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Abstract Dihydroflavonol 4-reductase (DFR) is a key enzyme
of the flavonoid biosynthesis pathway which catalyses the
NADPH-dependent reduction of 2R,3R-trans-dihydroflavonols
to leucoanthocyanidins. In this study we describe cloning
and expression of the genes encoding the flavonoid-bio-
synthetic enzyme DFR in Gypsophila paniculata L. Inspec-
tion of the 1279 bp long sequence revealed an open reading
frame 1063 bp, including a 36 bp 5' leader region and 181 bp
3' untranslated region. Comparison of the coding region of
this DFR cDNA sequence including the sequences of
Arabidopsis thaliana, Citrus sinensis, Dianthus caryophyllus,
Ipomoea batatas, Matthiola incana, Nierembergia sp, Pe-
tunia hybrida, Solanum tuberosum, Vitis vinifera reveals an
identity higher than 69% at the nucleotide level. The func-
tion of this nucleotide sequences was verified by comparison
with amino acid sequences of the amino-terminus and tryptic
peptides from purified plant enzyme, by northern blotting
with mRNA from wild type and mutant plants, by in vitro
expression yielding and enzymatically active reductase, as
indicated by the small leucopelargonidin peak. Genomic
southern blot analysis showed the presence of only one gene
for DFR in Gypsophila paniculata.
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ATl EAHATE FEAS] pruna® R SITh
B7F Q3 (Meyer et al. 1987), Y2 &= 28t 8ko] Mol
7152 anthocyanin AT 9] A HA a4
synthase (CHS) 5% Z}-& antisense & 20| A|# & A] petunia
o] tpoFst MAWIE TS ¥F Q) (Krol et al. 1988).
O o] #3 B o} 7| xH Q] AR MASH
Ao Aol g Bato] MAWHE FEIE FH5AS A4
Flgon 2o oA 1:}0 IR ij},] cloning 7}
inbred line®] TR E F5to] 4 W] =L
T Gk ol A e L AEg Yol Florigene
ALe} A= 9] Suntory A7} 71| o] A o] delphinidin- = 4| S
Sqsho] HataY] Fhol HE Austo] AES FHH0
™ Davies =2 1998 of] &Za}of A E2]3} chalcone ketide

L 1
re ot
)

Ho

i

10

i)

to

o LA . (o) ﬂJlO
2 e
ot
RS
co o & rr

N
0
=
o2

4

> oo H M oEr o0 2 L N
XNy o WA 2 ox

% o

mg#o
x®
o ok
o

N
s B
AN
AJN

Nr_&

rl

@] chalcone



90

J Plant Biotechnol (2010) 37:89-95

reductase (CHKR) FAAE HE Yoo A] WA A =
) YdE SIS 1 S o] S 34
«l 7ZHdlo] A& A =2 53l delphinidin®] 3
= Z8tsto] A=A 0] o] o m WAl HilE g
© ] (Brugliera et al. 2000) cyanidin¥} delphinidin®] 2&d S
ZAo Z3}ele] B Ao 2T Ao HHEHL S wFY
1 (Koes et al. 2000), &Au]of loAAA = thAEES o
3l delphinidin®t & o] =2 A Mo 3% An 9 7j
dhof AFcte Bk 9t} (Katsumoto et al. 2007). An-
thocyanin AY3+HA1 Q] £ Q3F £7F7] 2 Q] dihydroflavonol 2 5
] flavan-3 4-diols 2 0] EAEAJof t)ot A= Pseudotsuga
Azujfe =iy 223t a4=Re Hxz Psto] 3
1! (Stafford and Lester 1982), 1985 Heller 5o <Js}
o Matthiola incana®] 31£ 9] FdAMo|FTE A et A3}
dihydroflavonol 4-reductase”} anthocyanin AJgtAJof Tho] ot
o}l B35t a4 DFRL dihydroflavonol 2 5 flavan
-3,4-diols 2 9] stereospecific reduction NADPHE X a4
& Abgsto] Sujske(Fig. 1) o|n] Fo 2 R¥ DFR<
Z3lo] Ao Y3 AEL Matthiola incana ©]2] |
%= Callistephus chinensis (Ruhnau and Forkmann 1988), Petunia
hybrida (Forkmann and Ruhnau 1987) Dahlia hybrida (Fisher
et al. 1988) 18] 1L Dianthus caryophyllus (Stich et al. 1992)
N EEERUES
H ;(]./\H L= 61—14 ;H:L 0 _r]?:;_]. DFR

