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Isolation and Expression of PIbHLH3 Transcription
Factor Genes in Paeonia lutea

SHI Qian-gian, ZHOU Lin, LI Kui , WANG Yan
( Laboratory of Tree Breeding and Cultivation, State Forestry Administration, Research Institute of Forestry,

Chinese Academy of Forestry, Beijing 100091, China)

Abstract; Twenty-four unigene sequences shared high homology with bHLH transcription factor protein involved in
plant anthocyanin biosynthesis were obtained from previous-constructed tree peony ( Paeonia lutea) petal transcriptome
database and named as PIbHLHI ~ 24. By amino acid sequence comparing and phylogenetic tree analysis, it showed
that PIbHLH3 was considered to be related to regulate anthocyanin biosynthesis, contained a 2 040 bp ORF encoding
679 amino acid residues with typical bHLH structural domain; the predicted protein sequence of PIbHLH3 also shared
high similarity with other bHLH transcription factor that related to anthocyanin biosynthesis such as VoMYCI and Md-
bHLH3. Relative Real-Time PCR analysis indicated that PIbHLH3 expressed in different tissues of P. lutea and P.
delavayt, the expression in carpel, anther and petal was significantly higher than that in sepal and leaf; PIbHLH3
reached the highest abundance at early stage of P. lutea,. For P. delavayi, the PIbHLH3 reached the lowest level at
early stage, and was significantly or extremely significantly lower than that in other four stages. In conclusion, it is in-
ferred that PIbHLH3 might associate with the regulatory of anthocyanin biosynthesis in P. lutea and this would provide
the basis for insight into the molecular mechanisms underlying tree peony yellow flower pigmentation.
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TEOR TR S DR R
RS R S AT A, Hh S B0 2 K 2 B B8
B PEERRE " 20 TR R A8 R
S R HAB A I . AR R AR YA R
S5 R DRI 2 3 DR SR ] i ) Heep i S
AL (3% A L % s PR 43 45 MYB 25 1 \bHLH 45
I WD40 R EN

bHLH ( basic helix-loop-helix , i {4 12 i — #4 — 12
JiE) e s R FAR L 1 HEAZ AR s A i i) — R R
e, B A e A W i AR KR B R R v A R R
HEMIEM . 4> bHLH B 7 2y 60 2 R4
J, Y 19 AL HA i B DRSS A P I
R, R F C Ky HLH XA N A b i s o
ALK . bHLH #52 H TRt R A
SRR R EST O s R MR N
BT SRS TR Y S T i T B
YEF . H R4l I+ (Arabidopsis thaliana ) TTS | K
(Zea mays) (Le B .R/B) 7K % ( Oryza sativa Linn)
OSB1 %72 4 ( Petunia hybrida) (ANI ,AN4 [ AN11) |
40 5 (Antirrhinum majus ) Delila .22 4~ (Ipomoea nil )
(InDEL [ InIVS . InbHLH3 ) . 4 25 ( Gerbera jameso-
nii ) gmycl . . IH ( Gentiana scabra) GtbHLHI V.M 4%
A H A (Asian hybrid lily) LhbHLH2 375 ( Malus do-
mestica) MdbHLH3 45 Z R AE ) (1 4246 643K 5 A
KAL) bHLH %5k R 7152 1 s I 3617 T 2hRE
e 215281

8 B B ( Paeonia lutea) 520 [ 75 75 b

XA R, JB T A7 25 BEAT 25 8 41120 1Y T w0
AP AR TR A 95 SR A AR AL
2 FE R 25 AR, i EL 4T FHE 0 B E A i
ERmEmEET . BiTRA PRI a RS
TR TR 4y 45 ¥y FE ] ( PsCHSI | PsCHIT  PsDFRI |
PsF3HI PsF3’ HI PsANSI) B #4r 55 (BT
B PR O R AR R 1 25 0 JE R RN 53t R 7 3
bHLH A A WARIE o P AR 58 AR 4 o8 4t P
S AR A% 1Y unigene 5 B 454 RT-PCR F
RACE $ A, 5ol I 1% 5 46 €8 28 15 A0 OC 1 i 2k
bHLH S, I X HAE B PFRUES 4P (P, delavayt)
AR B B BORAL BT B AN R 412 rp i SRk A X
HEAT 500, AR SE bHLH %% 5% R F1E w4t PHE 608
B R AR T, AR R O P A 8 1) A 2 R
TR o BT R R 114 BT AR 0 R 3 PR 9% 0

U AR
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TH (stage 5) B 7 =50y RS FIMESES , O )5 20
SIS AL, S B AR 5 T - 80°C kA
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1.2 ERE2KFIIH=E

R Bk CTAB 351 $8 JGR 560 4 R) ) B
RNA, Kl i 5465, LA 1 ug & RNA AR, £
F M-MLV J %% 5t [if§ ( Promega /A H] ) 45 il cDNA %f
o SR AL TS ) A P A S 2 B P b Y
bHLH 5 [A ¥ Unigene {5 QBT RGIM (£ 1),
PCR " 387 28 1. 2% Byt B W FhE e G 00 , 5% e 1] i
ST i BO/IN—E0 45, 4 F) PMD-T19 A

