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1) 7K1 1 EAE A R BE R i 2 7 D3 b & ot o JR 4, “x” R 3L B G 2 T Bz R p gt . XTI AZ TR T S W T . ACE(GA-
CACGTATG /CTAACGTATT ); AT 1-motif (AATTATTTTTTATT ); ATC-motif (AGTAATCT ); ATCT-motif (AATCTAATCC ); Box 4(AT-
TAAT ); chssCMAla ( TTACTTAA ); GAG (AGAGAGT); GATA -motif ( AAGATAAGATT /AAGGATAAGG ); G-box ( HACGTG/
CACGTH/CACGAC/TCCACATGGCA ); GC-motif ( CCCCCG)H; GT1 (GGTTAA/TTTTTC/GAAAAA/TTAACC ); T-box ( TTATC /
GATAA ) ; LAMP-element (CTTTATCA ); MRE (AACCTAA); Spl (GGGCGGB) 3 TCCC (AGGGAGA/TCTCCCT) 3 TCT-motif (TCTTAC) ;
2)MEP: F1 5L R SRR 4-BERR ; DMAPP AR T3 B — 852 ; IPP . 52 4% R B R ; DHAP: 88 2N, 1) The horizontally listed white boxes repre-
sent the promoter regions containing the light binding sites. The number of binding elements on eachpromoter region is indicated by ’x’.The nucleotide
sequences of the putative binding sites are listed. ACE(GACACGTATG /CTAACGTATT ); AT 1-motif (AATTATTTTTTATT ); ATC-motif
(AGTAATCT ); ATCT-motif (AATCTAATCC ); Box 4 (ATTAAT ); chs-CMAla (TTACTTAA ); GAG (AGAGAGT); GATA -motif (AA-
GATAAGATT /AAGGATAAGG ); G-box (HACGTG/CACGTH/CACGAC/TCCACATGGCA ); GC-motif (CCCCCG); GT1 (GGTTAA/
TTTTTC/GAAAAA/TTAACC) ; I-box (TTATC /GATAA ); LAMP-element (CTTTATCA ); MRE (AACCTAA); Spl (GGGCGG); TCCC
(AGGGAGA/TCTCCCT) ; TCT-motif (TCTTAC); 2) MEP: Methylerythritol phosphate; DMAPP: Dimethylallyl diphosphate; IPP: Isopentenyl
diphosphate; DHAP: Dihydroxyacetone phosphate.
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Fig.l1 Carotenoids (left) and flavonoid (right) biosynthetic pathways and their light regulatory elements in Citrus sinensis
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52, Left is the blood orange,the yellow fruit is bagged and red fruit
is under light exposure.Right is the purple pummelo tree,the yellow
fruit is bagged all the time and the red fruit is from bag removal
treatment.

B2 EA—RHMEHERIZFRALRERERESR
Fig.2 Effect of different degree of light exposure
on fruit color from the same tree
HYS B Z 5K E b R JH %0 E 8D,
Toledo-Ortiz %N 8 . HY5 il if B %5 PSY )3
T L G-box &, BEfE it PSY HYFRIA . N2k
W PR SZRMRR, MHseRHEN
DDB1 2k 5828k hp-1 FAith HYS Rk, &

I 2R B A T QLA R 2 8 b i LR

3.2 BBXs

B-box FIEHE A E—KA 1 M 8iH 2 4~ N iy
PrE 4G BBX 45 M B AL IR T TR A 32 A4
FWGE R KRG A 30 AR A T 7R SR
A 64 A F WM B R 39 A K L
B B R E B BBX R & P T RLAT R A
HEGTE 25 d BRI DGR A dE g 2 207 Ak,
MOk £ 1) BBX g iRIE S 56 R E 2 b
FRAEE 1T A B,

AL BBX16 REfE HE AL @5 P AL B R, %
5 HYS5 B BUE AR W Y R 8 452 B4 A6 1 1
R 3 BBX18 AR i T AL AL 1T & ML 1F 17 4%
K+ bHLHG64 BRIk, 1 2 P [/ 8 #2017 5 A4 2R 5
FAAUT 5 Ou Z IR GE BBX24 1Y 751 28 52 1
CUTRER AR R E T E R MO, PR
BBX22 J& UV-B #5533 R AL FH 1 A B 1E 98 45 A
F {0 BBX22 i #F 46 75 1 B 2R 19 Ty 58 5 4 K T
HY5 BB A 7R A5 5 BBX20 ks HYS B
WA, HiES MYB1,DFR L K ANS B3 1
EA AR AL T A A T 5 LAk, Fang 257 38 i
T MdCOL(BBX2OE m A H#E N+ 2 5 R 546
A A R

77k L 58 T i BBX20 fil 3 i R 1A AR
KREAE NEM SRS RGN, BAELE RN,
BBX20 it 254 PSY1 i 3hF EAY G-box Jof . i
i PSY kU,

