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Abstract: Anthocyanins and betalains are both natural water-soluble pigments with similar distribution and
functions in plants. Anthocyanins is a type of phenylalanine-derived pigment, and the betalains is a tyrosine-
derived pigment that contains the chromophore betalamic acid. Anthocyanins are widely distributed in plants, but
in Caryophyllaceae plants, betalains present instead of anthocyanins. It is worth attention that anthocyanins and
betalains have never been found in the same plant at the same time. This mutual exclusion may be raised by
accident in evolution, or the co-existence of both pigments would bring troubles in plant survival. This article
reviewed and discussed the general characters of anthocyanins and betalains, the biosynthetic pathways and their
regulations, the cases of induced co-existence of the two pigments, and the possible reasons for the mutual
exclusion between the two pigments. In addition, the possible mechanism of the mutual repulsion of the two
pigments, the research focuses for the future, and the possible application value in molecular breeding are also
prospected. The purpose of this article is to better understand the relationship between anthocyanins and betalains
through the review and prospect of previous studies, reveal the mechanisms for their mutual exclusion, as well
as provide new ideas and methods for research and application in related fields.
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Fig.1 Displayed formula of anthocyanins and betalains
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Table 1 Anthocyanins and betalains plants
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L] HHER AEROER SEICR | MY HHER  ABRER 2%
Plants Anthocyanins Betalains References|| Plants Anthocyanins Betalains References
HAFGIT Arabidopsis thaliana + [12] —fff§ Bougainvillea glabra + [22]
JH® Nicotiana tabacum + [13] LLORF Mirablis jalapa + [23]
%4t Dendranthema grandiflora + [14] W5EAE Celosia cristata L. + [24]
WEZE: Petunia hybrida + [15] T-HZL Gomphrena globosa + [25]
HZ= Rosa chinensis + [16] | &ZE Beta vulgaris + [26]
W% Vitis vinifera L. + [17] || ZLRAU N Opuntia ficus-indica + [27]
FETAE& Dianthus caryophyllus + [18] |l A% Opuntia dillenii + [28]
BRI 2E Silene dioica + [19] hHHE Suaeda salsa + [29]
SRR, Molluginaceae + [20] W Amaranthus mangostanus + [30]
PRkl Phytolacca americana + [21] KR Stenocereus pruinosus + [31]
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+:Represents the presence of corresponding pigments in plants
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ZA R R B B ML Ee Bk 4B T8 Nl 3R
ZFU(E2B)



61 B AL RS 0K BRI kR 1519

Shikimate
pathway

PAL/C4H/4CL

Malonyl-CoA  4-coumaroyl-CoA

lANS/LDOX lANS/LDOX

Delphinidin

CHS

Chalcone

lCHI

Naringenin

F3H

Dihydrokaempferol
F3'H F3'5'H
Dihydroquercetin DFR Dihydromyricetin
lDFR DFR

Leucocyanidin Leucopelargonidin Leucodelphinidin

lANS/LD

—P S
Stimulation of
enzyme activity

------ e EET
Stimulation of
gene expression

— s
Feedback inhibition loop

—p O

Synthesis step

Betacyanins
Betaxanthins

Betanin

VACUOLE

AEHFED A REED B A F A AR C. R RG R i 6T AR

[57],
9

A: Anthocyanins biosynthesis pathway'*'; B: Betalains biosynthesis pathway

C: Upstream shikimate pathway'®*’; Enzymes are indicated in blue text
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Fig.2 Anthocyanins and betalains biosynthesis pathway
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1, oA i Ak i 5 — 2 SO ) PDT/ADT 1 PDH/
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Me3E 52 5774 Phe A1 Tyr (9 SBlil  (&] 2C) .
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MR bRk X e R R W] 2/ 0AE LDOX TS PEBY B
WHRZIBEYIRRIER (6T 2 9 H R v fE R 5 B 5L
(N 3-O-GT, anthocyanidin 3-O-GT/5) 3%k 5 F| 4]
Tl SFE ™ SR, A BRI R RS R ERIE
ANTE A e R B A R 1R 3 PR i 2k 18 L1
AN  WFRE R A 7T B RER AR Y CYP7614
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Fig.3 Regulation of anthocyanin and
betalains biosynthesis
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AL YL AE M 5 Hp B4 T BpCYP76A4D1 . BpDODAI Fl
MjcDOPASGT B i ik , R IUAE 5 d W IR L X 5§
P 2L EATTTE , TSI A& BUAE 520~534 nm AL A
WS UE AT TR AL R A A