(Takara) I, 4% 402K A1 B DHSa, i 32 ¥ 4
TE K TOREEY) 4 5, B b st SR R R 4w E
TR, Horp gl it >k Al PrimerPremierS. O F
DNAMAN (ver. 6.0.3.99) #4417, R RACE 2245
wh3E 51 4 SR BT LUSE (7 81 L SMART™
RACE ¢DNA Amplification Kit 368]45) , Hogr 45 F K
PGt Bl LAY A A G R P8k
B

x1 HEHHFOHLH BEFRERRIESHETASIY
YEH R Unigene % 1S5’ -37)
. CACTACTCCCCTCCACAATCCTCATCT SRACE
PIbHLH3 CLA938. contig2
TTTAGCGTGCCATTTCTTCACAACA 3RACE
PIbHLHS CL6535. contig2 TGGAGTGGTAGAATTGGGGTCTGTG 3RACE
CCTTTGCTTCTCAGGCTGTATGGTT 5RACE
PIbHLHS Unigene9277
TCTGGAGGCAATGGATTACATACGAT 3RACE
AAGGGGTTTGCCATATCGCTGA SRACE
PIbHLH9 CL10589. contigl
TGGGGCTTCTTCTTGTTCCTCTGC 3RACE
. PIbHLHI 1 Unigenel483 TCCTAGCTTTCTTTAGAGCCCCACC 5RACE
srE sk AT ey — -
ACCACTGACTATTGGAACCTGCTTTG SRACE
PIbHLHI2 Unigene2862
TCCCAGTTCGGTTGGAATGTATGA 3RACE
CCTTTGATTTTCTTGTCCTTGTTCTCG 5RACE
PIbHLHIS Unigene9522
AGAGGCAAAGAGGTCGTATGAAGTGG 3RACE
TCTTTGTCCACTGGTTCATTCGTCTT SRACE
PIbHLH17 Unigene9611
GACCTATCCCACTCAAGCACCTCC 3RACE
TGTAAGGGAACCACAAAGACAGGAGC 5RACE
PIbHLH24 CI12997. contigh
AGTCGGATCAGCAGAATAATGGAAAGG 3RACE
RT-PCR PIbHLH3 CLA893. contig2 GGAACCGCAAAGGACGACTA/CGTAGGCGGCAAACTATCCA
e Helicase CL6029. Contig2 GAGTGCGGGTTGAATCGTTG/AAGATTTCTGGATAGGTCTGTGGC

L3 SYEBRESN

HIH DNAMANG. O A FHEAT Fr 51 3 A= L PR
AL B *%F, I 3@ 8 ExPASY Protparam ( http://
www. expasy. org/compute_pi/ ) iz ] Compute pl/Mw
B F R D 4 1 2 145 fRL ORI O3 1 B R AT
i, H-iz ] ProtScale FRAFXS Hgi K VLTI 20 Hr o HK
% % http ://www. ncbi. nlm. nih. gov/structure/cdd/.
wrpsb. cgi TN & 1B PRSF 45 F 3. Al MEGAS. 2.
2 B H ) Neighbor-Joining (405057 A #4 1 , NJ ) 3 #F
11 R G 7B
1.4 qRT-PCR RiEH

A Helicase 3N Z I, i ] qRT-PCR 12 73 #7
PIbHLH3 7EAN A & & B BOFIAS i) 2H 40 2 ik B
S FN I 1o SR s R NAR R e B RNA 2
pl,5 x PrimeScript ™RT Enzyme Mix [ 1 pL, Random
primer (100 wmol - L™") Fl Oligo dT primer (50 pmol
-L7") &1 uL,RNAfree H,0 11 pL, &M TaKaRa
INFENDE G E B £ STBR PrimeScript™ RT-PCR

Kit o195, 257 20 WL 2 7 - DNA #0457 2 .,
2 x SYBR Premix Ex Taq™ 10 wL, %5547 (10 wmol
- L7')0.4 pL,50 x ROX Reference Dye 110.4 ulL,
H,0 6.8 uL, 2¢¥6E & PCR 7E ABI 7500 SZHY 5 &
PCRAY kAT, SUWFE ¥l 95°C,30 5340 DGR
95°C,5 s; 60°C, 30 s; @AY 4 =) 60 =
95C ARG MR i £k g 3 E &, F|
ABI 7500 PCR {¥ Sequence Detection software {433
T8 o

2 HREH

2.1 =EHS PHLH EERKM B RIEBEEFH
< bHLH %% % B F Y ik

Xof AS TR 2 i S0 A P B P AR S 4 Kl
JBE (R & 72) 347 Blastx 7304t A BA 31 4> Unigene
TEREN bHLH #6571 (£ 2) o (HH A [] — Uni-
gene AN [F] contig FY ¥ 41— BUHEAR &, 4 CL6977.
contigl 5 CL6977. contig2 H /¥ %] — 5, CL10589.
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contigl 5 CL10589. contig2 J¥ % 5 4 #H [4],
CL13397. Contigl 5 CL13397. Contig2 J¥ %1 #H [F],
CL14660. Contigl 5 CL14660. Contig2 JF 51 A1) Z5 .
P HEDY 24 A4~ bHLH JP 9 A] G2 5L R 1
B e 9 4> bHLH 5 53¢ X 51 B sl 4 7
SF DI, 7 ZARE unigene {5 B ¥R T1Y, FIH
RACE $iARX Hik AT ORF 2Ky 13 (R 1) . REH
iX 24 A~ PIbHLH BRSO 458 T IR AR A )
() bHLH %% ¢ 5, a0l g % TT8 . £ K (Le B R/
B) JKF& OSBI &7 4 (ANI (AN4 (ANIT) | 45 ff 51

0

Delila . 2 - ( Ipomoea purpurea) ( InDEL . InlVS | In-
bHLH3) AEY 3 gmyel Je 1B GeoHLHI V.Y A58 E
£ LhbHLH2 3£ 5 ( MAbHLH3 . MdbHLH33 ) % 2 Ff i
WA R G A (1E12) o AT PL-
bHLH3 55 /%5 VWMYCL S5 R KT —ie, f 53R
MdbHLH3 &7z 4= PRAN1 Ry — 45, 5 HAAR ) i
FEAE AR A U bHLH J R 3R 27— 5 iy Hofh 23
A~ bHLH i 51 58— KA X368 PIbHLH3 m fg 2
ARG AR

