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Abstract: As water-soluble, natural pigments, anthocyanins are responsible for the red, purple and blue colors of many
flowers, which attract pollinators to spread pollen. The colors of flowers are also essential for plants to survive in the nature
and become one of the most significant characteristics of ornamental plants. In the booming floriculture industry, to produce
various flower colors could increase the richness of natural colors, but it is still difficult to breed flowers with coveted blue
color. The diversity of flower color is mainly determined by the types and contents of anthocyanins and their derivatives. The
synthesis of delphinidin pigments is the key factor for breeding blue flowers. However, there are no structural genes in many
plants to biosynthesize delphinidin pigments. Blue flowers are successfully created by genetic engineering in recent years. In
this paper, using common ornamental plants as examples, we review the mechanism of plant flower coloration from the
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aspects of the key factors affecting the synthesis of delphinidin pigment and the production strategies of blue flowers based on
the regulation of anthocyanin metabolism. Different strategies of molecular breeding could provide opportunities to improve
colors of other floriculture plants and to develop anthocyanin-rich economic crops, such as colored cotton with blue fibers.
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Table 1 The basic structural formula of anthocyanins and 6 common anthocyanidin monomers in plant™®

Basic structure of anthocyanins Anthocyanidin Ry R,
Pelargonidin (Pg) H H
Cyanidin (Cy) OH H
Delphindin (Dp) OH OH
Peonidin (Pn) OCH3 H
Petunidin (Pt) OH OCH3
Malvidin (Mv) OCH3 OCH3
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Fig. 1 Biosynthesis pathway of flavonoids and accumulation of flavonoid compounds in flowers**?! PAL:
Phenylalanine ammonialyase; C4H: Cinnamate 4-hydroxylase; 4CL: 4-coumarate CoAligase; CHS: Chalconesynthase;
CHI: Chalconeisomerase; F3H: Flavanone-3-hydroxylase; F3’H: Flavanone-3’-hydroxylas; F3’5’H: Flavanone
3’5’-hydroxylase; DFR: Dihydroflavonol 4 reductase; LDOX/ANS: Leucoanthocyanidin  dioxygenase/

Anthocyanidinsynthase; UFGT: Flavonoid-3-O-glycosyltransferase.
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Table 2 Examples of genetic engineering improved flower color

Genetic engineering strategy Gene source Experimental plant Produced color References
Endogenous F3’5’H Petunia hybrida Petunia hybrida Reddish violet [77]

(Light pink)
F3’5°H Vinca major Petunia hybrida Nearly black flower [78]

F3’5’H, Introduced
CHS, Introduced

CHS, RNAI
ANS, RNAI
F3’5’H, RNAI
ANS, RNAI

CHS, Antisense
ANS, Antisense

F3’5’H, Over expression
F3’H, RNAIi & F3’5’H,
Introduced

F3'5'H, A3'5'GT Introduced

F3’5’H, Over expression

Petunia hybrida
Petunia hybrida

Gentiana scabra
Gentiana scabra
Gentiana scabra
Petunia hybrida

Gentiana scabra
Petunia hybrida

Viola sp.

Viola sp.

Campanula latifolia,
Clitoria ternatea

Phalaenopsis amabilis

Petunia hybrida

Reddish-purple, variegated [79]

(Pink) chimeric color

Petunia hybrida White, purple and white  [80]
(Light pink)

Gentiana sp (Blue) Pale blue to white [81]
Gentiana sp Blue) Pale blue [81]
Gentiana sp (Blue) Lilac to pale blue [82]
Petunia hybrid White to pale blue [83]
(Blue)

Gentiana sp (Blue) White [83]
Petunia hybrida Pale blue [83]
(Blue)

Rosa hybrid Pale blue [84]
(Red to pale cyanic)

Chrysanthemum Blue [85]
Chrysanthemum (pink) Blue [86]
Lilium brownii (pink) Lavender [87-88]
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RN CHS BRI Y i SUEE S AR v, 4]
TAETE RAF AR Gk, A5 R s B
Nakamuraet 2532 F /2 S RNA H Al 6 g 10
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FERY 5 AR R 2 4 v ANS BRI Rk
I ZACI TG 2 IR o B T A e SE A
P EEEE BRI BT B, e B A ) 7 R
SHNA | BE DL R AE 5 3 A U TH Y RE ) KR
fiX, AR THEYAER LTS, RIA Rz
5 AR A6 T A B P R T B
213 HEEBEHEA