3.3 COP1

COP1 %N 4 i — 4~ RING-finger 287 E3 72
R ,COPL B3 & Z MO Z 55 LI LA
PR e R P S AR S AR A AL

COP1 7E R i b 3l o B HYS R0 L i O 2
P it 7 R e A SR A 8 N R AT 1T
H. TEF/MPULER COP1-LIKE 3L ik, £
A A RS N F & R U T,
COP1/SPA & & & itz 4k it MYB10 & M,
PHIAE T AR R SERH L COPL i 5 2 16
HHMAR R, B TFHEE COP1LiES MYBL & A %
fiff AT 9 46 5 11 25 4 3k B ek B4R A
LML T AR B E AR, H Rubyl & K
AR R R H RN AT RE & COPL /v % T CsRubyl &
I R i ok #2002 kBB S COPL 2%
RS L R S R R = o N I o X
A AR B2 A AR MO B %, COP1 G 7E



6 RSN S A NI i R

%40 &

b, NS4 P Y R P A 1 e P 7 N B
HY5 75 25 A B [ . BT DA BRI S 4845 0 F . % 2%
R A R B AT . R £, COP1 Wy #%
SE % B COP/DET/FUS By 455, i A 4k
AR 7 4 2 Hh AE T IR R AR S AL )2
T HLH A 58 . 28 B, COP1 2 525
#NRMAFTEEFESG 2 &&k, — 2@
HAEREfE HYS A, 55— i, COPL W] DL B #
A FAETT A B R R I R

34 PIFs

PIFs J&—2& bHLH G W 1. R 25
PIF1 & PIF3~8, PIFs & % it P 45 & 5L A
BT Ef G-box L/ (CACGTG) . & 5l F 1
T & A 4 T A5 B LA B AR gt sl 1 i R 4 o
FEU . PIFs & K8 %Z 5] COP/SPA A
BRI

Toledo-Ortiz " i i T PIF1 i H 5
PSY Ja#hF L) G-Box JLF&45 & il PSY (%%
LML S MR M & . DELLA-PIF G8JE %
CRERN R 3P S N R U > S By D N 1
& TR POR B K

PIFs fgi@ T 0 PSY1 By 283k DL S K0 8 K
F WA ROk e SR AR 5. B HYS 4k, PARI
B R4 PIFL, IR B F PIFL % PSY1 Rk
P, NS S8 FZWB R, PIF1 R T
454 PSY1 J3 87 WY G-box JLlFAh . 16 i 5 5
MG R L PIFL BB45 G PSY1 3 )+ 1L PBE-
box (CACATG), il PSY1 #y2ik ., M i 4%
HAEH S 2 ARIEEY  PIFs X PSY1 3k (4 310 4 77
TR ZUR S M, AN AE LR T AR i, PIF 506 2R (A 4
PSY1 (3R BA e,

PIFs £ 2 5 R b 4B E W 09 & 045 . il
&L, PIFs 5 HYS5 7618 £ 8 ¥ i 18 b #5 )2 B AH
U AL G E R L PIFS T2 HYS b [F E
A eSS G 46T 1 & B N R 2h 7 2 i A il 3
K ik FEL % T . PIF4 H1 PIFS W) 36 B0 K 4
AH A RS FE % 3 W CHS \F3H .DFR .
LDOX \PAP1 F1 TT8 % ¥y 33k , DT 410 ] 404 g o7
M AT R BLRNT

4 BHRREFEGHEMEMEAL MR
MIETHFRBE
YRS IR H B R AL

SR FEHE T kW HYS B 2 HEEHRTT
WL N . 2 528008 N R AT I 0 A YA RO
il COP1.PIFs Al BBXs il % J& il i J8 ¥ HY5 sl
HoAh e S 7 45 U3, S 52808 bR
MAET W EY A R, R, WA — it oe &
WL HY5 Regs & N e SE NS 2 7 (H 2 AN BE IS N Ui
FEH L, X EWE HYS 1T IR 2 — 2L by
EE EYY ., IEJLA, X T OHYS AL, 5
COP1.PIFs #l BBXs % B WU & A A 45 T Ui 5 A
FEIK W AF 5T A R W OB, R RLE HYS-
BBXs'* | HY5-PIFs-*) | HY5-PIFs-BBXs** . HY5-
COP1-BBXs™

PIFs 5 HY5 Z [a145 P[5 V6 F A H5 /e
i PIF3 75 % HYS (1 P [FA4FE FH A fe e k1 e 4
A R R 1 263550 51 PIF1 5 HYS MRS BTN
RN R A B i I N S
KB H AR 21 % /58 40 9% F . PIF1 il PIF3 45 &
HYS5 BT 2k HY5 B850, MU BBXs
w4y S IE R R SR HYS Rk Wiz, IR IF
1, BBX20/BBX21 & A % HY5 % % 5 K F,
BBX20/BBX21 5 HY5 & (1 B AEE B2 & 7R 4 ot
I AR N AL 45 A1 0 A6 T 17 A 3k i 3R GRS
il BBX24 WEH 5 BBX21 M. M HYS 454 F
i B B R s FUT L BT A 5T 3 B, BBX20,
BBX21 1 BBX22 J& HY5 /v 5 F ARG 4675 1
PR LA B B SRR 45 1 S B[R] JR