&2 5 bHLH #HRETEEHERXHA 24 4> Unigene EAXE R

Unigene %5 Unigene K & /bp

Blastx [, X} 45

CL6535. Contigl 1 635
CL6977. Contigl 1 284
CL6977. Contig2 330
CL7910. Contig2 753
CL10589. Contigl 1593
CL10589. Contig2 249
CL13397. Contigl 396
CL13397. Contig2 4717
CL14660. Contigl 1 620
CL14660. Contig2 1 620
Unigenel483 1 008
Unigene2862 1491
Unigene6893 645
Unigene9277 456
Unigene9293 699
Unigene9522 819
Unigene9596 864
Unigene9611 861
Unigenel 1808 2 169
Unigenel2352 2 115
Unigenel3617 918
Unigene20504 711
Unigene22890 837
C1.2253. Contigl 930
CL2253. Contig2 1 041
CL2306. Contig2 372
CL2306. Contigd 1299
CL2843. Contigl 789
CL2843. Contig2 789
CL2997. Contigd 645
C12997. Contig7 387

transcription factor bHLH13 [ Vitis vinifera |

transcription factor bHLH123-like[ Vitis vinifera ]

transcription factor bHLH123-like[ Vitis vinifera ]

transcription factor bHLH35-like[ Fragaria vesca subsp. vesca]
transcription factor bHLH49-like[ Vitis vinifera |

transcription factor bHLH49-like[ Vitis vinifera |

Transcription factor bHLH61 isoform 2 [ Theobroma cacao |
Transcription factor bBHLH61 isoform 2[ Theobroma cacao |
transcription factor ICE1 isoform 1[ Vitis vinifera |

transcription factor ICE1 isoform 1[ Vitis vinifera |

transcription factor bHLH68[ Vitis vinifera |

Transcription factor bBHLH69 , putative isoform 1[ Theobroma cacao |
transcription factor bHLH104-like[ Vitis vinifera ]

transcription factor bHLH113-like[ Fragaria vesca subsp. vesca ]
transcription factor bHLH51-like[ Vitis vinifera ]

transcription factor bBHLH63-like[ Vitis vinifera ]

transcription factor bHLH71[ Vitis vinifera |

transcription factor bHLH96-like[ Vitis vinifera ]

transcription factor bHLH140-like[ Vitis vinifera ]

DNA-binding superfamily protein, putative isoform 1[ Theobroma cacao ]
transcription factor UNE12[ Vitis vinifera ]

transcription factor bHLH147 [ Vitis vinifera ]

transcription factor bHLH79 isoform 1[ Vitis vinifera ]
Transcription factor bBHLH69 , putative| Theobroma cacao ]
Transcription factor bBHLH69 , putative| Theobroma cacao |
transcription factor bHLH62-like[ Vitis vinifera |

transcription factor bHLH62-like[ Vitis vinifera ]

bHLH-like DNA binding protein| Vitis vinifera ]

bHLH-like DNA binding protein| Vitis vinifera |

transcription factor bHLH47-like isoform 1[ Vitis vinifera |

transcription factor bHLH47-like isoform 1[ Vitis vinifera ]

2.2 #45 PIbHLH3 cDNA B 514047

FIH NCBI £2 41 (1) ORF Finder #4743 #7 % X
PIbHLH3 c¢DNA £ & —~ 2 040 bp 1 JT ikt ] 352 A
( openreadingframe, ORF) #1—~> poly (A) B ,5’

i XK 265 bp, 37 JEGRASIX K 127 bp, H ORF
f— 5 679 MR E BT (K 3), Protparam
(http ;//www. expasy. org/compute _pi/ ) T il B 4 15
FEEMS T (Mw) Jy 167. 364 kD, Hi i 2 d 5
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IpBH2a: ABW69686; IpBH2b:. ; ABW69687; IpBH2c:
ABW69687; InlVS: BAE94394; [tbHLH2. BADI18984;
PfEGL3. AB103172; PfF3Gl: BACS56998; PhANI .
AAG25927; MdbHLH3 . ADL36597 ; VoMYCI :
ACC68685; ATTS: AJ277509; DuIVS: BAJ33516;
ZmINI . AABO03841; ZmLC. ABD72707; ZmB:
CAA40544; OsRa: AAC49219; MdbHLH33. ABB84474;

AtMYCI :BAA11933; AtEGL3 . NP_176552; AtGL3 . NP_

680372; DvDEL. BAJ33516; AmDEL. AAA32663; Pf-
MYC-RP. BAA75513; PhJAF13. AAC39455; InDEL.
AB232774; InbHLH3 ; BAE94395

F12  PIbHLHI ~ 24 5304 Fh bHLH R L[R5

2 000 bp—»| <+—2 000 bp
750 bp—» QSN

[—
e

M. DNA marker DI2 000. A.5’ RACE 4"1%;B.3’ RACE §"1%;
C:ORF §" 1774
3 ST PIBHLH3 R PCR § 3 B ik

FIFH BlastP X PIbHLH3 i % %) 25 1 Of <F 8 2 17
% B, PIbHLH3 2% ) 2 F 09 PR ~F 4549 3800 HLH
(K4 -A), 7& HLH {RAFERE AL (B S) s
Hi 6 ERHEZH LAY DNA 255007 13 (55 472 473 474
476,496,499 A F IR IR L) , 1 A FR I M) E-
box/N-box 55, (55 473 D BERRTRAL) A1 14 4
BRAER R IR 11 (55 481,482,485 486,488
489 501 ,504 508 .509 510,514 516 517 NF H: R
FAL) s HLH fRAFIAY IR R e LR o 2 — 282 IR
Jig - F — BRJE DNA 25580 (1814 - A) , 73 —ZEJ2 he-
lix loop helix #([E 4 - A) , J& T #L R8I fy w1k — 12 e
- ¥ — 12 7E ( basic helix-Loop-Helix ) 2% #4188, H 4
T T R K 1 0 A 22 B, 4 8 2 1 28 R K X
(K4 -B), =ZHaHaN, HEARARE S 4218

