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Abstract

Genomic DNA from mustard was cloned in EMBL4 and screened for chalcone synthase (CHS) genes
using a heterologous cDNA probe from parsley. Two clones which hybridized with the parsley cDNA
probe were isolated. They showed different restriction patterns. One clone was sequenced and identified
as a CHS gene by sequence comparison with published CHS sequences. The sequence of the coding
region is 1188 bp, and encodes a protein of 43 kDa. The startpoint of transcription was determined by
primer extension. The sequence of 0.9 kbp at the 5’ end of the transcription start and part of the
noncoding 3’ of this gene were also determined. The coding sequence is interrupted by a single intron
of 523 bp. The coding and the noncoding 5’ sequence of this gene was compared with CHS genes from
other species. A very high homology was found with the Arabidopsis CHS coding region. A sequence motif
(CACGTGT) which is present in most rbcS and all CHS upstream regions, and which specifically binds
a protein factor from plant nuclear extracts, is also present in the upstream region of the mustard CHS
gene.

Measurements of CHS transcript levels show that phytochrome controls expression of this gene in
cotyledons of mustard seedlings; however, blue/UV-light photoreceptors control expression in later
stages of development.

Introduction

Chalcone synthase (CHS) is the key enzyme in’

the biosynthesis of all classes of flavonoids in
plants. It catalyzes the stepwise condensation of
three acetate residues from malonyl CoA with
coumaroyl CoA [25].

Flavonoids are known to have important
functions, for example as UV-light protectants
[24, 53] and as phytoalexins in legumes [ 14, 15].

External stimuli such as stress, UV-light and
attack by pathogens induce CHS expression in
many plant species [12, 22, 33, 35, 50, 52].
The regulation of CHS expression by light has
been studied most extensively in parsley cell cul-
tures. UV-light is necessary for the transcription
of the parsley CHS gene [7], but blue light and
red light have modulating effects [6, 45]. UV-light
regulation of CHS expression has also been
reported for petunia [59], bean [ 50], Antirrhinum

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under

the accession number X16437.
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Fig. 1. Map of the mustard cDNA clones SCHS1 and SCHS2. Restriction sites within the clones and at the ends (generated

by addition of Eco RI linkers) are indicated as the positions of stop codons (TGA, TAA). The four probes used for hybridization

experiments were: 1. A 748 bp Hind III fragment from the coding region of SCHS1; 2. A 139 bp Hind III/Hinf 1 fragment from

the 3’ noncoding region of SCHS1; 3. A 67 bp Nsi I/Eco RI fragment from the 3’ noncoding region of SCHS2; 4. A 300 bp

Eco RI/Pst 1 fragment from the coding region of SCHS2. Cross-hybridization between the probes was not detectable even under
low-stringency wash conditions.

from parsley [49]. Standard hybridization and
washing conditions were used [27].

DNA sequence analysis

DNA sequencing was performed according to the
dideoxy chain termination method using double-
stranded DNA [33] cloned in pUCI19. Over-
lapping subclones were obtained by Exo III/SI
treatment [26].

Primer extension experiments

One oligonucleotide (5’ CCAACTTGGTTT-
TAACTAGAG 3’) was synthesized for primer
extension experiments using a DNA synthesizer
(Model 380B, Applied Biosystems). The oligonu-
cleotide which is complementary to the coding
strand starts 7 nucleotides upstream from the first
ATG in the coding region. Primer extension expe-
riments were performed as described [13].

Results
Isolation of genomic clones encoding the CHS

5 x 10° recombinants were screened with the 32P-
labelled pLF15 ¢cDNA probe coding for the
parsley CHS [49]. After three rounds of plaque
purification two clones were identified containing
inserts of 10.6 (SA-CHS2) and 20.4 kbp (SA-
CHS1). Both clones were characterized by re-
striction analysis (Fig. 2). Their restriction maps
are similar but an additional Hirnd HI site is
present in the coding region of SA-CHS2. No
hybridization is detectable between SA-CHS2
and the 3’ noncoding region of the cDNA clone
SCHS?2 (data not shown). Therefore, SA-CHS2
is distinct from SA-CHS1 and from the two pre-
viously characterized CHS ¢cDNAs from mus-
tard. The clone SA-CHS1 was further character-
ized.