Zr bk, BAR AR IR R SRR AR
e R —AE Y R AN S A7 BT DL 3 A A 9 24 4
AR VEEESROR N ED A BGER S I AT LT R
o, TN A U2t R LA A bR . LAk, 55
VR A PRI R 0 A IS A & S AR s Ak 3
AT BB ME T 2B B BT A 38 0 el
S0 R AP I RHTR IR , LA R AEAEY P b R X
LA .

5 BRS5RZ

R B O FOR RN E R, B 2y
Al iy R R AR Gl SR AT ML 2R S A T2 N .
TEMIY A IR TR TR 42 2y e (4% . 3

PRI AR A IS IR B T R AT 2 B2 A
YRR S R, 3T BRI — ER
TE] AT <,

HRAE T ABIFST 25 R, A SC R B R B 2R
AR T RESE IR LS M LUR 3451 - (1) n] BEAFAE
YIS 4 BRI A A2 3, U Phe A Tyr & &8¢
G ADH Al ADT 76 6 # 1% o R 35 1 3 30
AT 5 (2) W5 A R A8 v AR il O R 32 56
T ER, WAL R A OGN ANS s i
KA W CE L DODA W RE LR ; (3) A ik
2 rp S B N T MBW & SR A 45 , i R2R3-
MYB %t [H BvMYBI 516 2 A BAH ¢ bHLH AH B
VEFBRFER B

SRR P AT T RS, (R A ey
AP ARG . a0, AR ED AR 2
2N A L[] K R Ol ff R L R HLBR BRI T AR A
g THFPEG

PG SERFFE R, AT LA RL R JLAN 5 TR JR A 26
WF5E : (1) %58 77 B vh ADH T N EAE 75 Z AW
RIS ORI Y P R B R BIER & AR
s RE 5 (2) WFFE R ] LR B SR R A i 1
KHEFEN DODATEAE T RHY A TIIEE, IR
JE s I BB ) SR o5 28 5, X H G BRAY  EA 7 [m]
R e, MR AR KR B R ; (3) %8
FE ) Hp R 75 A7 R — B3 ) Y5 A 5 S B S R 1
WMYBL & 15 Al E A6 T 2 A A 2 A b Rl A
EEHEER; (OPERG GG, 2EH A
[Fi) 2% 53 K MBW 2553 Bl 2 0 P 3 7 A AN [
(R A0 BRI, DA TR 1) 5% Tl A

IXSERFSE I R by f R (A R B R AL B E
16T 2R R R IAE 0 4 A6 5 Bl K T & fE
YIRIR R AR O F ARSI . Fe R i KAk
O ETE TN Y & AT

SE 3k

[1] FuZzZ, Shang H Q, Jiang H, Gao J, Dong X Y, Wang H J,
LiYM, Wang LM, ZhangJ, ShuQY, ChaoYC, XuML,
Wang R, Wang L S, Zhang H C. Systematic identification of
the light-quality responding anthocyanin synthesis-related
transcripts in petunia petals. Horticultural Plant Journal, 2020,
6 (6):428-438

[2] XulL, Tian Z Z, Chen H, Zhao Y M, Yang Y. Anthocyanins,

anthocyanin-rich berries, and cardiovascular risks: Systematic

review and meta-analysis of 44 randomized controlled trials

and 15 prospective cohort studies. Frontiers in Nutrition,

2021, 8:747884



6 A MR R IR O R TR ML e 1523
[3]  Swathi S, Rukaiah F B, Ankul S S, Chitra V. Anthocyanin as dimalonyl-beta-glucopyranoside) as a flower pigment of

(4]

[5]

[6]

(7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

a therapeutic in Alzheimer’ s disease: A systematic review of
preclinical evidences. Ageing Research Reviews, 2022, 76:
101595

RO R , SRR . AEWAL (O A= 46 RG2S 1) 020 i 2R 4 BIF
SRk . PEAUAE YA, 2007, 27 (8):1695-1701

Zhao C L, Guo H C. Research advances in the subcellular
organization of the enzymes

catalyzing anthocyanins

bioynthesis Acta Botanica Boreali-
Occidentalia Sinica, 2007, 27 (8):1695-1701

KA, BTESE, WA YOI ORI BT S R A
Pt e liaEa, 2021, 22 (2):293-303

Zhang L, Cao D M, Hu J J. Advance of the regulation

in higher plants.

