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Research advances in the molecular regulatory mechanisms of fruit color-

ation in fruit trees
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(Research Institute of Pomology, Chinese Academy of Agricultural Sciences/Key Laboratory of Horticultural Crops Germplasm Resourc-
es Utilization, Ministry of Agriculture and Rural Affairs, Xingcheng 125100, Liaoning, China)

Abstract: The color of fruit is one of the core indicators for judging fruit maturity and a necessary con-
dition for evaluating fruit quality, which greatly promotes consumers' purchasing intention and market
competitiveness. Traditional cultivation methods have disadvantages such as long cycles and limited ef-
fects on targeted trait improvement. Therefore, new gene editing techniques and multi-omics combined
analysis (metabolomics, transcriptomics, and proteomics) are being widely used. Whether molecular
marker-assisted breeding can be used to precisely and directionally regulate fruit color is a current re-
search focus and a future research direction. Fruit coloring mainly relies on the dynamic balance among
three types of pigments, namely carotenoids, anthocyanins, and chlorophylls, in the fruit of fruit trees,
involving complex metabolic regulatory networks and multi-pathway interactions. This paper focuses
on summarizing the changing trends of the three types of pigments during fruit coloring and classifying
the molecular mechanisms involved in environmental factors, gene regulation, and epigenetic levels
that affect fruit coloring. Carotenoids give fruits yellow, orange, red, and purple colors due to the conju-
gated double bonds in their polyene chain. Besides their coloring function, they also have photoprotec-
tive, antioxidant, and plant hormone precursor (ABA) synthesis functions. The key enzymes involved in
their metabolic pathways mainly include PSY, PDS, ZDS, CHYB, LCYb, and LCYe. The synthesis of
carotenoids is regulated by both environmental and transcription factors. Environmental factors mainly
include light, temperature, and the application of exogenous plant growth regulators. For temperature,
low temperature during storage can promote the synthesis of carotenoids in citrus peels (CcPSY2,
CcCHYB, and CcZEP), but the upregulation of chlorophyll cycle genes may also mask the coloring of
carotenoids, resulting in uncolored peels. However, under cultivation conditions, low temperature af-

fects the absorption of nitrogen in the soil and activates the transcriptional activity of related synthesis
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genes. Exogenous plant growth regulators commonly used include ethylene, abscisic acid (ABA), and
methyl jasmonate (MeJA), all of which significantly regulate the expression of metabolism- related
genes. Transcription factors mainly involve MADS-box, NAC, MYB, and bHLH, which complete the
synthesis or degradation of carotenoids through interactions with metabolic genes. In addition, transcrip-
tion factors related to hormone signal transduction pathways, such as AP2/ERF, can also interact with
MADS-box and other transcription factors. The molecular regulatory mechanism of anthocyanin synthe-
sis has been well studied. Their biosynthesis is dominated by the MYB-bHLH-WD40 (MBW) complex,
and the key enzymes mainly include PAL, CHS, CHI, F3H, DFR, ANS, and UFGT. The MYB family,
along with bHLH and WD proteins, forms the transcriptional regulatory network that activates structur-
al genes such as ANS and UFGT. NAC and bZIP enhance regulatory complexity through cross-pathway
interactions. The interaction of light and temperature in environmental regulation and the accumulation
of anthocyanin content under drought and other stresses significantly enhance the plant's resistance to
stress environments. The regulatory pathways of exogenous plant growth regulators are relatively com-
plex. On the one hand, application can directly regulate transcription factors and indirectly activate or
inhibit the expression of genes related to the anthocyanin metabolic pathway. On the other hand, the ap-
plication of exogenous regulators can change the interaction network between the receptors of various
endogenous hormone signaling pathways and the MBW complex or other transcription factors. Under
the combined action of internal and external hormones, the efficiency of pigment accumulation can be
significantly improved. In epigenetics, long-chain noncoding RNAs (IncRNAs) and microRNAs (miR-
NAs) play a significant role in the accumulation of anthocyanins by regulating transcription factors or
chromatin remodeling to influence anthocyanin metabolism. Chlorophyll plays a core role in photosyn-
thesis, and it also has antioxidant, anti-inflammatory, anti-cancer and anti- obesity medical and health
care functions. Its metabolism is regulated by the dynamic balance of synthesis (G/uRS, POR, and CAO)
and degradation (PAO, SGR, and PPH) pathways to control fruit de-greening. The transcription factor
regulation of chlorophyll includes gene families such as GOLDEN2-LIKE (GLK), MYB, NAC, bHLH
and APRR. Among them, the GLK family (kiwifruit AchGLK and apple MdGLK]1) is considered a core
regulatory factor for chloroplast development and can jointly regulate chloroplast development and the
gene expression of chlorophyll synthase with MYB. Transcription factors related to hormone signal
transduction, such as AP2/ERF, mediate de-greening by binding to the promoters of PPH and PAO. The
most important environmental factor, light conditions, can induce endogenous ethylene signals to medi-
ate chlorophyll degradation. Different light quality regulation mechanisms also vary. In addition, the reg-
ulation of chlorophyll metabolism by environmental factors is particularly special in the case of metal
ions, and the gene expression of ion transport proteins is crucial. The gene expression of grape Fe’* trans-
porter VvIRT and peach peel Mg** transporter PpMGT has been studied. DNA hypomethylation in epi-
genetic regulation leads to abnormal chloroplast development in pineapples, and the reduction of methyl-
ation levels in citrus and strawberries inhibits the expression of chlorophyll synthesis genes. Currently,
there is a lack of systematic and in-depth analysis of the temporal sequence of chlorophyll and carot-
enoid accumulation during fruit ripening, the competitive synthesis of anthocyanins and carotenoids,
and the synergistic or antagonistic effects among the three. Revealing the key nodes of cross-pathway
metabolism, such as the common transcription factors MYB, bHLH and NAC, is beneficial for the glob-
al regulation of pigment metabolism. At present, the interaction mechanism between epigenetics and hor-
mone signals is still unclear, and the molecular mechanism by which environmental stress (such as low

