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Abstract 

In this paper we describe the organization and expression of the genes encoding the flavonoid-biosynthetic 
enzyme dihydroflavonol-4-reductase (DFR) in Petunia hybrida. A nearly full-size DFR cDNA clone 
(1.5 kb), isolated from a corolla-specific cDNA library was compared at the nucleotide level with the 
pallida gene from Antirrhinurn majus and at the amino acid level with enzymes encoded by the pallida 
gene and the A1 gene from Zea rnays. 

The P. hybrida and A. majus DFR genes transcribed in flowers contain 5 introns, at identical positions; 
the three introns of the A1 gene from Z. mays coincide with the first three introns of the other two species. 
P. hybrida line V30 harbours three DFR genes (A, B, C) which were mapped by RFLP analysis on three 
different chromosomes (IV, II and VI respectively). 

Steady-state levels of DFR mRNA in the line V30 follow the same pattern during development as 
chalcone synthase (CHS) and chalcone flavanone isomerase (CHI) mRNA. Six mutants that accumulate 
dihydroflavonols in mature flowers were subjected to Northern blot analysis for the presence of DFR 
mRNA. Five of these mutants lack detectable levels of DFR mRNA. Four of these five also show 
drastically reduced levels of activity for the enzyme UDPG: flavonoid-3-O-glucosyltransferase (UFGT), 
which carries out the next step in flavonoid biosynthesis; these mutants might be considered as containing 
lesions in regulatory genes, controlling the expression of the structural genes in this part of the flavonoid 
biosynthetic pathway. Only the an6 mutant shows no detectable DFR mRNA but a wild-type level for 
UFGT activity. Since both an6 and DFR-A are located on chromosome IV and DFR-A is transcribed 
in floral tissues, it is postulated that the An6 locus contains the DFR structural gene. The an9 mutant 
shows a wild-type level of DFR mRNA and a wild-type UFGT activity. 

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under 
the accession numbers X15536 (pallida) and X15537 (DFR-A). 
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Introduction 

Flavonoid synthesis in Petunia hybrida offers an 
excellent model system to study the regulation of 
gene expression in higher plants. Some 35 genes 
have been described that influence the synthesis 
of flavonoids either quantitatively or qualitatively 
(for an overview see [37]). Furthermore, a num- 
ber of enzyme activities, involved in the pathway 
have been described along with their genetic con- 
trol [16, 17, 32]. This allows the system to be 
analysed in detail at the molecular level [21, 22, 
26, 31, 34]. 

In P. hybrida the conversion of dihydro- 
flavonols into anthocyanins is the most complex 
step in flavonoid biosynthesis. Six genes are 
known that block the production of anthocyanins 
and lead to the accumulation of dihydroflavonols 
in flowers, of the recessive homozygote: anl, an2, 
an6, an9, anl0 and anl l  [4, 9, Cornu and Farcy, 
personal communication]. Plants, homozygous 
recessive for either anl, an6, anl0 or an l l  are 
white-flowered; an2 recessives can show colour 
in the flower veins and an9 recessives have very 
pale self-coloured flowers. 

Dihydroflavonols are cytosolic, whereas antho- 
cyanins are found in the vacuole exclusively 
[19, 35]. From this one might presume that at 
least some of the genes mentioned above might be 
involved in transport of flavonoid intermediates 
over the tonoplast. It is not known whether the 
chemical conversions are interlocked with the 
transport process itself. However, the methyl- 
transferases that accomplish the last possible 

modifications of the anthocyanins are known to 
be cytosolic [20]. Alternatively, some of the genes 
might be regulatory genes, modifying the activity 
of the flavonoid enzymes by controlling bio- 
synthetic gene expression. 

At least two enzyme activities are needed for 
the conversion of dihydroflavonols into antho- 
cyanins: dihydroflavonol-4-reductase (DFR) and 
UDPglucose: flavonoid-3-O-glucosyltransferase 
(UFGT; cf. Fig. 1). The expected intermediates, 
leucoanthocyanidins (or flavan-3,4-diols, cf. [ 16]) 
and anthocyanidins have not been demonstrated 
in vivo in P. hybrida; they are both unstable in 
aqueous solutions. According toHrazdina [ 19], 
flavan-3,4-diol is converted into anthocyanidin 
via the intermediate flavene-3. UFGT activity has 
been described in some detail, together with its 
genetic control [ 11,12]. 