mechanism of leaf color formation in plants. Journal of Plant
Genetic Resources, 2021, 22 (2):293-303

Rodriguez-Amaya D B. Update on natural food pigments-A
mini-review on carotenoids, anthocyanins, and betalain. Food
Research International, 2019, 124:200-205

THAL, XI5, TR, R, BTSR AER AR NEY S
IR H AR e eh I A2 TR 2R A, 2018, 38 (8):
84-91

Yu S L, Liu X, Zhang ZY, Yu HJ, Zhao G R. Advances in
the biosynthesis and metabolic regulation of betalains. China
Biotechnology, 2018, 38 (8):84-91

Imamura T, Koga H, Higashimura Y, Isozumi N, Matsumoto
K, Ohki S, Mori M. Red-beet betalain pigments inhibit
amyloid- f aggregation and toxicity in amyloid- § expressing
caenorhabditis elegans. Plant Foods for Human Nutrition,
2022, 77 (1):90-97

Brockington S F, Walker R H, Glover B J, Soltis P S, Soltis
D E. Complex pigment evolution in the Caryophyllales. New
Phytologist, 2011, 190 (4) :854-864

Timoneda A, Feng T, Sheehan H. The evolution of betalain
biosynthesis in Caryophyllales. New Phytologist, 2019, 224
(1):71-85

Carreon-Hidalgo J P, Franco-Vasquez D C, Gémez-Linton D
R, Pérez-Flores L J. Betalain plant sources, biosynthesis,
extraction, stability enhancement methods, bioactivity, and
applications. Food Research International, 2022, 151:110821
Yonekura-Sakakibara K, Fukushima A, Nakabayashi R,
Hanada K, Matsuda F, Sugawara S, Inoue E, Kuromori T,
Ito T, Shinozaki K, Wangwattana B, Yamazaki M, Saito K.
Two glycosyltransferases involved in anthocyanin modification
delineated by transcriptome independent component analysis in
Arabidopsis thaliana. Plant Journal, 2012, 69 (1):154-167
IV, AR, ok, U R R A R R A
HAETT RATI T M, 2011, 46 (2):189-196
SunY, Li H, Wang L S, Dai S L. Rapid, effective method for
anthocyanin analysis in tobacco corolla. Bulletin of Botany,
2011, 46 (2):189-196
Nakayama M, Koshioka M, Shibata M, Hiradate S,
Yamaguchi M A. Identification of cyanidin 3-o- (3", 6" -o-

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[26]

chrysanthemum (Dendranthema grandiflorum). Bioscience
Biotechnology and Biochemistry, 1997, 61 (9):1607-1608
Aerts J. Isolation of vacuoles from the upper epidermis of
Petunia hybrida petals. i. a comparison of isolation procedures.
Zeitschrift fiir Naturforschung C, 1985, 40 (3-4):189-195
Rathod P I, D'Mello P M. Evaluation of antioxidant activity of
anthocyanins. Indian Drugs, 2006, 43 (8):660-664

Baldi A, Romani A, Mulinacci N, Vincieri F F, Casetta B.
HPLC/MS application to anthocyanins of Vitis vinifera L..
Journal of Agricultural and Food Chemistry, 1995, 43 (8) :
2104-2109

Yamaguchi M A, Terahara N, Kakehi M, Shizukuishi K I.
Identification and distribution of a new anthocyanin in purplish-
red flowers of carnation, Dianthus caryophyllus L.. Engei
Gakkai zasshi, 1988, 57 (1):91-100

Kamsteeg J, Brederode J V, Kuppers F, Nigtevecht G V.
Anthocyanins isolated from petals of various genotypes of the
red campion (Silene dioica (1.) clairv.). Zeitschrift fiir
Naturforschung C, 1978, 33 (7):475-483

Gandia-Herrero F, Garcia-Carmona F. Biosynthesis of
betalains: Yellow and violet plant pigments. Trends in Plant
Science, 2013,18 (6):334-343