32

1

%;

AR o et
HI1= Zea mays (OReilly et al. 1985), Antirrhinum majus
(Martin et al. 1985), Petunia hybrida (Beld et al. 1989),
Hordeum vulgare (Kristiansen and Rohde 1991), Arabidopsis
thaliana (Schirley et al. 1992), Gerbera hybrida (Helariutta et
al 1993), Lycopersicon esculentum (Bongue-Bartelsman et al.
1994), Rosa hybrida (Tanaka et al. 1995), Matthiola incana
(Min et al. 1998), Dianthus caryophyllus (Lee et al. 2004) “1
2] 3L Callistephus chinensis (Min 2006) 5©°] Itk & A
off AFEE A EA ¢l 2 GYLOR baby's breath & 2

3Malonyl-Coal+Coumaroy—CoA
CHS
4,2 4, 6’-Tetrahydroxychalcone
l CHI (ChCH)
F3H

Naringenin —————— Friodictyol

| et | FuT

Dihydrokaempferol __F¥H | Dihvdroquercetin __F¥H . Dihydromiricetin

s FLs l DFR (£F) FLS lDFR(FF)

DFR (£F) . L
Kaempferol Quercetin Myricetin
Leucopelargonidin Leucocyanidin LLeucodelphinidin

l l l
| | |

Pelargonidin Cyanidin Delphinidin

Fig. 1 Schematic flavonoid pathway DFR: flavanone 3(3-hydroxylase,
F3'H: flavonoid 3'-hydroxylase DFR: dihydroflavonol 4-reductase,
ANS: anthocyanidin synthase

&
o2
o
=)
(e
>,
o
1o
o
v
—Hr
Ehid
flo
)
Q‘L

~N
1o BN [‘10
re
-
rlr
Y
1o
o
-
9
>
)
62
32
H o
[0
o

ofN
=l

7) chopstA] Rakol WMol Ak
Z‘?l ‘Flamingo’ @} ‘Red Sea’E A 2] 5}
UEHR T ol 1H $Fe
e Ao o 2o o
Z3}st flavonoids Ay T
H Lsto] MARHAAE H
A e AL AEeD A
A Mlzol HaGAAE
dxﬂﬁ]% 7HA %—78—% FE5}H7]
Z20] ‘Red Sea’?] ZHE o2 H
o] ¢DNA-libraryS 9H=1l, ©] library 2
cloning 3}$1.2 1 sequencing2 E5}¢]