temperature and drought) regulates pigment metabolism through epigenetic means also needs further
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study. This is an important direction for improving the stress resistance of fruit trees. Based on the exist-

ing molecular mechanisms, the accumulation of fruit pigments can be directly regulated, and a coordi-

nated interaction model of light quality, temperature and hormones can be established in facility cultiva-

tion to maximize the accumulation of fruit pigments. Fruit color is not only an appearance indicator but

is also closely related to nutritional value, storability and stress resistance. In the future, it is necessary

to explore the relationship between the fruit color regulation network and the comprehensive quality of

fruit, so as to meet market demands and efficiently cultivate high-quality fruit tree varieties.
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Table 1 Transcription factors and specific pathways regulating carotenoid synthesis in fruits
¥ kziE HFR TR 225 3CHik
Transcription factor Species Name Regulatory pathway Reference
MADS-box s [H 1 i CsMADS3 {23 CsPSY1.CsLCYb2 CsSGR (M 5 & FR MR EE IR ik , IEAIZ4ERE [19]
MADS-box transcription ~ Citrus s S
factor CsMADS3 promotes the expression of CsPSYI, CsLCYb2, and CsSGR
(chlorophyll degradation genes) and maintain their dynamic balance.
Bk PpMADS2, 3 HAESR PpPSY I PpCHYB JA 5 1 IR M, IE TR SEHAE N [20]
Prunus persica PpMADS3  EEHK.
The two interact to enhance the transcriptional activity of the PpPSY and
PpCHYB promoters and positively regulate carotenoid synthesis.
T DzAGL6-1 55 CArG s HAR FKBE DzPSY )5 2 i M AR E b & [21]
Durio zibethinus L. RE.
DzAGLG6-1 interacts with CArG elements to activate the promoter activi-
ty of DzPSY and promote carotenoid accumulation.
NAC ¥ 5 H ¥ AR NAC6 0% PSY.PDSZDS.CRTISO.BCH T VDE % ik, LA IHE MK [22]
NAC transcription factor ~ Mangifera indica L. Ep=
NACE6 activates of PSY, PDS, ZDS, CRTISO, BCH, VDE and up-regulat-
ed carotenoid content.
FARK CpNACI ~ CpNACI #5% CpPDS2/4 A )T 1 I NAC 45 & £ 5l (NABSY P, 2 [23]
Carica papaya L. PRI N ERA K.
CpNACI binds to the NAC binding site (nabs) motif in the CpPDS2/4
promoter and promote carotenoid accumulation.
CpNAC2 CpNAC2 5 2. )% #% 5% IR T CpEIN3a HAF , ¥ CpPDS2/4 CpLCYe [24]
CpCHYD, LTI RHE M3 R,
CpNAC?2 interacts with the ethylene transcription factor CpEIN3a, acti-
vating CpPDS2/4, CpLCYe, CpCHYb, and promote carotenoid accumula-
tion.
K FerNAC22 415685 VR 0% FerNAC22, B8 5 FerLCYBI FerBCH2c Rik ETF 2 [25]
Fortunella crassifolia HERIAY bR A
Swingle Red light specifically activates FcrNAC22, the expression of FerLCYBI,
FerBCH2c¢ increased, and promote carotenoid accumulation.
MYB #3%H T ik MYB24 FECHE ARG R B BT , MYB24 Bl JR45& CRTISO2, IE [26]
MYRB transcription factor  Vitis vinifera [EEGESIPNN A
In the presence of light and radiation-stimulated pigmentation, MYB24 is
activated and binds to CRTISO2, positively regulating carotenoid accu-
mulation.
NI CpMYBI,  CpMYBI.CpMYB2 IR HEA% b EH & MR R &L, fORIERHY [27]
Papaya CpMYB2 NG
CpMYBI and CpMYB2 inhibit the expression of carotenoid synthesis
genes, and negatively regulate carotenoid synthesis.
HitH CrMYB33  CrMYB33 ¥ CrLCYb2. CrBCH2 i 15k , Rl 43 2% 4 Ml [28)

