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Abstract A probe for chalcone synthase (CHS) was gen-
erated by PCR using chalcone synthase conserved se-
quences. The cloned PCR product has high similarity to
both chalcone synthase and stilbene synthase sequences.
The probe was used to examine the organization of chal-
cone synthase and stilbene synthase genes in Abies pro-
cera, Pinus lambertiana, P. monticola, Picea glauca, P.
sitchensis, Pseudostuga menziesii, Taxus brevifolia, and
Thuja plicata. A large number of hybridizing bands were
found in all species except T. plicata which did not cross
hybridize. The hybridization patterns are highly polymor-
phic between the species and are also polymorphic within
several of them.
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Introduction

Chalcone synthase (CHS) and stilbene synthase (STS) are
closely related polyketide synthases which are key en-
zymes in the biosynthesis of flavonoids and stilbenes, re-
pectively. Chalcone synthase catalyzes the first and key
regulatory step in flavonoid biosynthesis in plants. Flavan-
oids constitute a diverse group of plant secondary metab-
olites, derived from the phenylpropanoid pathway, which
are essential for a variety of biochemical processes. Much
work has focused on the role of CHS in the nodulation,
pigmentation, UV-protection, and defense responses of an-
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giosperms (e.g., Firmin et al. 1986; Hahlbrock and Scheel
1989; Dixon and Harrison 1990). CHS is encoded by a sin-
gle gene per haploid genome in some angiosperms (e.g.,
parsley, Hahlbrock and Scheel 1989; Arabidopsis thaliana,
Feinbaum and Ausubel 1988; and snapdragon, Sommer
and Saedler 1986), but as a small multigene family in beans
(Ryder et al. 1987), soybean (Wingender et al. 1989),
chickpea (Daniel and Barz 1990), pea (Harker et al. 1990),
mustard (Batschauer et al. 1991), Petunia hybrida (Koes
etal. 1989), grape (Sparvoli et al. 1994), and subterranean
clover (Arioli et al. 1994). Stilbene synthases catalyze the
reaction leading to the formation of the stilbene backbone.
Stilbene phytoalexins possess antifungal and antibacterial
properties and contribute to plant defense reactions (Hart
1981; Kemp and Burden 1986). Stilbene synthases from
angiosperm crop plants are rare but the gene has been
cloned from peanut (Schroder et al. 1988) and grape (Mel-
chior and Kindl 1991; Sparvoli et al. 1994). STS is encoded
by a small gene family in peanut (Schroder et al. 1988) but
by a large gene family (15-20 copies per haploid genome)
in grape (Sparvoli et al. 1994). There is evidence that stil-
bene synthases have independently evolved from chalcone
synthases several times (Tropf et al. 1994).

Recently, these enzymes were reported from gymno-
sperms. Fliegmann et al. (1992) cloned and sequenced a
CHS and a STS gene from Pinus sylvestris L. Raiber et al.
(1995) screened a Pinus strobus L. cDNA library with the
P. sylvestris STS probe and isolated eight clones represent-
ing two closely related STS genes. Rutledge and Xue
(1993, personal communication), using the polymerase
chain reaction, found that there are many CHS genes in the
genome of Picea mariana (Mill.) BSP.

During the course of developing defense-response-
related DNA probes to study defense reactions of Pinus
monticola D. Don, a probe for chalcone and stilbene
synthase sequences was generated using the polymerase
chain reaction with degenerate oligonucleotides targeted
to highly conserved regions within the chalcone synthase
gene. The purpose of the present study was to investi-
gate the organization of these genes in several conifer spe-
cies.
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Materials and methods
Plant materials

Six native and two non-native conifer species from British Colum-
bia were included in this study. These were: P. monticola, Picea glau-
ca (Moench) Voss, Picea sitchensis (Bong.) Carr., Pseudotsuga men-
ziesii (Mirb.) Franco var. menziesii, Taxus brevifolia Nutt., Thuja
plicata D. Don, Pinus lambertiana Doug., and Abies procera Reh-
der. Branches were collected from two trees of each species grow-
ing at the Pacific Forestry Centre, Victoria, B.C., Canada. The probe
was constructed using DNA from P. monticola needles collected in
the Victoria watershed on southern Vancouver Island, British Co-
lumbia.