At tpolrt BeleHztel o

N
N
N,

I,

==

=
n{u

B

b -z aju o » o
J 1=

)
1=
A DA DN B (]
M =2 %
2
A
g

Mo

24 oX
N
N
o U
S
I‘N‘ a0 oBL
ol

rg o o
filo

N
r {

rr

ﬁb&—%éim

NE J::—u

o
of
-

re
ol 2 > o of

=
Z

>

ey > oo
dr 1=

ofi
o
2
L ow
i S o

i

gl

L]ﬁmmjerﬁfﬂzrzi_llmrﬁ:rﬁ%rlrﬂﬁnﬁm

Jo
Ay

" e
[ ﬂllO
r{m

_I

= R
i1k

L o
oo =
N
>

o2
=

=2
=

i

ot
flo 5
4 3
% R
_0'_15
R
L

=
Hu
b
oz
IE

ZH9 93t zﬂgi /\}Jlo}oﬂr:} E e
7}2Z ‘Flamingo’ @} Uubz o g 7}AF

A9
°f
E
9
o] Aujsls EF0l WA O] ‘Bristol Fairy’= 3910 A]
;"L
o}
_?;f_

o
of
-
2
>
-1
o
of
-

Northern blot 54 &-of AM8-3}%

Sastel ZA AAALE YF

Paol et Ajesigt

ﬂﬁm
m&mﬂ

Fig. 2 G. paniculata L. cultivar ‘Red Sea’
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mRNAS| 22|
10 g9] otz 9] &5 ¢ 2] 2 5 E guanidine hydrochloride
HH (Logemann et al. 1987)2 W& 5}o] total RNAE &
5}, o] total RNAZEE| mRNAE HE|517] 95}
oligo-dt-cellulose (Sigma, USA)E AM&3}$ L buffer A [10 5 1.2% formaldehyde agarose gel Aol A 43§35} 0
mM Tris-HC1 (pH7.4), 0.4 M NaCl, 0.2% SDS]<} buffer B Sambrook 5-(1989)2] W ol &3}o] Q17 % 2] DFR ¢DNA
[10 mM Tris-HCI (pH 7.4), 0.1 M NaCl, 0.2% SDS]& o] 9] 13 kbHHEE PP labelingd}o] probe@ A-23}ch.
Z & B3t B85 mRNAS &5 =437 ¢ Hybridization2 50% formamide, 5 X SSC, 0.05 mol phosphate
5}o] UV-spectrophotometerE E3}o] 221514t} (Sambrook buffer, Denhardt's solution2 ©]-8-3}o] 42°CojlA 4=3)3}9ich
et al. 1989).
DFR &4 49 =3
cDNA-library9| &
DFR f4-8] 542 Heller 5(1985)9] W of &fs}o]
oHfl % cDNA-library 52 9]oto] MO Mty p3sigicy 7] E24Q aLgAo SHS flsiA HA
FEQ ‘Red Sea’?] £g 2|2 HE 5 g9  §7FS 50 nl=E stglom AAgE 242 5-50 nle] ma
poly(A+)-mRNAE B z|5to] AFE3}SIT). ¢DNA-library & 22l 0.04 nM HAAg 7] A ([C]-dihydrokaempferol, 167Bq),
3A517] 951 Pharmacia (USA) A9 ¢cDNA-library 3t 250 nM NADPH, 2.8 mM 2-mercaptoethanol-& % 713t 0.1M
Mcllvaine buffer (pH 6.8) 2] 1L 10% (v/v) glycerol 5 ©]t}.
z o] EFEL 25°Co| A 30 B2 FL7Io| A ZHzre] kg
2 G533 & =4 29 (50, 30 pl) HHE3}o] ethyl acetate
2 FE3% 5 FZNL thin layer chromatography (TLC)E &
sto] B34 a1 of 7)o A4 solvent system-> chloroform/
acetic acid/water (10 : 9 : NZE &35} TLC Y9 WA}
E42 TLC analyzer (Berthold, Germany)2 AF&-

|

> e
ox it ¥ 2% oo
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Al
=1
A kits AFE3te] cDNAS A8t o] ds-cDNA:=
Lambda-ZAP 11 vectoro]] AFQJA|71 & A XA o1 A
3l

EE E
OPIEZRE DFR REAL 22| & F7IME

%38} ¥ lambda-zap II+= in vitro packaging (Stratagene, USA)
I} amplificationS F35}9] cDNA-libraryS &4 31 A T}
10 g9 &5 @ 2|2 X E guanidium chloride®H-& Ab
514 total RNAS HEE|gt 23} 4841 mge Al |
oligo-dt-cellulose columne E3}o] 38 g2 mRNAS

T U

o 2% columne EI3F T 15 1gQ 443t mRN

NI
of AF&3lich A E cDNA-library 25 g 7o) A9
DFR-cDNAZE probe2 3}¢] screeningdlo] & A1} 579

7
o
to] 2] 8 A RS template 2 T7 RNA polymeraseS A}
2310 7|Ujol|A] transcription A]7] 3L [S]-methionine (Amersham,

298 DFR §247H BARY §A4AS Balsh]
3

23
[e)

EA319e) o] & 5 182 mRNAE cDNA-library 2|
positive cloneS 2|5}l o] A S 2 HE phage-DNAE
Ha)sle] EcoRICE Has] & A} 57 clone 25 1.2
kb-1.5 kb =27]19] insertE 7}FA 192t} o] cloneS<

