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ABSTRACT The substitution pattern of anthocyanin pig-
ments is a main determinant of flower color. Flavonoid
3',5'-hydroxylase (F3’'5'H) is a cytochrome P450 enzyme (Cyt
P450) that catalyzes the 3’,5'-hydroxylation of dihydrofla-
vonols, the precursors of purple anthocyanins. Species such as
rose and carnation lack F3'5'H activity and are, therefore,
unable to generate purple or blue flowers. Petunia, on the
other hand, contains two loci, termed hfI and hf2, that encode
a Cyt P450 with F3'5'H activity. Here we report the identifi-
cation of an additional petunia gene that is required for 3’,5’
substitution of anthocyanins and purple flower colors. It
encodes a cytochrome bs and is expressed exclusively in the
flower. Inactivation of the gene by targeted transposon mu-
tagenesis reduced F3'5'H enzyme activity and the accumula-
tion of 5'-substituted anthocyanins, resulting in an altered
flower color. However, no phenotypic effect on the activity of
other Cyt P450s, involved in the synthesis of hormones or
general phenylpropanoids, was observed. These data provide
in vivo evidence for the regulation of the activity of specific Cyt
P450s by a cytochrome bs.

Cytochrome P450 (Cyt P450)-dependent monooxygenases are
a large group of membrane-bound heme-containing enzymes
that are involved in a range of NADPH- and O,-dependent
hydroxylation reactions. In animals Cyt P450s have been well
studied because of their role in the metabolism of xenobiotic
drugs and toxic chemicals as well as endogenous compounds,
such as sterols, fatty acids, and prostaglandins (1). Plant Cyt
P450s proved more difficult to purify. Only a limited number
of plant Cyt P450 genes could be successfully purified and
reconstituted (for examples, see refs. 2-4). As an alternative,
genetic experiments were used to identify plant Cyt P450s
involved in the synthesis of gibberellin (5), brassinosteroid (6),
or yet unidentified hormones (7), as well as phenylpropanoids
(8) and flavonoid flower pigments (9).

Cyt P450s depend for their activity on associated proteins
such as a NADPH:Cyt P450 reductase, which catalyzes the
transfer of electrons from NADPH via FAD and FMN to the
prosthetic heme group of the Cyt P450 protein. Numerous
studies have shown that the activity of Cyt P450s in reconsti-
tuted membrane vesicles (for examples, see refs. 10 and 11) or
in yeast cells (12) can be enhanced by addition of cytochrome
bs (Cyt bs), suggesting that Cyt bs may act as an alternative
electron donor. However, this stimulatory effect is not seen in
all experiments (ref. 13, see also Discussion). Also, no clear
consensus has emerged regarding the question by what mech-
anism Cyt bs influences Cyt P450 hydroxylation reactions
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Fi1G.1. Anthocyanin biosynthesis pathway in petunia. Enzymes are

indicated in capital letters and the names of the genetic loci encoding
these enzymes are indicated in italics. CHS, Chalcone synthase; CHI,
chlacone-flavaonone isomerase; DFR, dihydroflavonol 4-reductase;
ART, anthocyanin-rhamnosyltransferase.

(11-13). Genetic strategies can provide a powerful alternative
to study the interactions and physiological functions of Cyt
P450 and Cyt bs proteins under in vivo conditions.

In plants, the action of Cyt P450 enzymes involved in
flavonoid synthesis is directly visible through the color of the
flower. The hydroxylation of (colorless) dihydroflavonols in
the 3" and 5’ positions by Cyt P450 enzymes is a particularly
important step, because this step determines whether red or
purple/blue anthocyanins are formed (Fig. 1). In petunia, the

Abbreviations: Cyt bs, cytochrome bs; Cyt P450, cytochrome P450,
F3'5'H, flavonoid 3',5'-hydroxylase; F3'H, flavonoid 3'-hydroxylase;
C4H, cinnamate 4-hydroxylase.
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htl locus, which is required for red and magenta flowers (14),
encodes the Cyt P450 enzyme flavonoid 3'-hydroxylase (F3'H;
F. Brugliera, personal communication). Two other loci, Af!
and Af2, determine the substitution of anthocyanins in the 3’
and the 5’ positions and the generation of purple and blue
flowers. Isolation of the Afl and hf2 loci showed that both
encode a Cyt P450 with flavonoid 3’,5'-hydroxylase (F3'5'H)
activity (9). Plant species such as rose and carnation lack
F3'5'H activity and are, therefore, unable to generate purple
or blue flowers.

