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Abstract-Feeding of leucopelargomdm and leucocyamdm, but not of narmgenin or dlhydroquercetin, to petals of an 
acyamc mutant of Call~stephus chmensls, blocked by recessive alleles of the gene F, led to formation of the respective 
anthocyamdm glucosides, whereas m a further acyamc mutant, blocked by recessive alleles of the gene A, none of these 
compounds imtlated anthocyamn synthesis The results strongly support the role of flavan-3,4-diols m anthocyamn 
biosynthesis Moreover, m enzyme preparations from cyanic Call~stephws flowers, dlhydroflavonol 4-reductase 
activity was demonstrated catalysmg the stereospeclfic reduction of (+)-dlhydrokaempferol to (+)-3,4-cis- 
leucopelargomdm with NADPH as co-factor With NADH the reactlon rate was only about 35% of that observed 
with NADPH A pH-optimum around 6.7 was determined. In agreement with the anthocyanidm pattern of 
Call~tephus flowers, ( +)-dlhydroquercetm and (+)-d~hydromyncetm were also reduced by the enzyme preparations 
to the respective flavan-3,4-cls-dlols They are even better substrates than dlhydrokaempferol. As expected from the 
feeding experiments, the gene F but not the gene A controls dlhydroflavonol4-reductase activity; enzyme activity IS m 
addition controlled by gene G. 

INTRODUCTION 

It has been shown by supplementation experiments on 
genetically defined acyamc flowers of Matthlola mcana 
that flavan-3,4-dlols (leucoanthocyamdms) are inter- 
mediates m anthocyanin blosynthesls [l]. Moreover, m 
cell-free extracts from Matthzola flowers a soluble en- 
zyme (dlhydroflavonol4-reductase) could be demonstra- 
ted which catalyses an NADPH-dependent stereospeclfic 
reduction of (+)-dlhydroflavonols to flavan-3,4-cfs-diols 
[2] Feeding of flavan-3,4-dlols, but not of dlhydroflav- 
onols, initiated anthocyamn synthesis m one of the white 
flowering mutants of Matchlola indicating a biosynthetic 
block between dlhydroflavonol and flavan-3,4-dlol The 
fact that this mutant lacks dihydroflavonol 4-reductase 
activity provided strong evidence for this enzyme being 

specifically involved m anthocyanm biosynthesis (Fig. 1) 

CL 21 
For a further evaluation of the role of this enzyme m 

the anthocyamdm pathway we have now investigated 
genetically defined lines of Callistephus chlnensls. In the 
flowers of this plant four genes (Ch, A, F and G) are 
mvolved m the blosynthesls of the anthocyamdin mole- 
cule. The gene Ch is known to control chalcone lsomer- 
ase actlvlty [3]. The genes A, F and presumably also G 
interfere with the anthocyamn pathway after dlhydro- 
flavonol formation but the stage of their action was not 
known [4] 

In this paper we report on supplementation exper- 
iments with acyamc mutants of Callrstephus using dlffer- 
ent precursors and on the enzymatic reduction of (+)- 
dlhydroflavonols to Aavan-3,4-diols with enzyme prepar- 

OH 

Fig 1 Dihydroflavonols and flavan-3,4-dlols used at the studies and the reactton of dlhydrofiavonol4-reductase. 
R, = R, = H I = dlhydrokaempferol, 2 = leucopelargomdm R, =OH, R, = H 1 = chhydroquercetm, 2 =leuco- 

cyamdm R, = R, = OH 1 = dlhydromyrlcetm; 2 = leucodelphlmdm 
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atlons from Crrll~tephus flowers The studies confirm the 
Important role of dlhydroflavonol 4-reductase 1n antho- 
cyanm b1osynthesls Moreover, the genes F and G can be 
correlated with reductase activity, whereas the gene A 
concerns one of the still unknown steps between flavan- 
3.4-d1ols and anthocyan1dms 