DFR enzyme activity has been described for a 
number of species. In Matthiola incana the enzyme 
preferentially catalyses the conversion of dihydro- 
kaempferol to leucopelargonidin [17]. In Z. mays 
DFR enzyme activity was tested with dihydro- 
quercetin as a substrate which is converted into 
leucocyanidin [30]. Only pelargonidin and 
cyanidin derivatives are found in Z. mays and 
Antirrhinum majus. In contrast, cyanidin and del- 
phinidin derivatives are the main anthocyanins in 
P. hybrida [9]. The DFR enzyme from P. hybrida 
catalyses the reduction of dihydroquercetin to 
leucocyanidin and, more efficiently, of dihydro- 
myricetin to leucodelphinidin, whereas reduction 
of dihydrokaempferol to leucopelargonidin has 
not been observed [7]. Thus, the nature of the 

OH OH 

OH 

HO~O~..- > HO A 0 ..- > HO ..- 

OH 0 OH OH OH 

Dihydroquercetin Leucocyanidin Cyanidin 

Fig. 1. The conversion of dihydroquercetin into cyanidin. Dihydroflav0nol reductase (DFR) reduces dihydroquercetin to 
leucocyanidin, which is further reduced to cyanidin. Cyanidin is subsequently converted to an 3-O-glucoside by UDPG: 

flavonoid-3-O-glucosyltransferase (UFGT; not shown here). 
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Table I. Substrate  specificity of  the D F R  enzyme (as tested 

in an in vitro assay) and product  accumulation in Zea mays, 
Antirrhinum majus and Petunia hybrida. 

Substrates  tested Anthocyanins as 

found in 

coloured tissues 

D H K  1 D H Q  D H M  pel cya del 

Z. mays nt x nt x x nf  

A. majus nt nt nt x x nf  

P. hybrida nt x x nf  x x 

i D H K  = dihydrokaempferol;  D H Q  = dihydroquercetin; 

D H M  = dihydromyricetin; pel = pelargonidin; cya = 

cyanidin; del = delphinidin; nt = not  tested; nf  = not  found; 

x = activity present /anthocyanin found. 

anthocyanins produced is at least partly deter- 
mined by the substrate specificity of the DFR 
enzyme (cf. Table 1). 

DFR genes have been described in A. and 
Z. mays. The phenotypically recognizable muta- 
tions have been called pallida and al respectively 
[1, 35]. Alleles of both genes have been cloned 
[25, 27, 33]. We used part of the pallida gene as 
a probe for the isolation of the P. hybrida and 
A. majus DFR cDNA clones and the P. hybrida 
genomic clones. In this paper we describe the 
molecular organization of the DFR genes and the 
genetic control of DFR expression. 

Materials and methods 

Petunia strains 
All strains used have been maintained as inbred 
stocks for at least four generations, more fre- 
quently for over ten generations. The phenotypic 
markers used for RFLP analysis are briefly 
described in Gerats etal. [14]. At least one 
marker gene was analysed for every linkage 
group: Hfl (I) is involved in the conversion of 
dihydrokaempferol and dihydroquercetin into 
dihydromyricetin; F1 (II) induces a tenfold 
increase in flavonol content; Htl  (III) is involved 
in the conversion of dihydrokaempferol into 
dihydroquercetin; as a chromosome IV marker 
we used a P a c 3  probe, kindly provided by 

M. McLean [23 ]; Po(V) influences pollen colour; 
Rt(VI) governs the conversion of anthocyanin- 
3-glucosides into their rutinoside counterparts; 
An4 (VII) controls pollen colour. 

RFLPs for the DFR-A and -C genes were 
detected in the lines M5 and W146, using Eco RI. 
The backcross (M5 x W146) x W146 was ana- 
lysed for the phenotypic markers Ht l  (III), Po (V) 
and Rt (VI). Mini prep DNA of single progeny 
plants was digested with Eco RI and the resulting 
filters were hybridized with the 2DFR-A 1 probe. 
The (V23 x R51) F1 hybrid was back-crossed to 
both parental strains [36,23]; an RFLP for 
DFR-B was detected usingXbaII. Besides linkage 
to the chromosome II standard marker, F1, we 
also detected linkage with a chalcone synthase 
gene located in chromosome II, CHS-G [22]. 

Isolation of DNA from P. hybrida 
A 5-g aliquot of leaves was frozen in liquid nitro- 
gen and homogenized with mortar and pestle. The 
fine powder obtained was thawed in 15 ml buffer 
(100 mM Tris, 100 mM NaC1, 20 mM EDTA, 
1~o (w/v) sarkosyl; pH 8.0) and 1.5 ml of 20~o 
SDS and left at 37 ° C for 2 min. The solution was 
extracted twice with an equal volume of phenol 
(saturated with 10 mM Tris, i mM EDTA, 
pH 8.0) and once with an equal volume of 
phenol:chloroform (1:1). The aqueous phase 
was precipitated with 2 volumes of 96 ~o ethanol 
and left at room temperature for at least 30 min. 
The precipitate was centrifuged for 20 min at 
4000 rpm and the resulting pellet dried briefly in 
a desiccator. The pellet was resuspended in 10 ml 
TE (10 mM Tris, 1 mM EDTA; pH 8.0). The 
DNA was purified on a CsC1 gradient. 