(19 R AR T AR E] 34.55% (K 4-C),
oF o1 1 250 s00 \ 7?0 1000 , 1250 1500 1750 2040

specific hits |(EEET R

Non-specific
hits

Superfanilies bHLH-MYC_N superfamily

ProtScale cutput for user seauence
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1
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| AN
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A |

f

ONA binding region ) 1)
E-boxMN-box specificity site |
dimerization interface L

HLH
HLH

WL supenta)
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FIF DNAMAN #f 46t 25 4t F+ PIbHLH3 45t 2
SRS HAR YRR (4 R 5 O S A9 bHLH 2 Byt

FTIRIEPE S HT

MR KB, ST PIBHLH3 5 2

oAt R O P A6 R A ) bHLH 28 1 2L R T
HIA B I TR R, L 5 8 4 VoM YCT AR I B
B3k 63.37% 3 HoRk 53 8 MAbHLH3 F1 PRANT A

N
=

I, 40 5 62. 50% F1 51.98% 5 5 oK
ZmINI FIRIFG I AcTTS FA: B A%, 43514 34. 03%
F134.65% ([ES5) . RAIERRITH)LATEE R 50t S8
MRS A (B 2) o3 B 25 R — 3%, vl W] Pl-
bHLH3 J:H 2 508 5 MR .

