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G AP, ML FEESZ, AR FIRALEADNAK R ik 5 38 (RACE)FE A L k7L F 343 T DFRIAFE cDNAL K,

4% 4 AcDFR (GenBank 5k 5KY272864). %R 27, & KitH

A B AL TTRE R I THwAs e, AcDFR

cDNA%&K %1233 bp, FAL M L4E 41014 bp, TRk AIZTN ALK, BABRA 7 AT 27, AcDFRZENADPHEZ & X 3 4=
JE A 4o R IR AR Z EART, B TNADB Rossmann#2 Kk, A Gt ot &9, AcDFRES 2 . (Delphinium grandiflorum)

DFR %% % A i, AcDFREZ1e B3k thit b kik, ik, %,

M & R 49 - AL BI E I A L IH)E T iEagAa 4,
EEIR: &3k, DFR; AR 5ul%; A 5Hr

TEARE WS ) 2 B AL, et 3
HEWE R, W IIfEREN RN R —
(Shrestha%$2013; ShangZ52011). 7ERAIIAEFI RS
TR LI G R AU 3 (£ 49552015; Morita¥
2014; TanakaZ52008). f£75 & &K LA 1
FEY), AFREE . RO, EH R W
MFIETH &=, KLY AR T+ 85 2R M
i 4 (DixonlSteele 1999).

FEAETE RGBT, S 5 IE4-38 5
(dihydroflavonl 4-reductase, DFR) /2 % il {£ # % 4
a2 —, ERe L A E (A
WISy AR R A R) A G B e
BR(LEREEL R, TRREHFEMIGE R
), MITiE— 0 TE s (i R A28 3 AR 4L IR
TEAG R SN KA 3, [ DFRAEAETT R & K
BRI 2O E Z ) 1E H (Huang%2012; Piero%%
2006; ShimadaflAyabe 2005). #f7% &3, DFR#E
K B H A RIA R 1, 322 (Petunia hybrida)
DFR-ATEACZ 3R B e i, FLUOR I AT
e, 83 RIS BB, TErH iRk B
1R (# = #5552014); 1E4: S (Paeonia suffruticosa)H,
PsDFRIFEAC 038 K& AR R WAL h 0k B b e,
PRIy HESSFNM: Fr, 780 B2 Hh Rk
ERIRAREE2011).

H 1, 18I DFRI) 73 B RS AE e AR AR A )
MAEE TS 7 — el E. £%44(Beldss
1989). 4 fh i(Antirrhinum majus) (MartinZ:1991).
& T (Hyacinthus orientalis) (4R #E%52009). -
FALLAT (Indosasa hispida cv. ‘Rainbow’) (B AE 14 %%

b U RAR, REAREERFZ L ENENEIEMX,

2014). 224 (Delphinium grandiflorum) (Miyagawa
&£2015) 15 % % (Vitis davidii) (55 21252016) 2%
V2P B E T DFRIFVEIER . Ho, 7
$UFd 7+ (Arabidopsis thaliana)+ 1L & FRIE/INE (Triticum
aestivum) ) TaDFR 5 #0125 H 1) 0. 2 1 22 (Dong
££2016). JEITRNAFINHEL (Nicotiana tabacum)
DFRIEH (1) ZIE, WELEIE AL E =& &b,
TEIE B 21 A8 R b A 3 €4(Lim %5 2016) . 1E
W5 HR %6 (Osteospermum hybrida)+, TERNAH| S50
fild3,5"- ¥ 54k B (flavonoid-3',5-hydroxylase, F3'5'H)
FAL A S NAEMZG DERFIEIR], 3545 T AEAeHh 58
R A 2Kt R 1 e ik R ) (Steinbach 452007 o

5 3. (Aconitum carmichaeli){E N %5 YL
o [ R B P SRR, AT, A6 R R
th. HETX Sk DFRIE A 48 I8 R LB . A
WFFE LS kRt Bl R B R IEE R
ErEA SR T, SR H cDNAKR s s 1 (rapid-
amplification of cDNA ends, RACE)4§ A 7e 4 5543
T DFR[FEEIE, fir 4 NAcDFR, F£53 4t T AcDFR
MREEHFREEZEM LR, UM EHE
VIR AR 2 R R AR