Double digestion with Eco RI and Sa/ I gener-
ates 5 fragments. The 7.9 and 1.7 kbp fragments
hybridize with the pLF15 probe and were sub-
cloned into pUC19. A Hind III fragment of the
mustard cDNA clone SCHS1 [18] (spanning
positions 451 to 1198 relative to the translation
start site) only hybridized with the 7.9 kbp
Eco RI/Sall fragment. Therefore, this fragment
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Fig. 2. Map of the mustard CHS clones SA-CHS1 and SA-CHS2. Restriction enzymes which were used to map the clones
are indicated. The expanded region shows the 2.9 kbp sequenced part of SA-CHS1. Dark boxes indicate exons. The arrows
indicate the location of the transcripts.

contains part of the coding region and the un-
translated 3’ end.

The copy number of CHS genes was deter-
mined by Southern-blot analysis of mustard ge-
nomic DNA. The restriction enzymes Eco RI/
Sall and Hind III were used because they pro-
vided the most information from the restriction
patterns of the genomic and cDNA clones. The
data from the Southern analysis and the restric-
tion patterns of the CHS clones indicate that four
CHS genes are present in mustard (Fig. 3).

Sequence of SA-CHS 1

Part of the 7.9kbp and all of the 1.7 kbp
Eco RI/Sal 1 fragment were sequenced (Fig. 4).
The translation start site was identified by se-
quence comparison with the mustard ¢cDNA
clone SCHS3 [18] and CHS sequences from
other species [19, 43]. SA-CHS1 encodes a poly-
peptide of 395 amino acids. The coding region is
interrupted by a single intron of 523 bp between
the first and second nucleotide of a Cys codon
(codon 65). The position of this intron is con-
served in all CHS genes analyzed so far [19, 27,
55]. The intron is bordered by 5'-GT and 3'-AG
consensus sequences [3]. The G/C content

(539%,) is very similar to that of CHS from other
dicot species [43].

Sequence comparisons of previously identified
CHS cDNA s from mustard [ 18] and the genomic
clone SA-CHS1 show that SA-CHS1 is the gene
encoding the transcript from which one of these
cDNAs (SCHS1) was synthesized. Furthermore,
the coding region of the mustard gene is very
similar to a recently published Arabidopsis CHS
sequence [19] which also encodes a polypeptide
of 395 amino acids. The percentage of homology
between these two genes is 889 at the nucleotide
level and 94.89, at the amino acid level.

208 bp of the untranslated 3’ end were se-
quenced. This region contains a putative polyade-
nylation signal [47], AATAAT, which is 135 bp
downstream from the stop codon (TAA). It was
not possible to define the poly(A) addition site
exactly by comparison with the cDNA SCHS1
[ 18] because of the presence of 3 A residues in the
genomic sequence at this site. The possible
poly(A) addition sites are indicated in Fig. 4.

Primer extension experiments were performed
to determine the transcription start site (Fig. 5) by
using a 21mer oligonucleotide which was comple-
mentary to the coding strand starting from 7 bp
upstream of the A in the start codon (ATG). The
primer extension products were separated on se-
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Fig. 3. Southern hybridization analysis. 20 ug of mustard
genomic DNA was digested with the restriction enzymes
indicated, separated on 0.79, agarose gels and biotted to
Hybond N + membranes. Filters were probed with radio-
labelled CHS fragments (probe 1: 748 bp Hind III fragment
from SCHS1; probe 2: 300 bp Eco RI/Pst 1 fragment from
SCHS2; see Fig. 1 for further details). Both probes represent
nonoverlapping parts of the coding region. Bands which
correspond to fragments from genomic clones are marked
with arrows. Abbreviations: E: EcoRI; S: Sal/l; H:
Hind II1.

quencing gels together with sequencing reactions
using the same oligonucleotide and the 1.7 kbp
Eco RI/Sal 1 fragment of SA-CHS1 in pUC19 as
a template. The longest primer extension product
corresponds to the third A residue (nucleotide
+ 1, Fig. 4) in the sequence GCAAAGT. The
presence of multiple bands in the primer extension
experiments might be caused by premature termi-
nation of the reverse transcriptase.