Miniprep DNA was isolated according to 
Dellaporta et aL [3]. 

Isolation of total RNA 
Total RNA was isolated as described by van 
Tunen et aL [34]. 

Isolation of plasmid and phage DNA. Plasmid and 
phage DNA were extracted as described by Koes 
etal. [21]. 
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Preparation of genomic and cDNA libraries. W e  

used the libraries as prepared by Koes et al. [21] 
and by van Tunen etal. [34]. 

Construction of physical maps of 2 EMBL-3. Con- 
struction of physical maps of 2 EMBL-3 inserts 
were made by analysis of partial restriction- 
enzyme digest specifically labeled at the cosR 
site [29]. 

DNA sequence analysis. The dideoxy chain termi- 
nation method was used for sequencing M13 
clones. A full length cDNA clone of DFR was 
subcloned into the Eco RI site of M13mpl8 in 
both orientations. An overlapping set of deletion 
clones was generated by exonuclease digestion 
[18] and used for subsequent sequencing of the 
cDNA. 

Southern blotting and hybridization. For Southern 
blotting 2-5 #g of restricted DNA was run on a 
0.8 ~o agarose gel and blotted on GeneScreen Plus 
and hybridized according to the protocol of the 
supplier (NEN, 1983 Instruction Manual). 
Southern blotting and hybridization of cloned 
DNA fragments was performed according to the 
supplier, using Hybond-N membranes (Amers- 
ham). Preparation of probes was carried out fol- 
lowing standard procedures. 

Northern blotting and hybridization. For Northern 
blotting 10 #g of total RNA was electrophoresed 
on agarose/formaldehyde gels stained with 
ethidium bromide [24], blotted on GeneScreen 
Plus and hybridized according to the protocol of 
the supplier (NEN, 1983 Instruction Manual). 

Ph AAT TCC GTA ATT TAA CTA 
Am 

90 Ph AAG CAG TTC ATG CCC CTT 
35 Am --T AC- AGT ~ - GAA ACC 

180 Ph CTC CTT GAA CGC GGT TAC 
125 Am --T --C ..... T --c --- 

270 Ph GAT ACG AAC TTA ACA CTG 
215 Am --C ---~ ..... G --- T-- 

360 Ph GCA ACA CCT ATG GAT TTC 
305 Am. --C --G T ....... A --T 

450 Ph GCT AAA GCA AAC ACA GTG 
395 Am -TG C ....... A --C --C 

540 Ph ACC AGC TGG AGC GAC TTG 
485 Am --A GAT -CC --T --- A-- 

630 Ph ATG GAA GAA GCT AAA AAG 
575 Ant ....... C- --A --- G-- 

720 Ph AGT TTA ATC ACT GCC CTT 
665 Am --C C .......... A--- 

810 Ph TGT GAG GCT CAC ATA TTC 
755 Am ....... G- --T ...... 

900 Ph "AAG ATG GTC CGA GAG AAA 
845 Am --A T-- A-- AC ...... C 

990 Ph AAG AAG CTG ACA GAT 
935 Am ..... A A-- -TC -GA 

1080 Ph CTT CCC TTT TCT ACC 
1025 Am --C --G -A ...... T 

1170 Ph AAT GCA CCA GTT GCA 
1115 Am CTG TTT --- A-- T-G 

1260 Ph TAT GTT TGC TAC TAA GTT 
1205 Am G-A -AA AAA CGT GTT AA- 

1350 Ph TTG CTA AAT TAC GGG CAG 
1295 Am AA- GG- C-A G-A AAT -C- 

1440 Ph TCT AGA TAC TAA TAC AAG 
1385 Am ATG GA- GG- C-T -T- -GC 

! 

1475 Am ATA~'CAC CAC GGC GAT CAT 

1565 Am GAT TGA CTC ATG AGA ATA 

..... C --A --T C-- A-C --- 

ATG GGT TTT CAG TTC AAG TAC ACT 
......... ATA ........... A 

CGA AGT GCT GAA GAC AAT GGA CAT 
AAG -A- AAC A-G -GA G-C -AG A-G 

AAT CAT ACA GAA ATG TTA AGC AAT 
G-G G-A -A- C-C --C AAT G-A C-A 

CTT TGT CAT CTG TTT GAG GGT 
GGA CTA G-G AGC GCC CT- CT- 

GCT AAA CAA TAG GTT ATC AAG 
-TG CTT -C- G-C AT- GCA --C 

GAC GTA TTT TCC AGG AAT TCC 
TTT AA- -A- C-T G-A TT- --A 

t, 
TGA ACT TAC TTT GTT TTT CTG 

ATA TTA AAA AAA TTA CTT GCT 

CTA GTA AGT CCA CTA AAA TTA ACA AAA TCT TAA GTC CGA CTT TCC AAC TTC CAT ATC TGA TAA TGG CAA GTG 

T --C A-T -CT C-A AT- --G AGT CCC ACT TC- C-A 

CAC CTC CGG TGC AGT GCG ACA GTT TGC GTC ACT GGA GCT GCT GGA TTT ATT GGC TCT TGG CTT GTC ATG AGA 
GCA -CA -CA -C- TCA A-C --C --A --T ~- --A ........... C --C --A ..... A .............. G 

