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Abstract: Dihydroflavonol 4-reductase (DFR) plays an essential role in the biosynthesis of anthocyanin and
regulation of plant flower color. Based on the transcriptome data of Cistanche tubulosa (Schenk) Wight, a full-
length cDNA sequence of CtDFR gene was cloned by reverse transcription-polymerase chain reaction (RT-PCR).
CtDFR contains an open reading frame (ORF) of 1 263 bp which encodes 420 amino acids with a predicted
molecular weight of 47.5 kDa. The sequence analysis showed that CtDFR contains a nicotinamide adenine

dinucleotide phosphate (NADPH) binding domain and a specific substrate binding domain. The expression analysis
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indicated that CtDFR was highly expressed in red and purple flowers, and the relative expression levels were 4.04

and 19.37 times higher than those of white flowers, respectively. The recombinant CtDFR protein was expressed in
E.coli BL21 (DE3) using vector pET-28a-CtDFR and was purified. /n vitro enzyme activity analysis, CtDFR could
reduce three types of dihydroflavonols including dihydrokaempferol, dihydroquercetin, and dihydromyricetin to

leucopelargonidin, leucocyanidin and leucodelphinidin. Subcellular localization analysis showed that CtDFR was

mainly localized in the cytoplasm. These results demonstrate that CtDFR plays an important role in regulation of

flower color in C. tubulosa and make a valuable contribution for the further investigation on the regulation

mechanism of C. tubulosa (Schenk) Wight flower color.
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hydroxylase, F3'S'H) Jz 3 A= Bl — & 5% i B, P il &
5 i % 4-34 R B (dihydroflavonol 4-reductase, DFR) #/l
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Figure 1 Flowers of Cistanche tubulosa (Schenk) Wight and anthocyanin biosynthetic pathway. A: White, red and purple flowers of C.
tubulosa (Schenk) Wight; B: The biosynthetic pathway from phenylalanine to anthocyanin. PAL: Phenylalanine ammonialyase; C4H:
Cinnamic acid 4-hydroxylase; 4CL: 4-Coumarate-coenzyme A ligase; CHS: Chalcone synthase; CHI: Chalcone isomerase; F3H: Flavanone
3-hydroxylase; F3'H: Flavonoid 3'-hydroxylase; F3'S'H: Flavonoid 3'S'-Hydroxylase; DFR: Dihydroflavonol 4-reductase; ANS:
Anthocyanidin synthase; UFGT: UDPG-flavonoid glucosyltransferase
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RNA 1215 ¢cDNA &R # ] RNA 52 U &
(Cat 17200, Norgen A ) #2& B 18 A A 2 4E 1 2
RNA, i i NanoDrop 2000C {4 #ll RNA ¥ FF I Pk ik
Ayg/ Ay LABFE 1.8~2.1 ff) RNA £ & T J5 825250 .
fif Y 33 55 Bl AR 0] B2 (Cat R323-01, HMERE A 7)) B4
55 4% 1 6L RNA S 5 0 ¢cDNA B — 25 B, segn # 4k
U AT .

CtDFR EFMTERE MR8 E LA AL — A
SHBARE 5y W i2 48 B AT 58 BT IR B AE (¥ CeDFR,
HH SnapGene 8 ¥ it 4w 1L 517 (R 1), VEAEA
MEE AL cDNA N BB 47 PCR 7 88, 97 18 1A & Oy
2xPhanta Max Buffer 25 uL, dNTP Mix (10 mmol-L™)
1 uL, 51% (10 pmol-L™") 2 pL, cDNA 2 pL, Phanta Max
Super-Fidelity DNA Polymerase 1 pL, ddH,0 17 pL.
S FAE K9 95 cCTRAE M 3 min; #E4T 25 MMEFR: 95 °C
155,55°C 15's, 72 °C | min, fE¥F 255 72 °C B 4E
{15 min. PCR =4 1% B JIg W e Jise v v Asr i, 1) FH
DNA 46 iRk 7 & (Cat DC301-01, % ME#E A 7)) #E4T I
], DA (145 ) DNA R BON R 5 C3E AT PCR 4
B, 7 e 1m] WA e e bR e X7 & (Cat C601-01,
5 ME %y w) 5 [\ 0 DNA B B 5 pCE2 TA/Blunt-
Zero B AARIERE, 4k DHSa &2 590, 37 °CE I 77
JE AL HON BRI I BHCA BR 2 7