A sequence motif (TAAATATA) which is
similar to the TATA box [3] occurs at positions
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~907 GAATTCCTCCTAATGAT

T TTGTGGICGA  -$48
-847  TAAAACAACGAATCATAAAGCAAAATTAATGTTTCCTTATAATT ~788
=787  ACAAAAGCAAATGCATCTTGCATTGT -7128
-727 ARTGTTAATICTAC TAGTTAGTTAGTT -€68

-667 AACTAGATTAGTACTCAGTTAAGTATGLACGIGTA TATACA -608
-607 ACTAACTCCTAGTAGIGGITAGTG' A AT -548
=547 ACTCCCTCATTTTCAAMATGTTTCAATGTTTTAACATTTTITCACACTTATTAAARAMAT -408
=487 ATATCAAATTTTAATTATCAATACATTAATT TATTCC TTIT -428
427 ARCTAATARAATTTTAATAAATAATAATTATATTTITTGAAATTTACAATITACAATTAAT  -368
~367 AAATACAT( 'GTATCTTTTTAAAATAATTTTTTTTICTAAAACATAA <308
=307 ATCTTTIY A TATAM TAGTTGTT -249

~247 GCGAAAATACGTAAAATCAAATAAAA TCAATGTGT A -188

-187 AGC T TAACTCCTATAACACGTIGTGCT  -128

-127 TCATCTGCCCGTCCATCAAACCTACCACACTCTCTICTCTTTTTCTCCTT TG -68

-67 TTATATAATATCTCACTCCCCCACCTTGCTTTCIAAATATACATACATATACTTIGCCTAT -8

-1 1acceanforc TCTC TGGTT 53
M v

54  ATGGGTACACCGTCTTCGTTGGA 113
M G TP S SLDETIRTEKAQRIADTGT P A

114 GGCATCTTGGCAAT TAACCCTGCTARCCAT cA 173
. 6 I L A1 GTANPANHVYVTIQAMETYTFP

174  GACTACTACTT TCAAG 233
DY YFRITMNSETBH MTDLZXTETNKTFK

234 CGCATGTGIATGTCTT TACTTTGTCTT TTAGAATTT 293

R M C

294  AATCATCCTTTTATCATTITTIGTTTTACATTT TIATCA 353

354  GTTTTATCCTTATTTTTAGTICATTAAT' a3

414  AAACAGAAAATTTAATAATCTICT' T cTCTIC 473

474 CGTTTCGAATTACTTGTCGT TTT TITC 533

534 GGTTTT T TCTATTTT 593

594  TGGT TTTTAT TTIC 653

654 TTAATT ATAANCC TATTA 73

714  TGARRCGTAATAGTATAT TC c 713
D K S

774  GACGATAAGGAAACGTCACATGCACT TCT T 833
T I R KR HMHLTTETETFTLTEKTDINTE?NN

834  GTGCGCCTACATGGCTCCTTCTCTCGAT 893
C AYMAPSLDARGQDTIVVVEVTFP

894 TAAGCT: A TGAAGGCC TCCAA 953

K L G K E A AV K ATIKTEWGOGQPKS S K

954 GATCACACATGTTGTCTTCTGCACTACCTCAGGTGTTGACATGCCTGGTGCTGACTACCA 1013
I T HV VYV FCTT S GV DMZPGADYQ

1014 GCTCACCAAGCTTCTTGGCCTTCGCCCTTCAGTCAAACGTCTCATGATGTACCAGCANGG 1073
L T KL LGILURUP S V KRILMMMYQOQG

1074 TTGCTTCGCCGGTGGCACTGTCCTCCGTC 1133
C F A GG T VL RULAKDULMRMMENNR RSGE

1134 CGCACGTGTCCTCGTTGTCTGCTCCGAGATCACAGCTGTCACCTTCCGTGGCCCTTCTGA 1193
A R VLV YV C S$ E 1T AVTVFRGZP S D

1194 CACCCACCTTGACTCCCTCC TCTCTTCAGT TCAT 1253
T H1LD S LV GOALTF S DGAA AA BRTLTI