AAT GTT CAC GCT ACT GTT CGT GAT CCT ~G AAC AAG AAG AAG GTG AAA CAT CTG CTG GAA CTG CCA AAG GCT 
-CC .... GT --A ................ GT --T -T ......... A ..... C --A A-A ........... A --A 

TTG AAA GCG GAC TTG ACA GTA GAA GGA AGC TTT GAC GAG GCC ATT CAA GGC TGT CAA GGA GTA TTT CAT GTA 
-G- --G --A --- A ................... C ..... A --A ........ T --C G ....... G ..... C T-G 

GAG TCC AAA GAC CCT GAGVAAT GAA GTA ATC AAG CCA ACA GTC CGG GGA ATG CTA AGC ATC ATT GAA TCA TGT 
--T --- GTG --T .............. G ............ A-T GAC --T --- T-G -A ....... A ....... C 

AAG AGG CTG GTT TTC ACT TCA TCT GCT GGA ACT CTC GAT GTG CAA GAG CAA CAA AAA CTT TTC TAT GAC CAG 
.... AA T-C A-C ..... C A ...... G- --G --- G-A A .... T G .... A --C --G .... CA G ....... T G-A 

Ira' 

GAC TTC ATA TAT GCT AAG AAG ATG ACA GGA TGGVATG TAT TTT GCT TCC AAG ATA CTG GCA GAG AAA GCC GCA 
--T ..... T A-C T-C --A --A ..... T ................ TG --A --A --C T ............. T -G- 

AAG AAC ATT GAT TTC ATT AGC ATC ATA CCA CCA CTG GTT GTT GGT CCA TTC ATC ACA CCT ACA TTT CCC CCT 
--T .......... ~T --C ..... T ........ C ..... G ........... T .... TG --A ..... C --A --- 

TCA CTA ATT ACT ~GG AAT GAA GCT CAT TAC TGC ATC ATT AAA CAA GGT CAA TAT GTG CAT TTG GAT GAT CTT 
--T -CC .............. G ..... C .... CA ..... A --G --- T ......................... G 

CT~ TAT GAG CAC CCC AAG GCA GAT GGA AGA TTC ATT TGC TCG TCC CAC CAT GCT ATC ATC TAC GAT GTG GCT 
T-- -T .... T-T --T ........ A -~ .... A ......... C --T --T G-C --A -CA --T --T --- A-C --- 

TGG CCA GAG TAC TAT GTT CCT ACT GAVG TTT AAA GGG ATC GAT AAA GAC CTG CCA GTG GTG TCT TTT TCA TCA 
GAC --A --- G-G --C --T --C --G --- A-A --G ...... AG- --C --C --C 

TTG GAG GAT ATG TAT AAA GGG GCC ATC GAT ACT TGT CGA CAG AAG CAG CTG 
--A ..... C --- GTC -GG --T --G --T --C ..... C --C G .... A GGA A-- 

AAC CGA GAA GCC ATT GCC ATT TCT GCT CAA AAC TAT GCA AGT GGC AAA GAG 
G-A -CC ATT TTG -A- T-- C-A GAA AAC A-T T-- A-- ATT CAA GA ...... A 

GTT GAA GTC TAG AAC TGC AAT CTT ACA AGA TAA AGA AAG CTT GCC AAG CAA 
-AG A-T -C- CT- CTT -CA --- AC- CA- GAC A-- GA- CT .... C-A -CT TC- 

TTT CAA AAC TAA ATC AGT AAA TTT TTC AAT GCA TAT AGA GAA GTT CTT GTC 
-CA A-G -TT C-- GA- -AA G-- G-G C-T CCA ACT -CA G-G GTT AAG -A- -C- 

AAT CCC GTG CTA TAT TTT TCA GGA AAA TAA AAT CTA AAT CAT TTC AGG GAA 
G-- -AT ACT GAT GGC AGA ATC T~ --T -TG TTG G-T --- ATG --- TTT TGT 