CRISPR (Clustered regularly interspaced short
palindromic repeats) A [l Dok — B &Y 5
FIfE S, RIEZEA K CRISPR/Cas9 & 4 . A H
T A 0 T G RN, BN I ) 3t AL 2
R T-B, Feildx T HA AL R ME F
o R DN 20 3 9 A %2 9% Watanabe 25 4
CRISPR/Cas9 R LA H A AL R G gz
H () DFR-B 3 R A7 W25 o7 3 R 2 AR Y e 4
fer, DFR-A. DFR-B #il DFR-C J&— 41 % 5%
1) =R K, 3 MR A KL, {H DFR-B
K Ry B, 2 17 57 25 Ak A R DU 8 0
PR, 2 R 2 i 1 235 R I8 s ZE A 1) 21 0 34 728 0
HAEFR ORI, FMAF G, s
T YR CRISPR/Cas9 RELSLHL T = S5 AH P 16
AL AR
22 SINMNEERERIERALETER

A EAE Y G R AHERT 68,38 (1Y G B R K]
F3'5’H Fil DFR, [Kttid o 5 A4S B A5 A 11
ARG RL BE D Lk A R A R — A
BRI GAE R MR . TEMEA B, Kesgmm k
HERLA 2 A A AR DG R 2 e 08, B K
R AP & RS E R IR F3'5°H
B & BRI En
F3'5"H SEPH 3 AR5 . B AISG 185 2 Kl T
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ERIHER, R =65 F35"H B 4418
[y F35°H SE[H 7 A R 3 AR s %), i
HERBBAAE 87 5 F AN AR H G0
BE R IR B gk

B W AR, R ) N R B 2 (5
FHRASMNEIER SRR ARG SRR, NI
PE F3'H 55| ASMEEER & 8 F3'5°H SE4HIY)
N TS gt — P R B AR, T
UFhi i KRR i, SEUURR F3'H SR, KRR
F3'H iy, 7RI Eal iRk F3'5°H H[H,
R T e AR (0 2 AT AR A R R ),
23 HBFREHIAERXEREFHERTIRE

H R EMEBE TR SUE T s S
FAEY AR Z RS, WAEERSE . Butelli
FHEFMPFAT L AEN Rosel 1 Del JLH
(5> B4HS MYB Fl bHLH 28), & 3R ST 4675
FEmm, HEHI T 6T, Han %4 £k
Hémit bHLH 285 3¢ 4519 Le B %A% MYB
KR TR PUBEPR 9 il B ] e A H) ) BT
Frh, G5 R I DA R bR TE R M HE AR B TR
[F) A2 3 19 2 €. 17°) Ohino 457 5 i 76 O B 58 rh &
P, siRNA /5118 CHS BN % 5t 5 L i & =
HOK N A8 2 Bl i P,
24 FAEHREMFEEERIEN

G AR T H AR B A A i R G0
fit b, RO A EE A AR, DAk B R
CAWFEUEN] T R A B P27 HOR T A Al
WEZRAL G, W AT R B Rk rh Rk
—SESCRE LY, USSR R RTAA Y A SRR
KNG . WHEIRSE, ]l —Lu WA IR 2
il iz Z OVRIG t 48 7 R OO AR oY
Ankanahalli %5 F] F A= 9 JE 2208 14 Ik & B i
(Nonribosomal peptide synthetase, NRPS) &l T
WO, Al asl™. A RHA
JIKER 2 R NRPS /B[, NRPS & —44¢E
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MR SRR, MG AR Sk S
FEFFHIR B 2R . B0, RERACE R Rl R
REFER TR, A J5 BT N2 A5 1] 42 Ji B