Probe construction and sequencing

Total DNA was isolated from 5-10 g of needles from P. monticola
using the method described by White (1990) without sucrose gradi-
ent-separation of chloroplasts. Fifty to one-hundred nanograms of
the extracted DNA was used as template in an amplification reaction
employing CHS consensus-based primers [CS1: CGGAATTCACIA-
CI T/A C/G IGGIGTIGA T/C ATG, and CS4: GCTCTAGAGCICC
G/A TCICC G/A AAJA G/A IGC T/C TG (kindly supplied by Dr.
R. Rutledge and Dr. B. Xue, CFS NRC, Petawawa, Ontario)]. The
template DNA was denatured at 95°C for 10 min prior to amplifica-
tion. The DNA was amplified in a 25-u] reaction mixture containing
the template DNA, 250 ng of each primer, 2.5 units of Promega Tag
DNA polymerase, 0.25 mM each of dATP, dCTP, dGTP, and dTTP,
50 mM KCl, 10 mM Tris-HCI (pH 9.0 at 25°C), 0.1% Triton-X-100,
1% DMSO, 2 mM MgCl,, and than overlaid with mineral oil. Am-
plification was performed in a Perkin-Elmer/Cetus thermal cycler
programmed for 24 cycles of 94°C for 1 min, 55°C for 1 min, and
72°C for 1 min followed by one cycle of 94°C for 1 min, 55°C for
1 min, and 72°C for 5 min. The 265-bp product (PwCHS1) was
cloned into the phagemid vector pTZ18 and its identity confirmed
by automated DNA sequencing performed at the Biotechnology La-
boratory, University of British Columbia.

DNA preparation and RFLP analysis

For Southern analysis total DNA was isolated from 5-10 g of nee-
dles collected from container-grown seedlings using the same meth-
od as described above. Five to ten micrograms of the total DNA ex-
tracted was digested with HindIIl, BamHI, Avall, and EcoRI and re-
solved in 0.8% agarose (Boehringer Mannheim) or 0.6% agarose (Bi-
oRad)/0.2% Synergel (Diversified Biotech) gels. DNA fragments
were transferred to a Hybond N (Amersham) nylon membrane after
depurination, denaturation and neutralization. After an overnight up-
wards transfer with 10 X SSC the blots were oven dried at 80°C for
about 10 min and UV fixed.

The 265-bp PwCHS] insert was cut from the cloning vector and
gel-purified. The insert was collected using glassmilk and then la-
belled with DIG-dUTP using a PCR protocol with a DIG-dUTP/
dTTP ratio of 1/10 as described by Panaud et al. (1993) with some
modifications. Briefly, 0.5 ng of heat-denatured PwCHS1 was am-
plified in a 50-ul reaction mixture containing 16 mM (NH,),SO,,
67 mM Tris-HCl (pH 8.8 at 25°C), 0.01% Tween-20, 2.5 mM MgCl,,
0.1 mM dATP, 0.1 mM dGTP, 0.1 mM dCTP, 0.09 mM dTTP,
0.01 mM DIG-dUTP, 500 ng each of CS1 and CS4, and 1.25 U of
ID-POL (ID Labs Inc.). The thermocycle profile was: 29 x (95°C for
1 min, 55°C for 1 min, 72°C for 2 min); 1 x (95°C for 1 min, 55°C
for 1 min, 72°C for 4 min). The DIG-labelled PCR product was pur-
ified using the QIA Quick-spin PCR kit (Qiagen).