COP1 fENGIE 2 @ 0 A 1,
JA4 HY5.BBXs.PIFs 1% 5t 5 K, 36 [ 8 45
JCIE A HE R L B A e R B R AL AB-
BX21 F1 COP1 M H E H.BBX24 fig 5 DELLA #
P AR I 7 3 I s T, COPL @it 5 F il HYS
BBX22 .BBX24 H.{E, i 3 £ 3 A 1) 2R K,
Delker 2594236 DET1-COP1-HY5 & & 14 AE mi )i
SRR EE , 4% PIFA A 54 B 60 28 S5 X atF —
AULH T iz o By B AL 2 DET {2 i
PIF4 %35, HY5 5 PIF4 #54i ME E SR T,
DET1/COP1 f ik PIF4 & H M , 4L &5 g
B IR AR fE AL BBX16-HY5 & A4,
HIESSE MYB10 W3 FaiE H#%5 CHS .CHI
SRS 1R B 7 BRI AR S 6 S AR T
AR, FEEH b BBX20-HYS B LE &K, B 1%
5 MYB1.DFR UL} ANS J3 81 745 & A k6 %
AR s Fang 7 R Hi3E T 3 5 MdCOLA



51

FHEFy 45 APIRWIE N R AL T A A B A5 5 ) e 5% 0 42 4L 1) 7

(AtBBX24 f[a) Y5 3 ) A8 [6] B i iy UV-B A iR
PR RELWE G, 5 BBX20 Jfig 4 . Md-
COL4 5 HY5 B E Gkl MYB1.ANS i
UFGT Bk, i 4 il 5= R R S8 H iR R
SRR BBX22 5 HYS WAETE ML E & 1k s HYS
5 MYB10 #1 CHS Ja gh T4 & i 46 75 1
A B . AE i P, BBX20 BEIIE PSY1 B3
ik, MR BBX20 A F AR LY N RE
s mSY . BBXs Z [H] iF BB B AL SE g 10 . A
BBX21 &E 2 % 5 HY5. BBX18 H . #l i HY5-
BBX18 & & B 1L, T il HY5-BBX18 & & &
Xt MYB10 (3006 1 H . 3 308 75 11 1A R
5 B =
HAENHEYAERK KB REZENHRERFZ—,
MUY A EHNER . RERNFESH TS
HMPERKEFWTFZE/R, MIOLES REY
KERHF R FHLHELE T COP1 % E . 75 219 30
4, WA PIFs \HY5 . BBXs % 35 PR W 942 4
A R S 2 5O0E S IR 00 7 T HLH ZE AL
KAEY PRI A B T IRA BRI AR 7R
BN B A EN SR ZEY T RS S S
AR PRGN W g b . RS2
A SEY A KK EEN R, a5
2 P A S S T AR AR L L SR AT O
XS (MR R MR AEF ) IR
FHLH L BE Ry 2B 7 b X BE 2 W G R B AT G B
PR L O o SR S 0 R i T AR A — o I BRI AR
A S Y RS N R FEE T EYE
5y FHLHIF 9T © S TR ZF &, SRk A — 2t
[7) R A5 R A2 RN A AT - (1) H R 6 AE 5 T 45 Al
YIRS N 2 AT 0950 - HLT A AT AL BR T 5
o kR N & T ENCILNRE i S RO O < T E
7B 45 5 A (2) B TSR 5 6 48 F 1 1 IR %
S FHLRI AT 2 ARG AE S IR s 2 8 b Z ot
R AT BAEA TR, A R i — 20 2540 07 0 o8 2 5%
SRR TR SR 2 AR DL e — D BT ax s
SR TR AR 28 B N AR HARBLE () Kk
W35 A% A M E AR 5 R A 2 & S RRAE S 1Y
A G R HGE B AT A — B i R A
DNA H AL (425 (1 S WAL R e (6 )i & 3 4 5 5%
A RBRE A (DTSR PRI IncRNAs 25 16
AT AL T H A BLRDY H i R A5 0F 5% i

RNA BHZ 50X WS bR AW & ) 98 155
s (ORI bR AT H IR 2 FDE
i JBE R A 22 Bl PR T IR 3 B P R4 L T A S
R R B MABT2 RERS 5 & 2 Fh 3158 45 5 AR A
PEAEE WA A XOLE S GREE 5 MR
SN R PR I R T AL A 1
W, DL JLI7 T B TR A S RE B 4 T 3 fige M ' 98 42
R AL T H AL 2> 5 AL X RE S A
B DN T M BRI 3 4 2 T BUE [ RS AR R b
RANAEH HACH St — 2 i B 2L Al

2 % Lk References

[1] CUNNINGHAM F X,GANTT E.Genes and enzymes of carot-
enoid biosynthesis in plants[ ]J]. Annual review of plant biolo-
2y,1998,49.:557-583.

[2] FLESCHHUT J,KRATZER F,RECHKEMMER G,et al.Sta-
bility and biotransformation of various dietary anthocyaninsin
vitro[ J].European journal of nutrition,2006,45:7-18.

[3] HOLT N E,ZIGMANTAS D, VALKUNAS L, et al.Carote-
noid cation formation and the regulation of photosynthetic light
harvesting[ J].Science,2005,307 : 433-436.

[4] CAZZONELLI C I.Carotenoids in nature:insights from plants
and beyond[ J].Functional plant biology,2011,38:833-847.

[5] NISAR N, LI L, LU S,et al.Carotenoid metabolism in plants
[J].Molecular plant,2015,8;68-82.