HHO B
12 O
skl &9

USA)S A}8-31 reticulocyte lysate system (Promega, USA)o]
el

9] & translation A|#A 7| WL&-E =33} In vitro trans-
AAE 27k GI-G5 &

[e}
lationS £J5}e] 2 ul® 1 mM amino acid mixture (Promega,
USA), 5 18 ©] poly(A") RNA 2 40 pl reticulocyte lysate
(Promega, USA)E &35t & o] &3E2 1 Al 5 30C
25H
E 1019 DFRGHAA}E probe 2 Southern blot
[

o] A incubation 3}31 Sephadex G50 (Phamacia, USA) column
4749 & A7 2% DR $4%9L
Wl al, WE pUCI9Y) cloning 3}o] @7| A dEA S

S AFgsto] AAFFS 1 mlof 93 enzyme buffer [0.1
-

g]ZLol o

oF 5719 A= 2 37]9 DFR

M Tris/HCI (pH 7.5), 20 mM sodium ascorbate] S £3}o] A
A5k ok
Genomic DNAS| =2| 3! Southern blot =4
§AR] £AE gstel 2o of
Manning (1991)9] B2 ©]8-3}¢] genomic DNAE HE]
ik Ba= ol % 9] DNAE A|3ta A EcoRVE}: Xhol
o2 747y Ahst & 0.8% agarose gelof] 7] ¥ -53tal o]
£ nylon membrane (Hybond-N, Amersham, USA)S. &2 7]
3 o7 % 9] DFR ¢cDNAE probe= ©]-&3}4] Southern blot
4335+ A} 1.5 kb =27]9] clone G3%Fo] full size clone]

hybridizationg 43§35} t} (Southern 1975).
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=36 atttgacat aacaaaat tgacctaat attgtacasg
ATEATTTCTTCTAATAACACT ACCEAGACAC TAGACHETAAMC AT GACAC TAAGCCCATACAAAGTEAGACCAT CTACA TCACT GACECAT COGAC TTCATCAATT CATGACT CATCATE
M ¥ 33 NN HNTTETLDGKHDTGKPYYOG@ETWYCUWVTAE@ASAFI @3 WwL I M

AGACTCCTTGAGCATAGC TACACTAT CCAAAACACAGT TCAAGACCOCEA TAACACAANAAA A TEC AL CAT CTATT GEAT TTECC TCAAGCC AMGAC TAACT TAACA TTATEEAAAECE
ALLERGYTVRGTYRDPDMNTHKEKVOHLLDLPOAKTWMNLTLWEKA

GACCTTAACGAAGAAGECAGCTT CEACAAGACCAT TAACAGAT ACTCCOGAATAT TTCACAT AGCCACACCT ATAEACT TCGAGTCCAAGAAT CCCGAGAA CAAGA TAAT AAMBC CRACA
DLNEEGSF FDHKAVDGCSGWYWFHI ATPMDTFESHKTDEPEMNEMIKTPT

ATAAATAEEATATTAAACATAAT GAAET CAT AT ACEAABACCAAAGT AMAGAGEATAGTATT TACAT CATCAGETEGAA CAGTAAA TAT TEAAGAGACACA AAAMECT BAATATAATEAG
I HNaea M LD I MKUGSCAKA AMKVYEKAYY FTS33A@8a@aTWYHNHNY EETOQOKAETYDE

ACTTAT TEEAGTEATCTCEACTTCAT TCACTCTAT TAAGATAACT GATTAGATAT AT TTCAT AT CAA AL ATACT GACABAGCAAGC AGC AT BEAMATATACAGCAGAA MM CAACC TCEAL
TCWSDLDFI RSYVKMTAGEWNMY FVv 8KI LAEOQGAAWKYAAEMNHNTLDED

TTCATCAGBCATCAT TCCACCTCT TAT TATTAGACCCTTCATCATACCATCCATGCCT CCTAGCE TCA TT ACCAC ACTCTCTCCAAT CAC AAGAACTGAATC TCACTAT ACAAT TATAAAG
F1 81 I PPLYYAEPF I MP3MPPSLITALSPITRARTESHYTIIK

CAPGEACAATT TATACACTTAGATGA TCTTTAT ATAACTCACATT TTCTTATATALGAAT COTAAGA (ACAAEATCAAT ATATTGCCTCEACT TATGA TACAACAATT TATGACATTACA
QGO0 FVYVHLDDLCMAHIFLYEMNPKAQOAGARY I AS8ACDATI YD1 A