MEE 7R

1 =R

DL H R 5% L B B AR S Sk (Aconitum carmi-
chaeli Debx. ) NHEAF KL, T20165°9 H F fk4E

#s  2017-06-26  fEE  2017-11-10
B ARG R R A TR E IR E(2313215),
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W 22 RTAFRKR ERBIKESL g2 RE
GEE; 82, LR AT IR e, S3, M4 F
THRECIAEE; S4, TaE OARIFNAEE; S5,

IETEFFILHIAE; S6, 1858 & FFUBEAE 2 A i, S7,
e 5E T E AL 25 i) (D), TR E A &
T—80°CUKFHRAF 4 H o

SINEEPRINIE N

Fig.1 Root, stem, leaf and seven stages of flower development of A. carmichaeli

2 5
21 EBERRENE

50 H FZ RIS 2 7% 5 8 4 55 (20006)
HRIE 1) 51, PRSI R R 120.1 g, WA B
Jei F 1% 3R R F R 4°CIREYG I RO L, R4k
FE 43 500 58 K A 53081650 nm Ak RO B, %
A RA530-0.25x A 5o T HAETH 2B FIHX & &, 31K
2.2 RNAFRBUAN R 3% %

A BLERNA SRS B 28 v 2 05 2 )
FE) S RN A PR $ B & vt B B34, R Bilis
W R LUK B 43 D' 0 B T AL I RIN AR 58 B8 4 R 4

M RACK BT

[ . ZMPrimeScript Ist Strand cDNA Synthesis Kit
771 £ (TaKaRa) 1t B 53317 cDNA F 5 — 5 & il
2.3 AcDFREFRE KT

4% GenBank |k 3% (1) HAWFIDFRT) T 51,
78 H AR5 X i i Primer Premier SECPF 13118 I 51
YIjbDFR-FAIbDFR-R (R 1)HEATH 1, SRA5H: K Y
Hia] frB. LAAPL N 5| W4T e s, i 1 s
PCRAEVEPCREL A, H4HE 5| AUAPLFIRE 7
F133E473-RACEY 15 . LAREHL 51 #)O0ligo(dT)itt
17 R A I — BECDNA, S TdTINZ KdCE
B, 25 FHPCR W) A AR5 & (il A= T4k,
IS PCRIFEEPCREAR, H A 51 MARE 5

Rl AP G Y

Table 1 Primers used in this study

e FFH(5'—3") F i
API1 GCTGTCAACGATACGCTACGTAACGGCATGACAGTG(T),q PULES
AUAP1 GCTGTCAACGATACGCTACGTAACG
APC AAGCAGTGGTATCAACGCAGAGTACGCGGGGGGGGGG il €
APD AAGCAGTGGTATCAACGCAGAGT
jbDFR-F TGGYTVGTSATGMRGCTWCT F ) B 4
jbDFR-R AARTACATCCAWCCDGTCATCTT

AC-DFR-3" inner
AC-DFR-3' outer
AC-DFR-5" inner
AC-DFR-5' outer
qcAC-DFR-F
qcAC-DFR-R
qAB-Actin-F1
qAB-Actin-R1
qAC-DFR-F3
gAC-DFR-R3

GCAGGACTAAAAAGATGACCG
GCTTGTTTTCACTTCGTCTGCCG
GCTTGTTCTTGGCATTCGGCA
TTCTCGGGGTCTTTGGATTCG
CTCTCCTCAACACTACACTCA
TAGTTTAGACCTATCAATCACAT
GTTGGGATGGGACAAAAGGAT
CCCTGTTAGCCTTTGGGTTCA
AACGGGGTTATGTTGTCAGGG
TCATTCTCGGGGTCTTTGGA

3’'-RACE

5'-RACE

4 K.cDNAY 1

Real-time PCR
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G147 5 -RACEY 1 . 4 3RAF I LR 5F X 741
3'-RACEMS'-RACE Ml 7 45 R AT B4, MR Pt
BB L K cDNA 4 K & 1H 7 58 B ORF ) 5]
Y1, #E4TAcDFR4A= K. cDNATL [, JIAIE O 3R3 1
FPo.
2.4 ACDFREFAWEMERED