[6] GALVAO V C,FANKHAUSER C.Sensing the light environ-
ment in plants: photoreceptors and early signaling steps[]].
Current opinion in neurobiology,2015,34:46-53.

[7] KLIEBENSTEIN D J,LIM J E, LANDRY L G, et al. Arabi-
dopsis UVRS8 regulates ultraviolet-B signal transduction and
tolerance and contains sequence similarity to human regulator
of chromatin condensation[ J].Plant physiology,2002,130(1)
234-243.

[8] HONG S H.KIM H J,RYU J S,et al. CRYI inhibits COP1-
mediated degradation of BIT1,a MYB transcription factor, to
activate blue light-dependent gene expression in Arabidopsis
[I].The plant journal,2008,55(3) :361-371.

[9] LAU O S.,DENG X W. The photomorphogenic repressors
COP1 and DET1: 20 years later[J]. Trends in plant science,
2012,17:584-593.

[10] YANG Y,LIANG T,ZHANG L B.et al. UVRS interacts with
WRKY36 to regulate HY5 transcription and hypocotyl elonga-
tion in Arabidopsis[]J].Nature plants,2018,4:98-107.

[11] JIANG M,REN L,LIAN H,et al.Novel insight into the mech-
anism underlying light-controlled anthocyanin accumulation in
eggplant (Solanum melongena 1..) []].Plant science, 2016,
249:46-58.

[12] LIU C C,CHI C,JIN L J,et al. The bZip transcription factor

HY5 mediates CRY la- induced anthocyanin biosynthesis in to-



8 RSN S A NI i R

%40 B

mato[ ] ].Plant cell environment,2018,41:1762-1775.

[13J L1 Y Y,MAO K,ZHAO C,et al. MACOP1 ubiquitin E3 ligases
interact with MdMYBI to regulate light-induced anthocyanin
biosynthesis and red fruit coloration in apple[ J].Plant physiol-
0gy»2012,160:1011-1022.

[14] TAO R Y,BAI S L.NI J B,et al. The blue light signal trans-
duction pathway is involved in anthocyanin accumulation in
‘Red Zaosu’ pear[ J].Planta,2018,248:37-48.

[15] HENRY-KIRK R A,PLUNKETT B,HALL M,et al.Solar UV
light regulates flavonoid metabolism in apple(Malus X domes-
tica)[J].Plant cell environment,2018,41:675-688.

[16] WELLER J L,SCHREUDER M E,SMITH H,et al.Physiolog-
ical interactions of phytochromes A, Bl and B2 in the control
of development in tomato[ J]. The plant journal, 2000, 24 ;345-
356.

[17] GILIBERTO L,PERROTTA G,PALLARA P,et al.Manipula-
tion of the blue light photoreceptor cryptochrome 2 in tomato
affects vegetative development, flowering time, and fruit an-
tioxidant content[ J].Plant physiology,2005,137:199-208.

(18] Befgfe MR SCrh e8I 8 3R & WUAE IR Y v B 5 HG x5 S 1 il
REALHIBESELD]. b - 1 I 3 2%, 2015, LIANG M H. Mo-
lecularcloning and expression of carotenogenic genes which re-
sponses to blue light in peach fruit[ D].Shanghai: Shanghai O-
cean University,2015(in Chinese with English abstract).

[19] TOLEDO-ORTIZ G,JOHANSSON H,LEE K P, et al. The
HY5-PIF regulatory module coordinates light and temperature
control of photosynthetic gene transcription[ J/OL].PLoS ge-
netics, 10 (6); 1004416 [ 2020-09-22 1. https://pubmed. ncbi.
nlm.nih.gov/24922306/.DO1:10.1371/journal.pgen.1004416.

[20] TOLEDO-ORTIZ G, HUQ E, RODRIGUEZ-CONCEPCION
M.Direct regulation of phytoene synthase gene expression and
carotenoid biosynthesis by phytochrome-interacting factors[ ] .
PNAS,2010,107:11626-11631.

[21] WELSCH R,MAASS D, VOEGEL T, et al. Transcription fac-
tor RAP2. 2 and its interacting partner SINAT2: stable ele-
ments in the carotenogenesis of Arabidopsis leaves[ ] ]. Plant
physiology 2007 ,145:1073-1085.

[22] LU S W,ZHANG Y.ZHU K J,et al. The citrus transcription
factor CsMADS6 modulates carotenoid metabolism by directly
regulating carotenogenic genes[ J].Plant physiology,2018.176
2657-2676.

[23] ZHU F,LUO T,LIU C Y,et al. An R2R3-MYB transcription
factor represses the transformation of a- and b-branch carote-
noids by negatively regulating expression of CrBCH2 and
CrNCEDS5 in flavedo of Citrus reticulate[ J].New phytologist.,
2017,216(1):178-192.

[24]7 AMPOMAH-DWAMENA C, THRIMAWITHANA A H,DE-
INOPRAT S, et al. A kiwifruit (Actinidia deliciosa) R2R3-
MYB transcription factor modulates chlorophyll and carotenoid
accumulation[ J].New phytologist,2019,221:309-325.