EMEESFEDH R AE L AT ProtParam
(https://web.expasy.org/protparam/) 3 At &5 [ AL P 5
iz ] Prot Scale (https://web.expasy.org/protscale/) 7E £k
TR B i A 2R K PR/ K 5 AT AE 28 T A SOPMA
(https://mpsa-prabi. ibcp. fr/cgi-bin/npsa_automat. pl? page

=npsa_sopma.html) Tl 25 [ — 9% 45 1) 8 ik 75 28 50 Bt
1 AF SWISS-MODEL (https://swissmodel. expasy. org/)
T A = 450 R B 7 28 81 TMHMM (https:/
services.healthtech.dtu.dk/service.php? TMHMM-2.0) Fii
D25 0 25 T 45 749 5 32 F 3/ DNAMAN ¥ CtDFR 5
FC Al ) Fl DFR 24 2 B2 )7 21 a3k AT 8] 8 1% b xs; R
MEGA X A #4 8 &R ekt i, K FH A8 $27% (Neigh-
bor-joining), LAYAFA K IEETHE B EE 55, bootstrap T
FRECH1 000K .

CtDFRTE3MER B ERANFLRRRIESHT M
& CtDFR F# 5| F| F DNAMAN # it 52 I %¢ ) 52 & 51
Y1, LLF-box AR ZELK, 51975 W3 1, 38T S 5¢
Jt 5E & PCR K M AN [R] B 5 1 45 48 A28 48 19
CtDFR 8 %} 32 158 & . #| A TransStart Green qPCR
SuperMix (AQ101-02, b 5% 4> & A= W i R I 4 R
> #]) L SYBR Green ¢ Y Je bl vkl 52, [ NAR RN
2xTransStart Green qPCR SuperMix 5 pL. E F 514
(10 pmol-L™) % 0.2 pL.cDNA #i4% 0.5 pL A% 1 W2 g
/K 4.1 L, KPR HEAT OSSO AR N 95 °C Tt
A1 3 min, 95 °CAZ 1 10 s, 60 °CIB K/ZEAH 30 s (BEIX
TEI 5 KB 0), 40 MEH JF, 95 °)CA 10 s, 55~
95 °CHHU f it 28 2 Mt , B MIRE LLREAE 0.5 °C 1T,
AN TEAT S so S50 HUHE 8 i Excel #EAT 207, LA
2N CeDFR A X Rk &, FIH GraphPad Prism 8
HEAT B i IR AR

CtDFR B RIEHAMMERRIFERIE Wik
CiDFR J7 AR R 5190, FEEAT 3 1Y, b oA 2 3]
pET-28a # 44, Ml F /& $#2 I pET28a-CtDFR Jfi ki, #1k
K AT BL21 (DE3) &2 540 b, FIH & R4
# (50 pg'mL™) [ LB 3577 4£ 37 °C 200 r-min™ #iz 3% £%
FE AL BRI Ay 79 0.4~0.6, TN 3K JE 29 0.5 mmol L
) 7 T 55 -B-D-Ti A A BE 1 (isopropyl B-D-thiogalac-
toside, IPTG) % 5 % 11, 16 °C . 180 r-min™ % 3% £ 7%
16 h e WA T 1, B P ABCRAE 30 min, BRCRAE VA 00 J WA AR

Table 1 Primers sequences. The underlined sequences indicate the restriction enzyme sites. qRT-PCR: Quantitative real-time polymerase

chain reaction; CtDFR: C. tubulosa (Schenk) Wight dihydroflavonol 4-reductase

Primer role Primer name

Primer sequence (5'-3")