PLBHLH3_ PROTEIN ..iveeenncenccncnannnnnss [ 8 o SAGET. . BCA 99
ATTTE . \MCESSIIPAEKVAGAEKKELQGINXTAVeSY! LAGES. ACT 120
DVIVS MFLCIEREETIMAAAGSYNCLGLKEMIGSATIE SV Asszccvnsuccn AT 130
INIVS . . .MAETEGGARHLQTINQTAVSY! sunsr:smssssq 119
MDBHLH3 MAAPPPSSSRLRGMIGASS YN PPARGECAS] 113
PFEGL3 MVEPE. .KSRVESIMGARVTA . 110
PHAN1 + v o MCLOTMIRNAVES B.T 104
VVMYC1 “MAAEE. .NSRLQSMIGSAVESY B.ARGECA 110
ZMINL . .MARGGRGEAAQRHEGSVHEST EAA 138
Consensus 1 q trke r 1 pedlte ewfylmc
PLBHLH3__PROTEIN AKR! ITEREV) g DRIQBOLSLIQEVETEHVDEH. . HH . PPEREA! TSNEPAT . .SLEEMYAA QECQECEEEEDED] 242
ATTTS KBV L SENEV! 31[CH S\ KKVRRDVEFVELTRSE|YE . . . . HCKT | BB toaoon0n0 x-:vnnunn-:zvzg 233
DVIVS ) LNGNEV! 2 EXKVER TNEFIQHVELF}3MTGNCNIMHLPPRETL NTTFSSHQTPLCTIK. 270
INIVS RLTGREV [ S\ ERVAS D YEF I PG. SEBPSQGLHSEAM RAEEECEEEEEDEEEEEEEEEDE 267
MDBHLH3 ROHVL LR EV; S FlSH S\ ERVHRDHAFVERVRTERVDRE . . HE . T ...HLLGAMCTN.FPLNAAGEDEECEEELDNGE 256
PFEGL3 YACRQHIRLTRMLEA) 51/ S ERTERD IGVIES +...SB.LI TSNEENE . SASREYS. 0 0uuneeeeeennnnnnns RAEEEEEEEEEEEE 229
PHAN1 YSKRHAIR ITQILEV) 31 S\ ORI D IGFINAVRTEIEGR . . BE. L TSNETTFSELNFYSSN. . . TPPSAGTTPACEHGGVAGDEDEEDEDEEDE 248
VVMYC1 LAGSEV 3 FlSY W\ EKVORDLGFVQHVRSERTDHH . . L TSNEAT ncuxmnsnsnucstnuuastzq 255
2ZMINL B EVRRAE L CEE XAl 2 I ERVERRDTFLIQHVENIVDG . . . HGAHIMPTTL TSTETTQINHGREGTX. . . .TGISLNLGDERNSEMEDDDD 272
Consensus g ga an sk f r ila tv cip gv e gtt e s s
PLBHLH3__PROTEIN DELG. .ESDSEGETAR. ...QVLIANIPGGTAAGEMATEP. . . . SEEMQLEMSECTRI[ESEDE. . 28N AVSQ; BESTRRWEMIVHCEMTSGLQEE. . . . . FGEPSLEEELTGEDTHESQ 368
ATTTS EMT. . .MSEEMRI[eSEDDECVSNGNL HEDLHIESTHTL . DTHMOMMN. . ..IMEEGGNNSQ 286
DVIVS AEDVED .CECENGTDFMRETY TET....CEELQLGMSPCNREESEND . . DSN . NLOEHFNLLATSLE. DSYRBVSTEGHSCNEELENESN. IQLHTSEEFAPEFTRESD 387
INIVS EEEELEEEELESDADVGEXNHQTGLHVARAEEEEEGNINAVYAETNVGASELMGF CHSESTRVETEED . . CASTDLIAGFHLL EQUGN . 5 GAPMLEEFP.REDTHNSE 379
MDBHLH3 EDLGG. . AESDSEAETGRNGGAVVEAANPEGVLAA. . .VAEE. . . . SELMQLEMSECTRLESEDD . . ASN . NLIELFHLLAVSQS . aunrccncusymr:smnkps VQEPLSSGLGPFH. ...TGFLALEELTHCDDTHNSE 384
PFEGL3 DELT. \RELNSAVGPLNG. . .LCMYMSAQLIRVESEDN . . CSSNNLIEDLRLGETHSA . ..RE EDSCSQ 290
PHAN1 CEEQ.. .ECDEEAELDSC. .KIAAGVGEALVIAA. ... SELMQLLMSEAIRE[ESEDE . . GSNT A.ENPACYQRGAESFKACTSISWAHFGLLEHLE. GGPSYCELS.QEDTHNSQ 365
VVMYC1 EEEEEEEEEEEAESDSEAET TGNTGTEGVAGSHTAAEE. . . . SELIQLEMSEGIRI(ESEDD . . GSN . NLIEDFHMLAVSQE . GSSVEHG] QLPLCSSGLQGPPPGPPTGPPPLLELS.QEDTHNSQ 396
ZMINL DERSE IDLENNTENCSTRRHLPGDASAGNELETLNAESSG. . ... PMLIANLTAGLEYEGLER. . FLSVBLSEXYLGSEGAED 358
Consensus g s
PLBHLH3__PROTEIN STIfl=EQE ASYVL.... IRS..CHHHLEVPLEGTS. PRI YIEFSYEFLANKYR. . EETSPRSROTT. . . ALPASRFRKGN. TPQLEL: 504
ATTTS TTI4SHPTSLLSLSVSTYS . ATRRVEN. . GKEHGGVKTAPSS . @HRCMIFRVZFLACNTK. . ... .BLERE........ L 399
DVIVS LSTINHKQSTRWSSSCTBSGEN. . . .. TTTSTR. . .HHSLLLPSSTITS AR ILETVEELYTTIT. . . TISOSIAS . .TSHEELS] 513
INIVS ISSIMRHQCGCWSCFSTTVARALY TTAASSTCSSH..... RSA. WA YTLLTV:FLAARNSHCGGGALTIES . .APQEEEN! 511
MDBHLH3 STIMGGQVTGLMOSSSTDYTA. . . .CLT . .CHHFL.MEVEGTS. .@WIJ&3YTLFSW:FLHSKYR. . CENSPREGE . .TPQLELS] 516
PFEGL3 USNIMENQTSNR. .. evuuunnnns WSKYEAEC HRHNLLLLGAS . .[SWVISSYVELTVIELLHTRAT . . . .PTBGLEE. .o v vvvvss s LINGuuenenns 399
PHAN1 STIMEHLSNGSSKESSTIMGCI. . SQTTQRMITREPSES . . TTVSSPFLLGGATS! SILFSW:FLHTKYQTAAEVSPKSRLATTVLSSTASRFRRGCSITQEERS 511
VVMYCL VST GCIAP... TTRC. . TS. WIS YILFSW;ELBTRKYR . . CENSPKRSRL. . ... GLSAGRERKG. . TPQLELS: 530
2ZMINL BVLRIYRENACRGTGAASSNIAKTYLAL .KGISSMMIAEGTE. . SVLL VGSSSEE T BSQTELSA 504
Consensus Tt 1 sf w q 1k p
PLBHLH3__PROTEIN RRKIGOf8S IRTRGMETCNGRLRSVEPGRTT. VTALERARGLCPEGSEKRKMEIVE VAK. .PKVVCSLEPTAG. . LB rYRHSILWO THMTHR . HIRVELT 637
ATTTS RKRVEEMANTHHEQG .HERTRTCKRKTS. YROSILLDILQWMH . BIGIET 475
DVIVS RNKVQIIMARCRLENNSKVAL . . nxvnwnsnssssn NR{SILLLVHKAIR . BGVE T 603
INIVS RRRIQERIAPTEVERGSITGGVTRENE . vvvvnenns s LReTYRQEM ILDVMQMIR . BGLET 625
MDBHLH3 RNKIQ}AARNMLVEECGRSRSSGEMGRSNS . Q3L e PYRE[GILLEVMRIMR . MRIET 663
PFEGL3 RKRIQEISKIGLMK IEeSCR ILSDEIQMIR . GIGIQT 473
PHAN1 QDA ARANGTEATLGTRCTGIVE .VLGGRG. “RRRUKVEGSVGEGG . . ARITASSESTTH LRePYREQILIDVMQMIR . EMRVEVY 624
VVMYCL IGD#:ARTRCMEVEQRSRGSDSVR. . . . . KEHRT .vaGscgmxmmssmaxp...va:sppmxvr:s. PYREQILLIVMOMIR EMRLETE 657
ZMINL BRRIQEMISRRRLVGSNGKTTMAGGEE. . . . . PPAASTEERGRRQTSGGYLARAAGTGSBAAEASGNSNLGEEPFAARAS PHREILL EIT 632
Consensus 2! le vsii dle ¢ gl 101
PLBHLH3__PROTEIN TVGSSLN. .NGVFY . .VNGKEASE TH{ERA 679
ATTTS AVHTSVN. .CHLFH) . .Eag R 518
DVIVS TVQSCVD. .GGMLN I TR 649
INIVS TVQSSVN. .GGIFQ MKGREAT] K 669
MDBHLH3 VVGSSLN. .NGFFY VSGKEVS RV} 709
PFEGL3 TVGSSINTTHATLIRE VNGREPS RT] 519
PHAN1 TIQSSLN. .NGSFF) IYGRRAS & 668
vVMYCL TVGSSLT. .NGVEVE! ASGKEAS R} 701
ZMINL SYGASSA. . GDVLIRK HGRBSSTENIRA HL;gss:uIcchr. 684
Consensus i vk i
N SR AN S
JTRERL 5 DNA S5 & A s s 2255404 E-box/N-box F5 il ; N RIZAL Ny 51T,

ALTTS AUFGTF , DolVS . KFiAE , IndVS.

FAAE

, MdbHLH3 ,3E 5.