T 5] 52 4 5 e AN A R 8 1 <5 A HI DN A-
MANG F, DNATOOL % f4:; BLASTAEALLH:#8 &R 1E
NCBIHHE 30475 B HIDNAMAN 6% [ 5 2 A
FRBEAT 2 7 HI X, FIMEGA 5284 b (48 B2 1k
(neighbor-joining, NN)#JE R Gt UM, K402 %K
Bootstrap &2 1 000X . DFREE [ [ 3L A FAL P57
SRR SIS R e — 2R 45 K 73 Sl il il A2
283X FProtParam (http://web.expasy.org/protparam/).
ProtScale (http://web.expasy.org/protscale/). TMHMM
(http://www.cbs.dtu.dk/services/ TMHMM/)#1SOP-
MA (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.
pl?page=npsa_sopma.html) 73 #1345 .
25 28 RIRIIIEBPCRIGESH

73 AR B S AN [ L B8 R AN [F] I IAE A b
FERNA, HPrimeScrip RT Reagent Kit with gDNA
Eraserif 7] £i(TaKaRa)i#k 47 [ # 5% & licDNA 25 —
o DUZH R 30k (0 A0 M W 3 £ B R TR (B-actin)
ERNNZ R . 2 E B N A94°CTRAES
min; 94°CAEP£30 s, 55°CiB k30 s, 72°CHE(Hi45 s,
28AMIEFR; 72°CHEMI10 min. 5% 5E B AR R K
22 % SYBR Premix Ex Taq IR & it B 45 (Ta-
KaRa), FtH1%#% A StepOnePlus Real-Time PCR
System (ABI). HAFEM3RAENFES, H2MC
AT R B BT, B E 2 R 0 AR I SPSS
22,051k

A

2000 bp

1000 bp
750 bp
500 bp

250 bp
100 bp

432 bp

741 bp

SRR

1 ERELABHRAETREN S ENER

B AR R A WIS 1~STHTEH HAR &
B E 25 R s EAE 58 AT B AE 2 i AR Ak
PAII(S6) S E B, 1.278; FEAEERK A ATI(S 1A
S2) A, ¥140.267. FeH FARXS & B B AL
% oMW eSS T 06 BIAE 76 2T TB(S 1~
S6)IZHT LT, Z Ja /i T (E2), RIET =&
RBEEEEORIRERZIEMR,

1.6
1.4}
12}
1.0 b
0.8
C
0.6F
[
04 d
0.2 H |"|
0
S2 S3  S4

S1

e

TEH RN &'

S5 86 87
R E B

K2 Sk EARKBERERT RS &
Fig.2 The anthocyanin content in different flower develop-

mental stages of A. carmichaeli

ANFNG FBEFRIRAE0.05 /K R R

2 AcDFRE 4 cDNAKI T [&

DAL SLAEHR RN AR S 7 55 =) R isim, 1 H
A5 PrEATRT-PCR, 1531 7432 bpfr) e Fr Bt (&
3-A). RIELRSF P HIBET 51473 F15'-RACEY”
B 2 Pk SHAPCRI N, 735173 2K AN T741
bpl#13 A 3t F1242 bp i 5 K ifi(E3-BFIC). H4ix2
6 FHI 5 A BT ST 9 G ¥k i cDNA

D M

1098 bp

242 bp

K3 AcDFRIE R 70 %
Fig.3 Cloning of AcDFR gene
A: a7 Bt B: 3'-RACE; C: 5'-RACE; D: cDNAJF%1]. M: DNA marker DL2000; 1: 25—#PCR*#); 2: 4 5 PCR™4¥J.,
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4K 181 5] ¥1qc AC-DFR-F#1qcAC-DFR-R, i i /&
R EPCRY #7551 098 bpftJcDNA 41 (& 3-D),
SR/ NARF o BRI EEHES 1014 bp, 4afih337
MNEIER . %7544 NAcDFR, GenBank & 5% 5
KY272864.
3 AcDFREMMEEFES