1254 TGTCGGTTCAGACGCTGATATCTCTGCT TTCH 'GGTGTCTGC 1313

V 6 S D ADTI S AGETZKTZPTI1ITFEFEMYVSA
1314 TGCT

CATCCTCCCTGACT AGTGGG 1373

TGCCATAGA )
A Q T I L P D SDGAI D GHTLREVG
1374 ACTCACCTTCCATCTCCTCAAGGACGTTCCTGGACTCATCTCCAAGAACATTGAAAAGAG 1433
L T F HL L KDV P GULTI S8 XK N1 E K S
1434 TCTAGACGAAGCGTTTAAACCGTTAGGAATAAGTGACTGGAACTCTCTCTTCTGGATAGC 1493
L DEATF KUPULG 1 S D WD NS L F W I A
1494 TCACCCTGGTGGTCCAGCGATCCTTGATGACGTT TAGGACT 1553
H P 6 G P A 1 L DDV EEKIEKIULGULIKRAE
1554 GAAGATGAGAGCTACACGTCACGTGTTGAGTGAGTATGGAAACATGTCTAGCGCGTGCGT 1613
X M RATRHVLSETYGNMSSACYV
1614 CCTCTTCATTTTGGATGAGA' TCTGTGGAAGATGGTG' 1673
L F I L DEMZBRRIEKTSVETDGVATTG
1674 TGAAGGGTTAGAGTGGGGTGTICTTGTTTGGTT TCTCACCGT T 1733
E G LEW®WSGVLFGTFGPGLTVETYV
1734 GGTCCTACACAGCGTTCCTGTTTAAACATATATAAAGCTTTCTTCCTATGAAAATGCCTA 1793

VLHSVEPY
1794 CCTGCC‘l'ACCTlCCTRCACM_'ACTTTTATClTCITClTCATCATCATClTCATCATGTCT 1853
1854  TTATGTTTTATTTATCAATTTAAGATAATATTTGTAATGCAATAATTAATCAATGGATTC 1913

yy
1914 ATTTAGTGTGAAATGTGAAATATGTGGACTCTTTGTTTATGGTACAATTAATA 1966

Fig. 4. Nucleotide and deduced amino acid sequence of the
CHS]1 gene from mustard. The transcription start (+ 1) is
marked by a bent arrow. The putative TATA box is under-
lined as other areas which are discussed in the text. The
possible poly(A) addition sites are marked by arrowheads.

—34 to —27. In addition, another important se-
quence motif (GTGGTTAG) occurs at position
— 593 to — 586. This motif is similar to the SV40
enhancer [54] and was also found in other CHS
5’ upstream sequences [19, 27, 55].

Another sequence motif (CACGTGT) is
present in the mustard CHS promoter at position
— 640 (40 bp upstream of the motif which is
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Fig. 5. Primer extension experiments to identify the 5’ end
of the SA-CHS| transcript. Primer extension products using
10 ug mustard RNA and 0.5 pmol primer (positions 21 to 41
in Fig. 4) were separated on 8%, sequencing gels together
with sequencing reactions using the same primer and the
1.7 kbp Eco R1/Sal I fragment of SA-CHS1. The arrowhead
indicates the position of the longest primer extension product
corresponding to the third A residue (position + 1) in the
sequence GCAAAGT (see Fig. 4).