&: 010-64807509

ZHRETE M AL FE N, [ B A B 200 8 26
AT FE R GEIR , FE IR Bt N T E Ak
7 R R IR AR A A

UEAh, HEEAETE BUR 7 I 2% 1) B 90 R LA AR
P&t 7 He B AR R S K, AR S R i
BOE AR, BaMATRGRAHEE P T
AR AR I . B S E o
FAL LR Z , TR R RS 21 4 0 2 R
e FGES, BIFST W (0 27 4 0% (KR A M R TR,
PRI St A R A < € K EL AT R B AT 5 SR
T MME . R AR AR IR TR R
AR TFBeb £ RNAT 2R AT F37H 3 [ UE 1 7T R A
TR TPENIR, A7 LIMYHE CRISPR/Cas9 #ifk, iX
BT DAk G 1T R 35 R 1 [R5 9 = TU AR 7 410 1Y)
IR, G R F3TH JEDH L RIS R R e ik 3
B R FGA F3'5'H LR A AER A R R
Bt e, AE REGEEARGEN, 1535
FEDIRERRSS , ORI RERE 6 2 R R AR AL S
Flo SR, W5 G LR 4E (I AR SR AP T TR
KPR, KIRF (M £F 4 (0 I B A AL Fn 4y
FHLEI AT, R gt R REULE K
RIFHREERESEGE R, BRARNY AN
SUTEHLE AN, CHER R BT
B M 2o o R SR TR - TR 42 46

REFERENCES

[1] Chittka L, Menzel R. The evolutionary adaptation of
flower colours and the insect pollinators’ colour
vision. J Comp Physiol A, 1992, 171(2): 171-181.

[2] Rausher MD. The evolution of flavonoids and their
genes//Grotewold E, Ed. The Science of Flavonoids.
New York: Springer, 2006: 175-211.

[3] Mackenzie JMD. Fluctuations in the numbers of
British Tetraonids. J Anim Ecol, 1952, 21(1):
128-153.

[4] Tanaka Y. Flower colour and cytochromes P450.
Phytochem Rev, 2006, 5(2/3): 283-291.

[5] Tanaka Y, Brugliera F. Metabolic engineering of

. cjb@im.ac.cn

687




688

ISSN 1000-3061 CN 11-1998/Q A4 T #2244t Chin J Biotech

(6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

flower color pathways using cytochromes
P450//Yamazaki H, Ed. Fifty Years of Cytochrome
P450 Research. Tokyo: Springer, 2014: 207-229.
Huang YY, Shen MS, Li P, et al. Gene engineering of
blue color flower. Plant Physiol Commun, 2002,
38(2): 203-206 (in Chinese).

wELNG, EWA, M, fF. WA IER SRR AR,
FE WA F2AR, 2002, 38(2): 203-206.

Ohno S, Deguchi A, Hosokawa M, et al. A basic
helix-loop-helix ~ transcription  factor ~ DvIVS
determines flower color intensity in cyanic dahlia
cultivars. Planta, 2013, 238(2): 331-343.

Noda N. Recent advances in the research and
development of blue flowers. Breed Sci, 2018, 68(1):
79-87.

Nishihara M, Nakatsuka T. Genetic engineering of
flavonoid pigments to modify flower color in
floricultural plants. Biotechnol Lett, 2011, 33(3):
433-441.

Cronk QCB. Plant evolution and development in a
post-genomic context. Nat Rev Genet, 2001, 2(8):
607-619.

Schwinn K, Venail J, Shang YJ, et al. A small family
of  MYB-Regulatory  genes
pigmentation intensity and patterning in the genus
Antirrhinum. Plant Cell, 2006, 18(4): 831-851.
Tanaka Y, Sasaki N, Ohmiya A. Biosynthesis of plant
pigments: anthocyanins, betalains and carotenoids.
Plant J, 2008, 54(4): 733-749.

Liu Y, Tikunov Y, Schouten RE, et al. Anthocyanin
biosynthesis and degradation mechanisms in
Solanaceous vegetables: a review. Front Chem, 2018,
6: 52.

Smeriglio A, Barreca D, Bellocco E, et al. Chemistry,
pharmacology and health benefits of anthocyanins.
Phytother Res, 2016, 30(8): 1265-1286.

Zhao CL, Chen ZJ, Bai XS, et al. Structure-activity
relationships of anthocyanidin glycosylation. Mol
Divers, 2014, 18(3): 687-700.

Kong JM, Chia LS, Goh NK, et al. Analysis and
biological activities of anthocyanins. Phytochemistry,
2003, 64(5): 923-933.

De Brito ES, De Araljo MC, Alves RE, et al.
Anthocyanins present in selected tropical fruits:
Acerola, Jamboldo, Jussara, and Guajiru. J Agric

controls  floral

http://journals.im.ac.cn/cjbcn

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Food Chem, 2007, 55(23): 9389-9394.

Dai SL, Hong Y. Molecular breeding for flower
colors modification on ornamental plants based on
the mechanism of anthocyanins biosynthesis and
coloration. Sci Agric Sin, 2016, 49(3): 529-542 (in
Chinese).