To identify additional genes involved in anthocyanin mod-
ification, we isolated cDNAs of eight genes or gene families
(named difA, difB, difC, etc.) that are down-regulated in
petunia flowers with a mutation in the regulatory anthocyaninl
locus (15). Sequence analysis showed that difA, difD, and difH
encode, respectively, anthocyanin synthase (16), chalcone
synthase, and a sugar transferase, presumably UDP-
glucose:flavonoid 3-glucosyltransferase or UDP-glucose:fla-
vonoid 5-glucosyltransferase (unpublished data). Analysis of
flower pigmentation mutants showed that difG originated
from the rt locus and encodes anthocyanin-rhamnosyltrans-
ferase (15), whereas difl originated from the an9 locus and
encodes a glutathione S-transferase (17).

Here we show that difF encodes a Cyt bs, a type of protein
that was not previously implicated in the synthesis of fla-
vonoids. Targeted inactivation of the difF gene by transposon
insertion resulted in a flower color change caused by reduction
of F3'5'H activity but did not have an apparent effect on other
Cyt P450 enzymes. This result provides direct in vivo evidence
that a Cyt bs protein stimulates the activity of specific Cyt
P450s. Moreover, this finding suggests that difFF may be a useful
tool to boost the effectiveness of f3'5" in transgenic plants and
introduce blue flower colors in ornamental species in which
these are normally lacking.

MATERIALS AND METHODS

Molecular Genetic Procedures. Northern blot, PCR, and
sequence analyses were done as described (18). The petunia
lines W138 (relevant genotype: anl-WI138hfl~hf27rt~) and
V30 (relevant genotype: anl “hfl *hf2*rt*) were maintained as
inbred stocks and were grown under normal greenhouse
conditions. Transposon insertion alleles of difF were isolated
in the W138 background as described (19) with primers
complementary to difF and dTphl and maintained by selfing.
In the backcrosses of the difF mutant lines with V30 segrega-
tion of the unstable anl-WI138 and the linked r¢~ alleles were
scored visually, whereas the anthocyanin substitution pattern
was assayed by TLC (20) and in a few selected plants by HPLC
(see below). Segregation of 4fI and hf2 alleles was determined
by restriction fragment length polymorphism analysis (9) and
by PCR amplification of the region containing the d7phl
insertions for the mutant difF alleles.

HPLC Analyses and F3'5'H and C4H Assays. Total antho-
cyanins of flower corolla sectors were extracted and hydro-
lyzed by boiling in 1 ml of 2 M HCl for 30 min. The anthocyanin
aglycones were analyzed on a gradient HPLC system equipped
with a Cig reversed-phase column (5 wm; 250 X 4.6 mm;
Vydac, Hesperia, CA) and a SPD-M10Avp diode array UV
detector (Shimadzu). Samples were eluted at 40°C and a flow
rate of 1 ml/min. Anthocyanins were monitored at 547 nm;
dihydroflavonols were monitored at 280 nm. The solvent
system used was a linear gradient of 10% to 75% solvent B
(1.5% phosphoric acid/20% acetic acid/25% acetonitrile in
water) in solvent A (1.5% phosphoric acid in water) over a
period of 22.5 min. Anthocyanins were identified and quan-
tified by comparison with the retention times and peak areas
from standards. Microsomal membranes were isolated and
assayed for F3'5'H activity as described (21), except that
dihydroquercetin was used as a substrate and the formation of
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dihydromyricetin was monitored by HPLC and the solvent
system described above. C4H activity was measured as de-
scribed (22), and the conversion of cinnamic acid into 4-cou-
maric acid was monitored at 280 nm by HPLC, with the Cis
column described above and 30% aqueous methanol with 0.1%
acetic acid as a solvent.