AAGATACTCAGEGA AGAG TACCC TRAGET ACAAT ATACCCACCALATTCAAGEACT ACANAGABEACA TEGAC TTEAT ACAT TTCTCATC AAAGAMGCT GACCAAGT TAGIATT CAAGT TC
KMLREEYPEYHNVYPTKFKDYKEDMDLYHFSSKIKTLTTELSGFETF

AAGT ACAEATTEAAEAACATATACACAGEAACT AT TAAGACET BCAGAGCAAAAEEACTTCTCCCTCTT TCACT AGAAA ACCATGAAPA TATATATACTTAAL tat aagat ttgtatt te
K Y@ LKDMYTO®A@AVYETCRAHKS GLLZPLSLEMNHTEH NDWYA-~=

ctgtgottaat aat aasggoacatcatattgtgtctat agatt tggt atact cot catgt ttaaataat cagtoccatataatgatgotgatatttggasgagtgatctataaat ttaat

1201 tttogagigasasaanasaanaaasdaaaaaanaaasaasass

Fig. 3 Nucleotide and predicted amino-acid sequence of DFR-cDNA clone from G. paniculata

S SelskgTh @714 B4 434S BH ol7jze) DIR
A = 1471 bp ©]H ©] Z coding region 1047 bp a2
349 amino acidE QAT E o] $ZAH A= 190 bpo)
leader sequence?} 288 bp & trailer sequence X 18 bp<2]
poly(A) tailZ 7}A 3L AUt} (Fig. 3). Start codonT} stop
codonS AFH B start codonS AAAATGG= Joshi (1987a)
7F 23R AE A9 A9 codont U5t ATGE -3
920 purin 9717} LEbere 77kl 3 kol Upet

+ polyadenylation signal AATAAA + TAA translation stop
codon© 2 E¥E 41 bp downstream $]2]¢f Q1S polyadeny-
lation site®]] A 172 bp upstream 2| &3}t (Joshi
1987b). °o]& &AL H7IMLY FAMIS Dianthus_
gratianopolitanus (Yagishita et al. 2000), Dianthus_caryophyllus
(Lee et al., 2004), Brassica_oleracea (Min et al. 2002), Forsythia_
intermedia (Rosati et al. 1997), Petunia_hybrida (Beld et al.
1989), Nierembergia_sp (Ueyama et al. 2006), Rosa_hybrid
(Tanaka et al. 1995), Callistephus_chinensis (Min 2006), Gerbera_
hybrid (Helariutta et al. 1993) 52| DFR -3-Z=}9} v] 3|
2 nucleotide level o A= Z+Z} 89, 89, 66, 66, 66, 66, 68,
63, 62%S UEFY 13l amino acid levelo| A= HA]
G219 FAHd & UERH ST (Fig. 4). o] 3 FA]ofA &2
% W29 DFR §-H8 A= &2 Caryophyllaceae}ol| <
Shi= 7} o)A (Dianthus caryophyllus)I} nucleotide level of|
A 89%, amino acid levelo| Al 89% = 7} =& AXAHLS
Bk ®3F e Solanaceaei}ol| 48}= Petunia hybrid
9} Nierembergia sp2] 739-%= 88%9 =& UXAHS et

It

AMINO ACID

—
w Gp Dg Dc Bo Fi Ph Ns Rh Cec Gh
Q Gp - 89 89 66 66 66 66 68 63 62
s Dg 89 - 95 66 63 64 65 67 62 62
5 Dc 89 95 - 64 62 62 63 67 61 s0
g Bo 66 66 64 - 63 59 60 67 64 65
Z g 66 63 62 63 - 70 69 66 67 68
Ph 66 64 62 59 70 - 88 64 69 70
Ns 66 65 63 60 69 88 - 65 68 69
Rh 68 67 67 67 66 64 65 - 66 66
Cec 63 62 61 64 67 69 68 66 - 79
Gh 62 62 60 65 68 70 69 66 79 -

Fig. 4 Comparison of the nucleotide and amino acid homology of
DFR (%).