Citrus reticulata

CrCLH, LR PATESEINE D3R MIM- 203K Al
CrMYB33 activates the transcriptional activity of CrLCYb2 and
CrBCH2, and participating in the regulation of chlorophyll degradation.
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¥ i B TR R AT ZH R
Transcription factor Species Name Regulatory pathway Reference
bHLH %3¢ K Fith CsTTS B CsPDSCsLCYECsZEP Ml CsNCED2 ik R 2K W% M R4S [29]
bHLH transcription Citrus spp. Ao
factor CsTT8 activates CsPDS, CsLCYE, CsZEP and CsNCED?2 expression,
and promote carotenoid accumulation.
bZIP 3t 1 FH A CsbZIP44 25 CsHBS-CsbZIP44 et WO R 03 b =& M2k M GsDXR.  [30]
bZIP transcription Citrus spp. CsGGPPsCsBCHI 1 CsNCED2 ik , (il 213 F R R,
factor CsbZIP44 participates in the CsHBS- CsbZIP44 transcription module
and activate of carotenoid synthesis genes CsDXR, CsGGPPs, CsBCH1,
CsDXR, CsGGPPs, CsBCHI and CsNCED?2 expression, promotes carot-
enoid accumulation.
WRKY #3¢[H H PpWRKY4 2B EA% bR IEMEER PpCCD43RIL , IEE AR bR A . [31]
WRKY transcription P, persica Inhibition of carotenoid degradation gene PpCCD4 expression positive-
factor ly regulates carotenoid synthesis.
REAE EjWRKY6  Wijiti ABA {23t EjWRKY6 3% , % S KW H MR E BN RER EjP- [32]
Eriobotrya japonica SYI.EjLCYB\EjBCH2 %53 .
Lindl. ABA spraying promoted EjWRKY6 expression and induced the transcrip-
tion of carotenoid synthesis- related genes EjPSYI, EjLCYB, and
EjBCH2.
SBP-box ¥R T A EjSBPOI ﬁe% W EiSBPOI. EjSBP09 % 5 18, TE w1 b &4 mag 33
SBP-box transcription  Eriobotrya japonica  EjSBP09
factor Lindl. Yellow pulp EjSBP0! and EjSBP09Y expression was up-regulated and
was regulating carotenoid synthesis and accumulation.
AP2/ERF #3651 R S MdAP2-34 M3 MdPSY2-1 5 E, BE M RAREIAR. [34]
AP2/ERFtranscription  Malus domestica MdAP2-34 promotes the transcriptional activity of MdPSY2-1 and accu-
factor mulate carotenoids.
A7 CsERF061  ¥i% PSY1.PDS\CRTISO.LCYbIl.BCH.ZEP.NCED3.CCDI #1 CCD4 [35]
Citrus sinensis L. TR BT RS DR A K.
Osbeck CsERF061 activates the promoters of PSYI, PDS, CRTISO, LCYbl,
BCH, ZEP, NCED3, CCD1 and CCD4 to promote carotenoid synthesis.
ABIFESEIH T R MdABI5  MAABIS-MAMYBS1 R KR K& N FEI R, #00E MdPSY2-1. [36]

ABI transcription factor M. domestica Borkh.