Blots were pre-hybridized for at least 2 h at 42°C in 20 ml of hy-
bridization solution [5 X SSC, 2% blocking agent (Boehringer Mann-
heim), 0.1% SLS, 0.02% SDS and 50% formamide] in Falcon tubes
in a Robbins Scientific hybridization oven. For hybridization the
pre-hybridization solution was removed and replaced with 3 ml of

hybridization solution containing 10 ug of DIG-labelled PwCHSI1.
Hybridization was carried out overnight at 42°C. The blots were
then washed as follows: 2x(2xSSC/0.1% SDS RT 5 min),
2 x (2 X SSC/0.1% SDS 55°C 1 h). P. monticola blots were given an
additonal wash of 1 x (0.5 x SSC/0.1% SDS 65°C 10 min). Chem-
iluminescent detections were carried out essentially as recommend-
ed by Boehringer Mannheim for their DIG system except that the
blocking step was performed for at least 1 h and the washes in wash-
ing buffer were lengthened to 30 min each. AMPPD [(3-2’-spiro-
adamantane)-4-methoxy-4-(3”"-phosphoryloxy)phenyl-1,2-dioxe-
tane disodium salt], a chemiluminescent substrate for alkaline phos-
phatase, was applied to the blots and the blots were exposed to
X-ray film (XOMAT-AR) for about 65 h.

Results

The nucleotide sequence of the 265-bp CHS/STS probe
generated using PCR (PwCHS1) is presented, and aligned
with the homologous conserved regions of other published
sequences in Fig. 1. PwCHS1 matches very closely (90%)
the sequence for the same region from the P. sylvesiris CHS
gene (position 557-797). Matches to angiosperms are not
as close though the area is conserved (77-70%). Based on
the whole-gene data published for the P. sylvestris CHS
gene, and assuming that the sequence length found in
P. monticola would be similar, then PwCHS]1 represents
14% of the complete chalcone synthase gene in P. monti-
cola. High homology scores were also obtained for the nu-
cleotide alignments of PwWCHS1 with P. strobus (position
448-682) and P. sylvestris (position 414-649) stilbene syn-
thase, 77 and 76 %, respectively. PwCHS 1 cross-hybridizes
(datanot shown) with the cloned P. sylvestris chalcone syn-
thase and stilbene synthase obtained from Dr. J. Schroder
(Fliegmann etal. 1992). An amino-acid alignment revealed
a 95% match between the P. monticola sequence and the
P. sylvestris chalcone synthase sequence. Other amino-acid
sequence alignments to angiosperm chalcone synthases
gave matches of 91-85%. The amino-acid identity between
the P. monticola CHS/STS sequence and the P. strobus and
P. sylvestris stilbene synthases was lower at 73%.