Jerz G, Skotzki T, Fiege K, Winterhalter P, Wybraniec S.
Separation of betalains from berries of Phytolacca americana
by ion-pair counter-current
Journal of Chromatography A, 2008, 1190 (1-2):63-73
BRIRLE, XU, PhAE, SRR MR RS E RS
TP MR O B R Z AR R L . PR LA A, 2022, 42
(4):0646-0655

Zhong X Y, Liu S, Sun R, Zhang Y. Screening of blue

high-speed chromatography.

transgenic receptor varieties in Bougainvillea spectabilis based
on the analysis of color parameters and pigment content. Acta
Botanica Boreali-Occidentalia Sinica, 2022, 42 (4) : 0646-
0655
Gandia-Herrero F, Garcia-Carmona F, Escribano J.
Fluorescent pigments: New perspectives in betalain research
and applications. Food Research International, 2005, 38 (8-9):
879-884

Lystvan K, Kumorkiewicz A, Szneler E, Wybraniec S. Study
on betalains in Celosia cristata Linn. callus culture and
identification of new malonylated amaranthins. Journal of
Agricultural and Food Chemistry, 2018, 66 (15):3870-3879
Roriz C L, Heleno S A, Carocho M, Rodrigues P, Pinela J,
Dias M I, Fernandes I P, Barreiro M F, Morales P, Barros L,
Ferreira I C F R. Betacyanins from Gomphrena globosa L.
flowers: Incorporation in cookies as natural colouring agents.
Food Chemistry, 2020, 329:127178

Skalicky M, Kubes J, Shokoofeh H, Tahjib-Ul-Arif M,
Vachova P, Hejnak V. Betacyanins and betaxanthins in
cultivated varieties of Beta vulgaris L. compared to weed beets.
Molecules, 2020, 25 (22):5395



1524 LN 7/ G N A G S 24 %
[27] Tutone M, Virzi A, Almerico A M. Reverse screening on leaves of Disphyma australe. New Phytologist, 2015, 207

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

indicaxanthin from Opuntia ficus-indica as natural chemoactive
and chemopreventive agent. Journal of Theoretical Biology,
2018, 455:147-160

Betancourt C, Cejudo-Bastante M J, Heredia F J, Hurtado N.
Pigment composition and antioxidant capacity of betacyanins
and betaxanthins fractions of Opuntia dillenii (Ker Gawl) Haw
cactus fruit. Food Research International, 2017,101:173-179
Wang C Q, Zhao J Q, Chen M, Wang B S. Identification of
betacyanin and effects of environmental factors on its
accumulation in halophyte Suaeda salsa. Journal of Plant
Physiology and Molecular Biology, 2006, 32 (2):195-201
Cao S, Liu T, Jiang Y, He S, Harrison D K, Joyce D C. The
effects of host defence elicitors on betacyanin accumulation in
Amaranthus mangostanus seedlings. Food Chemistry, 2012,
134 (4):1715-1718

Garcia-Cruz L, Valle-Guadarrama S, Soto-Hernandez R M,
Guerra-Ramirez D, Zuleta-Prada H, Martinez-Damian M T,
Ramirez-Valencia Y D. Separation of pitaya (Stenocereus
pruinosus) betaxanthins, betacyanins, and soluble phenols
through multistage aqueous two-phase systems. Food and
Bioprocess Technology, 2021, 14:1791-1804

Jain G, Gould K S. Are betalain pigments the functional
homologues of anthocyanins in plants? Environmental and
Experimental Botany, 2015, 119:48-53

Naing A H, Kim C K. Abiotic stress-induced anthocyanins in
plants: Their role in tolerance to abiotic stresses. Physiologia
Plantarum, 2021, 172 (3):1711-1723

Hanumappa M, Choi G, Ryu S, Choi G. Modulation of
flower colour by rationally designed dominant-negative
chalcone synthase. Journal of Experimental Botany, 2007, 58
(10):2471-2478

Henarejos E P, Guadarrama F B, Guerrero R M, Goémez-
Pando L R, Garcia C F, Gandia-Herrero F. Development of
betalain producing callus lines from colored quinoa varieties
(Chenopodium quinoa Willd). Journal of Agricultural and
Food Chemistry, 2018, 66 (2):467-474

Cirillo V, D'Amelia V, Esposito M, Amitrano C, Carillo P,
Carputo D, Maggio A. Anthocyanins are key regulators of
drought stress tolerance in tobacco. Biology, 2021, 10
(2):139