Sequence amplification CtDFR-F1 ATGTGCATGGAAACTACGGCC
CtDFR-R1 TCACAATGTCCGAACGCAGC
CtDFR-F2 CAGCAAATGGGGTCGCGGATCCATGTGCATGGAAACTACGGCC
CtDFR-R2 GTGGTGGTGGTGGTGCTCGAGTCACAATGTCCGAACGCAGC
CtDFR-F3 CACGGGGGACGAGCTCGGTACCATGTGCATGGAAACTACG
CtDFR-R3 CCATGTCGACTCTAGAGGATCCCAATGTCCGAACGCAGCC
qRT-PCR CtDFR-F4 AATGGAGACGAGAAGGAACG
CtDFR-R4 TTGAAGTCGGAAACACATCG
CtF-box-F CGTTTCTGTCTCTCCGTGAG
CtF-box-R CCCTGTTATCCTTCCAATGC
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IEW, 22 0.45 pm JE IR IR 5 R NS R HE SR A
a3k (Cat 17531901, Cytiva 23 &)) #E47 & A4k, &%
F 20 mmol-L" KPB 2% #¥% (pH 7.9, ¥ 500 mmol-L"
NaCl. 40 mmol-L™" BK M) 3% i br % & & (A, B H
15 mmol-L" KPB & #'#{ (pH 7.8, ¥ 500 mmol-L" K
M) et CtDFR 25 . I8 8 JEE (30 kDa, Millipore
AF]) B LR E IR, W B B R AF T 20 mmol L
KPB Z% ¥ (pH 8.0, ¥ 1 mmol-L"' EDTA) 1, & T
-80 °CUKAH K HALRAE £ H o

CtDFREGEM 5347  BEVE M M1 7% 2% Liu
SR 7 VR IR AEAE AR, BSOS &R 100 mmol- L
Tris-HCI (pH 7.0) 370 uL+20 mmol-L"' NADPH 50 pL.
CtDFR # 4 & [ 70 puL. JK ¥ 10 uL, 45 il 25 DHK.
DHQ.DHM (10 mg-mL™), F 30 °C/K ¥t 4 < I 30 min
JE I 500 pL iE T B #h AR (9515, wv), T 95 °C4 )@
W1 h JEHCE T BE)Z, B0 FJ5 LA 100 uL H
Vs fif o A HPLCAX (H A R 7)) il 7=, 4%
f N PAK C18 ¥ (4.6 mm x 250 mm, 5 pm), ¥ i%
30 °C, FAREE Y10 pl, LLO.1% HER/K (A) F1Zfi§ (B)
VE NN, Wi N 0 min, 10% B; 5 min, 10% B;
7.5 min, 20% B; 20 min, 60% B; 23 min, 90% B;
26 min, 90% B; 27 min, 10% B; 30 min, 10% B, Jiti# AN
1 mL-min™, 7€ 530 nm ¥ AL

| H UPLC-Q-Exactive-Orbitrap MS (3£ [E Thermo
Fisher 24 7)) #E — 5 & M 7= ¥, Wi A0 5% 14 v Waters
ACQUITY UPLC BEH Sheild RP18 & i 44 (3.0 mm x
100 mm, 1.7 pm), #5:35 40 °C, brdtf EREE A4 L,
SR ERE RN T uL, BL0.1% H R K (A) FI i
(B) 1E MU sl AH, e i B6 FE 290 0 min, 10% B; 5 min,
10% B; 7.5 min, 20% B; 20 min, 60% B; 24 min, 100%
B; 29 min, 100% B; 30 min, 10% B; 35 min, 10% B, i
0.3 mL-min'. BTG S AF A HIME 55 B T, DLAUS
NES, BAUE /3.5 MPa, i B SUE /7 1.0 MPa, W %
JE 773 500 V, &40 I 350 °C, 4l B SO0 G
200 °C, 1E 6 & F A, 4594 B 198 Bl mz 9 100~
1 500, Full MS 43 # % 4 35 000, dd-MS* 4 ¥ & K
17 500, (N)CE/stepped nce i & 4 35, 60.