CTA CCA ATA TCA CAT ACT GCT CTA CTG CAA TAT CAC CTC ATT CTG GTA TTA 

ATA TAT TTT CTT TCA CTT ATA ATA AGA GCA ACT TGC ACT TAC AAT AGC AAG 

G~ ~G 

Fig. 2. Nucleotide sequence of  2DFR-A1 and comparison with the Antirrhinum majus c D N A  sequence of  the pallida gene. 
Identical bases are indicated by a dash. Intron positions, which are identical for both genes are indicated by arrowheads. The 
ATG start codon and the stop codons are underlined. Three polyadenylation sites in the A. majus sequence are indicated by 

arrows. 
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Results 

Cloning and sequence analysis of DFR cDNA from 
A. majus and P. hybrida 

A cDNA library was prepared in 2gtl0 from 
developing flowerbuds (15-25mm long) of 
A. majus strain JI522. This library was screened 
with a 1.4 kb Eco RI-Bam HI fragment from the 
genomic clone of the pallida gene [25], which 
includes transcribed sequences of the gene. 87 
Positive clones were identified from an unampli- 
fled library consisting of 100000 pfu. Twelve of 

the plaques hybridizing most strongly to the probe 
were purified and restriction maps were derived. 
The clones were all of different length and 
appeared to be derived from the same transcript 
as evidenced by restriction mapping and hybridi- 
zation behaviour (results not shown). One cDNA 
clone, which was nearly full-length (1.4 kb), was 
subcloned into pUC18 and subsequently 
sequenced. The 3' ends of three other cDNA 
clones were also sequenced. Three different poly- 
adenylation sites were identified from this 
analysis. The cDNA sequence is presented in 
Fig. 2. 
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leu-ala-tyr- * -ala-glu-his-gly-leu- * -leu-val-thr- * * * -thr- * * * * * * * -ser-ala-ser-met- * * 
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* - * -met-ile-gly- * - * - * -ile- * - * - * - - * - * - * - * - * -phe-arg- * - * - * - * - * - * - * -glu- * -gly- 

• - * - * -gln- * -leu- * - * -thr-phe-arg-tyr-lys- * - * - * - * - * -phe-asp-ala- * - * -arg- * - * -gln-glu- * -gly- 

•eu-•eu-pr•-phe-ser-thr-arg-ser-a•a-g•u-asp-asn-g•y-his-asn-arg-g•u-a•a-i•e-a•a-i•e-ser- -ala-gln-asn-t yr-ala-ser- - 

met- * - * -tyr- * - * -lys-asn- asn-lys- * -asp-glu-lys- * -pro- * -leu-asn- * -leu-glu-asn- * - * ~asn-ile-qln-. 

• * * 1 * -ile- -leu-ala- -ala-ala- g y- - -a sp-gly-phe-a la-se r-va l-arg-a la-pro-gly-glu-t hr -glu-a la-thr-lle-gly- 

q ly-lys-q lu-a sn-ala-pro-va l-a la-a sn-his-t hr-q lu-met - leu- se r-asn-val-a lu-va I-STOP 

asp- * - * -leu-ehe- * -i~e-ser-~u-~u-~s-his-i~e-asn-~-~n-~u-asn-a~a-~eu-~eu-ser~asn-thr-g~n-asp-~s-~u-~eu-~eu- 

a Ia-STOP 

397 Am pr•-thr-ser-g•u-g•u-•ys-arg-va•-asn-g•y-•eu-g•u-ser-a•a-•eu-•eu-seri•ys-ile-gln-asp-•ys-g•u-va•-•eu-pr•-thr-ser-g•y-va•- 

427 Am lys-his-a~a-asn-g~y-g~n-g~u-asn-a~a-leu-~eu-pr~asp-i~e-a~a-asn-asp-his-thr-asp-g~y-arg-i~e-gT~P 

Fig. 3. Comparison of deduced DFR aminoacid sequences for P. hybrida, A. majus and Z. mays [33]. Amino acids identical to 
those of the Petunia sequence are indicated by an asterisk. A stretch of 13 amino acids, which shows high homology in A. majus 
and Z. mays as opposed to P. hybrida is underlined (see text). A threefold repetition of 25 amino acids at the C-terminal end 

in the A. majus sequence is boxed. 
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A 2gtl 1 cDNA library, prepared from corolla 
tissue of flowerbuds of P. hybrida line R27 [34] 
was screened with the same 1.4 kb fragment of the 
pallida gene [25]. Fourteen clones hybridizing to 
this probe were purified. Thirteen of these 
contained an insert of nearly the same size 
(1.5 kb), whereas one clone contained an insert of 
around 1.6 kb. Sequence analysis of the 5' and 3' 
ends of both types of clones revealed that the 
smaller cDNA insert (2DFR-A1) was nearly full- 
length, whereas the larger cDNA insert had an 
extended 3' region and was shorter at the 5' end. 
Sequence analysis showed no differences between 
the clones; moreover, all fourteen clones show an 
identical hybridization behaviour, indicating that 
these clones represent transcripts of the same 
gene. The 2DFR-A1 clone was subcloned into 
M 13mp 18. Deletion clones were obtained by exo- 
nuclease III treatment [18] and subsequently 
sequenced. The cDNA sequence is presented in 
Fig. 2. The translational start and stop codons 
were deduced from the DNA sequence. 