WU 2, b BRI RS UM 2 LI AW
FAEYAE O Ry FE . B ERI R, 2016,
49(3): 529-542.

Jaakola L. New insights into the regulation of
anthocyanin biosynthesis in fruits. Trends Plant Sci,
2013, 18(9): 477-483.

Zhang Y, Butelli E, Martin C. Engineering
anthocyanin biosynthesis in plants. Curr Opin Plant
Biol, 2014, 19: 81-90.

Devic M, Guilleminot J, Debeaujon I, et al. The
BANYULS gene encodes a DFR-like protein and is a
marker of early seed coat development. Plant J, 1999,
19(4): 387-398.

Huang H, Hu K, Han KT, et al. Flower colour
modification of chrysanthemum by suppression of
F3'H and overexpression of the exogenous Senecio
cruentus F3'5'H gene. PLoS ONE, 2013, 8(11):
e74395.

Hou ZH, Wang SP, Wei SD, et al. Anthocyanin
biosynthesis and regulation in plants. Guihaia, 2017,
37(12): 1603-1613 (in Chinese).

B, E6F, MR, & MYEEREYE
WS R E MR R A Y, 2017, 37(12):
1603-1613.

Fu HH, Xin PY, Xu YL, et al. Bioinformatics
analysis of UFGT gene from several economic plants.
Genomics Appl Biol, 2011, 30(1): 92-102 (in
Chinese).

g, EiE5e, P E22, . LAY
UFGT ALK A= W15 B2 o0 A, SRR 2R 2 5 i A=
W12, 2011, 30(1): 92-102.

Zhao J, Dixon RA. The ‘ins’ and ‘outs’ of flavonoid
transport. Trends Plant Sci, 2010, 15(2): 72-80.
Gomez C, Conejero G, Torregrosa L, et al. In vivo
grapevine anthocyanin transport involves
vesicle-mediated trafficking and the contribution of
anthoMATE transporters and GST. Plant J, 2011,
67(6): 960-970.

Wang L, Dai SL, Jin XH, et al. Advances in plant



SEE FETESEANETERRANARIER

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

anthocyanin transport mechanism. Chin J Biotech,
2014, 30(6): 848-863 (in Chinese).

Eak, HUE 2, SEAE, 5 MYIEH R ITRKEL
il B9 WF 5T . AW TR 2R R, 2014, 30(6):
848-863.

Shoji K, Momonoi K, Tsuji T. Alternative expression
of vacuolar iron transporter and ferritin genes leads to
blue/purple coloration of flowers in tulip cv.
‘Murasakizuisho’. Plant Cell Physiol, 2010, 51(2):
215-224.

Zhuang WB, Liu TY, Shu XC, et al. The molecular
regulation mechanism of anthocyanin biosynthesis
and coloration in plants. Plant Physiol J, 2018,
54(11): 1630-1644 (in Chinese).

FEESS, XIRT:, REE, 5. EWIANES R
A E L I R PE R A AR A
2018, 54(11): 1630-1644.

Xiao YH, Zhang ZS, Yin MH, et al. Cotton flavonoid
structural genes related to the pigmentation in brown
fibers. Biochem Biophys Res Commun, 2007, 358(1):
73-78.

Feng HJ, Tian XH, Liu YC, et al. Analysis of
flavonoids and the flavonoid structural genes in
brown fiber of upland cotton. PLoS ONE, 2013, 8(3):
e58820.

Feng HJ, Li YJ, Wang SF, et al. Molecular analysis
of proanthocyanidins related to pigmentation in
brown cotton fibre (Gossypium hirsutum L.). J Exp
Bot, 2014, 65(20): 5759-5769.

Han YP, Vimolmangkang S, Soria-Guerra RE, et al.
Ectopic expression of apple F3’H genes contributes
to anthocyanin accumulation in the Arabidopsis tt7
mutant grown under nitrogen stress. Plant Physiol,
2010, 153(2): 806-820.

Zhang SH, Li CQ, Guo HM, et al. Effects of
Eupatorium adenophorum flavonoid 3'-hydroxylase
over-expression on POD and PAL activity in
transgenic tobacco. J Agric Sci Technol, 2009, 11(3):
98-101 (in Chinese).

SR, A, SHEE, . RIS
T 3R AL BEE A X B SL 2 POD . PAL i
P By 52 . e B Ak BB = i, 2009, 11(3):
98-101.

