyadenylated DNA (150 ng), 100 pmol of gene specific
primer 1 (5'-TCCCGAGTTCCATGCCCAGAA-3"), 100 pmol
of universal-T17 primer (5'-GTAAAACGACGGCCAGTCG-
ACTTTTTTTTTTTTTTTTT-3'), 200 um dNTPs, and 5 units
of AGSGold DNA polymerase (AGS) in 100 uL of 1 X
AGSGold buffer with thermal cycling conditions consisting
of an initial denaturation step at 94°C for 1 min, followed
by 35 cycles of 1-min denaturation at 94°C, 1-min primer
annealing at 60°C, and 3-min extension at 72°C, with a final
10-min extension period at 72°C.

The second PCR was carried out using 1 uL of the first
PCR product, under the same conditions as the first PCR
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except that 100 pmol of gene specific primer 2 (5'-GCC-
GATCCCATTTCGAATCC-3") and 100 pmol of universal
primer (5'-GTAAAACGACGGCCAGT-3") were used. The
final PCR product was purified and cloned into pGEM-T
vector (Promega, Madison, WI) according to the manufac-
turer’s instructions. The plasmids were sequenced com-
mercially (MWG, Ebersberg, Germany).

RT-PCR Analysis

Total RNA (5 pg) from pine needles or phloem tissue
was DNasel digested and reverse transcribed for 1 h at
42°C by 200 units Superscriptll RT (Life Technologies/
Gibco-BRL, Cleveland), with 1X corresponding buffer, 10
mM dithiothreitol, 0.4 mm each dNTP, 100 nMm oli-
go(dT),,_5 primer (Life Technologies/Gibco-BRL), and 10
units RNase inhibitor (Life Technologies/Gibco-BRL).

The ¢cDNA was quantified according to a method de-
scribed by Kiefer et al. (2000) and 10 ng were used for PCR
with 2.5 units Tag polymerase (Amersham-Pharmacia Bio-
tech, Freiburg, Germany), 1X corresponding buffer, 0.2 mm
each dNTP, and 0.2 um 3’ and 5’ primers. Amplification
was performed during 35 cycles of 1-min denaturation at
94°C, 1-min primer annealing at 58°C (PMT and cab prim-
ers) or 62°C (STS primers), and 2-min elongation at 72°C.
Reaction products were analyzed by electrophoresis
through a 1% (w/v) agarose gel, visualized under UV-light
after ethidium bromide staining, and quantified using the
Picogreen method (Molecular Probes, Leiden, The Nether-
lands). The authenticity of the PCR products was checked
by two directional partial sequencing using the Thermo
Sequenase Kit (Amersham-Pharmacia Biotech).

ACKNOWLEDGMENTS

The authors thank Evi Kiefer for helpful assistance,
Werner Heller and Dieter Treutter (Technical University of
Munich) for excellent cooperation, and Franck Brignolas
(University of Orléans) for critical reading of the manu-
script. We are grateful to the staff of the GSF phytotron for
their excellent technical assistance.

Received March 21, 2000; accepted July 7, 2000.

LITERATURE CITED

Bois E, Lieutier F (1997) Phenolic response of Scots pine
clones to inoculation with Leptographium wingfieldii, a
fungus associated with Tomicus piniperda. Plant Physiol
Biochem 35: 819-825

Bonello P, Heller W, Sandermann H (1993) Ozone effects
on root-disease susceptibility and defense responses in
mycorrhizal and non-mycorrhizal seedlings of Scots pine
(Pinus sylvestris L.). New Phytol 124: 653-663

Brown JWS (1986) A catalogue of slice junction and puta-
tive branch point sequences from plant introns. Nucleic
Acids Res 14: 9549-9559

Chiron H, Drouet A, Heller W, Ernst D, Sandermann H,
inventors. August 13, 1998. DNA-Sequenz der Pinosylsvin-

Plant Physiol. Vol. 124, 2000

Scots Pine Stilbene Gene Induction by Ozone and Fungal Infection

3-O-methyltransferase (PMT). Deutsches Patentamt
A-Nr 198 36 774.0

Claudot A-C, Ernst D, Sandermann H, Drouet A (1999)
Cloning and characterization of two members of the
chalcone synthase gene family from walnut. Plant
Physiol Biochem 37: 721-730