[25] JIN X,BAI C,BASSIE L,et al.ZmPBF and ZmGAMYB tran-

scription factors independently transactivate the promoter of
the maize(Zea mays) B-carotene hydroxylase 2 gene[ J]. New
phytologist,2019,222:793-804.

[26] MENG Y Y,WANG Z Y,WANG Y Q.et al. The MYB activa-
tor WHITE PETALI associates with MtTT8 and MtWD40-1
to regulate carotenoid-derived flower pigmentation in Medica-
go truncatula[]].Plant cell,2019,31:2751-2767.

[27] HAN Y J. WU M., CAO L Y, et al. Characterization of Of-
WRKY3.a transcription factor that positively regulates the ca-
rotenoid cleavage dioxygenase gene OfCCD4 in Osmanthus
fragrans[]].Plant molecular biology,2016,91(4/5) :485-496.

[28] FU C,HAN Y,.KUANG J,et al.Papaya CpEIN3a and CpNAC2
co-operatively regulate carotenoid biosynthesis-related genes
CpPDS2/4,CpLCY-¢ and CpCHY-b during fruit ripening[J].
Plant cell physiology,2017,58 (12):2155-2165.

[29] ZHOU D,SHEN Y,ZHOU P, et al.Papaya CpbHLH1/2 regu-
late carotenoid biosynthesis-related genes during papaya fruit
ripening[J/OLJ. Horticulture research,2019,6 (1):80[2020-
09-22].https://doi.org/10.1038/s41438-019-0162-2.

[30] FU C,HAN Y.FAN Z,et al. The papaya transcription factor
CpNACI modulates carotenoid biosynthesis through activating
phytoene desaturase genes CpPDS2/4 during fruit ripening
[J].Journal of agricultural and food chemistry.2016,64 (27);
5454-5463.

[31] LLORENTE B, DANDREA L, RODRIGUEZ-CONCEPCION
M. Evolutionary recycling of light signaling components in
fleshy fruits:new insights on the role of pigments to monitor
ripening[ J/OL].Frontiers in plant science,2016,7:263[2020-
09-22].https://pubmed.ncbi.nlm.nih.gov/27014289/.DOI: 10.
3389/1pls.2016.00263.

[32] FUJISAWA M,SHIMA Y,NAKAGAWA H,et al. Transcrip-
tional regulation of fruit ripening by tomato FRUITFULL
homologs and associated MADS box proteins[ ] ]. Plant cell,
2014,26:89-101.

[33] MA N,FENG H,MENG X,et al.Overexpression of tomato Si-
NAC1 transcription factor alters fruit pigmentation and soften-
ing[J/OLJ]. BMC plant biology, 2014, 14 (1) 351[2020-09-
22].https://doi.org/10.1186/s12870-014-0351-y.

[34] XIONG C,LUO D, LIN A H,et al. A tomato B-box protein
SIBBX20 modulates carotenoid biosynthesis by directly activa-
ting PHYTOENE SYNTHASE 1, and is targeted for 26S
proteasome-mediated degradation[ ] ]. New phytologist, 2019,
221:279-294.

[35] WU M B.XIN XU X,HU X W,et al. SIMYB72 regulates the
metabolism of chlorophylls, carotenoids,and flavonoids intom-
ato fruit[J].Plant physiology,2020,183(3) :854-868.

[36] XIE X B,LI S,ZHANG R F,et al. The bHLH transcription fac-
tor MdbHILLH3 promotes anthocyanin accumulation and fruit
colouration in response to low temperature in apples[ ] ].Plant
cell environment,2012,35:1884-1897.

[37] LIU W J,WANG Y C,YU L,et a. MAWRKY11 participates in



51

FHEFy 45 APIRWIE N R AL T A A B A5 5 ) e 5% 0 42 4L 1) 9

anthocyanin accumulation in red fleshed apples by affecting

the photoresponse factor
MdHY5[J].Journal of agricultural and food chemistry, 2019,
67:8783-8793.

[387] SHIN J,PARK E,CHOI G.PIF3 regulates anthocyanin biosyn-

MYB transcription factors and

thesis in an HY5-dependent manner with both factors directly
binding anthocyanin biosynthetic gene promoters in Arabidop-
sis[J].The plant journal,2007,49:981-994.

[39] SHIN D H,CHOI M,KIM K,et al. HY5 regulates anthocyanin
biosynthesis by inducing the transcriptional activation of the
MYB75/PAP transcription factor in Arabidopsis[ J].FEBS let-
ters,2013,587:1543-1547.

[40] LIU Z,ZHANG Y. WANG J. et al. Phytochrome-interacting
factors PIF4 and PIF5 negatively regulate anthocyanin biosyn-
thesis under red light in Arabidopsis seedlings[ ]J].Plant sci-
ence,2015,238:64-72.

[41] XIANG L L,LIU X F,LI X,et al. A novel bHLH transcription
factor involved in regulating anthocyanin biosynthesis in chrys-
anthemums ( Chrysanthemum morifolium Ramat.) [ J/OL].
PLoS One,2015,10(11):¢0143892[2020-09-22 ]. https://doi.
org/10.1371/journal.pone.0143892.

[42] ZHANG Y.YE ] L,LIU C Y,et al.Citrus PH4-Noemi regula-
tory complex is involved in proanthocyanidin biosynthesis via a
positive feedback loop [ J]. Journal of experimental botany,
2020,71:1306-1321.