RESULTS

difF Encodes a Cyt bs Protein. Because the initial difF clone
as isolated by Kroon et al. (15) was a partial cDNA, we isolated
new difF cDNA clones to obtain the full cDNA sequence. We
used primers complementary to the ends of the difF cDNA
sequence and subsequently isolated the corresponding
genomic regions by PCR. Comparison of the ¢cDNA and
genomic sequences showed that the diff mRNA is encoded by
two exons (Fig. 24). The difF cDNA sequence contained a
single large ORF specifying a 149-aa protein. Database
searches showed that this putative DIF-F protein had signif-
icant homology to a range of Cyt bs proteins from plants,
animals, and yeast (Fig. 2 B and C). In all cases the homology
was limited to the N-terminal half of the proteins, in particular
in the regions around the residues His-39 and His-63. These
His residues are known to be the axial ligands for heme binding
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B - house fly
F- yeast

tobacco seed
tobacco
borage
Asian dodder
- rice
cauliflower
petunia (DIF-F)
rabbit {micros).
rat {micros.)
horse
pig
human
cow
chicken
| ] _— rat (cytosolic)
|—L rabbit (cytosolic)
hamster
roundworm

cow acees sOAvRVEEIR:ER: o « Nss TS « F [
rabbit AaaasofdoviSvRdu=[F Hsffs Tl « F [
potunia I} - - - - oo - AKIFRENs cflA RNk s x a o ci (I k F [
tobacco [l | 1 MccET - LA REYA sa N A@ o iy vEl KV vDv'TK F[EEE
yeast [@- - -- - - (2 « v v ERIC) AE sranF I « v v pvERF Y

LU L EEHPGGEEV LLIE[S [FoaTeENFEDVGHSs|lNA r[ELE « LT
[ L eevnPoGEEV LlE[AacEpaTeElFeDveHsiliarlE L H« Y
petunia [NINICRRA AR | [ <X« efdol) LR < AEYK N[HWF k v 75
tobacco f§ D ORNERTOIREN s A T[N« 0 ol NNNEYs sEXIA MDD E v v 79
yeast K D[RRI ol ' v o+ ofloLNIE sl VE]l ' EERI o By R GLY 79
cow @+ - - - - - P DESEIT se@r-- - - - - - - ITTIDSNP 107
rabbit E[@H - - - - - PONDEY sLYL s MEP - - -« v v v o b vt 98
petunia Y[MoovkasoflseL ELNLVTOR kEPNJaKEMKAY VI KE 115
tobacco ViID v Ds - - AT I PTKTEY TPRINGP HYNQO[§T SE- - - FVV - . 112
yeast ovo----kTseE@vsve@vs tBe-nasffese-- ... ... 100
cow  SWWTNW- - - - - - BiraisatB@vat i yalvrsen- 134
rabbit - - - . - o o o oLl e e e e e 98
petunia DP kP KYLTFVEVLPFaaA@vYLvvrRY[TeAaL0F 143
tobaceo - - - -kLLaFLvellly - ([Mcv Gl --RFYTKQSSA 139
yeast - - - -TLvVviILAIdm . -[Hovly - - - .. Yyl---LnNE 120

Fi1G. 2. Molecular analysis of difF. (4) Diagram showing the
structure of difF. Exons are depicted as thick bars. The triangles
indicate the positions of dTphl insertions in the alleles dif F-1’2082 and
dif F-W2090. (B) Phylogenetic tree showing the homology of the DIF-F
protein to a variety of Cyt bs proteins. (C) Alignment of the DIF-F
protein with Cyt bss from mammals, plants, and yeast. Amino acids
conserved in more than half of the sequences are indicated by black
shading.
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F1G.3. Northern blot analysis of difF expression. difF expression in
different tissues (4) and in the corolla limb at different stages (B, lanes
1-6) of development (cf. ref. 18). (C) difF expression in the corolla
limb of wild-type (R27) and mutant lines (W162, W115, and W134) for
the regulators anl, an2, and anll. (D) difF mRNA in corolla limbs
homozygous for the mutable alleles difF-12082 or difF-W2090 (m/m)
and wild-type (+/+) siblings. gapdh, Glyceraldehyde-3-phosphate
dehydrogenase.

(13). Although the Cyt bs sequences show little sequence
conservation in the C-terminal part of the polypeptide, they
have a strikingly similar hydropathy plot (not shown). This
hydrophobic C-terminal part anchors the enzyme to the en-
doplasmic reticulum membrane (13).

difF Expression Pattern. To examine whether difF could
have a function in anthocyanin biosynthesis, we analyzed its
expression pattern by Northern blot analysis and compared it
to the expression pattern of the dfr gene, which encodes
dihydroflavonol 4-reductase, a key enzyme of the anthocyanin
pathway (23). Fig. 34 shows that the difF transcripts accumu-
late in the limb and tube of the flower corolla and in the
ovaries, but not in vegetative organs such as leaves, root, and
stem. During petal development, the temporal difF expression
pattern closely matches that of dfr, with both transcripts
reaching a maximum at approximately stage 3, when the flower
bud starts to open (Fig. 3B). To test whether difF expression