Wang YS, Xu YJ, Gao LP, et al. Functional analysis
of flavonoid 3',5-hydroxylase from tea plant

&: 010-64807509

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

(Camellia sinensis): critical role in the accumulation
of catechins. BMC Plant Biol, 2014, 14: 347.

Zhou TS, Yu YB, Xiao B, et al. Engineering of a
flavonoid 3'-hydroxylase from tea plant (Camellia
sinensis) for biosynthesis of B-3',4'-dihydroxylated
flavones. Acta Microbiol Sin, 2017, 57(3): 447-458
(in Chinese).

JAKIL, SAAR, B, . BRYSLREE 3-5
HALE YA B FR-34- R R A Y
W24, 2017, 57(3): 447-458.

Lim SH, You MK, Kim DH, et al. RNAi-mediated
suppression of dihydroflavonol
tobacco allows fine-tuning of flower color and flux
through the flavonoid biosynthetic pathway. Plant
Physiol Biochem, 2016, 109: 482-490.

Yoshida K, Iwasaka R, Shimada N, et al.
Transcriptional control of the dihydroflavonol
4-reductase multigene family in Lotus japonicus. J
Plant Res, 2010, 123(6): 801-805.

Aharoni A, De Vos CH, Wein M, et al. The
strawberry FaMYB1 transcription factor suppresses
anthocyanin and flavonol accumulation in transgenic
tobacco. Plant J, 2001, 28(3): 319-332.

Fan RH, Huang ML. Progress in regulation of
anthocyanins. Chin J Cell Biol, 2013, 35(5): 741-746
(in Chinese).

BEOOME, WS EH RO TR, iR g0
A= W25 4R, 2013, 35(5): 741-746.

Sagawa JM, Stanley LE, LaFountain AM, et al. An
R2R3-MYB transcription factor regulates carotenoid
pigmentation in Mimulus lewisii flowers. New
Phytol, 2016, 209(3): 1049-1057.

Yamagishi M, Shimoyamada Y, Nakatsuka T, et al.
Two R2R3-MYB genes, homologs of petunia AN2,
regulate anthocyanin biosyntheses in flower tepals,
tepal spots and leaves of Asiatic hybrid lily. Plant
Cell Physiol, 2010, 51(3): 463-474.

Dubos C, Stracke R, Grotewold E, et al. MYB
transcription factors in Arabidopsis. Trends Plant Sci,
2010, 15(10): 573-581.

He XJ, Zhao XC, Gao LP, et al. Isolation and
characterization of key genes that promote flavonoid
accumulation in purple-leaf tea (Camellia sinensis
L.). Sci Rep, 2018, 8(1): 130.

Buer CS, Imin N, Djordjevic MA. Flavonoids: new

4-reductase in

B<: cjb@im.ac.cn

689




@D 1ssn1000-3061 CN11-1998/Q ZEHTE:AE  Chin J Biotech

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

roles for old molecules. J Integr Plant Biol, 2010,
52(1): 98-111.

Petroni K, Tonelli C. Recent advances on the
regulation of anthocyanin synthesis in reproductive
organs. Plant Sci, 2011, 181(3): 219-229.

Liu Y, Zheng TC, Dai LJ, et al. Construction of plant
expression vector and genetic transformation analysis
of Arabidopsis thaliana AtPAP1 gene in Nicotiana
tabacum. Plant Physiol Commun, 2017, 53(7):
1199-1207 (in Chinese).

Xk, FBREE, AIEE, 5. R IT AtPAPL AL [AAE
Py 3 B M A T R T A R P s AR B AL A M. A
AEFESEHR, 2017, 53(7): 1199-1207.

Boss PK, Davies C. Molecular biology of
anthocyanin accumulation in Grape
berries//Roubelakis-Angelakis KA, Ed. Grapevine
Molecular Physiology & Biotechnology. Dordrecht:
Springer, 2009: 263-292.

Takahashi R, Yamagishi N, Yoshikawa N. A MYB
transcription factor controls flower color in soybean.
J Hered, 2013, 104(1): 149-153.

Lloyd A, Brockman A, Aguirre L, et al. Advances in
the MYB-bHLH-WD repeat (MBW) pigment
regulatory model: addition of a WRKY factor and
co-option of an anthocyanin MYB for betalain
regulation. Plant Cell Physiol, 2017, 58(9):
1431-1441.