[43] HUANG D, WANG X, TANG Z Z, et al.Subfunctionalization
of the Ruby2-Rubyl gene cluster during the domestication of
citrus[ J].Nature plants,2018,4:930-941.

[44] KOBAYASHI S,ISHIMARU M,HIRAOKA K,et al. Myb-re-
lated genes of the Kyoho grape (Vitis labruscana) regulate an-
thocyanin biosynthesis[ ] ].Planta,2002,215:924-933.

[45] DOONER H K,ROBBINS T P.Genetic and development con-

trol of anthocyanin biosynthesis[ ] ]. Annualreview of genetics,

1991,25(1) :179-199.

ZHOU H, WANG K L, WANG F R. et al. Activator-type

R2R3-MYB genes induce a repressor-type R2R3-MYB gene to

[46]

balance anthocyanin and proanthocyanidin accumulation [ J].
Newphytologist,2018,221(4) :1919-1934.

[47] TAORY,YU W J,GAO Y H,et al.Light-induced basic/helix-
loop-helix 64 enhances anthocyanin biosynthesis and underg-
oesconstitutively photomorphogenic 1-mediated degradation in
pear[ J]/OLJ. Plant physiology, 2020: 01188 [ 2020-09-22 7. ht-
tps://pubmed.ncbi.nlm.nih.gov/33093233/. DOI:10.1104/pp.
20.01188.

[48] ZHAI R, WANG Z M, ZHANG S W, et al. Two MYB tran-
scription factors regulate flavonoid biosynthesis in pear fruit
(Pyrus bretschneideri Rehd.)[J].Journal of experimental bot-
any,2016,67(5 ):1275-1284.

[49] ZHAIR,ZHAO Y X, WU M,et al. The MYB transcription fac-
tor PbMYBI2b positively regulates flavonol biosynthesis in
pear fruit[J].BMC plant biology,2019,19:85-95.

[50] WANG Z G,MENG D,WANG A,et al. The methylation of the
PcMYB10 promoter is associated with green-skinned sport in
max red bartlett pear[ J].Plant physiology,2013,162:885-896.

[51] LIU Y H,LIN-WANG K,ESPLEY R V,et al. StMYB44 nega-
tively regulates anthocyanin biosynthesis at high temperatures
in tuber flesh of potato[]].Journal of experimental botany.
2019,70(15) :3809-3824.

[52] LIN-WANG K, MCGHIE T K, WANG M, et al. Engineering
the anthocyanin regulatory complex of strawberry (Fragaria
vesca) [J].Frontiers in plant science,2014,5;651-664.

[53] LI Y.XU P B,CHEN G Q,et al. FvbHLH9 functions as a posi-
tive regulator of anthocyanin biosynthesis by forming a HY5-
bHLHY transcription complex in strawberry fruits[]]. Plant
cell physiology,2020,61(4):826-837.

[54] JAKOBY M, WEISSHAAR B, DROGE-LASER W, et al.bZIP
transcription factors in Arabidopsis [J]. Trends in plant sci-
ence,2002,7:106-111.

[55] ANJ P,QU F J,YAO ] F,et al. The bZIP transcription factor
MdHY?5 regulates anthocyanin accumulation and nitrate assim-
ilation in apple[ J/OL]. Horticulture research, 2017,4:17023
[2020-09-22 7. https://pubmed. ncbi. nlm. nih. gov/28611922/.
DOI:10.1038/hortres.2017.23.

[56] ZHANG H,HE H,WANG X,et al. Genome-wide mapping of
the HY5-mediated gene networks in Arabidopsis that involve
both transcriptional and post transcriptional regulation[]].The
plant journal,2011,65: 346-358.

[57] HARDTKE C S,GOHDA K,OSTERLUND M T,et al. HY5
stability and activity in Arabidopsis is regulated by phospho-
rylation in its COP1 binding domain[]J]. EMBO journal, 2000,
19:4997-5006.

[58] BAISL.,SUN Y W,QIAN M J,et al. Transcriptome analysis of
bagging-treated red Chinese sand pear peels reveals light-re-
sponsive pathway functions in anthocyanin accumulation[ ]/
OL].Scientific reports, 2017, 7 (1):63[2020-09-22]. https://
pubmed. ncbi. nlm. nih. gov/28246400/. DOI; 10. 1038/541598-
017-00069-z.

[59] HUANG D,YUAN Y.TANG Z Z,et al.Retrotransposon pro-
moter of Ruby1 controls both light- and-induced accumulation
of anthocyanins in blood orange[]]. Plant cell environment,
2019,42:3092-3104.

[60] YAN S S,CHEN N,HUANG Z J,et al. Anthocyanin fruit en-
codes an R2R3-MYB transcription factor, SIAN2-like, activa-
ting the transcription of SIMYBATYV to fine-tune anthocyanin
content in tomato fruit[J]. New phytologist, 2020, 225 2048-
2063.

[61] NGUYEN N H,JEONG C Y,KANG G H,et a. MYBD em-
ployed by HY5 increases anthocyanin accumulation via repres-
sion of MYBL2 in Arabidopsis[J]. The plant journal, 2015,
84:1192-1205.