Table 1.
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is controlled by any of the known regulators of the anthocyanin
pathway, we analyzed difF transcript levels in stage 3 flowers
of the corresponding mutants. Fig. 3C shows that difF expres-
sion is down-regulated in petal limbs of anl ~,an2~,andanll~
mutants, when compared with the wild type. Although an2-
WI115 is a null allele (F. Quattrocchio, J. Wing, and R.K,,
unpublished data), this mutation reduces anthocyanin synthe-
sis strongly but does not block it completely (24). This finding
indicates that an2 function is partially redundant and explains
the residual difF and dfr transcripts detected in an2-W115 petal
limbs (Fig. 3C)

Taken together, these data show that the spatio-temporal
and genetic control of difF expression are consistent with a role
in anthocyanin synthesis.

Isolation of difFF Mutants. To establish the in vivo function
of difF, we isolated difF mutants. Therefore, we performed a
PCR-based screen (19) to identify plants of the line W138 in
which a dTphl transposon had inserted in the difF gene.
Among 4,000 W138 plants, we found two individuals that were
heterozygous for the wild-type difF* allele and a transposon
insertion derivative (difF-12082 and difF-W2090, respectively).
We germinated seeds of these individuals, which had been
produced by self-pollination, and identified progeny homozy-
gous for dif F-12082 and difF-W2090 by PCR. Sequence anal-
ysis showed that in difF-12082 a 284-bp dTphl element had
inserted in the first exon, 10 bp upstream of the splice site,
thereby disrupting the protein-coding sequence. The difF-
W2090 allele contained a 284-bp dTphl insertion in the middle
of exon 2, which also disrupted the coding sequence. Northern
analysis showed that flowers of difF-1’2082 homozygous prog-
eny accumulated difF transcripts that were about 300 bp larger
than the wild-type difF transcript (Fig. 3D). By analogy to
other dTphl insertion alleles, this mutant transcript is likely to
contain the transcribed dTphl sequence. In difF-W2090 ho-
mozygotes, the amount of difF mRNA was reduced about
3-fold when compared with difF* siblings. Because difF-W2090
is relatively unstable, these transcripts most likely resulted
from dTphl excisions and probably contained different trans-
poson footprints.

Mutation of difF Affects Flower Color. Despite the apparent
inactivation of difF, we did not observe a phenotypic effect in
the W138 genetic background. However, W138 is hfl " hf2~,
and therefore, we could not examine an effect of the difF
mutation on the activity of the Cyt P450 enzyme F3'5'H
(compare with Fig. 1). To introduce the difF alleles in an AfI ™"
or hf2* genetic background, we made backcrosses with the line
V30 (hfl*hf2"anl*rt*) and the difF mutant lines as the
recurrent parent. As expected, these progenies (co)segregated
1:1 for anI™utble and r£~ plants (Table 1). If the 5’ substitution
of anthocyanin depended on the segregation of Afl and hf2
alone, one would expect to find plants accumulating malvidin
(WfI*hf2* and hf1*hf2™), malvidin plus peonidin (Af1 hf2";

Number of plants with flower color and anthocyanins in the backcrosses (W138::difFmutable x V30) X W138::diffmutable

White with colored spots (an]mutable)

Full colored (anl™)

rt* rt~

rt* rt~

Cross* mal mal/peo peo del del/cya cya mal mal/peo peo del del/cya cya
72363 44 49
4 39 48 1
3 0 0 15 14 7 16 22 3 0 1 0
72364 79 61
3 73 59 2
1 1 1 19 12 17 12 29 3 0 1 0
Total 121 110
7 112 107 3
4 1 1 34 36 24 38 51 6 0 2 0

Compounds: mal, malvidin; peo, peonidin; del, delphinidin; cya, cyanidin.
*Backcross family Z2363 segregated for difF-1’2082, and Z2364 segregated for difF-W2090.
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the relatively weak /1f2 locus enables the 5 substitution of only
about 50% of the anthocyanins), or peonidin (hfI hf27)
corolla pigments in a ratio of 2:1:1. However, the combined
results of the two backcross populations segregating for difF-
V2082 and difF-W2090, respectively, showed a segregation
ratio of 38:51:6 (Table 1). This result suggested that a third
mutant gene segregated that reduced the 5’ substitution,
possibly difF. To test this directly, we subjected representative
plants of the various phenotypic classes to Southern blot and
PCR analyses to determine the Af1, hf2 and difF genotype
(results not shown). These experiments revealed that the
malvidin-accumulating plants were all AfI*difF*, whereas
those accumulating a mixture of malvidin and peonidin were
either Afl TdifFmutadle  pf[=pf2F dif Fmetedle or hf1~hf2 difF+
(data not shown).