KimJ, Lee WJ, Vu T T, Jeong CY, Hong S W, Lee H.
High accumulation of anthocyanins via the ectopic expression
of AtDFR confers significant salt stress tolerance in Brassica
napus L.. Plant Cell Reports, 2017, 36:1215-1224

Li X, Ouyang X, Zhang Z, He L, Wang Y, Li Y, Zhao J,
Chen Z, Wang C, Ding L, Pei Y, Xiao Y. Over-expression of
the red plant gene R/ enhances anthocyanin production and
resistance to bollworm and spider mite in cotton. Molecular
Genetics and Genomics, 2019, 294 (2):469-478

Jain G, Schwinn K E, Gould K S. Betalain induction by L-

DOPA application confers photoprotection to saline-exposed

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

(4):1075-1083

Jain G, Gould K S. Functional significance of betalain
biosynthesis in leaves of Disphyma australe under salinity
stress. Environmental and Experimental Botany, 2015, 109:
131-140

Zhang Y, Butelli E, De S R, Schoonbeek H J, Magusin A,
Pagliarani C, Wellner N, Hill L, Orzaez D, Granell A, Jones
J D G, Martin C. Anthocyanins double the shelf life of
tomatoes by delaying overripening and reducing susceptibility
to gray mold. Current Biology, 2013, 23 (12):1094-1100
Polturak G, Grossman N, Vela-Corcia D, Dong Y H, Nudel
A, Pliner M, Levy M, Rogachev I, Aharoni A. Engineered
gray mold resistance, antioxidant capacity, and pigmentation
in betalain-producing crops and ornamentals. Proceedings of
the National Academy of Sciences of the United States of
America, 2017, 114 (34):9062-9067

MaYY, Ma X, Gao X, Wu W L, Zhou B. Light induced
regulation pathway of anthocyanin biosynthesis in plants.
International Journal of Molecular Sciences, 2021, 22 (20) :
11116

Feng X, Gao G, Yu C, Zhu A, Chen J, Chen K, Wang X,
Abubakar A S, Chen P. Transcriptome and metabolome
analysis reveals anthocyanin biosynthesis pathway associated
(Boehmeria nivea (L.) Gaud.)
formation. BMC Genomics, 2021, 22 (1):684
XNF, ke R, skep e, O S, KA. 2K i KT
(ERFs) TERLHIAETE RGO R I . R A% B i
#2, 2023, 24 (3):615-623

Liu J, Zhang H L, Zhang Z H, Zhao Y N, Zhang J P. The

with ramie leaf color

regulation of ethylene responsive factors (ERFs) in plant
anthocyanin synthesis. Journal of Plant Genetic Resources,
2023, 24 (3):615-623

BONE, WL, SR, EAEE, W52, LM, &k, THER,
FIL, DHZL . %6 % E AT R AW A UM G
microRNAs 7 JH0 JE [ 32 3% 43 Br . 4 W) 382 1% B8 I 4l
2022, 23 (6):1856-1866

Wu X J, Xie R, WuJ, Wang P J, Hu M, Jiang C, Meng T,
Yu J L, Zheng Z F, Ma Y H. Expression analysis of
anthocyanin biosynthesis related micrornas and their target
genes in potato. Journal of Plant Genetic Resources, 2022, 23
(6): 1856-1866

Gonzalez A, Zhao M, Leavitt ] M, Lloyd A. Regulation of the
anthocyanin biosynthetic pathway by the TTG1/bHLH/Myb
transcriptional complex in Arabidopsis seedlings. The Plant
Journal, 2008, 53 (5):814-827

Lin R C, Rausher M D. R2R3-MYB genes control petal
pigmentation patterning in Clarkia gracilis ssp. sonomensis
(Onagraceae). New Phytologist, 2021, 229:1147-1162

JiuS T, Guan L, Leng X P, Zhang K K, Haider M S, Yu X,
Zhu X D, Zheng T, Ge M Q, Wang C, Jia H F, Shangguan L
F, Zhang C X, Tang X P, Abdullah M, Javed H U, Han J,



6

BOGESE HYIEE R QR RO

1525

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

Dong Z G, Fang J G. The role of V'wMYBA2r and VvMYBA2w
alleles of the MYBA2 locus in the regulation of anthocyanin
biosynthesis for molecular breeding of grape (Vitis spp.) skin
coloration. Plant Biotechnology Journal, 2021, 19 (6):1216-
1239