F FH ProtParam*} AcDFRIH#AT 25 A i FE A B Ak,
PRSI 5 73, HEM 25 SR 7315 938.02 kDa,
§J\¥ﬁyycl707H2684N4460503816a %Eﬁ.ﬁy\j&OZ, X
FoE RBCNA2.37, |/ TARREEA, SRkt
(GRAVY) H-0.192, g £ %1°989.35. ProtScaleh
RER, AcDFRANFEKMEEA. E£LTMHMM
Server 2.0l )RS B GBS B 45 40, A2 AR 23 b
BE . SOPMAZHTAcDFREE [ 1) = 3 — 4 45
¥ T At R o- 187 (a-helix) . TCEU %5 i (random
coil) F1B-47 & (B-sheet), 737 1137.98%. 30.56%7F!
23.44%; T B-%% A (B-turn) M) 58.01%, HAfi T4
wEEHB.

BLASTZr#71 & 3, AcDFRZ FE IR 741 5 Gen-
Bank H FHAIAE Y DFR [ 2 25 78 5 9146 5 = R AE AL
P, %8 5 248 (BAQ36608) MM FE (Liquidambar

KY272864
BAQ36608
AMD39597.1
ALU11269.1
AFI171899.1
AHK10250.1
XP_015884705
Consensus

KY272864
BAQ36608
AMD39597.1
ALU11269.1
AFI71899.1
AHK10250.1
XP_015884705 QELE T
Consensus nevikp i g
KY272864
BAQ36608
AMD39597.1
ALU11269.1
AFI71899.1
AHK10250.1
XP_015884705

Consensus q vhlddlc hiy

KY272864
BAQ36608
AMD39597.1
ALU11269.1
AFI71899.1
AHK10250.1
XP_015884705
Consensus

LSNQLCONEIHKEDSVKFQVMNVIDRSKLWISMVIISVRINKCVPPFPRETKIQLFNSILTCFTKKKKK. .
FINRPRSATKWSN. . .ccccecececcccccccccccsccsccsocnssccscccscccsnssscsannne
IPAEKBEADD .NTVVDHKVSG. c cccccevcccscscccccsocsscscsssscsscssasscnssasnns
LSTAREPPVN.ENAREYLVQGETQAIEIIN. cccvceccsccvsssvssssnsssssasnnsssnssnnnse
LPVERKNHFLG.A.IETCRGKGLLPLPMERNHVNGTI....ccccteeennnncnnsnccasscccnnans

3]
3NP
e

Sormosana, AGT28278)FHALIEIA FI87%F178%, 55
H(Ziziphus jujuba, XP_015884705). 7% %) (AHK-
10250.1) 175 2 (Paeonia lactiflora, AF171899.1)f1]
AR N T6% . 22 B HEXT /3 BT R B, AcDFR &4
L5 NADPHSS & (1) DR~ 5 7 A1 261 2 FE R 2H B ) JEK
VIRE S 45 X (B14), % X 3k e e IR 45 S5k HL
TEA IR D) AR R 5F, Kb AcDFRJE T'NADB_
Rossmannif % Ji .

NT 43T AcDFR 5 HAfDFR [A] Y5 & (A 1 R ¢
B R, ¥ AcDFRS HAh 13 ) DFR [F] Y5 25
(1T 2 8 7 5 LS R R SRt b AT . 45 SR R,
AcDFR 5 %248 FlI3% (Nelumbo nucifera) % N—3, I+
L 2R 4 DFRIVSESG S R, TS5 Ir. &
TR TR 2 % iz (J#5)

4 AcDFRYFRIE SR

FIF 2 5 EPCRAMIQRT-PCRAG I 12 L AR
DL AR B B AR ES H AcDFRIE R 3%
KB GEREW, ACDFRIESR. 2. i JL°F
BRI, FEEPELTRIE, UWHIZAERBA
PRI . fEARE BIIIEE R AcDFRE IS
BEAK, ELNE OREEIZE LT, eI

e

=

gry s fss

Kl4 AcDFRY5 H AR DFRZ £ LT 41 LL AL
Fig.4 Amino acid sequence alignment among AcDFR and DFRs from other plant species
KY272864: 2 3k(Aconitum carmichaeli); BAQ36608: 34£(Delphinium grandiflorum); AMD39597.1: Z5(Prunus salicina); ALU11269.1:
3% (Nelumbo nucifera); AF171899.1: Aj#j(Paeonia lactiflora); AHK10250.1: |7 %j (Vitis davidii); XP_015884705: #(Ziziphus jujuba).
NADPHZE & A7 st AR 7 X 454 [X 93 5l FH SRR AT R 28 T RIIR R
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TP L PR