Closer inspection showed that the 4fI " rt*individuals, which
were homozygous for the difF-W2090 allele, had variegated
flowers with purple (revertant) sectors and spots on a purplish
magenta (mutant) background (Fig. 44 Upper). Also, flowers
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of hfl~hf2*difF™"abk siblings were variegated, although the
color difference between mutant and revertant tissue was less
pronounced (not shown). In 4fI"r¢t~ plants the variegation was
seen as dull gray revertant spots and sectors on a dull red
mutant background (Fig. 44 Lower). To test whether these
variegated flower colors were caused by genetic instability of
the dif --W2090 allele, we isolated DNA from several large
revertant petal sectors and from the mutant corolla sectors and
analyzed the difF gene by PCR. Fig. 4B shows that reversions
of the flower color are associated with (somatic) excisions of
the dTphl element from difF-W2090. Also, difF-12068 indi-
viduals had variegated flowers, but the frequency of revertant
spots was lower by at least 1 order of magnitude (not shown).

Mutation of difFF Reduces 3',5" Modification of the Antho-
cyanin. To examine how the difF mutation affected flower
color, we dissected (isogenic) difF* revertant and difF mutant
sectors of single flowers and analyzed the anthocyanin agly-
cones by HPLC. Some representative chromatograms are
shown in Fig. 4C. In difF* revertant petal sectors on AfI "rt~
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F1G. 4. Analysis of difF mutant flowers. (4) Phenotype of the difF-W2090 allele in a hfI *rt* (Upper) and a hfI *rt~ background (Lower). The
arrows indicate a revertant (difF*) sector. (B) PCR analysis of the difF locus in homozygous mutable (m/m) and revertant (+/m) sectors in flowers
with different if1, hf2, and rt genotypes. The intermediate size fragments are heteroduplexes consisting of a difF::dTphl and a difF* strand, which
are generated by the PCR. (C) HPLC analysis of anthocyanin aglycones accumulated in the same sectors. The identity and the molar ratios of the
anthocyanin peaks were established by chromatography of pure compounds: del, delphinidin; cya, cyanidin; peo, peonidin; mal, malvidin. (D)
F3'5'H enzyme activity in the petal limbs of plants with the indicated phenotype selected from the backcross populations.
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plants, about 80% of the anthocyanins were 3',5" substituted
(delphinidin), whereas in dif™“2b'e mutant sectors of the same
flower this amount was reduced to about 40% (Fig. 4C Top).
The reduced delphinidin accumulation correlated with an
increase in the accumulation of 3’-substituted anthocyanin
(cyanidin) from 20% to 63%. This result indicates that the difFF
mutation reduced the formation of 3’,5'-hydroxylated antho-
cyanins by about 50% and that the remaining precursors were
converted into a 3'-hydroxylated anthocyanin. The same phe-
nomenon was observed in /4f1 *rt* flowers. In this background,
the difF-W2090 mutation reduced the fraction of 3',5'-
substituted anthocyanins (malvidin) from 94% to 73%, which
correlated with an increase in 3’-substituted anthocyanin
(peonidin) from 6% to 27% (Fig. 4C Middle). This indicated
a 25% inhibition in the formation of 3’,5'-substituted antho-
cyanins. In Afl “hf2™ tissue, less than half of the anthocyanins
are 3',5' substituted (44%), possibly because the Aif2 locus
expresses lower amounts of F3'5'H protein or a F3’'5H protein
with lower activity. In this background, a difFF mutation
decreased 3',5" substitution further, down to 29%, correspond-
ing to about 35% inhibition (Fig. 4C Bottom).

difF Mutation Reduces F3'5'H Activity. To test whether difF
stimulates 3',5" substitution of anthocyanin precursors by
regulating the activity of the Cyt P450 enzyme F3'5'H, we
measured F3'5'H activities in different genotypes. Because
this required larger quantities of petal tissue, these measure-
ments could not be performed on (isogenic) mutant and
revertant sectors of single flowers. Instead, we selected two or
three plants from the V30 backcross populations for each
genotype and determined F3'5'H enzyme activity in micro-
somes that were isolated from stage 4 petal limbs. Fig. 4D
shows that the difF mutation reduced Afl-encoded F3'5'H
activity by about 20-fold, whereas if2-encoded F3'5'H activity
was reduced approximately 3-fold.