MdALCYb5& Rk K R IE

MdAABIS-MdMYBSI cascade regulates the accumulation of carotenoids,
and activates the expression of synthetic genes such as MdPSY2-1 and
MdALCYb.
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B AT Rk LAR FEH K IE , NI KB IR AL &=
B . HRAE SR AL IF ) R2R3-MYB & 741,
FERLIL PR 4H P 4% 5 Y 184 4 R2R3-MYB % 3 [H 1
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AcbHLH42 & 5 AR 1 s AcANS M1 AcF3GT %
(PRI, (i gk S SR B 4Lt R AT Il o

WD & FE N MBW 2 &% 0 H 57, Be
58 MBW 4% 0 28 1) R8P o Liu 557 ARG Bk
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MYBF110-AcbHLH5-AcWDR1 Pl & &4k , i@ it 1
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éﬁ\i[w]o

IR, B T MBW 2 &K1 £ )2 R
A, i s I RIR WAL B RIS 56H %=
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Table 2 Other transcription factors regulating anthocyanin synthesis and mechanisms of action
LS Y L4 FR TR AR 225 3CHR
Transcription factor Species Name Regulatory pathway Reference
bZIP #% 3% [H F W VebZIPS5 WU VeMYBI 3k, IERTEILH RINE K. [70]
bZIP transcription factor Vaccinium VebZIPSS5 activates the expression of VeMYBI and promote the synthesis of
corymbosum anthocyanins.
g PavbZIP6  H45% DFRANS UFGT 54 B R MRIE ,, IERIEIEE R & . [71]
Vitis vinifera L. PavbZIP6 enhances the expression of synthetic genes such as DFR, ANS, and
UFGT and positively regulates anthocyanin synthesis.
BT PsbZIPl =5 PsUFGT JBE) 1454, EHEEERMRR. [72]
Prunus salicina  PsbZIP10  Both bind to the PsUFGT promoter to promote anthocyanin accumulation.
HYS5 ¥ 3% HF Bk PpHYS BOFEET RO MRS M3 K PpCHS1 . PpCHS2PpDFR1 V) }2 PpbMYBI0.1 [73]
HYS5 transcription factor P, persica WAL, BRI £ A K.
The structural genes PpCHSI, PpCHS2, PpDFRI, and PpMYBI10.1, which
activate anthocyanin synthesis, are regulating anthocyanin synthesis.
(E PyHYS 2 5 PyMYB10 1 PyWD40 3% [F A% 6T R & BU& %, WiE CHS.ANS. [74]
Pyrus pyrifolia UFGTHiE, (et 5 = B .
PyHY?5 participates in the anthocyanin synthesis pathway co-regulated by Py-
MYBI10 and PyWD40, activations of CHS, ANS, and UFGT expression for
anthocyanin accumulation.
I MdAHY5 5 MdBBX22 & H W3 [7] B4 7% MdMYBI10 #1 MdCHS, R #1655 A E [75]
M. domestica o
MdHY5 interactes with MdBBX22 protein to activate MdMYBI0 and
MdCHS to promote anthocyanin biosynthesis.
NAC #35%HF W VeNAC072  5MYB %K T AtPAPT HAEF-BISIEE R A SE R RIL [76]
NAC transcription factor Vaccinium VeNACO72 with MYB transcription factor AtPAP1 and activation of anthocy-
corymbosum anin synthesis gene expression.
R MANAC52  i8id MdMYB9 I MdMYB11 ) RIS /67 3R & B S5 13 K LAR ANR [ [77)
M. domestica Fik, IEWEBIEE &A1
MdANACS2 interactes with MdMYB9 and MdMYBII and activate structural
genes LAR, ANR and positive regulation of anthocyanin synthesis.
ko MANACI 5 MdbZIP23 HAEFFI0E MdMYBI0 - MAUFGT 3 (15 AR AL B 78]
M. domestica £
Borkh. MdANACI interactes with MdbZIP23 and activates the expression of Md-
MYB10, MdUFGT genes to promote anthocyanin accumulation.
WRKY #FH T AR PyWRKY26 5 PybHLH3.PyMYB114 HAE I WUE LT & & BIE K PyDFR . PyANS #1 [719]
WRKY transcription factor ~ Pyrus L. PyUFGT IR, IERIE1EH Z A .
PyWRKY26 interactes with PybHLH3PyMYB114 and activates the expres-
sion of anthocyanin synthesis genes PyDFR, PyANS and PyUFGT, which
positively regulate anthocyanin synthesis
RS MAWRKY72 YHES N, 5 MdHYS MdMYBI 3 [R5 MdANSMdDFRMdUFGT ] [80]
M. domestica FKiIE, BB E R R
Borkh. Light-induced co-activation of MdANS, MdDFR, and MdUFGT expression
with MdHY5 and MdMYB] positively regulated anthocyanin accumulation
ERF #3 K 1 FE ERFS5 5 MYBA F3H £ HAR(RHIEH £ H K. [81]
ERF transcription factor ~ Morus alba L. ERF5 interactes with MYBA and F3H genes promotes anthocyanin synthesis.
A1 PpERF105 5 PpMYBI40 HAEFIHIETE R & MR RS, REATREM.  [82]
Pyrus spp. PpERF105 interactes with PpMYB140 and inhibit of anthocyanin synthesis
gene expression, and negative regulation of anthocyanin synthesis.
ARF #3¢A 1 IR MAARF2 — HHIAETE 34 A GG # 5E H MADFR . MACHS #1 MAUFGT 3% , 1) [83]
AREF transcription factor M. domestica HEEMR.
MdAARF? inhibitions of anthocyanin accumulation by suppressing the expres-
sion of structural genes related to anthocyanin synthesis, MdDFR, MdCHS
and MdUFGT.
LR FveARF2 LT A BIMAHK G MIE R FaCHS S IF0K, SUAIBEE RO M. [84]
Fragaria x FveARF?2 inhibitions of the expression of structural genes related to anthocy-
ananassa anin synthesis, such as FaCHS, negatively regulates anthocyanin synthesis
BZR ¥ 5 K+ R MdBEH2.2 1#it MdBEH2.2 - MAMYB60 & &4 ANS\ANRFLS F1 ANR (1% 3%, [85]