Cormack RS, Somssich IE (1997) Rapid amplification of
genomic ends (RAGE) as a simple method to clone flank-
ing genomic DNA. Gene 194: 273-276

Cramer CL, Edwards K, Dron M, Liang X, Dildine SL,
Bolwell GP, Dixon RA, Lamb CJ, Schuch W (1989)
Phenylalanine ammonia-lyase gene organization and
structure. Plant Mol Biol 12: 367-383

Csaikl UM, Bastian H, Brettschneider R, Gaush S, Meir
A, Schauerte M, Scholz F, Sperisen C, Vornam B,
Ziegenhagen B (1998) Comparative analysis of different
DNA extraction protocols: a fast, universal maxi-
preparation of high quality plant DNA for genetic eval-
uation and phylogenetic studies. Plant Mol Biol Rep 16:
69-86

Derks W, Creasy LL (1989) The significance of stilbene
phytoalexins in the Plasmopara viticola-grapevine interac-
tion. Physiol Mol Plant Pathol 34: 189-202

Ernst D, Grimmig B, Heidenreich B, Schubert R, Sander-
mann H Jr (1999) Ozone-induced genes: mechanisms
and biotechnological applications. In MS Smallwood,
CM Calvert, D] Bowles, eds, Plant Responses to Environ-
mental Stress. BIOS Scientific Publishers, Oxford, pp
33-41

Faktor O, Kooter JM, Dixon RA, Lamb CJ (1996) Func-
tional dissection of a bean chalcone synthase gene pro-
moter in transgenic tobacco plants reveals sequence mo-
tifs essential for floral expression. Plant Mol Biol 32:
849-859

Franken P, Niesbach-Klosgen U, Weydemann U,
Maréchal-Drouart L, Saedler H, Wienand U (1991) The
duplicated chalcone synthase genes C2 and Whp (white
pollen) of Zea mays are independently regulated: evi-
dence for translational control of Whp expression by the
anthocyanin intensifying gene. EMBO ] 10: 2605-2612

Goodall GJ, Filipowicz W (1991) Different effects of intron
nucleotide composition and secondary structure on pre-
mRNA splicing in monocot and dicot plants. EMBO ] 10:
2635-2644

Grimmig B, Matern U (1997) Structure of the parsley
caffeoyl-CoA O-methyltransferase gene, harbouring a
novel elicitor responsive cis-acting element. Plant Mol
Biol 33: 323-341

Hart JH (1981) Role of phytostilbenes in decay and disease
resistance. Annu Rev Phytopathol 19: 437-458

Hauffe KD, Lee SP, Subramaniam R, Douglas CJ (1993)
Combinatorial interactions between positive and nega-
tive cis-acting elements control spatial patterns of 4CL-1
expression in transgenic tobacco. Plant J 4: 235-253

Kiefer E, Heller W, Ernst D (2000) A simple and efficient
protocol for isolation of functional RNA from plant tis-
sues rich in secondary metabolites. Plant Mol Biol Rep
18: 33-39

871



Chiron et al.

Kindl H (1985) Biosynthesis of stilbenes. In Higuchi T, ed,
Biosynthesis and Biodegradation of Wood Components.
Academic Press, London, pp 349-377

Lieutier F, Sauvard D, Brignolas F, Picron V, Yart A,
Bastien C, Jay-Allemand C (1996) Changes in phenolic
metabolites of Scots pine phloem induced by Ophiostoma
brunneo-ciliatum, a bark beetle-associated fungus. Eur |
For Pathol 26: 145-158

Lieutier F, Yart A, Garcia J, Ham MC, Morelet M, Levieux
J (1989) Champignons phytopathogenes associés a deux
coléopteres Scolytidae du pin sylvestre (Pinus sylvestris
L.) et étude préliminaire de leur agressivité envers 1'hote.
Ann Sci For 46: 201-216

Loake GJ, Faktor O, Lamb CJ, Dixon RA (1992) Combina-
tion of H-box [CCTACC(N),CT] and G box (CACGTG)
cis elements is necessary for feed-forward stimulation of
a chalcone synthase promoter by the phenylpropanoid-
pathway intermediate p-coumaric acid. Proc Natl Acad
Sci USA 89: 9230-9234