[62] LIU Y,ROOF S.YE Z,et al. Manipulation of light signal trans-

duction as a means of modifying fruit nutritional quality in to-



10 RSN S A NI i R

%40 B

mato[J].PNAS,2004,101:9897-9902.

[63] GANGAPPA S N,BOTTO ] F.The BBX family of plant tran-
scription factors[J]. Trends in plant science,2014,19(7):460-
470.

[64] WU J,WANG Z W,SHI Z B,et al. The genome of pear( Pyrus
bretschneideri Rehd.)[]J].Genome research,2012,23:396-408.

[65] XIJik. 3% 58 B-box(BBX) F j il MABBX10 0 i 3F A& 49y 361 14 1
FKID]# %l R A K24, 2018. LIU X. Investigation on B-
boxprotein (BBX) family in apple and MdBBX10 in response
to abiotic stress[ D], Tai’ an; Shandong Agricultural Universi-
ty»,2018(in Chinese with English abstract).

[66] BAISL, TAOR Y,TANG Y X.et al. BBX16,a B-box protein,
positively regulates light-induced anthocyanin accumulation by
activating MYB10 in red pear[J].Plant biotechnology journal.
2019,17:1985-1997.

[67] XU D Q.COP1 and BBXs-HY5-mediated light signal transduc-
tion in plants[ J/OL].New phytologist,2020,228.:1748-1753.

[68] OU C Q,ZHANG X L, WANG F,et al. A 14 nucleotide deletion
mutation in the coding region of the PpBBX24 gene is associ-
ated with the red skin of “Zaosu Red” pear (Pyrus pyrifolia
white pear group) :a deletion in the PpBBX 24 gene is associ-
ated with the red skin of pear[ J/OL].Horticulture research.
2020:16296[2020-09-22 ]. https://pubmed. ncbi. nlm. nih. gov/
32257225/.D0O1:10.1038/s41438-020-0259-7.

[69] AN J P,WANG X F,ZHANG X W,et al. MdBBX22 regulates
UV-B-induced anthocyanin biosynthesis through regulating the
function of MAHY5 and is targeted by MdBT2 for 26S protea-
some-mediated degradation [ J]. Plant biotechnology journal,
2019,17:2231-2233.

[70] FANG H C,DONG Y H,YUE X X,et al. The B-box zinc finger
protein MdBBX20 integrates anthocyanin accumulation in re-
sponse to ultraviolet radiation and low temperature[ ]J].Plant-
cell environment,2019,42:2090-2104.

[71] FANG H C.DONG Y H,YUE X X,et al. MdCOLA4 interaction
mediates crosstalk between UV-B and high temperature to
control fruit coloration in apple[ ] ].Plant cell physiology,2019.
60(5):1055-1066.

[72] DENG X W.PETER H Q.Genetic and phenotypic characteriza-
tion ofcopl mutants of Arabidopsis thaliana [ ]]. The plant
journal,1992,2(1) :83-95.

[73] HAN X,HUANG X,DENG X W.The photomorphogenic cen-
tral repressor COP1 :conservation and functional diversification
during evolution [ J/OL ]. Plant communications, 2020, 1:
100044 [ 2020-09-22 1. https://doi. org/10. 1016/j. xplec. 2020.
100044.

[747 MAIER A.,SCHRADER A, KOKKELINK L, et al.Light and
the E3 ubiquitin ligase COP1/SPA control the protein stability
of the MYB transcription factors PAP1 and PAP2 involved in
anthocyanin accumulation in Arabidopsis[J]. The plant jour-
nal,2013,74:638-651.

[75] MG F 05 F T & 2R B VVHYS Fil VYCOPL (5% 5% i

H A RB A ID] R p AR B DU P, 2016.GUO S
J.The analysis of VVHY5 and VvCOPI1 at transcription and
protein level in grape skin witn sunlight exclusion[ D].Wuhan:
Wuhan Botanical Garden, Chinese Academy of Science,2016(in
Chinese with English abstract).

[76] LEIVAR P,QUAIL P H.PIFs: pivotal components in a cellular
signaling hub[ J]. Trends in plant science,2011,16:19-28.

[77] DONG J. TANG D, GAO Z, et al. Arabidopsis DE-ETIO-
LATEDI represses photomorphogenesis by positively regula-
ting phytochrome interacting factors in the dark[ J].Plant cell,
2014,26:3630-3645.

[78] CHEMINANT S,WILD M,BOUVIER F,et al. DELLAs regu-
late chlorophyll and carotenoid biosynthesis to prevent pho-
tooxidative damage during seedling deetiolation in Arabidopsis
[J].Plant cell,2011,23(5) :1849-1860.

[79] BOU-TORRENT ], TOLEDO-ORTIZ G, ORTIZ-ALCAIDE
M, et al. Regulation of carotenoid biosynthesis by shade relies
on specific subsets of antagonistic transcription factors and co-
factors[J].Plant physiology,2015,169:1584-1594.

[80] RUIZ-SOLA M A,RODRIGUEZ-VILLALON A,RODRIGU-
EZ-CONCEPCION M. Light-sensitive phytochrome-interacting
factors (PIFs) are not required to regulate phytoene synthase
gene expression in the root[J/OLJ.Plant signaling & behav-
ior,2014,9:e29248[2020-09-22 . https: //doi.org/10.461/psb.
29248.