TWMBRENL 020 Ml 58 17 1) 7772 7% Shi 552V 1)
D5 VE T RYAE AR, RIS C1DFR 9\ ¥ i1 A B YAz 5
Kpn 1.BamH 11159, PCRYHGHH N H 19 F B, FIH A
VI Kpn 1. BamH 1 V] pCAMBIA1300-35S-GFP Jii
b, B T 8% va B 37 £ (Cat C115-01, 5 ME#% 2 7])
HEREH I B 8, 7 N K B DHS o J 52 25 4
Ff, Bk e B8 e B T R IR, DU R R S R AU R . K
pCAMBIA1300-35S-GFP-CtDFR .pCAMBIA 1300-35S-

GFP UKL 73 5l % A0 400/ I i A B A, 855016 T 55 9% 8~
10 h, 7E ¥ 3E RA B e (FV1200, H 7 Olympus 2
7)) F M % pCAMBIA 1300-35S-GFP-CtDFR [ 3F. 411 fid
FENL

GUFESH LRI LIS + FFfEE x+9)
F IR, K H GraphPad Prism 8 #E47 Gt v 2243 #r, W 4HL [1]
PR H ek 56, P < 0.05 AN ZE R B it 5 L.
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1300 bp K B (K 2). % PCR /=¥ i I8l U J & 5 &
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fith 420 N E IR -
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PCR amplification of CtDFR. M: DNA marker; 1:
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A% 420 NRIEER, 7 F 3N C,y00H 60N 00 Sos HIXT 53
TN 47 465.93; FIREEHL fN 5.35; e E R
N 3455, B TR E A, B TSR K (GRAVY) N
-0.467, J& T 3E/KEH . #k—512 H Prot Scale fE 2k T
Hoy M 8 A SR KM/ K, 2 45 3 558 CIDFR 557K
PR K P B KB N 2.411 (197), % /N ME N - 3.000
(344), CtDFR HE K 9 14 (1) 22 585 8 K B S /K e 2 R 1R
PRI E 2 T BRI R, BTk EEA.
R FAE 28 3 A TMHMM T 25 [ 1) 1% 5 45 1), CtDFR
0B AN 5 I 5 R 3

2.2 CtDFREBZRLEMS=REMMTUN I H
7E 45 T. H. SOPMA Tildll 2 B — &5 1, 45 R BoR,
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CtDFR & 1 45 A 5 37.14% 1) a-15 i€ . 43.33%
(1) Bl AL 45 L 13.33% B %E A 85 AT 6.19% 1) B-9T1 &
(B 3A), Ut B a-12 i & CtDFR & A i KB 45/ 7t
1, BEHLAE 7R B A b SROKEL, R g &
B TR R . I AR 250 BT 3 SWISS-MODEL
T 2R (1 = 2 45 04, DL 47 DFR [ & 44 45 F R BREAR
T CtDFR £ [ = 4544, 45 RNl 3B fiow, E e
% CtDFR 5% %&j DFR — £ 4 70.73%.
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Figure 3 Predicted secondary structure and three-dimensional
structure of CtDFR protein. A: Predicted secondary structure of
CtDFR protein with SOPMA. a: a-Helix; f: f-Turn; E: Extended
strand; R: Random coil; B: The deduced three-dimensional

structure of CtDFR protein with SWISS-MODEL

23 FHLEREAZHMR S A G H KM
DNAMAN ¥4 CtDFR 5 H il %) F DFR 2 2k [ /7 4] if
17 A PR M b X, &5 5 0 B 4A BT, CtDFR &3 1 P
5| 5 ¥ BR H (Erythranthe lewisii, AHI80979.1) - it i
4 (Striga asiatica, GER27969.1). fi % 1 (Diplacus
aurantiacus, ACA04005.1). 4 7% (Perilla frutescens,
BAA19658.1)£+Z (Salvia miltiorrhiza, AWX67418.1)+
WLFIIY (Arabidopsis thaliana, NP_199094.1) *1 DFR f{]
AR T A AL B, K IR 67.08% . 66.88%
65.21%- 62.50%- 61.67%+ 47.50%, % ¥ % tb %t % 0,
CtDFR 5 HAth 4 F () DFR & (A #8 B & B AR 5 10
NADPH % 4 i &5 (VTGASGFIGSGSWIVMRLLERGY)
HER W) 7 45 4 38 (TLDVEEHQKPVY VETDWSE-
IDFIYSK), JL 5 140 fi7 Z 3L 2 (Asp) #1151 A7 & FE 1R
(Glu) A ERPRE 5 45 6 07 5, AR 140 107 20 35 R 124
A, CtIDFR #4325 AR 1] % A R DFR.