similar to the SV40 enhancer core sequence) and
is repeated nearly identically at position — 138.
This motif is present in all known CHS promoters
and in most of the known rbcS promoters [53, 21,
39]. Furthermore, this sequence (G-box, box II)
was found to specifically bind nuclear proteins
from leaf tissue [21, 57]. In a paper recently pub-
lished by Schulze-Lefert et al. [53] this motif and
another one (box I; located 20 bp downstream
from box IT) were found to be essential for induc-
tion of the parsley CHS promoter in transient

gene expression, and to be protected against
DNA methylation as shown by invivo DNA
footprinting experiments. A sequence which is
identical to box I'in 7 of 8 positions is also present
in the SA-CHS1 promoter. In addition, the
distance between box I and box II is identical in
the parsley and mustard CHS promoters. There-
fore, it is likely that these sequences are important
for regulation of the expression of the mustard
CHS gene.

Phytochrome-regulated expression of the CHS gene

We determined the effect of light on the amount
of CHS transcripts in cotyledons of mustard
seedlings by using a DNA-probe spanning part of
the coding region with dot-blot assays and
northern blots.

Light causes an increase in the amount of CHS
transcripts (Fig. 6) which is first detectable 24 to
27 h after sowing (‘competence point’). This ob-
servation agrees with the data from Brodenfeldt
and Mohr [5] measuring CHS protein levels.

In dark-grown plants, a small but significant
increase in CHS transcripts occurred between 36
and 42 h after sowing which is reflected in antho-
cyanin synthesis [44].

Treatment with continuous far-red light causes
enhanced CHS transcript accumulation com-
pared to continuous red light. This is a typical high
irradiance response. The accumulation of CHS
transcripts under continuous white light is less
than with continuous far-red light. This observa-
tion (data not shown) makes it unlikely that
UV/blue light photoreceptors are involved in
CHS expression in mustard cotyledons. These
effects were also described for anthocyanin accu-
mulation [35, 58].

To test red/far-red light reversibility, an
operational criterion for phytochrome action,
mustard seedlings were irradiated from sowing on
with continuous red light for 27 h and transferred
to darkness for another 15 h or given a RG9 pulse
and then transferred to darkness. A single 5 min
RGY light pulse after the red light treatment is
sufficient to reduce the CHS-transcript level to
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Fig. 6. Kinetics of CHS-mRNA accumulation in cotyledons. Plants were irradiated from sowing on with continuous red (cR)
or far-red (cFR) light, and harvested at time points indicated for RNA isolation and dot-blot analysis.
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Fig. 7. Demonstration of phytochrome action. Plants were kept in continuous red light for 27 h from sowing on and either
transferred to darkness directly (27h cR) or were given a 5 min RG9 pulse directly after the irradiation with red light
(27h cR/RGY). Control etiolated plants received a RGY9 pulse only 27 h after sowing (RG9) or were kept in darkness for 42 h
(42h cD). All plants were harvested 42 h after sowing for RNA isolation and dot-blot analysis. Bars include highest and lowest
values of three parallel measurements. The values are in percent of CHS transcripts accumulated after 42 h in cR light.
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probe1

probe 2

Fig. 8. Light regulation of CHS expression in primary leaves. Plants were grown for 23 d in a light/dark cycle (16 h white

light/8 h darkness: WLD) and then transferred to darkness for 3 d (D). Afterwards, plants were treated with different lights

for 16 h. 15 ug per lane of total RNA was separated on 1.2%, agarose-formaldehyde gels transferred to nitrocellulose filters

and hybridized with gene-specific probes: probe 1 was from SCHS1 and probe 2 from SCHS2. For further details see Fig. 1

and Materials and methods. Abbreviations: WLD: white-light/dark cycle for 23 d (samples taken at the end of light phase);

D: plants kept in darkness for 3 d after the WLD cycle; WL: white light; R: red light; FR: far-red light; BL: blue light; UV:
UV-light.

the dark control (Fig. 7). Identical regulation is
seen by using a gene-specific probe for SA-CHS 1
(data not shown).