Comparison of the derived amino acid se- 
quence (Fig. 3) for the DFR genes from 
P. hybrida, A. majus and Z. mays [33] revealed 
high homology between the three genes, except at 
the beginning and the end of the protein sequence. 
The homology between the Petunia and 
Antirrhinum sequences was greater than the 
homology of either to the maize sequence, as 
might be predicted. The only exception is a stretch 
of 13 amino acids between the Petunia residues 
134 and 148, where the Zea and Antirrhinum 
sequences are more closely related. 

Identification and isolation ofP. hybrida DFR genes 

Flavonoid genes can occur as multigene families 
in P. hybrida. At least eight complete chalcone 
synthase genes and a number of gene fragments 
are present in the line V30 [32]. For the chalcone 
flavanone isomerase two genes were found [34]. 
To estimate the degree of amplification for the 
DFR gene, genomic DNA of line V30 was 
digested with the restriction endonuclease Eco RI 
and subjected to Southern blot analysis, with the 
2DFR-A1 clone as a probe (Fig. 4). From the 

Fig. 4. Southern blot analysis ofgenomic V30 DNA digested 
with Eco RI. The filter was washed sequentially under low 
(2× SSC; 1% SDS; 60 °C; lane A) and high (0.1 x SSC; 
1% SDS; 65 °C; lane B) stringency conditions after blotting 
and hybridization with the 2DFR-A1 probe. A single copy 

reconstruction is indicated by the arrow. 

results of this experiment we estimate the number 
of DFR genes as three per haploid genome. Only 
one genomic fragment hybridizes strongly to the 
cDNA probe as evidenced by washing at different 
stringencies. To document this further, Sau3A 
partially digested V30 DNA was cloned into 
EMBL-3 [34]. The resulting library of approxi- 
mately 250000pfu was screened using the 
2DFR-A1 clone as a probe. Eight positive clones 
were isolated and purified. These clones were sub- 
jected to restriction enzyme digestion, blotted and 
hybridized to the 2DFR-A1 clone. By washing at 
different stringencies (Fig. 5) and by comparing 
restriction maps (results not shown) it is con- 
cluded that the isolated clones represent three 
classes of genomic DFR inserts. On the basis of 
these results and of Southern blot analysis of V30 
DNA (Fig. 4), we concluded that the haploid V30 
genome contains three DFR genes: A, B and C. 
All isolated cDNA clones show an identical 
hybridization behaviour and are most homolo- 
gous to the DFR-A gene. 

Genomic localization of  the P. hybrida DFR genes 
by RFLP mapping 
The genomic localization of a gene has tradi- 
tionally been restricted to genes for which pheno- 
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Fig. 5. Southern blot analysis of 8 genomic V30 clones, digested with Sal I. The filter was sequentially washed at different 
stringencies after blotting and hybridization with the )~DFR-A1 probe. The isolated clones represent 3 classes: DFR-A (numbers 

3, 4 and 8), DFR-B (5) and DFR-C (1, 2, 6 and 7). The 2DFR-A1 clone is most homologous to the DFR-A gene. 

typically contrasting alleles were available. RFLP 
(restriction fragment length polymorphism) map- 
ping provides a very powerful technique for 
linkage analysis that is independent of the expres- 
sion of the gene to be localized. The system is 
based on the occurrence of point mutations, dele- 
tions, inversions and/or insertions. As a result a 
cleavage site for a given restriction enzyme can be 
induced or destroyed or can change place in the 
genomic DNA. Restriction of two different lines 
with that enzyme will then show different sized 
bands after hybridization with a probe that is 
(partly) homologous to the piece of D N A  that 
contains the cleavage site difference. Once an 
RFLP  is detected in two lines, it can be analysed 
as any other phenotypic trait. 

The genomic localization of the three D F R  
genes was analysed in backcrosses that segre- 
gated for a number of phenotypic markers (see 
Materials and methods). The relevant RFLP data 
are presented in Table 2. The gene from which the 
cDNAs were derived, DFR-A, appeared to be 

linked with an actin gene, located in chromo- 
some IV [23]. DFR-B was found to be linked 
with the marker for chromosome II, F1. The gene 
least homologous to the cDNA, DFR-C, was 
located in chromosome VI, linked with the 
flavonoid gene Rt. 