NHE— 2 T AR AL K % CtDFR 7E /4 DFR X
e A B, ¥ CeDFR IR IR AF R 5 51 . CtDFR
AR IR 755 A Y ) DFR A% 1 8R4 il
FILBRF HI R MEGA-X 84 # 8 R Gk b i, 45
W 4B.C iR, B e K% CtDFR 5 SmDFR \PfDFR

3 CIDFREETRANBARGGESRNREIZESH

I S22 56 5E B PCR A I C1DFR AE H 48 .41
R R E & (E5), 45 R KW, CtDFR
RO RIEER G, AOfehike, fEAleh R
sER&. A6, RElid CDFR KL ERH
19.37 4%, 20446 th CtDFR ik 8% 1 4.04 1%, X L 45
AR CtDFR 3R 15 5 A8 40 7T e A2 1t i T8 K 2 72
AERNEBERAER EEREK,

4 CtDFRE#ZFIESEESE DM

# pET-28a-CtDFR Jii KL £ N\ K W #F T 35 35 T #k
BL21 (DE3), i@l IPTG RIEH SR EEH, A H Ni™
5 SR (His) 1556 R 77458 F AR B 5 A (il A 44k
EH, 4ifb B A4 10% SDS-PAGE iz B ik RGN, 45 5
Wi 6A fiT7~, CtDFR & H 2% 7 tH IL1E 40~55 kDa [X
1, 5 CtDFR 5 [ 47.5 kDa %y T i M7 .
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Figure 4 Multiple sequence alignment and phylogenetic analysis of CtDFR. A: Multiple sequence alignment of CtDFR and DFR from

other plants. The residues that compose the active site are indicated with black triangles. The NADPH-binding and substrate-binding

domains of DFR are indicated by black box and red box, respectively. Ct: Cistanche tubulosa (Schenk) Wight; El: Erythranthe lewisii; Sa:

Striga asiatica; Da: Diplacus aurantiacus; Pf: Perilla frutescens; Sm: Salvia miltiorrhiza; At: Arabidopsis thaliana; B: Phylogenetic analysis

of CtDFR using nucleotide sequence; C: Phylogenetic analysis of CtDFR using amino acid sequence
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Figure 6 Prokaryotic expression and enzyme activity analysis of CtDFR protein. A: Sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) analysis of recombinant CtDFR protein. M: Protein marker; 1: CtDFR protein, B: DFR activities of
recombinant CtDFR using the dihydroflavonol substrates dihydrokaempferol (DHK), dihydroquercetin (DHQ), and dihydromyricetin
(DHM). The unstable leucoanthocyanidins produced by DFR activity were chemically converted to stable anthocyanidins and showed
different colors. The samples with denatured protein as control are colorless; C-E: High performance liquid chromatography (HPLC)
analysis of standards of pelargonidin (C), cyanidin (D), delphinidin (E) and CtDFR reaction products with different substrates DHK (C),
DHQ (D), and DHM (E); F-H: The mass spectrometry (MS) analysis of standards of pelargonidin (F), cyanidin (G), delphinidin (H) and
CtDFR reaction products with different substrates DHK (F), DHQ (G), and DHM (H)
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Figure 7 Subcellular localization of pCAMBIA1300-35S-GFP-CtDFR fusion proteins in Arabidopsis thaliana protoplast. Scale bar:

10 pm. GFP: Green fluorescent protein
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