RESULTS 

Supplementatxm esptwments 

These experiments were performed on a range of 
acyanlc mutant5 with recessive alleles of the genes A and 
F, respectively. A mutant with only recessive alleles for 
the gene G was not avallable The petal5 were placed 1n 
aqueous solutions of three types of precursor5 the Havan- 
one naringenin, the dlhydroflavonol dlhydroquercet1n 
and the flavan-3,4-dlols leucopelargomdln and leuco- 
cyamdln (Fig 1) [5] lVe1ther the admlnlstratlon ofnarm- 
gemn nor that of d1hydroquercetm to the acyamc petals 
initiated anthocyanln synthesis (Table I), mcJ1catmg that 
recessive alleles of both the gene F and A cause a block 
after dlhydrotlavonol formation. Suppiementatlon with 
flavan-3,4-dlols, however, allowed a dlfferent1at1on be- 
tween the two gene5 Thus. 1n the petals of lme IOa and of 
other hnes with recessive alleles ofthe gene F-, but dome- 
nant alleles of the genes A and G, anthocyanm synthesis 
could be observed from both leucopelargonldm and leu- 
cocyamdm, whereas the petals of hnes with recessive 
alleles of the gene A (lines 07,08) remained again acyan1c 
(Table 1) 

In Callotephus flowers, lines with the dommant allele 
R possess flavono1d 3’,5’-hydroxylase activity, whereas 
recessive genotypes (rr) lack this act1vlty [7] AS ex- 
pected, feeding of leucopelargomdm to petals of a reces- 
sive genotype (hne lCIej initiated the formation ofpefar- 
gorudln derivatives and form feucocyanldm cyan1d1n de- 
rlvatlves were formed In the presence of flavonold 3’,5’- 
hydroxyfaase act1vlty (hne IUa), however. the same resuh 
was found and delphln1dm derlvat1ves were not formed 
(Table I) 

Enzymatu results 

The supplementation experiments furnished strong 
evidence for the gene F being involved m the reduction of 
dlhydroflavonols to flavan-3,4-d1ols This reaction IS 
catalysed by d1hydroflavonol 4-reductase (Fig 1). Cor- 

responding enzymatic studies on cyamc and acyan1c 
Callistephus lines should definitely prove the dct1on of the 
gene F 

When enzyme preparation5 from Bowers of line 06 
were incubated with (+)-(‘“C)d1hydrokaempferol III the 
presence of NADPH, one radioactive product wa5 detec- 
ted on TLC plates It com1grated wrth (+)- 
leucopelargomdm (Fig 1) In the solvent system\ 1 -3 
which, however, do not separate the 3,3-US and the 3.4- 
tram lsomerc of leucoanthocyamdms (Table 2) The ISO- 
mer formed during enzymatic reduction could be decided 
by TLC 1n solvent system 3 (Table 2) and by two- 
dlmenslonal chromatography 1~1th solvent system 4 m 
the first and solvent system 1 In the second dlmenslon As 
expected [‘2. 10, 111, the radioactive product comigrdted 
with the synthetic 3,4-(1s Isomer of leucopelargomdln 

Dlhydroflavonol 4-reductase activity could also be 
demonstrated 1n other cyanlc Cal/l,~tephtrs liner More- 
over, reductase dctivity was present m enzyme prepar- 
ations from flower5 of the acyamc lme 07 with the domm- 
ant a[Iele F(Table 1) ft &ds completel> dbsent, however. 
m flower extracts from lmes wtth recessive F alleles (Ime 
IUa, ‘Table T) Surprisingly, ime OX with dommmt alleles 
of the gene F but recessive alleles of the gene G also 
lacked reductase actlvlty (Table I ) Other enzyme actlvl- 
ties involved m anthocyanm blosynthesls ate present m 
both 11ne 10a and line 08 In mixtures of enzyme extracts 
from hne 06 and lines without reductase actlvlty, no 
lnhlbltlon 1n the rate ofconvera1on ofdlhydrokaempferoi 
to leucopelargomdm was observed The absence of re- 
ductase activity m the latter lines 15 therefore not caused 
by an mhibltor 