PfEGL3 . A7, PhANI . SE75 4, VoMYCI . %%, ZmINI . T,

F5  PIbHLH3 55 AW E IR T8 A R R LA

2.3 MEXKHEEE PCR RESTH
TP} Helicase K:[H Rl NS
PCR J5 %5 B4 PHFI S 4L P 1 AN 6]
= A) FUEIT IR AR ZHZL (& 6 - B
FIBWL
FHAYAS R0 1) e kA A [, 72 5
o F RIS TEH A 4 TR ORI Y

A E AR TR RS ) A ek A5 i 7 B
PR IRAR, T A 4 A Y Ak R R

P

ZhN

5 E R
KEBH(E 6
)it PILHLH3 1

TR, A5 R , PILHLH3 78 24 P AN S 4

ST B B A
PR EANL, K
LAwR bl dp ]
o 2

EiR TR, E8 2.3 .4 BRI RIE
A

PIbHLH3 TE B PHATELBE LT B A A [W] 2H 27
A SRR, TERGE P2, 3Rk i M 2K
WRUA 0 AEZS ACE 27 ft R FE i Ry &
N B ET A A Rk &, A4
A2 TP B 38 S d i, LU O B FE I, E I
R FRIE RN, X PR A PR R A [R] 2 21
FIEE—3,



494 NI /A = S 1 S 528 &
7 4.5
6 4
5 3.5
i 3
g 5 2.5
z, Z15
1
1 0.5
0 ‘ ‘ ‘ ' O—%ewm  EH WA DR WA
A S1 S2 S3 S4 S5 B = =
A. PIbHLH3 TEA 1R % B BrEERI A0 1 ~ 5 « AT & B W ES 5B, PILHLH3 1ERIF IR F41800 925k
iy
O #e4kr:; WS40
E 6 FERAL PRI AL P PIBHLH3 %% 5% R F B A 33k &
3 Hh £ H GMYBI0 5 bHLH & GMYCI #H 5 1E H [\
T 7

bHLH % 53 Kl -2 1 B A BB (1) B PR IR g - 26
- 125 ( basic Helix-Loop-Helix, HLH) Z5#y18 , L —
RIRMIE LA 28 519 DNA J351) 1, a4 T ik
PR o ABETE 2 B A5 PIbHLH3 3 [H it
HED A 1 2 1 91 EA bHLH 2544 58k, 6 B v
¥t} PIbHLH3 1A J& T bHLH 2854 5t 13

bHLH 53 K 7 LA 2 3 IR 8T8 XA 2E A 0 1A
W, B 5 2R i 3, IS B AR A R
L7/ NS O ARG 37| D285 0 Y - = A
S H R S R A= W) R AR ) bHLH 5% 55
TIREZENIIREZ —. Li X IR I M/KFE bHLH K
T Ry 3 R 2% 3k 0 1 1 F 9 3% BT B A 4B 1)
bHLH 2 PR 75 7K 75 F1480 R IF Hh LA AL Zh g
ARGy E 15 20 1) 24 A~ bHLH B: K v, PIDHLH3
PRI AT i B 1 2 1 0 B S R s AR R A R
bHLH 7K 5 7] I8 1 ¢ w5 W 3 4 VoMYCl ™ 3 3
MdbHLH3"*" & 72 4~ PhAN1 " #fE0| PIbHLH3 &
A REZ 5 E B PHE AR EY & . Pl-
bHLH3 R WA W) 2= DI Re IR 75 5 22 TARE AT I B,
WERTT R WIS H TIRE S .

bHLH %% 53 K X5 Fi ) 46 (0 R & iUEE B i 3Rk
WIREAE R, B A HA R b, 4 AEH bHLH
ST DELILA (13835 B BRI A 2L e 5 1,
EEAEALE T RS R AR A
PRAN T HAE B R A YA R R EEAEH, &
B H5EMEAALLGHEOREY S BN
2 40l bHLH 5 75 MYB 2K (M LA
FHAL [R5 46 45 2% 1 5L, andE Y 46 1 R2R3-MYB

W% DFR 3535, B GMYC1 EARRANE T HLUR
PESRTNRE S o U L1 A8 5 A0 B ) DFR 32
ik 5 B R ME S e AR AR R, P
bHLH3 TE 3P IS PFRYAE 2h , O BRI P 1Y
FOR W R TAEE A g Rk, X S A
AFHL RSB

PP AEIRE A4 A8 (5 3 o3 32 2 A /K R B
M B ERAREAIR G Y, (A6 27,47 ,67 ,4-TURAEAT K
A SEACHIE Sl s By MR SRR e R
SRS T SR PRI O AE €5 38 LAY TR AT 2
AEHK-3,5- DR . PIDHLH3 5 5241 ity B
B Y AR 5 T B P A R R ) Rk IR
TEHA 4 A0 A 35 B 1 25 B 35 s TR A
MRy, 725 2.3 4 AR IR B, XS
PsDFR1 A JEURE P8 52 (5 28 10845 28 i Bl 14 26 7 119
BAH R AR AR — B R IR K P T 7E 3
ORMF B O Rk kR iew, IF BEE LR
(9F 22 35 B 7 W R A o T B X 5 D 4K 4
( Chrysanthemum x morifolium Ramat. ) ) bHLH 7E A
[l A 7 BF 300 A 2 0k B S AR — 2, A% SR I 1
bHLH 3 9 T4 by 6 DR 2670 10 B A S g0 ek
P IbZia 5T 45 R W] PIbHLH3 B2 5% [ 52 514
PR IR R A B, I r A AR & MYB
7M1 WDR H 42 8 (B A9 BhR AR HTE 75 ik — 25
AT

S 3K

(1] ®&E, Tk, e, 5. 10 a78 700 5+ 50l 5 i A B Ut
FEHERELT]. K841, 2006, 23(4) ; 321 -333.

[2] Holton T A, Cornish E C. Genetics and biochemistry of anthocyanin



54

NG F A BT PIDHLHS e s) R A 9 p e 5 30K 495

biosynthesis[ J]. Plant Cell, 1995, 7(7): 1071 - 1083.

[3] Ramsay N A, Glover B J. MYB-bHLH-WD40 protein complex and
the evolution of cellular diversity [ J]. Trends Plant Sci, 2005, 10
(2):63-70.

[4] ka3t R, 15314559* S, AW bHLH e 5k PR I 45 W o 1 %
FHAY2IIRe[ )], Pl RS =4k, 2000,19(1) :84 -90.