Therefore, the regulation by red and far-red
light of the accumulation of SA-CHS1 transcripts
in mustard cotyledons can be interpreted
as being exclusively by phytochrome action.

Blue and UV-light regulated expression of the CHS
gene

In order to determine if other photoreceptors can
regulate CHS expression, we analyzed blue/UV-
light regulation of CHS in primary leaves of
mustard. Plants were grown for 23d in a 16 h
white light/8 h dark cycle, transferred to darkness
for 3 d, and then given 16 h of different types of
light. Northern blots using gene-specific SCHS1
and SCHS2 probes indicate that the CHS tran-

script level is very low after the 23 d white
light/dark cycles and is undetectable after the 3 d
dark period (Fig. 8). Blue and UV light caused
maximal reinduction of CHS expression. Red
light led to a much smaller increase in CHS tran-
script levels. There was no detectable effect of
far-red light. These results indicate that blue and
UV light regulate CHS expression in primary
leaves.

Discussion

Many different laboratories have studied the fla-
vonoid pathway with genetic and biochemical
approaches [8, 16, 23]. Most of the enzymes
which are involved in the biosynthesis of the
different classes of flavonoids (anthocyanins, fla-
vones, flavonoles, and isoflavonoids) have been
identified and partially purified. The first and key



enzyme in this pathway is the chalcone synthase.
Thus, CHS genes have become an important tool
for studying gene regulation in plants.

In order to understand the molecular mecha-
nisms for CHS regulation, genes [19, 27, 31, 48,
50, 55, 60] and cDNAs [ 18, 43, 49, 50] have been
isolated from different species including bean,
barley, maize, Petunia, Magnolia liliiflora, Ranun-
culus acer, Antirrhinum, parsley, Arabidopsis,
and mustard (this paper).

Several different groups have analyzed cis-
acting elements in CHS promoters. One
approach was to investigate different promoter
constructs of the Antirrhinum CHS gene in
tobacco cells [30] or in transient gene expression
assays with parsley protoplasts [37]. Using this
method, a minimal promoter size was defined
which was sufficient for light regulation of the
reporter gene. Sommer ef al. [56] used transpo-
son-induced deletions in the Antirrhinum CHS
promoter to identify cis-acting elements which are
necessary for CHS expression but seem not to be
involved in light regulation. Using the transposon
tagging method, it was possible to isolate a regula-
tory gene which is involved in CHS expression in
maize endosperm [ 10, 46]. The expression in this
tissue is not light-regulated.

The gene we have analyzed and described in
this paper encodes a protein of 395 amino acids
and is highly homologous to the Arabidopsis
enzyme (88%, on the nucleotide level and 94.89,
on the amino acid level). It is interrupted by an
intron of 523 bp at a position which is apparently
conserved in all CHS genes. G-box (box II) like
elements occur in the 5’ region of this gene. In
addition, another sequence in the mustard CHS
promoter is highly homologous to box I from the
parsley CHS promoter. The distance between
box I and box II is identical in both genes. The
importance of these motifs in the induction of the
parsley CHS gene in transient gene expression
assays [53] strongly suggests that they are also
important in regulating the mustard CHS gene.

A problem in analyzing light regulatory ele-
ments in CHS genes is that most species regulate
CHS gene expression with several photorecep-
tors. For example, Koes et al. [32] demonstrated
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that the expression of the CHS-A gene from
Petunia hybrida (V30) requires UV-light in
seedlings but that the same gene is regulated by
red light in floral tissue. Our results are similar in
that red light regulates CHS1 expression in coty-
ledons, but blue and UV-light regulate CHS1
expression in primary leaves.

Although other photoreceptors beside phyto-
chrome may influence CHS1 expression in coty-
ledons and phytochrome may modulate CHSI1
expression in primary leaves, our experiments
strongly suggest that there is a developmental
switch in the hierarchy of photoreceptors which
are involved in CHS1 regulation. Therefore the
CHSI1 gene is a good candidate to further charac-
terize on a molecular level the photo-regulation
and the interaction between different photorecep-
tors during plant development.
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