We investigated the nature of the CHS/STS genes first
in P. monticola by Southern-blot analysis (Fig. 2). In each
BamHI digest (lanes 1-8) 9-11 bands are visible. HindIII
digests of P. monticola DNA reveal 18 bands when probed
with PwCHS1 (data not shown). Polymorphisms were
found between individual P. monticola trees using BamHI
(compare Fig. 2 lanes 4 and 5 between 2.3 and 6 kb), and
also with EcoRI (data not shown). HindIII did not show
polymorphisms in P. monticola with PwCHS 1 in this study.
Southern blots were also prepared from total DNA of other
conifer species and these blots were probed with PwCHS|1
(Fig. 3). Bands were present for all species studied except
T. plicata. With Avall-digested DNA (Fig. 3a, lanes 1-8)
ten bands were detected with P. menziessii DNA, none with
T. plicata, ten with P. sitchensis, and ten bands with A. pro-
cera. Seventeen bands were observed with Avall-digested
P. monticola, 13 with P. glauca DNA, six with P. lamber-
tiana, and seven with Taxus brevifolia (data not shown).
With Hindlll-digested DNA (Fig. 3b, lanes 1-8) there
were 18 bands with P, monticola, 12 with P. lambertiana,
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PWCHS1 ACGACGTCGGGGGTGGACATGCCCGGAGCTGACTATCAGCTAACAAAGCTTCTAGGTCTCCGCTCCAGCGTTARCAGAGTGATGATGT
PSCHS  —--—-vw==- AceTeeseoons A..C..C.ooenn . ee@ioscee eeeooTeoCooieeeCaconen veer@iioeeCoconans
PSSTS  ——mem—m——mm——mmmee P i O . SO ¢....T.¢..6..6.C...T.6..6..6..G.A.C....T..G..G......GGCG...
PSYSTS «--————--===w== TC.A..Teeosos A....T.G..6..6.C...7.G..G..6..G.A.C.G..T..G..G......6G6CG...
PHCHS -———==w=-- oeTeecoasscass T,.GTGocssesens A..C..Touveoo A,.T..G..T..TC.ATCG. .C..G..GC.C.vvevouo
PSCHS1l ~w==-==-- cTeedecsesosencones ¢,,T..C..A..C..C..A..CT..00cso T,,.C.ATAT..G..G...TAC. ... ..
PWCHS1 ACCAACAGGGCTGCTTCGCTGGAGGCACCETCCTCCGCGTGGCTAAAGATCTGEGCAGAGAACAATCCGGGGAGCTCGGATTCTGGTCGT
PSCHS  ..cevveesns T ceeasenes ceeseven L caenssessens Povesssoseeeloseesecccecrsannna T..
PSSTS Tevooos Tevesoacesooe Civnconnnnns TeeTooeCoeve@uaonca CooTeeCovBAocosnseedoss vessesBescascns
PSYSTS Te.cecsesToesccons eo0eCecens coesoeTe s TeeBAAceoeBeossoCosTeeCovBAicacenns Aceoreccsnes Geveseods
PHCHS ....... A..Tiooen Toeeeon Tooano G..T..T..GT.A..C..G..CT....G..A..... CAA...C..... A..C..T..T..
PSCHS1 ..ocow. A..Accoe T..A..T..8..6..6,.7..TT.....c. G,..CT....T.'vv0 «+«+CARA,..C..... T..6T....T..
PWCHS1 CTGCAGCGAAATCACGGCTGTTACCTTCCGETGGCCCCTCCCACACTCACCTCGACAGCATGGTCGACCAAGCCCTTCGACAACGGECACT
PSCHS T..... ;N Teo... I O - 2 Gurrnoesommmmmmmm—————— 90%
PSSTS Geoeso T....A...C..C ceosssesCacBAecenes G.Georrven G, .TG..C.A, .G.G. . Te s s smmmmmmrrmr————— 77%
PSYSTS ...T..T....C.ieeC.Coivvvenn Teoero Aceenes G.Giconenen Goverven CiessB.GE. 0o sosmmmmmmmmmm e ———— 76%
PHCHS T..,TTCA.cccoceo CieBouCivonnaneonnas G..AAATG.T..0. Tr.G..T. . TT.A. . T.G.icerrses=—=mmmem=m—m—am——— 70%
PSCHS1 T..TTCT...G.G..T..A..... Acereoens T, .AAG.G.TescvsTeGouene TC.T..T.GA..vsses=m=mommem— e 70%
Fig. 1 Alignment of the nucleotide sequence of Pv&_zCHSl and sev- kb: 428,46 6 7 8 kb 12 @ Bae T
eral other plant CHS sequences from the same region of the gene. < —r -ﬁa“
Only the differences to PWCHS1 are shown in PSCHS, PSSTS, 8= 9.4 — SR 2 g ™
PSYSTS, PH, and PS1; the dots indicate sequence identity. PWCHS I, 6.7 — g
P. monticola CHS/STS probe; PSCHS, P. sylvestris chalcone syn- 6.7— -y
thase (Fliegmann et al. (1992); PSSTS, P. strobus stilbene synthase . -
(Raiber et al. 1995); PSYSTS, P. sylvestris stilbene synthase 44— % _/
(gbS50350); PH, Petunia hybrida chsA (embX14591); PS1, Pisum ! - .'
sativum PSCHS1 (embX63333) | - ‘
- )
-
23— - - - )
2.0 — - 23— * -
- 20— g -
N -l
kb 12345678 W, W, o ~a -
w it v &\M bossa —
231 — - W . —— b
- - a
9.4 — - . . . .
: o :: - 3. Fig. 3a,b Southern analysis of several conifers using the PwCHS1
6.7 — . probe. Total DNA from two trees each of eight species were cut with
- Avall (a) and HindIIl (b) and the Southern blots were hybridized
44— “ with PwCHS1. a (bands above 9.4 kb not shown) Lanes I and 2, P.
. menziesit; lanes 3 and 4, T. plicata; lanes 5 and 6, P. sitchensis; lanes
7 and 8, A. procera. b (bands below 1 kb not shown) Lanes I and 2,
P. monticola; lanes 3 and 4, P. lambertiana; lanes 5 and 6, T. brevi-
g'g 9 folia; and lanes 7 and 8, P. glauca. HindlIl-digested lambda DNA