[5] Nesi N, Debeaujon I, Jond C, et al. The TT8 gene encodes a basic

[

helix-loop-helix domain protein required for expression of DFR and
BAN genes in Arabidopsis siliques[ J]. Plant Cell, 2000, 12 (10) .
1863 - 1878.

[6] Heisler MG, Atkinson A, Bylstra YH, et al. SPATULA, a gene that
controls development of carpel margin tissues in Arabidopsis, encodes
a bHLH protein[ J]. Development,2001,128:1089 —1098.

[7] Sorensen A M, Krsber S, Unte U S, et al. The Arabidopsis
ABORTED MICROSPORES (AMS) gene encodes a MYC class tran-
scription factor[ J]. Plant J,2003, 33(2): 413 —423.

[8] Leivar P, Monte E, Oka Y, et al. Multiple phytochrome-interacting
bHLH transcription factors repress premature seedling photomorpho-
genesis in darkness[ J]. Curr Biol,2008, 18 (23) . 1815 -1823.

[9] Abe H, Urao T, Tio T, et al. Arabidopsis AtMYC2 (bHLH) and At-
MYB2 (MYB) function as transcriptional activators in abscisic acid
signaling[ J]. Plant Cell, 2003,15 (1) . 63 -78.

[10] Lorenzo O, Chico JM, Sanchez-Serrano JJ, et al. JASMONATE-
INSENSITIVE] encodes a MYC transcription factor essential to dis-
criminate between different jasmonate-regulated defense responses in
Arabidopsis[ J]. Plant Cell, 2004,16 (7); 1938 - 1950.

[11] Li H, Sun J, Xu Y, et al. The bHLH-type transcription factor
AtAIB positively regulates ABA response in Arabidopsis. Plant Mol
Biol. 2007, 65 (5): 655 —665.

[12] Bou-Torrent J, Roig-Villanova I, Galstyan A, et al. PAR1 and
PAR?2 integrate shade and hormone transcriptional networks [ J].
Plant Signal Behav. 2008, 3 (7): 453 —454.

[13] Rampey R A, Woodward AW, et al. An Arabidopsis basic helix-
loop-helix leucine zipper protein modulates metal homeostasis and
auxin conjugate responsiveness[ J]. Genetics. 2006,174 (4) . 1841
-1857.

[14] Long TA, Tsukagoshi H, Busch W, et al. The bHLH transcription
factor POPEYE regulates response to iron deficiency in Arabidopsis
roots[ J]. Plant Cell ,2010,22 (7). 2219 —2236.

[15] Ludwig SR, Habera LF, Dellaporta SL, et al. Lc, a member of the
maize R gene family responsible for tissuespecific anthocyanin pro-
duction, encodes a protein similar to transcriptional activators and
contains the myc-homology region[ J]. Proc Natl Acad Sci USA,
1998,86 (18): 7092 -7096.

[16] ChandlerV L, Radieella J] P, Robbins T P, et al. Two regulatory
genes of the maize anthocyanin pathway are homologous ; Isolation of
B utilizing R genomic sequenees[ J]. Plant Cell ,1989,1(12) :1175
- 1183.

[17] Goff S A, Cone K C, Chandler V L. Functional analysis of the
transcriptional activator encoded by the maize B gene: evidence for a
direct functional interaction between two classes of regulatory proteins

[J]. Genes Dev. , 1992 .6 (5): 864 —875.

[18] Goodrich J, Carpenter R and Coen E S. 1992. A common gene
regulates pigmentation patten in diverse plant species. Cell, 68(5) :
955 -964.

[19] Elomaa P, Mehto M, Kotilainen M, et al. A bHLH transcription
factor mediates organ, region and flower type specific signals on di-
hydrofl avonol-4-reductase (dfr) gene expression in the inflorescence
of Gerbera hybrida (Asteraceae). Plant J. , 1998 ,16(1) :93 —99.

[20] Sakamoto W, Ohmori T, Kageyama K,et al. The purple leaf (Pl)
locus of rice: The pl allele has a complex organization and includes
two Genes encoding basie helix-loop-helix proteins involved in antho-
cyanin biosynthesis . Plant Cell Physiol, 2001, 42(9) :982 —991.

[21] Park K, Ishikawa N, Morita Y, et al. A bHLH regulatory gene in
the common morning glory, Ipomoea Purpurea, controls anthocyanin
biosynthesis in flowers, proanthocyanidin and phytolnelanin pigmen-
tation in seeds, and seed trichome formation . The Plant Joumal,
2007b, 49(4) :641 - 654

[22] Nakatsuka T, Haruta K S, Pitaksutheepong C, et al. Identification
and characterization of R2ZR3-MYB and bHLH transcription factors
regulating anthocyanin biosynthesis in gentian flowers[ J]. Plant Cell
Physiol. 2008, 49, 1818 —1829.

[23] Espley R V, Hellens R P, Putterill J, et al. Red colouration in ap-
ple fruit due to the activity of the MYB transcription factor, Md-
MYBIO[J]. Plant J. ,2007,49.414 —427.

[24] Franken P., Schrell S. , Peterson P A. , et al. Molecular analysis
of protein domain function encoded by the myb-homologous maize
genes CI, Zml and Zm 38[J]. The Plant Journal,1994,6 (1) :21
-30.

[25] Spelt C, Quattrocchio F, Mol JNM, et al. Anthocyaninl of petunia
encodes a basic helix-loop-helix protein that directly activates tran-
scription of structural anthocyanin genes[ J]. Plant Cell, 2000, 12
(9): 1619 -1631.

[26] Yamagishi M, Shimoyamada Y, Nakatsuka T, et al. Two R2R3-
MYB genes, homologs of petunia AN2, regulate anthocyanin biosyn-
theses in flower tepals, tepal spots and leaves of Asiatic hybrid lily
[J]. Plant Cell Physiol, 2010, 51:463 —474.