The further chardcterisation of the reductase reaction 
was perforined with enzyme extracts from hne 06 and 
(+)-dihydrokaempferol as substrate Leucopelalgomdm 
formatton was imear with protein concentration up to 
ZCJ /ig protem per assay Lmearlty with time *as observed 
for about 30 mm The reaction had a pH-optimum be- 
tween 6 5 and 70 with ha[fmahlmal activities ‘it pH 6 1 
and 7 5 Under standard condltlons a specific enzyme 
acttvlty of about 04 /tkat:kg protein was measured 

Dlhydrollavonol 4-reductase activity 1s strictly depen- 
dent on NADPH Saturation with NADPH was achieved 
with 1 mM per assay, even a ten-fold increase m NADPH 
concentration did not affect the reaction Substltutlon of 
NADPH by NADH (5 mM) reduced the reactton rate to 
35% of the rate observed with NADPH 

lncubatlon at different temperatures revealed a linear 

Table I Genotype, phenotype, anthocyanm formatlon from precursors and dlhydroflavonol 4-reductase actlvlt} of some Ime\ of 
Cdrctephus chmen\r.\ 

___- 

Dlhydrollavonol 4- 

Flower Main flower Anthocyanms formed from the precursors reductase actlwty 

Lme Genotype colour flawmolds NAR DHK LPB LCY (/IhAt ‘kg Protein) 

06. Ch.Ch.A4FFGGrr red h&CKyamsls. n Y ns n. 5. n\ 0 4 

w ch&a‘iFFGGii j&i3W Isc;l;a!iix;;~%3& n !3 

88 C‘:,+-~,.aa_FFggrP .* hi-te F !.r;-rc;-;;o!,3 (>. {j. 

:Qa ChChAAffGGRR i;‘oV F!avCXX3k Pg C‘:i (3 !! 

! Oh ihChAAb?GGii ye!!O.* ~~G3L+!~i;r;i~OS~& pg C) 00 
.___- ~___ --- 

n s = Not studied, - = no redctlon, NAR = narmgemn, DHK = dlhydrokaempferol, LPg = leucopelargomd1n. LCY = leucocyam- 
chn, Pg = pelargomdm derwatlves, Cy = cyantdm derlvatlves 
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Table 2 R,-values ( x 100) of dlhydroflavonols and flavan 3,4- 
chols on cellulose plates 

Solvent system 

Compounds 1 2 3 4 

Dihydrokaempferol 
Dlhydroquercetm 
Dlhydromyrlcetm 
Leucopelargomdm 

65 37 90 93 
37 34 84 86 
19 30 70 73 
27 52 79 80 (trans) 

64 (US) 
Leucocyamdm 12 50 61 56 (trans) 

38 (US) 
Leucodelphnuchn 3 46 50 39 @rans) 

19 (CIS) 

Increase of enzyme activity from 0 up to 30” and there- 
after a drastic decrease to about 20% of the maximal 
activity m incubations at 46” Surprismgly, at 0” the 
enzyme already exhIbIted a relatively high actlvlty of 
40% of the activity found at 30” Moreover, m mcu- 
bations at low temperature, enzyme actlvlty could be 
observed for at least 15 hr. No by-products were found to 
be formed durmg these long time mcubatlons Flower 
extracts contammg 10% (v/v) glycerol could be frozen m 
hqmd mtrogen and stored at -70” for several months 
wihtout loss of reductase actlvlty No enzyme activity 
remamed, however, when petals were frozen and stored 
under the same condltlons Addmon of KCN (5 mM), 
EDTA (2 mM) and dlethylpyrocarbonate (0.5 mM) did 
not influence enzyme activity, whereas p-chloromercun- 
benzoate (0 1 mM) reduced product formation to 75% 
and dlethyldlthlocarbamate (2 mM) even to about 50% 
m comparison to the standard assay wlthout additions. 