Fig. 2 Southern analysis of P. monticola chalcone synthase/stilbene
synthase sequences. Total DNA from eight P. monticola trees were
cut with the restriction endonuclease BamHI (lanes 1-8), and the
Southern blot was hybridized with PwCHS 1. HindIII-digested lamb-
da DNA was used for size markers

14 with T brevifolia, and 19-20 with P. glauca. With
HindIII-digested P. menziessii DNA, 13 bands were
detected with PwCHS1, none with 7. plicata, 11 with
P. sitchensis, and nine with A. procera (data not shown).
Each species displayed a unique CHS/STS fingerprint.
Polymorphisms were found between individuals of
P. glauca using HindIIl (Fig. 3b, lanes 7 and 8).

was used for size markers

Discussion

In preliminary trials, a 800 bp HindIII fragment of the het-
erologous CHS probe from P. sylvestris did not hybridize
to P. monticola Southern blots. Consequently a homolo-
gous probe directed to a highly conserved region of the
gene was sought.

The probe developed in this study displays a high de-
gree of homology with both chalcone synthase and stilbene
synthase sequences. Since it hybridizes to both chalcone
synthase and stilbene synthase clones isolated from P. syl-
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vesiris and has a similar sequence, PwWCHS 1 should detect
both chalcone synthase and stilbene synthase sequences if
both genes are present in the genome. Chalcone synthases
occur in many plant species including conifers (Tropf et
al. 1994). Stilbene synthases are found in only a few widely
unrelated plants but stilbenes are wide-spread in conifers
(Raiber et al. 1995). Both CHS and STS have been found
to occur as multigene families. Multiple hybridizing bands
in all those species exhibiting signals in the present study
indicate that the CHS and/or STS genes of these species
occur as members of gene families. The intensity of the
bands in many of the tree species investigated indicates
that there are many copies of these genes in some conifer
genomes. Further studies are required to differentiate CHS-
and STS-specific bands in these species. PwCHS1 could
be used to screen cDNA or genomic libraries to isolate full-
length CHS or STS genes. The identity of the gene prod-
uct could be confirmed by expressing the isolated genes in
E. coli as has been done in other systems (Schanz et al.
1992).

The multigenic nature of these genes in conifers may
mean that only some of them are important to defense. In
Phaseolus vulgaris different members of the CHS gene
family are known to be differentially regulated in response
to different environmental stimuli (Ryder et al. 1987). The
gene dosage of a particular member of the CHS multigene
family in soybean may play an important role in determin-
ing the plants response to UV-B (Akada et al. 1993). It has
yet to be determined whether or not CHS or STS genes in
gymnosperms are differentially regulated or if the gene do-
seage of any particular member of the gene families in gym-
nosperms plays a specific role in any physiological re-
sponse.

Our data reveal extensive polymorphism for CHS/STS
genes between conifer species. Variation in intensities of
hybridizing bands from different species may indicate that
sequences of individual CHS/STS family members have
diverged or that the gene copy number differs in different
species. Chalcone synthase genes have been used to study
evolutionary relationships within the plant kingdom (Nies-
bach-Klosgen et al. 1987). The probe developed in the
present study could be used in phylogenetic studies of gym-
nosperms.

The results also show that there is considerable within-
species variation in the chalcone synthase/stilbene syn-
thase families in conifers. Polymorphisms have been ob-
served in P. monticola and P. glauca even with the very
limited sample size employed. This indicates the potential
usefulness of the PwCHS1 probe in studies of genetic di-
versity in these species.

Studies are in progress to determine whether or not se-
lection for resistance to white pine blister rust in P, mon-
ticola alters the frequency of polymorphisms detected with
this probe. Correlation with a resistance phenotype would
provide a valuable tool for marker-aided selection in the
tree-improvement program for resistance (Meagher et al.
1993).
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