To test whether difF stimulates other Cyt P450 enzymes, we
measured the activity of C4H, a Cyt P450 enzyme from the
general phenylpropanoid pathway that synthesizes precursors
for several pathways including the flavonoid pathway. Micro-
somal membranes of difF™ and difF™"t?b'¢ petals produced,
respectively, 97.6 = 11.2 and 84.0 £ 14.4 nmol of p-coumaric
acid per mg of protein per h, indicating that the difFF mutation
did not have a significant effect on C4H activity.

DISCUSSION

Cyt bs proteins are common to animals, plants, and yeast and
have been known for nearly 50 years. Yet we still know little
about their physiological function. Biochemical experiments
showed that in vitro Cyt bs can accept electrons from either
NADH-cytochrome reductase or NADPH-Cyt P450 reductase
and donate electrons to different desaturases involved in lipid
biosynthesis and to members of the superfamily of Cyt P450s
(reviewed in ref. 13). Here we provide in vivo evidence that the
Cyt bs protein encoded by difF is required for full activity of
the Cyt P450 enzyme F3'5'H in vivo and the generation of
purple/blue flower colors.

Cyt bs Proteins and Cyt P450 Activity. Because Cyt P450
enzymes depend on associated proteins for their activity,
purified Cyt P450s are usually incorporated into membrane
vesicles together with other proteins to measure their activity.
Not surprisingly, the NADPH-Cyt P450 reductase needs to be
incorporated as well, because this protein donates electrons to
the Cyt P450. In several in vitro studies the addition of Cyt bs
could further stimulate Cyt P450 activity, suggesting that Cyt
bs may function as an alternative electron donor. However, in
many other studies, sometimes with the same proteins, no
effect of Cyt bs was observed (discussed in ref. 13). Recent
experiments showed that the stimulation of some Cyt P450s
could also be achieved by an apo-Cyt bs, devoid of the heme
group (10, 12), or even unrelated Cyt P450s or Cyt P450
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fragments (11). Oher Cyt P450s, however, could be stimulated
only with holo-Cyt bs, not with apo-Cyt bs (11). Because these
results were all obtained with in vitro reconstituted systems, it
is difficult to assess which effects are representative of the in
vivo situation and which are experimental artifacts.

Cyt bs loss-of-function mutants would provide an excellent
means to analyze the role of these proteins in vivo. In yeast,
deletion of the cyb5 gene did not display a phenotype, even
though Cyt bs proteins were almost completely eliminated
(25). However, in a yeast strain with a disrupted gene for
NADPH:Cyt P450 reductase, the cyb5 deletion was lethal (25).
Although this result is consistent with the idea that Cyt bs is
an alternative electron donor, this hypothesis could not be
proven because it is unclear whether lethality is caused by
reduced Cyt P450 activity or other malfunctions.

The Cyt bs Encoded by difF Is Required for F3'5'H Activity
in Vivo. Our results show unequivocally that the difF gene
augments the 3',5' substitution of (the precursors of) antho-
cyanins and is required for full F3'5'H activity. Plants in which
the difF gene is reversibly inactivated by the insertion of a
dTphl transposon bear variegated flowers, in which the accu-
mulation of 3',5'-substituted anthocyanins is diminished by
25-50%, apparently because of a reduction in the activity of
the Cyt P450 enzyme F3'5'H (Fig. 4). These data imply that in
vivo the difF-encoded Cyt bs enhances the activity of both
F3'5'H isoenzymes encoded by the AfI and hf2 locus (Fig. 4D).