Flores P C, Yoon J S, Kim D Y, Seo Y W. Transcriptome
analysis of MYB genes and patterns of anthocyanin
accumulation during seed development in wheat. Evolutionary
Bioinformatics, 2022, 18:1-12

Kim J, Kim D H, Lee J Y, Lim S H. The R3-Type MYB
transcription factor BrMYBL2.1 negatively regulates
anthocyanin biosynthesis in Chinese cabbage (Brassica rapa
L.) by repressing MYB-bHLH-WD40 complex activity.
International Journal of Molecular Sciences, 2022, 23:3382
Liu XK, DuanJJ, Huo D, LiQ Q, Wang QY, Zhang Y L,
Niu L X, Luo J R. The Paeonia giui R2R3-MYB transcription
factor ~ PgMYBI13  positively  regulates  anthocyanin
accumulation in Arabidopsis thaliana and tobacco. Frontiers in
Plant Science, 2022, 12:810990

FanZY, ZhaiY L, Wang Y, Zhang L, Song MY, Flaishman
M A, Ma H Q. Genome-wide analysis of anthocyanin
biosynthesis regulatory WD40 gene FcTTG1 and related family
in Ficus carica L.. Frontiers in Plant Science, 2022, 13:948084
Rajput R, Naik J, Stracke R, Pandey A. Interplay between
R2R3 MYB-type activators and repressors regulates
proanthocyanidin biosynthesis in banana (Musa acuminate).
New Phytologist, 2022, 236 (3):1108-1127

Zhang L L, Yan L, Zhang C, Kong X, Zheng Y Q, Dong L.
Glucose supply induces PsMYB2-mediated anthocyanin
accumulation in Paeonia suffruticosa 'Tai Yang' cut flower.
Frontiers in Plant Science, 2022, 13:874526

Chaves-Silva S, Santos A L D, Chalfun-Jinior A, Zhao J,
Peres L E P, Benedito V A. Understanding the genetic
regulation of anthocyanin biosynthesis in plants-tools for
breeding purple varieties of fruits and
Phytochemistry, 2018, 153:11-27

Wang M M, Lopez-Nieves S, Goldman I L, Maeda H A.

vegetables.

Limited tyrosine utilization explains lower betalain contents in
yellow than red table beet genotypes. Journal of Agricultural
and Food Chemistry, 2017, 65 (21):4305-4313

Galili G, Amir R, Fernie A R. The regulation of essential
amino acid synthesis and accumulation in plants. Annual
Review of Plant Biology, 2016, 67:153-178
Khan M I, Giridhar P. Plant betalains:
biochemistry. Phytochemistry, 2015, 117:267-295

Bean A, Sunnadeniya R, Akhavan N, Campbell A, Brown
M, Lloyd A. Gain-of-function mutations in beet DODA2

Chemistry and

identify key residues for betalain pigment evolution. New
Phytologist, 2018, 29 (1):287-296

Qin Y H. A genome-wide identification study reveals that
HmoCYP764D1, HmoDODAol and HmocDOPASGT involved
in betalain biosynthesis in hylocereus. Genes, 2021, 12 (12):

[62]

[63]

[64]

[65]

[66]

[67]

[69]

1858

Cheng M N, Huang Z J, Hua Q Z, Shan W, Kuang J F, Lu
W J, Qin Y H, Chen J Y. The WRKY transcription factor
HpWRKY44 regulates CytP450-likel expression in red pitaya
fruit (Hylocereus polyrhizus). Horticulture Research, 2017, 4
(1):192-200

Hatlestad G J, Akhavan N A, Sunnadeniya R M, Elam L,
Cargile S, Hembd A, Gonzalez A, McGrath ] M, Lloyd A M.
The beet Y locus encodes an anthocyanin MYB-like protein
that activates the betalain red pigment pathway. Nature
Genetics, 2015, 47 (1):92-96

Zhang LL, Chen C B, Xie F F, Hua Q Z, Zhang Z K, Zhang
R, ChenJ Y, Zhao J T, Hu G B, Qin Y H. A novel WRKY
transcription factor HmoWRKY40 associated with betalain
biosynthesis in Pitaya (Hylocereus monacanthus) through
regulating HmoCYP76A4D]1. International Journal of Molecular
Sciences, 2021, 22 (4):2171