[27] Wang Kui-lin, Bolitho, K. , Grafton, K., et al. An R2R3 MYB
transcription factor associated with regulation of the anthocyanin bio-
synthetic pathway in Rosaceae [ J]. BMC Plant Biology, 2010,
10 50.

(28] £ 55,FKR%F-, 0k By bHLH Fesg D7 5imtss it J]. it

1%,2008, 30 (7) : 821 -830.

(297 J53Csh. PEATZEEMNBITELT]. MY 2854k, 1958, 7
(4): 297 -323.

[30] FEE. pEHSHRFERIM]. doat. EMOL SR,
1997, 2 - 7.

[31] Z5k. PEAFHSATAIM]. JEaT: A EMOl & R, 1999.

[32] 2 . ‘?E#iﬂ‘ﬁ%ﬁ%ﬁ%ﬁﬁﬁt[ﬂ- 7 B WA W) B O
AT ,1990.

[33] £:&E35, £ M, & He BWEE. BHPT]. dhEST A
Al,2007, 5(2) : 59 — 60.

[34] Zhou L, Wang Y, Ren L, et al. Overexpression of PI-CHIl, a

homologue of the chalcone isomerase gene from tree peony ( Paeonia



496 Mook B

$28 &

suffruticosa) , reduces the intensity of flower pigmentation in trans-
genic tobacco[ J]. Plant Cell, Tissue and Organ Culture, 2014, 16
(3):285-295.

[35] Zhou L, Wang Y, Peng Z. Molecular characterization and expres-
sion analysis of chalcone synthase gene during flower development in
tree peony ( Paeonia suffruticosa) [J]. Afr J Biotechnol, 2011, 10
(8):1275 - 1284.

[36] Fan C, Purugganan M D, Thomas D T, et al. Heterogeneous evo-
lution of the Myc-like Anthocyanin regulatory gene and its phyloge-
netic utility in Cornus L. ( Cornaceae) [ J]. Mol Phylogenet Evol,
2004, 33(3): 580 -594.

[37] Jiang Y, Deyholos M K. Comprehensive transcriptional profiling of
NaCl - stressed Arabidopsis roots reveals novel classes of responsive
genes[ J]. BMC Plant Biol, 2006, 6(1) : 25.

[38] Jiang Y, Yang B, Deyholos M K. Functional characterization of the
Arabidopsis bHLH92 transcription factor in abiotic stress[ J]. Mol
Genet Genomics, 2009, 282(5) . 503 -516.

[39] Li XX,Duan XP,Jiang HX, et al. Genome-wide analysis of basic/
helix-loop-helix transcription factor family in rice and Arabidopsis
[J]. Plant Physiology, 2006, 141(4):1167 - 1184.

[40] Hichri I, Heppel S C, Pillet J, et al. The basic helix-loop-helix
transcription factor MYCI is involved in the regulation of the fla-
vonoid biosynthesis pathway in grapevine[ J]. Mol Plant, 2010, 3
(3):509 -523.

[41] Xie X B, Li S, Zhang R F, et al. The bHLH transcription factor
MdbHLH3 promotes anthocyanin accumulation and fruit colouration
in response to low temperature in apples[J]. Plant Cell Environ,
2012, 35(11) . 1884 - 1897.

[42] Quattrocchio ¥, Wing J F, Va K, et al. Analysis of bHLH and
MYB domain proteins: species-specific regulatory differences are
caused by divergent evolution of target anthocyanin genes[ J]. Plant

J, 1998,13(4) . 475 —488.

[43] Martin C, Prescott A, Mackay S, et al. Control of anthocyanin bio-
synthesis in flowers of Antirthinum majus. Plant J. 1991,1 (1) . 37
-49.

[44] Quattrocchio F,Wing J F, Leppen H,et al. Regulatory genes con-
trolling anthocyanin pigmentation are functionally conserved among
plant species and have distinct sets of target genes[ J]. The Plant
Cell, 1993, 5 (11). 1497 -1512.

[45] Quattrocchio F, Baudry A, Lepiniec L, et al. The regulation of fla-
vonoid biosynthesis. In: Grotewold E(ed) The science of flavonoids
[J]. New York, Springer, pp.2006: 97 —122.

[46] de Vetten N, Quattrocchio F, Mol J, et al. The anl1 locus control-
ling flower pigmentation in petunia encodes a novel WD-repeat pro-
tein conserved in yeast, plants, and animals[J]. Genes & Develop-
ment, 1997,11.1422 —1434.

[47] Elomaa P, Mehto M, Kotilainen M, et al. A bHLH transcription
factor mediates organ, region and flower type specific signals on di-
hydrofl avonol-4-reductase (dfr) gene expression in the inflorescence
of Gerbera hybrida (Asteraceae). Plant J. , 1998 /16(1) :93 —99.

[48] LiC, DuH, Wang L, et al. Flavonoid composition and antioxidant
activity of tree peony ( Paeonia section Moutan) yellow flowers[ J]. J
Agric Food Chem, 2009, 57 8496 —8503.

[49] J 3k, £ JfE, HEEAE, 55 g BFAE B AE (B 3 o0 Y 2
FELI] ALl R z2440 2011, 39(8) .52 - 54.

[50] Wang LS, Hashimoto F, Shiraishi A, et al. Phenetics in tree peony
species from China by flower pigment cluster analysis[ J]. J Plant
Res, 2001a, 114 213 -221.

[51] Wang LS, Shiraishi A, Hashimoto F, et al. Analysis of petal an-
thocyanins to investigate flower coloration of Zhongyuan ( Chinese )
and Daikon Island ( Japanese) tree peony cultivars[ J]. J Plant Res,
2001b, 114:33 -43.

[52] #BRHT 8 F0, EAIE, 5. AL ARG MO R Rk
SERMEKERL]. B2, 2012,39 (3) :516 -524.