Transcription analysis of  DFR genes in V30 and in 
dihydroflavonol-accumulating mutants 

The steady-state levels of D F R  mRNA, at dif- 
ferent stages of corolla, tube and anther develop- 
ment, in line V30 were measured (Fig. 6). In 
young flower buds the transcript could not be 
detected, but levels increase markedly during 
flower development to a maximum just prior to 
unfolding of the petals. In contrast, the maximum 
steady-state level of D F R  mRNA in anthers is 
reached at an early stage of development. The 
induction pattern of D F R  mRNA is similar to 
that found for the mRNAs of both chalcone 
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Table 2. Segregation and linkage analysis for the DFR-A, B and C genes and the linked markers of different backcrosses. 

Chrom. Marker Ratio DFR het a DFR horn d X~x2 Distance 
Xx xx Xx xx (cM + SEM) e 

DFR-A a 15 : 18 ° 
IV PAC3 a 15 : 18 ° 13 2 2 16 18.8 12.1 + 5.6 

DFR-B b 43 : 42 ° 
II FL b 43 : 42 ° 38 5 5 37 49.7 11.8 + 3.5 
II CHS-G b 36 : 39 c 32 3 4 36 49.6 9.3 _+ 3.4 

DFR-C a 21 : 27 c 
VI Rt a 25 : 23 c 20 1 5 22 27.9 12.5 + 4.8 

a Analysed in the backcross (M5XW146)XW146 (see M and M). 
b Analysed in the (V23XR51)V23 and (V23XR51)XR51 backcrosses (see M and M); no linkage of DFR-B with the markers 

Hfl (I), Ht l  (III), Pac3 (IV), Po (V), Rt (VI) or An4 (VII) was found 
° Segregation not significant at the 5 ~o level. 
d her = heterozygous; horn = homozygous 
e cM + SEM: centiMorgan _+ standard error of the mean. 

synthase and chalcone-flavanone isomerase [34]. 
Six mutants are known in P. hybrida that 

accumulate dihydroflavonols. They are white- 
flowered (anl, an6, anl0 and anl  1), show a vein- 
ing pattern (an2) or a flush of colour (an9). Limbs 
of flower buds of the same developmental stage as 
those containing the highest amounts of D F R  
m R N A  in the line V30, were harvested from all 

Fig. 6. Steady-state DFR mRNA levels during development 
of limb, tube and anthers of the line V30 Stage 1-6 represent 
size measures from small flower buds (4 mm) to mature 
flowers. The filter was washed under low stringency condi- 
tions (2 × SSC; 1~  SDS; 60 °C) after blotting and hybridi- 

zation with the 2DFR-A1 probe. 

mutant fines and their D F R  m R N A  levels deter- 
mined by Northern blot analysis. Surprisingly, in 
five out of six mutants no D F R  m R N A  could be 
detected (Fig. 7). Only the an9 mutant line 
contained a more or less wild-type level of D F R  
mRNA, as can be deduced from the control 
hybridization with a CHS probe. The an3 mutant, 
blocked in the conversion of naringenin to 
dihydrokaempferol and thought to involve a 
lesion in the production of the flavanone- 
3-hydroxylase, showed a wild-type level of D F R  
mRNA. 

An overview of dihydroflavonol-accumulating 
mutants, their chromosomal position, steady- 
state levels of D F R  m R N A  and UDPglucose: 
3-O-glucosyltransferase (UFGT) activity is pres- 
ented in Table 3. The An6 locus is the only 
candidate for containing the structural D F R  gene 
based on its chromosomal position. Besides, 
U F G T  expression is normal in the an6 mutant, 
suggesting that the an6 mutant specifically 
influences D F R  expression. For these reasons, 
we are presently performing an RFLP analysis for 
the DFR-A gene in a back-cross, segregating for 
An6. Definite proof that the An6 locus contains 
the DFR-A gene requires molecular complemen- 
tation of the an6 mutant with the DFR-A gene. 



Fig. 7. Steady state DFR mRNA levels in maturing flower- 
buds of dihydroflavonol accumulating mutants  (anl ,  an2, 
an6, an9, anl0 ,  and 11), the earlier blocked an3 mutant  and 
a wild-type (An) line. A: hybridized with 2DFR-A1; B: the 
same filter stripped and hybridized with a CHS cDNA 

probe. 

Discussion 

Dihydroflavonol reductase genomic localization and 
gene structure in P. hybrida 

Based on three types of data, we conclude that 
P. hybrida line V30 contains three DFR genes. 
First, Southern blot analysis of genomic V30 
DNA showed the presence of three hybridizing 
bands (Fig. 4). Second, the genomic clones that 
were isolated from a V30 genomic library could be 

499 

Table3.  Steady-state DFR mRNA levels and relative 
U F G T  activity in wild-type and dihydroflavonol-aecumulat- 
ing mutant  lines 

Locus D FR mRNA a UFGTac t  u Chromosome 

An ° 100 100 
an3 100 90 IV 
anl  n.d. e 7 VI 
an2 n.d. e 3 VI 
an6 n.d. e 91 IV 
an9 90 95 I 
an l0  n.d. ° < 10 I? 
a n l l  n.d. e < 10 III 

a Estimation by eye in ~o of the wild type. 
b Calculated (wild type = 100~o) from experiments, de- 

scribed by Gerats et al. [10, 12]. 
° An: wild-type line, dominant  for all An genes mentioned 

here. 
e n.d.: not detectable, 

divided into three types, according to their restric- 
tion map (results not shown). RFLP analysis 
demonstrated the presence of DFR-A in chromo- 
some IV, DFR-B in chromosome II and DFR-C 
in chromosome VI (Table 2). 