Logemann E, Parniske M, Hahlbrock K (1995) Modes of
expression and common structural features of the com-
plete phenylalanine ammonia-lyase gene family in pars-
ley. Proc Natl Acad Sci USA 92: 5905-5909

Lois R, Dietrich A, Hahlbrock K, Schulz W (1989) A
phenylalanine ammonia-lyase gene from parsley: struc-
ture, regulation and identification of elicitor and light
responsive cis-acting elements. EMBO ] 8: 1641-1648

Miller JD, Arteca RN, Pell EJ (1999) Senescence-associated
gene expression during ozone-induced leaf senescence in
Arabidopsis. Plant Physiol 120: 1015-1023

Orvar BL, McPherson J, Ellis BE (1997) Pre-activating
wounding response in tobacco prior to high-level ozone
exposure prevents necrotic injury. Plant J 11: 203-212

Pdikkonen E, Seppdnen S, Holopainen T, Kokko H,
Kidrenlampi S, Karenlampi L, Kangasjdrvi J (1998) In-
duction of genes for the stress proteins PR-10 and PAL in
realtion to growth, visible injuries and stomatal conduc-
tance in birch (Betula pendula) clones exposed to ozone
and/or drought. New Phytol 138: 295-305

Raventés D, Jensen AB, Rask M-B, Casacuberta JM,
Mundy J, San Segundo B (1995) A 20-bp cis-elements is
both necessary and sufficient to mediate elicitor response
of a maize Prms gene. Plant J 7: 147-155

Richter C, Wild A (1992) Phenolic compounds in needles
of Norway spruce trees in relation to novel forest decline:

872

I. Studies on trees from site of the Northern Black Forest.
Biochem Biophys Pflanz 188: 305-320

Rosemann D, Heller W, Sandermann H (1991) Biochemi-
cal plant responses to ozone: II. Induction of stilbene
biosynthesis in Scots pine (Pinus sylvestris L.) seedlings.
Plant Physiol 97: 1280-1286

Rushton PJ, Somssich IE (1998) Transcriptional control of
plant genes responsive to pathogens. Curr Opin Plant
Biol 1: 311-315

Rushton PJ, Torres JT, Parniske M, Wernert P, Hahlbrock
K, Somssich IE (1996) Interaction of elicitor-inducible
DNA-binding proteins with elicitor response elements in
the promoters of parsley PR1 genes. EMBO ] 15:
5690-5700

Schanz S, Schréder G, Schrdder J (1992) Stilbene synthase
from Scots pine (Pinus sylvestris). FEBS Lett 313: 71-74

Schéppner A, Kindl H (1979) Stilbene synthase (pinosylvin
synthase) and its induction by ultraviolet light. FEBS Lett
108: 349-352

Schubert R, Fischer R, Hain R, Schreier PH, Bahnweg G,
Ernst D, Sandermann H Jr (1997) An ozone-responsive
region of the grapevine resveratrol synthase promoter
differs from the basal pathogen-responsive sequence.
Plant Mol Biol 34: 417-426

Schwekendiek A, Pfeffer G, Kindl H (1992) Pine stilbene
synthase cDNA, a tool for probing environmental stress.
FEBS Lett 301: 41-44

Thiel S, Dohring T, Kofferlein M, Kosak A, Martin P,
Seidlitz HK (1996) A phytotron for plant stress research:
how far can artificial lighting compare to natural sun-
light? J Plant Physiol 148: 456-463

Wright E (1933) A cork-borer method for inoculating trees.
Phytopathology 23: 487-488

Xiong L, Ishitani M, Zhu J-K (1999) Interaction of osmotic
stress, temperature and abscisic acid in the regulation of
gene expression in Arabidopsis. Plant Physiol 119:
205-211

Zhu Q, Droge-Laser W, Dixon RA, Lamb C (1996) Tran-
scriptional activation of plant defense genes. Curr Opin
Genet Dev 6: 624-630

Zinser C, Ernst D, Sandermann H (1998) Induction of
stilbene synthase and cinnamyl alcohol dehydrogenase
mRNAs in Scots pine (Pinus sylvestris L.) seedlings.
Planta 204: 169-176

Plant Physiol. Vol. 124, 2000