Feller A, Machemer K, Braun EL, et al. Evolutionary
and comparative analysis of MYB and bHLH plant
transcription factors. Plant J, 2011, 66(1): 94-116.
Park KI, Hoshino A. A WD40-repeat protein controls
proanthocyanidin and phytomelanin pigmentation in
the seed coats of the Japanese morning glory. J Plant
Physiol, 2012, 169(5): 523-528.

Liu YJ, Hou H, Jiang XL, et al. A WD40 repeat
protein from Camellia sinensis regulates anthocyanin
and proanthocyanidin accumulation through the
formation of MYB-bHLH-WDA40 ternary complexes.
Int J Mol Sci, 2018, 19(6): 1686.

Yao PF, Zhao HX, Luo XP, et al. Fagopyrum
tataricum FtWD40 functions as a positive regulator
of anthocyanin biosynthesis in transgenic tobacco. J
Plant Growth Regul, 2017, 36(3): 755-765.

Schaart JG, Dubos C, De La Fuente IR, et al.
Identification and characterization of

http://journals.im.ac.cn/cjbcn

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

MYB-bHLH-WD40 regulatory complexes
controlling  proanthocyanidin  biosynthesis  in
strawberry (Fragariaxananassa) fruits. New Phytol,
2013, 197(2): 454-467.

Xu WJ, Dubos C, Lepiniec L. Transcriptional control
of flavonoid biosynthesis by MYB-bHLH-WDR
complexes. Trends Plant Sci, 2015, 20(3): 176-185.
Davies KM, Albert NW, Schwinn KE. From landing
lights to mimicry: the molecular regulation of flower
colouration and mechanisms for pigmentation
patterning. Funct Plant Biol, 2012, 39(8): 619-638.
Hichri I, Barrieu F, Bogs J, et al. Recent advances in
the transcriptional regulation of the flavonoid
biosynthetic pathway. J Exp Bot, 2011, 62(8):
2465-2483.

Fournier-Level A, Hugueney P, Verries C, et al.
Genetic mechanisms underlying the methylation level
of anthocyanins in grape (vitis vinifera L.). BMC
Plant Biol, 2011, 11: 179.

Ben-Simhon Z, Judeinstein S, Nadler-Hassar T, et al.
A pomegranate (Punica granatum L.) WD40-repeat
gene is a functional homologue of Arabidopsis TTG1
and is involved in the regulation of anthocyanin
biosynthesis during pomegranate fruit development.
Planta, 2011, 234(5): 865-881.

Paolocci F, Robbins MP, Passeri V, et al. The
strawberry transcription factor FaMYBL1 inhibits the
biosynthesis  of  proanthocyanidins in  Lotus
corniculatus leaves. J Exp Bot, 2011, 62(3):
1189-1200.

Li YY, Mao K, Zhao C, et al. MdCOP1 ubiquitin E3
ligases interact with MdMYB1 to regulate
light-induced anthocyanin biosynthesis and red fruit
coloration in apple. Plant Physiol, 2012, 160(2):
1011-1022.

Shin DH, Choi M, Kim K, et al. HY5 regulates
anthocyanin  biosynthesis by inducing the
transcriptional activation of the MYB75/PAP1
transcription factor in Arabidopsis. FEBS Lett, 2013,
587(10): 1543-1547.

Molnéar A, Schwach F, Studholme DJ, et al. miRNAs
control gene expression in the single-cell alga
Chlamydomonas  reinhardtii. Nature, 2007,
447(7148): 1126-1129.

Yang FX, Cai J, Yang Y, et al. Overexpression of



SEE FETESEANETERRANARIER

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

microRNA828 reduces anthocyanin accumulation in
Arabidopsis. Plant Cell, Tissue Organ Cult, 2013,
15(2): 159-167.

Eriksson M, Moseley JL, Tottey S, et al. Genetic
dissection of nutritional copper signaling in
Chlamydomonas distinguishes regulatory and target
genes. Genetics, 2004, 168(2): 795-807.

Gou JY, Felippes FF, Liu CJ, et al. Negative
regulation of anthocyanin biosynthesis in Arabidopsis
by a miR156-targeted SPL transcription factor. Plant
Cell, 2011, 23(4): 1512-1522.

Brodersen P, Voinnet O. The diversity of RNA
silencing pathways in plants. Trends Genet, 2006,
22(5): 268-280.