The genomic sequence of the A. majus gene 
(D. Barker, E.S. Coen and C. Martin, unpub- 
lished results) and of the DFR-A gene (results not 
shown) were compared to their respective cDNA 
sequences. The results indicated the presence of 
five introns in the reductase gene ofbothA, majus 
and P. hybrida (cf. Fig. 2). The DFR gene from 
Z. mays (A1) contains three introns [33], at the 
same positions as the first three introns in 
A. majus and P. hybrida. 

The nucleotide sequence of the A. majus DFR 
cDNA contains a three-fold repetition of 75 nucle- 
otides in the 3' region (Fig. 2), which is not present 
in P. hybrida or Z. mays. 

The structural locus encoding DFR 

The an6 mutant exhibits no detectable DFR 
mRNA but has a wild type UFGT expression 
(Table 3), suggesting that it may represent the 
locus encoding the DFR gene expressed during 
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flower production. This hypothesis is currently 
being tested by phenotypic complementation of 
the an6 mutation with the DFR-A gene from line 
V30. 

The occurrence of more than one genomic 
sequence homologous to the DFR cDNA is not 
unusual for Petunia, Multiple genes for CHS and 
CHI have been described earlier [22,34]. As a 
single DFR cDNA type was found it may be that 
the DFR-A gene is the only DFR gene active 
during flower development. DFR~B and DFR-C 
genes may be silent or natty produce DFR-related 
transcripts with different catalytic properties, in 
different tissues or at different times. 

DFR expression in flowers 

Northern blot analysis of mRNA isolated from 
developmental stages of limb, tube and anther 
tissue of V30 indicated that DFR transcript levels 
increase dramatically during flower development 
in a manner similar to CHS and CHI mRNA 
[34]. Both limb and tube show a maximum 
steady-state level of DFR mRNA in flower buds 
of maximum length, just prior to unfolding of the 
petals. In contrast, anthers show a much earlier 
maximum (Fig. 6). This might represent a tem- 
poral shift rather than a developmental difference 
since anthers (and pistil) develop earlier than tube 
and limb. Meiosis normally is completed before 
the flower bud reaches a length of 3-4 mm. 

Effect of mutations that suppress anthocyanin 
synthesis on DFR expression 

Six Petunia mutants that suppress anthocyanin 
synthesis and accumulate dihydroflavonols, have 
been examined for their effects on DFR expres- 
sion. These mutants might represent lesions in the 
biosynthetic enzymes involved in converting 
dihydroflavonols into anthocyanins, or lesions in 
proteins involved in anthocyanin transport or 
lesions in regulatory genes. The mutants were 
examined for DFR transcript levels. Surprisingly, 
five out of six mutants produced no detectable 

DFR transcript (Fig. 7). As discussed earlier, the 
an6 mutant exhibits a normal UFGT activity, but 
four out of five mutants (anl, an2, anl0 and anl 1) 
also cause reductions in UFGT activity in floral 
tissues (Table 3). This suggests that these may be 
lesions in regulatory genes affecting the expres- 
sion of more than one step in the anthocyanin 
biosynthesis. However, their influence is limited 
to the later steps of anthocyanin biosynthesis, 
since they all accumulate dihydroflavonols [4, 9], 

The complex interactions between the genes 
involved in dihydroflavonol conversion resemble 
the situation in Z. mays. Six genes are known that 
influence the expression of the structural gene for 
UFGT: C, R and Vp [5], Clf [6] and B and P1 
[11 ]. However, C, R, Vp and Clf also influence 
the expression of the CHS gene [6]. In A. majus 
the delila mutation influences the expression of 
flavanone-3-hydroxylase (incolorata), DFR (pal- 
lida) and of UFGT but not CHS or CHI 
(C. Martin, unpublished results). An9, a dihydro- 
flavonol-accumulating mutant, that shows a more 
or less wild-type DFR mRNA level also shows a 
more or less wild-type level of UFGT activity 
(Table 3), 

The further analysis of the six mutants 
described above will provide a unique insight into 
the regulatory aspects of the conversion of 
dihydroflavonols in anthocyanins in Petunia 
hybrida. 
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