For several genes encoding Cyt P450 enzymes, loss-of-
function has been shown to result in visibly recognizable
alterations. The activity of these Cyt P450 is apparently not
substantially reduced in difF mutants, at least not to a the point
where they become rate limiting, because we do not see these
alterations in difF mutants. For instance, neither mutation of
difF nor its regulators anl, an2, or anll (Fig. 3) has an effect
on plant or organ shape, indicating that the activity of Cyt
P450s involved in the synthesis of hormones (5-7) is not
substantially reduced. Also F3'H activity appears to be normal
in difF mutants. The line W138, in which the mutant difF alleles
were isolated, is if1 “hf2~ht1*rt~. As a consequence, the Anl*
revertant spots on W138 petals are red because of accumula-
tion of cyanidin (compare with Fig. 1). Mutation of /1 results
in a strong reduction of cyanidin formation and pink spots and
an accumulation of (colorless) dihydrokaempherol (20). Be-
cause the difF mutants do not exhibit either of these effects,
F3'H activity apparently did not become rate limiting. The
activity of C4H, a Cyt P450 involved in the synthesis of
flavonoid precursors, also does not appear to be affected by
difF because we did not detect a reduction of C4H enzyme
activity or a reduction of flower color in difFF mutants. Cyt bss
have also been implicated as electron donors for desaturases
involved in lipid biosynthesis (13, 26). However, we could not
detect differences in the fatty acid composition of petals or
seeds of wild types and difFF~ or anl~ mutants (unpublished
data).

Taken together these observations suggest that the Cyt bs
encoded by difF is required for the activity of some Cyt P450s,
such as F3'5'H, but not all. However, it does not exclude that
(some of) these other Cyt P450s interact with Cyt bs proteins
encoded by other loci.

Evolutionary Aspects. The regulatory genes anl, an2, and
anll control expression of the so-called late biosynthetic genes
encoding enzymes that are specific for anthocyanin synthesis.
The early biosynthetic genes, encoding chalcone synthase,
chalcone flavanone isomerase, and flavanone 3B-hydroxylase,
which are required for anthocyanins, flavonols, and fla-
vanones, are controlled by a different set of regulatory genes
(24, 27). The ht1 gene encoding F3'H is expressed indepen-
dently of ani,an2,and anll (ref. 14; F. Quattrocchio and R.K.,
unpublished data), indicating that it is an early biosynthetic
gene. However, the expression of the f3'5'h genes at the hf]
and Af2 loci (data not shown) and difF (Fig. 2) is controlled by
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anl, an2, and anll, indicating that these are late biosynthetic
genes. The distribution of various flavonoid classes over the
plant kingdom indicates that the function of early biosynthetic
genes arose first during evolution and that of the late biosyn-
thetic genes and the anthocyanins appeared later (28). Thus,
the function of F3'H might be evolutionarily older than that of
difF and F3'5'H, which can explain why loss of difF function
specifically reduces F3'5'H activity but not F3'H activity.
Applied Aspects. Many plant species lack the capability to
generate blue or purple flowers, because they cannot synthe-
size 3',5'-substituted anthocyanins. To introduce true blue and
purple colors, f3'5'h transgenes have been introduced in
ornamental species such as rose and carnation (cf. ref. 29).
Both in vitro reconstitution experiments (13) and in vivo
overexpression experiments in yeast (12) and human cells (30)
have shown that the activity of a Cyt P450 can be increased 10-
to 20-fold by coexpression of a Cyt bs. Therefore, we expect
that difF may be helpful to increase F3'5H activity in trans-
genic plants, which is considered the critical step toward the
generation of blue flower colors in ornamental species (29, 31).

We thank Jane Ollson and Tim Holton for critical reading of the
manuscript and Filippa Brugliera for communicating unpublished
data. We are grateful to Pieter Hoogeveen, Martina Meesters, and
Daisy Kloos for their care of the plants and to Wim Bergen-
Henegouwen and Fred Schuurhof for photography.

1. Guengerich, F. P. (1991) J. Biol. Chem. 266, 10019-10022.

2. Mituzutani, M., Ward, E., Ohta, D., Ryals, J. & Sato, R. (1993)
Biochem. Biophys. Res. Commun. 190, 875-880.

3. Teutsch, H. G., Hasenfratz, M. P., Lesot, A., Stoltz, C., Garnier,
J. M., Jeltsch, J. M., Durst, F. & Werck-Reichhart, D. (1993)
Proc. Natl. Acad. Sci. USA 90, 4102-4106.

4. Koch, B. M., Sibbesen, O., Halkier, B. A., Svendsen, I. & Moller,
B. L. (1995) Arch. Biochem. Biophys. 323, 177-186.

5. Winkler, R. G. & Helentjaris, T. (1995) Plant Cell 7, 1307-1317.

6. Szekeres, M., Németh, K., Koncz-Kalman, Z., Mathur, J., Kaus-
chman, A., Altman, T., Rédei, G. P., Nagy, F., Schell, J. & Koncz,
C. (1996) Cell 85, 171-182.