WALAE, XA, P, e, ARDE, SRS, FRASL, R
T, O, RERR, BRI, MU . DESRANSRLL R A A
SE AmMYBI 1 e Ko 3k 04T . PEALA Y # 4L, 2016, 36
(6):1080-1090

XieLY, LiuSC, BaiY, LiuY, Lin M, Cai S L, Zheng X
L, Xie X Q, Feng X, Cheng C Z, Chen Y K, Lai Z X.
Cloning and expression analysis of Dbetalain-related
transcription factor gene AmMYBI1 in Amaranthus tricolor L..
Acta Botanica Boreali-Occidentalia Sinica, 2016, 36 (6) :
1080-1090

D s, o, IV, EE, B, FATT, B, B
5, R, X AR . T 3 R RIS £ 3R AR A 06 A K]
AmMYB2 W 32155 R M . Bl 22441, 2019, 46 (3) -
473-485

Peng LY, Wang Y, Sun X L, Wang X, Zhao C L, Wang C
Q, Xiang L L, Chen J L, Lai Z X, Liu S C. Expression and
functional analysis of AmMYB2 related to betalain metabolism
of Amaranthus tricolor. Acta Horticulturae Sinica, 2019, 46
(3):473-485

ERA, FA&%, M UE, T, 2R X e 5 HpERF1/2/3 %
SF D (4 1 K % HpCytP450-likel Y 145 . 68 5500 T,
2018, 18 (1):32-40

Ba L J, Luo D L, Dai W J, Wang R. Molecular
characterization of Hylocereus polyrhizus transcription factors
HpERF1/2/3 and their regulation on HpCytP450-like 1. Storage
and Process, 2018, 18 (1):32-40

Maeda H, Shasany A K, Schnepp J, Orlova I, Taguchi G,
Cooper B R, Rhodes D, Pichersky E, Dudareva N. RNAi
suppression of arogenate dehydratasel reveals that
phenylalanine is synthesized predominantly via the arogenate
pathway in petunia petals. The Plant Cell, 2010, 22 (3) :
832-849

Maeda H, Dudareva N. The shikimate pathway and aromatic
amino acid biosynthesis in plants. Annual Review of Plant

Biology, 2012, 63 (1):73-105



1526 N7/ B A S S S 24 %
[70] Chen Q B, Man C, Li D N. Arogenate dehydratase isoforms 1290-1298
differentially regulate anthocyanin biosynthesis in Arabidopsis [82] Shimada S, Otsuki H, Sakuta M. Transcriptional control of

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

thalian. Molecular Plant, 2016, 9 (12):1609-1619

Galili G, Amir R, Fernie A R. The regulation of essential
amino acid synthesis and accumulation in plants. Annual
Review of Plant Biology, 2016, 67:153-178

Nair P M, Vining L C. Phenylalanine hydroxylase from
spinach leaves. Phytochemistry, 1965, 4 (3):401-411

Pribat A, Noiriel A, Morse A M, Davis J M, Fouquet R,
Loizeau K, Ravanel S, Frank W, Haas R, Reski R, Bedair
M, Sumner L W, Hanson A D. Nonflowering plants possess a
unique folate-dependent phenylalanine hydroxylase that is
localized in chloroplasts. The Plant Cell, 2010, 22 (10):3410-
3422

Rippert P, Matringe M. Purification and kinetic analysis of the
two recombinant arogenate dehydrogenase isoforms of
Arabidopsis thaliana. European Journal of Biochemistry,
2002, 269 (19):4753-4761

Legrand P, Dumas R, Seux M, Rippert P, Ravelli R, Ferrer J
L, Matringe M. Biochemical characterization and crystal
structure of synechocystis arogenate dehydrogenase provide
insights into catalytic reaction. Structure, 2006, 14 (4) :
767-776

Lopez-Nieves S, Yang Y, Timoneda A, Wang M M, Feng T,
Smith S A, Brockington S F, Maed H A. Relaxation of
tyrosine pathway regulation underlies the evolution of betalain
pigmentation in Caryophyllales. New Phytologist, 2017, 217
(2):896-908

Yang W H, Peng T, Li T G, Cen J R, Wang J. Tyramine and
tyrosine decarboxylase gene contributes to the formation of
cyanic blotches in the petals of pansy (Violaxwittrockiana).
Plant Physiology and Biochemistry, 2018, 127:269-275
Shimada S, Inoue Y T, Sakuta M. Anthocyanidin synthase in
non-anthocyanin-producing  Caryophyllales Plant
Journal for Cell and Molecular Biology, 2005, 44 (6) :
950-959

XuS X, HuangQY, LinC S, Lin L X, Zhou Q, Lin F C,

species.