Gp: G._paniculata Dg: Dianthus_gratianopolitanus Dc: Dianthus
caryophyllus Bo: Brassica_oleracea Fi Forsythia_intermedia Ph:
Petunia_hybrida Ns: Nierembergia_sp Rh Rosa_hybrid Cc: Callistephus_
chinensis Gh: Gerbera_hybrid

Yotk pAREH 2 o2 A4gAkel CHS (Niesbach
-Klosgen et al. 1987)} DFR (Lee et al. 2004)2] 7| A G &
Ao E miE v glov] AERgstol Uskety &
wol 2 ojulv} olefa A

OS] 7Ly e

gk AR WA 67| 18] in vitro tran-
scriptionT} translationg £5}¢] protein®] AJA o HE <
o}lR okt WA GAAE Bluescript KS* vectore] cloning
3} & T7-RNA-Polymerase &} T3-RNA-PolymeraseS ©]-&5}
o] transcription A]7]3L AJAE mRNAE T}A] reticulocyte
system¥} [*°S] -Methionin labellingS ©]4-5}0] translationS
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Fig. 5 In vitro expression of the DFR cDNA clone of G.
paniculata. M: [14C]-methylated markerprotein, 1-4: Sense mRNA
of G. paniculata (1, 2, 5, or 8ul) 5: Antisense mRNA of G.
paniculata as a negative control

Fig. 6 Southern blot analysis of genomic DNA from wild type G.
paniculata 1: Digestion with EcoRV. 2. Digestion with Xhol

T3t 5 A E proteinS SDS-PAGES £3 &lsf &2
2|3t DFR3- A A9} 2+2 40 kDa =7] 9] protein<
skt (Fig. $).

=2|8MXIC| Southern blot =4

T

=23k ¢ 2] DFR %27} genomeo] dwt
=] g2lst7] ¢Jake] Southern blot H41E 43
T}, cDNA-library A|Zto] AME3Fgom P30 A
AAAE 7H4 ‘Red Sea’2] £ O = HE DNAE &
S cDNAAFO 170 9] cutting siteE 7}4 A|gtEAQ] EcoRV
T} Xhol©. 2 ] 2]5}al DFR ¢DNAE probe= hybridization
= off & A3 229 laneo] FU3 A=E 7H £
bandE W Gt} Fig. 604 Hi= HRe} o] Atas
EcoRVZE A28t 79 Z}Z} 6.5 kb, 3.2 kb 37| 9] band7},
Xholo 2 A 2|5t 79 Z+7} 5.8kb, 4.4kb 7] 9] band &
b o 2 Q72 2] DFR {7 A= genome ol 22 gt

o

ofs
B Sk

d
ol 3R 2

OFR

rBRNA

Fig. 7 Northern blot analysis of poly(A+)RNA from the wild type
and mutant of G. paniculata. 1: Wild type cultivar ‘Flamingo’
(pink) 2: Wild type cultivar ‘Red Sea’ (pink) 3, 4: Mutant cultivar
‘Bristol Fairy’ (white) Hybridization of the same blot with a IRNA
probe was performed to test equal loading

A7k EAFRE Ae ¥ 4 ATk olelg ATks ol
B % Fo]% (Martin et al. 1985), HE 1Yo} (Beld et al.
1989), 7}djo] A (Lee et al. 2004), T2 (Min 2006), stock
(Min et al. 1998), 2= (O’ Reilly et al. 1985), 2 & %] (Lo
Piero et al. 2006) 52} A %|3}m HE1ole] DFR §A A}
L 3o copy® HALY AAR 0F shte $a%
DFR-4 Tto] DFR 755 7HA AL Qa2 88l &
o] (Tanaka et al. 1995)%] 79 W& copy =5 E2lstH o
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woll Azt copy 5 @A &5tk of#wol A
11 A2} (Helariutta et al. 1993)2] genomeo]| = T}oFst 4=
o) DFR §877F 243k gl Ao erelgon. o
£ flavonoid AT B SA2He] A4S Beld S (1989)]
uio] ofat HE ol Zolw s7)e] CHS &A=}
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Fig. 8 Radioscan of TLC (Thin Layer Chromatography) on cel-
lulose from DFR assays using ["*C]-naringenin as substrate. A.
Assay with in vitro synthesized DFR using poly(A")RNA from
flower buds of wild-type Gypsophila. B. Assay with crude extract
of wild-type Gypsophila. as a positive control C. Assay with re-
ticulocyte lysate as a negative control. Lpg: leucopelargonidin DHK:
dihydrokaempferol
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