[81] LEE J,HE K,STOLC V,et al. Analysis of transcription factor
HY5 genomic binding sites revealed its hierarchical role in light
regulation of development[J].Plant cell,2007,19:731-749.

[82] JIANG L, YAN WANG Y.LI Q F,et al. Arabidopsis STO/
BBX24 negatively regulates UV-B signaling by interacting with
COP1 and repressing HY5 transcriptional activity[ J].Cell re-
search,2012,22:1046-1057.

[83] GANGAPPA S N,CROCCO C D,JOHANSSON H,et al. The
Arabidopsis B-BOX protein BBX25 interacts with HY5, nega-
tively regulating BBX 22 expression to suppress seedling[ J].
The plant cell,2013,25:1243-1257.

[84] ZHANG X, SHANG F, HUAI J, et al. A PIF1/PIF3-HY5-
BBX23 transcription factor cascade affects photomorphogenesis
[J].Plant physiology,2017,174:2487-2500.

[85] JOB N, YADUKRISHNAN P,BURSCH K. et al. Two B-Box
proteins regulate photomorphogenesis by oppositely modula-
ting HY5 through their diverse C-terminal domains[J]. Plant
physiology,2018,176:2963-2976.

[86] BURSCH K, TOLEDO-ORTIZ G,PIREYRE M, et al.Identifi-
cation of BBX proteins as rate-limiting cofactors of HY5[]].
Nature plants,2020:921-928.

[87] CROCCO C D, LOCASCIO A, ESCUDERO C M, et al. The
transcriptional regulator BBX24 impairs DELLA activity to
promote shade avoidance in Arabidopsis thaliana[J/OL].Na-
ture communications, 2015, 6;: 6202 [ 2020-09-22 J. https://
pubmed. ncbi. nlm. nih. gov/25656233/. DOI: 10. 1038/ncom-



51 FHEFy 45 APIRWIE N R AL T A A B A5 5 ) e 5% 0 42 4L 1) 11

ms7202. synthesisvia competitive association with PpHY?5 in the peel of
[88] DELKER C, SONNTAG L,JAMES G V,et al. The DET1- pear fruit[ J]. The plant journal,2019,100(6):1208-1223.
COP1-HY5 pathway constitutes a multipurpose signaling mod- [91] YANG T,MA H Y,ZHANG ], et al.Systematic identification
ule regulating plant photomorphogenesis and thermomorpho- of long noncoding RNAs expressed during light-induced antho-
genesis[ ] ].Cell reports,2014,9:1983-1989. cyanin accumulation in apple fruit[J].The plant journal,2019,
[89] GANGAPPA S N,BERRIRI S,KUMAR S V.PIF4 coordinates 100(3) :572-590.
thermosensory growth and immunity in Arabidopsis[J].Cur- [92] AN J P,.WANG X F,HAO Y J.BTB/TAZ protein MdBT?2 in-
rent biology,2017,27:243-249. tegrates multiple hormonal and environmental signals to regu-
[90] BAT S L, TAO R Y, YIN L,et al. Two B-box proteins, PpB- late anthocyanin biosynthesis in apple[ J/OLJ.Journal of inte-
BX18 and PpBBX21,antagonistically regulate anthocyanin bio- grative plant biology,2020,62(11):1643-1646.

Transcription regulation of plant carotenoids and anthocyanin
metabolism in response to light signals

FU Jialing, XU Qiang

Key Laboratory of Horticultural Plant Biology sMinistry of Education/College of Horticulture &
Forestry Sciences s Huazhong Agricultural University sWuhan 430070,China

Abstract Carotenoids and anthocyanins are antioxidant metabolites, which play an important role in
the resistance of plants to photooxidative stress and contribute to the color of leaves,flowers,and fruits
at the same time. The rich color metabolites of fruits are beneficial to human health. This article summa-
rizes the effects of light signals on the biosynthetic metabolic pathways of plant carotenoids and anthocy-
anins, focusing on the regulatory mechanisms of important transcription factors involved in the light sig-
nal pathways of genes for synthesizing carotenoid and anthocyanin, and clarifies a significant role for
light signals and photoreceptors in mediating the regulation of carotenoids and anthocyanins biosynthe-
sis. Using sweet orange (Citrus sinensis) as an example, the light response elements of carotenoid and
anthocyanin biosynthetic genes were analyzed. The major transcription factors including HY5 (elongated
hypocotyl 5) ,BBXs(B-BOX containing proteins) , COP1(constitutively photomorphogenic 1) ,PIFs(phy-
tochrome-interacting factors) ,and HY5-BBXs complexes, HY5-PIFs complexes, HY5-PIFs-BBXs com-
plexes, HY5-COP1-BBXs complexes that participate in these pathways are summarized. It provides an
insight into the regulatory mechanism underlying of HY5,BBXs, COP1, PIFs-mediated carotenoids and
anthocyanins accumulation. Understanding the crucial role of the transcription regulation of carotenoid
and anthocyanin mediated by light may help us to explore effective pathways and target genes for impro-
ving fruit quality and increasing the accumulation of carotenoid and anthocyanin via genetic engineering
and environmental treatments.
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