7. Kim, G.-T., Tsukaya, H. & Uchmiya, H. (1998) Genes Dev. 12,
2381-2391.

8. Meyer, K., Cusumano, J. C., Somerville, C. & Chapple, C. C. S.
(1996) Proc. Natl. Acad. Sci. USA 93, 6869—-6874.

10.

11.

12.

13.

15.

16.

17.

18.

19.

20.
21.
22.
24.
25.
26.
27.
28.
29.
30.

31.

Proc. Natl. Acad. Sci. USA 96 (1999) 783

Holton, T. A., Brugliera, F., Lester, D. R., Tanaka, Y., Hyland,
G. D., Menting, J. G. T., Lu, C.-Y., Farcy, E., Stevenson, T. W.
& Cornish, E. C. (1993) Nature (London) 336, 276-279.
Yamazaki, H., Johnson, W. W., Ueng, Y. F., Shimada, T. &
Guengerich, F. P. (1996) J. Biol. Chem. 271, 27438-27444.
Yamazaki, H., Gillam, E. M. J., Dong, M. S., Johnson, W. W.,
Guengerich, F. P. & Shimada, T. (1997) Arch. Biochem. Biophys.
342, 329-337.

Auchus, R. J., Lee, T. C. & Miller, W. L. (1998) J. Biol. Chem.
273, 3158-3165.

Vergeres, G. & Waskell, L. (1995) Biochimie 77, 604—620.
Stotz, G., de Vlaming, P., Wiering, H., Schram, A. W. &
Forkmann, G. (1985) Theor. Appl. Genet. 70, 300-305.

Kroon, J., Souer, E., de Graaff, A., Xue, Y., Mol, J. & Koes, R.
(1994) Plant J. 5, 69-80.

Weiss, D., Van der Luit, A. H., Kroon, J. T. M., Mol, J. N. M. &
Kooter, J. M. (1993) Plant Mol. Biol. 22, 893-897.

Alfenito, M. R., Souer, E., Goodman, C. D., Buell, R., Mol, J.,
Koes, R. & Walbot, V. (1998) Plant Cell 10, 1135-1149.

de Vetten, N., Quattrocchio, F., Mol, J. & Koes, R. (1997) Genes
Dev. 11, 1422-1434.

Koes, R., Souer, E., van Houwelingen, A., Mur, L., Spelt, C.,
Quattrocchio, F., Wing, J. F., Oppedijk, B., Ahmed, S., Maes, T.,
et al. (1995) Proc. Natl. Acad. Sci. USA 92, 8149-8153.

van Houwelingen, A., Souer, E., Spelt, C., Kloos, D., Mol, J. &
Koes, R. (1998) Plant J. 13, 39-50.

Menting, J. G. T., Scopes, R. K. & Stevenson, T. W. (1994) Plant
Physiol. 106, 633-642.

Stewart, C. B. & Schuler, M. A. (1989) Plant Physiol. 90, 534-541.
Holton, T. A. & Cornish, E. C. (1995) Plant Cell 7, 1071-1083.
Quattrocchio, F., Wing, J. F., Leppen, H. T. C., Mol, J. N. M. &
Koes, R. E. (1993) Plant Cell 5, 1497-1512.

Truan, G., Epinat, J.-C., Rougelle, C., Cullin, C. & Pompon, D.
(1994) Gene 149, 123-127.

Kearns, E. V., Hugley, S. & Somerville, C. R. (1991) Arch.
Biochem. Biophys. 284, 431-436.

Quattrocchio, F., Wing, J. F., van der Woude, K., Mol, J. N. M.
& Koes, R. (1998) Plant J. 13, 475-488.

Koes, R. E., Quattrocchio, F. & Mol, J. N. M. (1994) BioEssays
16, 123-132.

Holton, T. A. & Tanaka, Y. (1994) Trends Biotechnol. 12, 40—42.
Aoyama, T., Nagata, K., Yamazoe, Y., Kato, R., Matsunaga, E.,
Gelboin, H. V. & Gonzalez, F. J. (1990) Proc. Natl. Acad. Sci.
USA 87, 5425-5429.

Mol, J. N. M., Holton, T. A. & Koes, R. E. (1995) Trends
Biotechnol. 13, 350-355.