Morita Y, Saito R, Ban Y, et al. Tandemly arranged
Chalcone synthase A genes contribute to the spatially
regulated expression of SiRNA and the natural bicolor
floral phenotype in Petunia hybrida. Plant J, 2012,
70(5): 739-749.

Woodward G, Kroon P, Cassidy A, et al.
Anthocyanin stability and recovery: implications for
the analysis of clinical and experimental samples. J
Agric Food Chem, 2009, 57(12): 5271-5278.

Xie Y, Sun Y, Huang JR. Anthocyanin modification
in Arabidopsis. Plant Physiol Commun, 2013, 49(2):
101-110 (in Chinese).

R, PNERR, EAkSR. IR IT T AEE R, Al
Yy P43, 2013, 49(2): 101-110.

Luo J, Nishiyama Y, Fuell C, et al. Convergent
evolution in the BAHD family of acyl transferases:
identification and characterization of anthocyanin
acyl transferases from Arabidopsis thaliana. Plant J,
2007, 50(4): 678-695.

Quattrocchio F, Baudry A, Lepiniec L, et al. The
regulation of flavonoid biosynthesis//Grotewold E,
Ed. The Science of Flavonoids. New York: Springer,
2006: 97-122.

Yoshida K, Mori M, Kondo T. Blue flower color
development by anthocyanins: from chemical
structure to cell physiology. Nat Prod Rep, 2009,
26(7): 884-915.

Han YJ, Kim YM, Lee JY, et al. Production of
purple-colored creeping bentgrass using Maize
transcription factor genes Pl and Lc through
Agrobacterium-mediated transformation. Plant Cell

&: 010-64807509

[76]

[77]

[78]

[79]

(80]

[81]

(82]

[83]

[84]

[85]

Rep, 2009, 28(3): 397-406.

Nanjaraj Urs AN, Hu YL, Li PW, et al. Cloning and
expression of a nonribosomal peptide synthetase to
generate blue Rose. ACS Synth Biol, 2019, 8(8):
1698-1704

Holton TA, Brugliera F, Lester DR, et al. Cloning
and expression of cytochrome P450 genes controlling
flower colour. Nature, 1993, 366(6452): 276-279.
Mori S, Kobayashi H, Hoshi Y, et al. Heterologous
expression of the flavonoid 3',5"-hydroxylase gene of
Vinca major alters flower color in transgenic Petunia
hybrida. Plant Cell Rep, 2004, 22(6): 415-421.
Shimada Y, Ohbayashi M, Nakano-Shimada R, et al.
Genetic engineering of the anthocyanin biosynthetic
pathway with flavonoid-3',5’-hydroxylase: specific
switching of the pathway in petunia. Plant Cell Rep,
2001, 20(5): 456-462.

Shao L, Li Y, Yang MZ, et al. Gene expression of
Chalcone synthase a (CHSA) in flower colour
alterations and male sterility in transgenic Petunia.
Acta Bota Sin, 1996, 38(7): 517-524 (in Chinese).
ARAT, R, WRER, SF. ARG RE DR 0 e
KAEAE BB PERY 2. Y= 4k, 1996, 38(7):
517-524.

Nakatsuka T, Mishiba KI, Abe Y, et al. Flower color
modification of gentian plants by RNAi-mediated
gene silencing. Plant Biotechnol, 2008, 25(1): 61-68.
Nishihara M, Nakatsuka T, Hosokawa K, et al.
Dominant inheritance of white-flowered and
herbicide-resistant traits in transgenic gentian plants.
Plant Biotechnol, 2006, 23(1): 25-31.

Nakamura N, Fukuchi-Mizutani M, Miyazaki K, et
al. RNAI suppression of the anthocyanidin synthase
gene in Torenia hybrida yields white flowers with
higher frequency and better stability than antisense
and sense suppression. Plant Biotechnol, 2006, 23(1):
13-17.

Katsumoto Y, Fukuchi-Mizutani M, Fukui Y, et al.
Engineering of the rose flavonoid biosynthetic
pathway successfully generated blue-hued flowers
accumulating delphinidin. Plant Cell Physiol, 2007,
48(11): 1589-1600.

Brugliera F, Tao GQ, Tems U, et al. Violet/blue
chrysanthemums—metabolic engineering of the
anthocyanin biosynthetic pathway results in novel

B<: cjb@im.ac.cn

691




692

ISSN 1000-3061 CN 11-1998/Q A4 T #2244t Chin J Biotech

[86]

[87]

(88]

[89]

[90]

[91]

[92]

[93]

[94]

petal colors. Plant Cell
1696-1710.