When the enzyme extracts were prepared from a hne 
with flavonold 3’,5’-hydroxylase actlvlty, leucopelargoni- 
dm, leucocyamdm and leucodelphmldin were found to 
be formed from (+)-dlhydrokaempferol as substrate 
Correspondmgly, (+)-dlhydroquercetm and (+)- 
dlhydromyrlcetin also served as substrates for dlhydro- 
flavonol 4-reductase The 3,4-cls isomers of (+)- 
leucocyamdm and ( + )-leucodelphnudin (Fig 1, Table 2) 
were identified as products of the respective enzyme 
reactlons by the chromatographlc methods described 
above. Leucodelphimdm could barely be extracted from 
the reactlon mixture with ethyl acetate The&fore, the 
enzyme assays with dlhydromyrlcetin as substrate were 
directly spotted on the TLC plate and separated m 
solvent systems 1 or 4. In contrast to Matthrola, where 
further reaction products of unknown structure were 
observed in the aqueous phase [2], with Callrstephus 
flower extracts leucodelphmidm was the only reaction 
product from dlhydromyrlcetm as substrate 

Surprismgly, dlhydroquercetm and dlhydromyrlcetm 
(0.04 nmol each) were found to be completely reduced to 
the respective leucoanthocyamdms under standard 
conditions, whereas dlhydrokaempferol (0.04 nmol) was 
only converted to 50% (at best) to leucopelargoldm 
Moreover, m the presence of dlhydrokaempferol 
(0.02 nmol) and dihydroquercetm (0.02 nmol) as sub- 
strates m the same enzyme assay, only 3% of the avail- 
able dlhydrokaempferol but 70% ofthe dlhydroquercetm 
were reduced to the respective leucoanthocyamdm. Siml- 

lar results were obtamed with mixtures of dlhydromyn- 
cetm and dlhydrokaempferol(60% and 3 4% conversion, 
respectively), whereas m mcubatlons with 002 nmol of 
each dlhydroquercetm and dlhydromyrlcetm both sub- 
strates were completely converted to the respective leu- 
coanthocyamdms 

DISCUSSION 

Supplementation of acyamc mutants with potential 
precursors again proved to be a valuable method for the 
elucldatlon of blocks m the blosynthetlc pathway of 
anthocyamns Feedmg of leucopelargomdm and leuco- 
cyamdm but not of dlhydroquercetm or narmgemn led to 
anthocyanm synthesis m hne 10a (genotype AAffGG). In 
contrast, hne 07 (genotype: aaFFGG) remained acyamc 
with all precursors fed The latter result IS of Importance, 
smce it proves that chemical conversion of flavan-3,4- 
dlols to anthocyamns does not occur durmg supplemen- 
tation m the acyamc Cahtephus flowers. Thus, flavan- 
3,4-dlols are true mtermedlates m anthocyamn blosyn- 
thesis Moreover, the supplementation experiments sug- 
gest that recessive allels of the gene F block the reduction 
of dlhydroflavonols to flavan-3,4-dlols, whereas the gene 
A interferes with the anthocyamn pathway after flavan- 
3,4-dlol formation In agreement with this assumption, m 
chemogenetlc studies appreciable amounts of dihydro- 
flavonols were found to accumulate m the flowers of lines 
with recessive alleles of the gene F (Teusch, M. and 
Forkmann, G , unpubhshed results) 

Durmg feeding experiments dlhydrokaempferol (4’- 
OH) IS converted to dlhydromyrlcetm (3’,4’,5’-OH) in the 
presence of flavonoid 3’,5’-hydroxylase actlvlty (data not 
shown). But from leucopelargonidm (4’-OH) and leuco- 
cyamdm (3’,4’-OH) only the respective anthocyanidms, 
and not delphmldm (3’,4’,5’-OH), were formed. Thus, the 
dlhydroflavonol stage IS obviously the latest point for the 
actlon of flavonold 3’,5’-hydroxylase [6, 81 Slmllar results 
were found durmg supplementation expenments on Matt- 
hlola flowers for the actlon of flavonold 3’-hydroxylase [ 11. 