He E M. Transcriptome comparison reveals candidate genes
responsible for the betalain-/anthocyanidin-production in
bougainvilleas. Functional Plant Biology, 2016, 43 (3) :
278-286

&R . = O (Violaxwittrockiana) WP 4, 5- 22 L ME — 000
AR HE A A vE R M RIR AT T 1 iR R, 2017

Li T G. Cloning and expression analysis of DOPA 4, 5-
dioxygenase extradiol in Violaxwittrockiana Gams. Haikou:
Hainan University, 2017

Shimada S, Takahashi K, Sato Y, Sakuta M. Dihydroflavonol
4-reductase cDNA from non-anthocyanin-producing species in
the Caryophyllales. Plant Cell Physiology, 2004, 45 (9) :

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

anthocyanin biosynthetic genes in the Caryophyllales. Journal
of Experimental Botany, 2007, 58 (5):957-967

Polturak G, Heinig U, Grossman N, Battat M, Leshkowitz
D, Malitsky S, Rogachev I, Aharoni A. Transcriptome and
metabolic profiling provides insights into betalain biosynthesis
and evolution in Mirabilis jalapa. Molecular Plant, 2018, 11
(1):189-204

Brockington S F, Yang Y, Gandia-Herrero F, Covshoff S,
Hibberd ] M, Sage R F, Wong G K, Moore M J, Smith S A.
Lineage-specific gene radiations underlie the evolution of novel
betalain pigmentation in Caryophyllales. New Phytologist,
2015, 207 (4):1170-1180

Sakuta M, Tanaka A, Iwase K, Miyasaka M, Ichiki S, Hatai
M, Inoue Y T, Yamagami A, Nakano T, Yoshida K, Shimada
S. Anthocyanin synthesis potential in betalain-producing
Caryophyllales plants. Journal of Plant Research, 2021, 134:
1335-1349

Schliemann W, Strack K D. The decisive step in betaxanthin
biosynthesis is a spontanecous reaction. Plant Physiology,
1999, 119 (4):1217-1232

Harris N N, Javellana J, Davies K M, Lewis D H, Jameson P
E, Deroles S C, Calcott K E, Gould K S, Schwinn K E.
Betalain production is possible in anthocyanin-producing plant
species given the presence of DOPA-dioxygenase and L-
DOPA. BMC Plant Biology, 2012, 12 (1):34

Nakatsuka T, Yamada E, Takahashi H, Imamura T, Suzuki
M, Ozeki Y, Tsujimura I, Saito M, Sakamoto Y, Sasaki N,
Nishihara M. Genetic engineering of yellow betalain pigments
beyond the species barrier. Scientific Reports, 2013, 3:1970
Sunnadeniya R, Bean A, Brown M, Akhavan N, Hatlestad
G, Gonzalez A, Symonds V V, Lloyd A. Tyrosine
hydroxylation in betalain pigment biosynthesis is performed by
Cytochrome P450 enzymes in beets (Beta vulgaris). PLoS
ONE, 2016, 11 (2):¢0149417

Polturak G, Breitel D, Grossman N, Sarrion-Perdigones A,
Weithorn E, Pliner M, Orzaez D, Granell A, Rogachev I,
Aharoni A. Elucidation of the first committed step in betalain
biosynthesis enables the heterologous engineering of betalain
pigments in plants. New Phytologist, 2016, 210:269-283

He Y B, Zhang T, Sun H, Zhan H D, Zhao Y D. A reporter
for noninvasively monitoring gene expression and plant
transformation. Horticulture Research, 2020, 7 (1) :802-805
Sho O, Rikako M, Motoaki D. Post-transcriptional gene
silencing of CYP76A4D controls betalain biosynthesis in bracts
of bougainvillea. Journal of Experimental Botany, 2021, 72
(20):6949-6962