Noda N, Yoshioka S, Kishimoto S, et al. Generation
of blue Chrysanthemums by anthocyanin B-ring
hydroxylation and glucosylation and its coloration
mechanism. Sci Adv, 2017, 3(7): e1602785.

Qi YY, Lou Q, Quan YH, et al. Flower-specific
expression of the Phalaenopsis flavonoid 3,
5'-hydoxylase modifies flower color pigmentation in
Petunia and Lilium. Plant Cell, Tissue Organ Cult,
2013, 115(2): 263-273.
Qi YY, Du LJ
Agrobacterium-mediated
embryogenic cell suspension cultures and plant
regeneration in Lilium tenuifolium orientalxtrumpet
‘Robina’. Acta Physiol Plant, 2014, 36(8):
2047-2057.

Nakatsuka T, Saito M, Yamada E, et al. Isolation and
characterization of GtMYBP3 and GtMYBP4,
orthologues of R2R3-MYB transcription factors that
regulate early flavonoid biosynthesis, in gentian
flowers. J Exp Bot, 2012, 63(18): 6505-6517.
Nakatsuka T, Yamada E, Saito M, et al. Heterologous
expression of gentian MYBI1R transcription factors
suppresses anthocyanin pigmentation in tobacco
flowers. Plant Cell Rep, 2013, 32(12): 1925-1937.
Van Der Krol AR, Lenting PE, Veenstra J, et al. An
anti-sense chalcone synthase gene in transgenic
plants inhibits flower pigmentation. Nature, 1988,
333(6176): 866-869.

Jiang WZ, Zhou HB, Bi HH, et al. Demonstration of
CRISPR/Cas9/sgRNA-mediated targeted gene
modification in Arabidopsis, tobacco, sorghum and
rice. Nucleic Acids Res, 2013, 41(20): 188.

Puchta H. Applying CRISPR/Cas for genome
engineering in plants: the best is yet to come. Curr
Opin Plant Biol, 2017, 36: 1-8.

Watanabe K, Kobayashi A, Endo M, et al.
CRISPR/Cas9-mediated  mutagenesis  of  the

Physiol, 2013, 54(10):

Quan YH, et al
transformation of

http://journals.im.ac.cn/cjbcn

[95]

[96]

[97]

(98]

[99]

[100]

[101]

dihydroflavonol-4-reductase-B (DFR-B) locus in the
Japanese morning glory Ipomoea (Pharbitis) nil. Sci
Rep, 2017, 7(1): 10028.

Noda N, Aida R, Kishimoto S, et al, Akemi O.
Genetic  engineering  of bluer-colored
chrysanthemums produced by accumulation of
delphinidin-based anthocyanins. Plant Cell Physiol,
2013, 54(10): 1684-1695.

Butelli E, Titta L, Giorgio M, et al. Enrichment of
tomato fruit with health-promoting anthocyanins by
expression of select transcription factors. Nat
Biotechnol, 2008, 26(11): 1301-1308.

Ohno S, Hosokawa M, Kojima M, et al. Simultaneous
post-transcriptional gene silencing of two different
chalcone synthase genes resulting in pure white
flowers in the octoploid dahlia. Planta, 2011, 234(5):
945-958.

Wang Y. New materia medica project: synthetic
biology based bioactive metabolites research in
medicinal plant. Chin J Biotech, 2017, 33(3):
478-485 (in Chinese).

F B BRI ——I TG AR W B 2 A
Vs A T T, AR TR, 2017, 33(3):
478-485.
Santos

novel

CNS, Koffas M, Stephanopoulos G.
Optimization of a heterologous pathway for the
production of flavonoids from glucose. Metab Eng,
2011, 13(4): 392-400.

Chemler JA, Fowler ZL, McHugh KP, et al.
Improving NADPH availability for natural product
biosynthesis in Escherichia coli by metabolic
engineering. Metab Eng, 2010, 12(2): 96-104.

Zou LQ, Wang CX, Kuang XJ, et al. Advance in
flavonoids biosynthetic pathway and synthetic
biology. China J Chin Meter Med, 2016, 41(22):
4124-4128 (in Chinese).

AREEEk, ERE, EEHE, . SR IE Y-S
WA R A AR R . 244Gk, 2016,
41(22): 4124-4128.

(B35 BRET)