WA (Liquidambar formosana) AGU69448.1

52
4‘— H1% (vitis davidit) AHK10250.1

AjZ§(Paeonia lactiflora) AF171899.1

el

¥t PH(Paeonia suffi-uticosa) AJF48884.1

—

"2 5Bk (Juglans regia) CAB94914.1

H(Ziziphus jujuba) XP_015884705.1

| Z%(Prunus salicina) AMD39597.1

100 L #8245 (Prunus cerasifera) BAI78343.1

M (Nelumbo nucifera) ALU11269.1

70 — #.4E (Delphinium grandiflorum) BAQ36609.1

99l

A %)< (4conitum carmichaeli) KY272864

— 1\ M7+ (4rabidopsis thaliana) NP_199094.1

4 N(Raphanus sativus) AGU42192.1

100
30 E K5 (Camelina sativa) XP_010442115

KIS AA¥ADFRsH) & Ge AL 73 B
Fig.5 Phylogenetic analysis among different DFRs

JHRIIAE H (S6) 7k Fik B e ver, B /M T B (&6
7). F#AESPSS Statistics 70 M7 12 Sk 165 & & &
S4 S5

w® ZE ®H St S2 S3 S6 87

Kl6 AcDFRIT1: € B PCRE L G5
Fig.6 Semi-quantitative PCR analysis of AcDFR
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Fig.7 AcDFR expression pattern in different tissues and dif-
ferent flower developmental stages of 4. carmichaeli
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%, Pearsonffl ¢ ZEA0.911 (P<0.01).  HtLHEN,
AcDFRWFRIE TR WAETE 2 16 i, AT RZ I {6
7

Wi

Lt EFERGRESENEORE—,
FARFDERINE, 165 2 BRI m. f£48
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AR TR FHIRACER R, 345 2k ) AcDFRJ:
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T 51 Lt 5 526 B, AcDF RTS8 (9 5 5 3%
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K Z i, Ui DFREERILE A0 I FE UL AR 57
DFREE F RF 45 & X Y€ TR RE v, JF H.
TEAS [E AW AR XS AR 55 (Polashock 5£2002) . 45 &
X H AR 133407 2 ik 8 oxF il 1) IS ) R S 1 R e AR
Ko BFA RIS DFRE H 13347 2 HE 1R 9 R ATt
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[ (Asn), 1B RR 7R 5, 163 B A TRl
F, AR ) 1 21336 E LR AL B
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Cloning and expression analysis of DFR gene in Aconitum carmichaeli

LI Yuan, LI Wei, WANG Kui-Ling, LIU Qing-Chao, JIANG Xin-Qiang, LIU Qing-Hua"
College of Landscape Architecture and Forestry, Qingdao Agricultural University, Qingdao, Shandong 266109, China

Abstract: Dihydroflavonol 4-reductase (DFR) is a key enzyme in the biosynthesis pathway of anthocyanin. The
anthocyanin content of seven developmental stages of Aconitum carmichaeli flowers were detected in this
study. And a full-length cDNA sequence of DFR gene was obtained from the flower with homology-based clon-
ing and rapid-amplification of cDNA ends (RACE) method, named AcDFR (GenBank accession No.
KY272864). The results showed that anthocyanin content was first increased and then decreased along with the
opening of flowers. The full-length cDNA sequence of AcDFR was 1233 bp in length and contained 1 014 bp
open reading frame encoding 337 amino acids. Multiple sequence alignment showed that AcDFR protein con-
tained an NADPH binding domain and a substrate binding site domain, which belonged to NADB_Rossmann
superfamily. Phylogenetic tree analysis indicated that AcDFR had the closest relationship with DFR of Delphin-
ium grandiflorum. AcDFR was mainly expressed in flowers, whereas was rarely expressed in leaf, stem or root
of A. carmichaeli. And the positive correlation between AcDFR expression level and anthocyanin content,
showed a trend of increasing and declining later with the different developmental stages of flower.
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