The demonstration of dlhydroflavonol 4-reductase 
activity m Calhtephus flower extracts confirms the sup- 
plementation experiments and furmshes strong support 
for the rule of this enzyme m anthocyamn blosynthesls. 
All Calltstephus hnes with cyamc flowers contain this 
enzyme actlvlty and it IS also present m lines with reces- 
sive alleles of the gene A. In contrast, flower extracts from 
hne 10a with recessive alleles of the gene F lack reductase 
actlvlty Surprisingly, however, line 08 with the dominant 
F allele and recessive G alleles did also not contam 
reductase actlvlty Thus, obviously both the gene F and 
the gene G control this enzyme A similar sltuatlon was 
found in M&no/a flowers, where the genes e and g 
control reductase activity [l, 21 Here, there 1s some 
evidence for the gene e being the structural gene for 
dlhydroflavonol 4-reductase, whereas the gene g rather 
exerts a regulatory function [2, 12, 13). Up to now, ho- 
wever, m the case of the genes F and G of Call~stephus 
flowers, such evidence is not available. 

The propertles of dihydroflavonol 4-reductase from 
Calhtephus flowers are similar to those of the respective 
enzymes from Matthzola [Z], Dtnnthus, Petunia and 
tomato (Ruhnau, B, Spijrlem and Forkmann, G., un- 
published results) and to the dlhydroflavonol4-reductase 
which are mvolved m proanthocyamdm synthesis rather 
than anthocyamdin formation [lo, 11, 14, 151. In all 
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cases a stereospecific, NADPH-dependent reduction of 
( + )-dlhydroflavonol to the respective flavan-3,4+s- 
dlols was observed 

In agreement with the presence of pelargomdm, cyan- 
ldm and defphmldm derivatives m Cdhteptius flowers 
(9, 16) and with the findmg that dlhydroflavonols but not 
flavan-3,4-dlols can be hydroxylated m the 3’,5’-posltlon, 
the respective hydroxylated dlhydroflavonols dlhydro- 
kaempferof, dlhydroquercetm and dlhydromyrlcetm were 
found to be reduced by the enzyme to the correspondmg 
flavan-3,4-dlols 

The reductase from Matthdu flowerc also uses the 
three dlhydroflavonols as substrate [2] In the latter 
plant, the reaction rate with the three substrates was not 
measured and no competltlon experiments with two dl- 
hydroflavonols m one enzyme assay were performed The 
results of such studies with Cull~strpl~us flowers suggest 
that dlhydroquercetm and dlhydromyncetm are con- 
slderably better substrates for reduction than dlhydro- 
kaempferol This result corresponds to chemogenetlc stud- 
ies on C’ullzstcphu~ flowers, where appreciable amounts of 
dlhydrokaempferol were found m both acyamc 
and cyanic flowers In contrast, dlhydromyrlcetm was 
never observed m cyamc flowers and dlhydroquercetm 
occurred only in traces (Teusch, M and 
Forkmann, G., unpubhshed results) In this context the 
substrate speclficlty of dlhydroflavonol 4-reductase from 
Petunia flowers and tomato seedhng IS worth mentlon- 
mg The enzymes from both plants not at all reduce 
dlhydrokaempferol to leucopelargomdm, but they use 
mamly dlhydromyrlcetm as substrate for the reduction 
reactton (Ruhnau, B , Spdrlem and Forkmann, G, un- 
pubhshed results) 

EXPERIMENTAl, 

Plant murerlul The mvestlgatlons included besides the antho- 

cyamn producmg hne 06 (genotype ChChAAFFGGrrmm) a 

range of other cjnmc hnes and the acyamc flowermg lines 07.08, 

10a and 10e [3] of Cull~stcphuc th~n~nsrs (Table 1) Gen Ch 

controls chalcone lsomerase dctlvlty [3] Genes A, I and G 

concern dnthocyamn synthesis after dlhydroflavonol formatlon 

The multiple alleles of the R-locus (R, r’. r) govern the B-rmg 

hydroxylatlon pattern of anthocyanms [7,9, 161 Gene M con- 

trols the 5-0-glucosylation of anthocyamns 19, 16, 177 The 
plants were cultivated during the summer months III the exper- 

Imental garden of our mstltute 
Ch&YV_Ul.Q Ll?d QpnIhu_\*< L$ &r&d >I& Fd T<aQ 5 !. + I.- 

Dlhydroflavonols and 4-coumaroyl-CoA were from our lab- 
oratory collectlon (+)-Fldvdn-3,4-trans-dlol~ were kmd gifts 
from. W HelJzr (.N.euhxrberg, F R. G 1. and L Brlt~c!!. (Fr&~~rg, 

F R G ) The respective 3,4-c Is-Isomers were prepared accordmg 

to ref (14) (2-‘%)Malonyl-CoA (2 22 GBqjmmol) wab pur- 

cf~sed from Amersbam-B&.&r jBm_u&~.we~~ F R.G ). and 
diluted to 1 03 GBq/mmol with unlabelled material from Sigma 

Labelled (+)-dlhydrokaempferol, ($-)-dlhydroquercetm and 
(+)-dlhydromyncetm (3 09 GBq/mmol each) were prepared en- 

zymatlcally from (‘4C)mlonyl-CoA and 4-coun~royl-CnA as 

described [2, 81 

Enzyme prepuratron und enzyme atsay The preparahon of the 

crude extracts from buds and young flowers and gel liltratIon of 
the extracts was performed accordmg to ref [Z] The standard 

enzyme assay contamed m a total volume of 50 pl 0 04 am01 

radIoactive substrate (116 Bq), 250 nmol NADPH m 10 pl H,O 
and 20 pg protem m 0 1 M Mcllvame buffer, pH 6 8, with 
2 8 mmol2-mercaptoethanol and 10% (v/v) glycerol Incubation 

was carried out for 30 mm at 25” The mixture wds lmmedlatcly 

extracted twice (50 and 30.~1) with EtOAc dnd the extracl 

chromatographed on a cellulose plate with solvent system I In 

case of dihydromyrlcetm as substrate. 2.5 lrl of the reaction 

mixture were also spotted directly on a ccllulo~c pl,ltc <ind 
separated m solvent system 1 or 4 Radloactlvtty w‘is locdh7ed 

by scanmng the plates For the quantitallve dctermindtlon of the 

reactlon, radIoactive zones were atrlpped off [ 181 and counted m 

Umsolve 1 m a scintlflatlon counter 

Dependence of reuttmn on pH und on rrmpcruturr Crude 
extract was subJected to butler exchdnge by gel filtration on 

Sephadex G-50 using 0 1 M Mcllvame buffer with 2 8 mmol 2- 
mercalptoethdnoi and 10% (v/c) glycerol between pH 5 5 dnd 

7 5 Incubations were carried out with 40 111 enzyme solution of 

the respective pH and lOpI NADPH <olulron m wdtcr The 

temperature dependence of the reactton wds measured In stun- 

dard enzyme assays incubated at 0. 7, 14. 25, 30. 37 and 45 

ilnalytical method> Protem wds determmcd according to ref 
[19] with bovine serum albumm as standdrd Supplementdtlon 

experiments were performed accordmg to ref [S] usrng method 

2 for the admmlstration of the precursors Standard procedure\ 
were used for the analysis of the anthocqantdln derlvatlces 

formed [20] TLC was carried OUI on precoated cclluloac plates 

(Schletcher & Schuii, Dassel, F R G ) m (I) CHCl,~~HOAc HZ0 

(10 9 1, by vol), (II) n-BuOH-HOAc-K,O (6 I I). (III) 6'50 

HOAc, and (IV) n-BuOH sdtd with 0 01 M PI buffer. pH 6 8 

Dlhydroflavonols and flavdn-3,4-dlols (leucoanthocyamdms) 
were detected by spraymg the plates with 0 I% aqueous fast 

blue B salt solution and subsequent exposure to NH, bapours 

Dlhydroflavonols were also detected by the Zn-HCI test [?I] 

The Ravan-3,4-dlols fromed by enrymatlc reduction of labelled 

drhydroflavonols were ldentlfied by co-chromatography with 

the synthetic compounds Radioactrvlty was iocahred by \can- 

nmg the plates and m case of 2D chromatographv u\lng the 
Betacamera (Berthold, Wildbad. F R G I 
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