BZR transcription factor

M. domestica

TR T R R

MdBEH?2.2 negatively regulates anthocyanin accumulation by repressing the
transcription of ANS, ANR, FLS, ANR through the MdBEH2.2- MdMYB60
complex.
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WH R G FLUR S0 ETH it PpERF9(ERF %%
S DAL A4 2 00 10 il AL, — 75 T PpERF9 5
PpMYBI1141))a 81454 EEANH HRE, 55— J71H
J& i — > PpERF9-PpRAP2.4-PpMYB114 1 1 % 1]
P, NI ZL A LTS 2R A6 B L 460 R R
[ i F ETH FINAA Ab 3SR RS 5 , MAARFS-140)
il IE 42 R F MAERF3 W RiE R B H R &
Ji§ 5 111 MdIAA29 W] 385 56 4 25 G g G5 4 4 FH o
2.3 FTWEM

DNA F ALK 1) % A R gk SR s e
HEMER. SERI MIROST BT (BT MK
K CHS.CHI.F3’ H.ANSUFGT 1 MYB10 ] J& 5
T ALK TR 3E AR T 2 A R0 kAR sk
1E16 °CARIR I 5 T , PpEF3H PpANS %5 3 [K] {1y H 3
KT 55 3 BRAR, RIS F S-aza ACEEBR SR A, 5535 15
FAHRHR, KRGS RNA (IneRNAE A
FE AT AL PR U 42 0 285 R A O35 0 TE RS AE T R AN
R R EEEEERH, Ma S EE R g T —
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%% MJERF109 £ 115 530 & CRi e E 240K
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VER—Fp AR BB AU , REf8 455 miR397 431
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fEAEH RAE R LI B p il & e, Ak
WF 78 R B, miRNAs-MYB P Rl & R AEY &
Ji§ ", Zhang 5 " {E AL Sz rh R B — > PyPIFS5-
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B 2 A1 PIFS 3 BT miR156a, i J5 PySPL9
# miR156a V) ¥ % & , i 0 49 #) PySPL9- Py-
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AH AR FH IR Ak , AR 2 268 & E B4/ F 1)
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B, MR AR M SRS R T RER
WIRRAAEERNZ HAER, =R ERKILFH R R
SR R IR B T i PR T A e
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Table 3 Main transcription factors and mechanisms regulating chlorophyll synthesis

T LZLs EA N AR EEPEN
Transcription factor Species Name Regulatory pathway Reference
GLK FesgH 1 BRGERE AchGLK TR AR E IR P R R [119]
GLK transcription  A. chinensis AchGLK regulates the development of chloroplasts in the fruit and increases the con-
factor centration of chlorophyll in the fruit

Bk PpGLKI1 SIS rb 2 fk R BRI/, IR 23K A [120]

P, persica PpGLK] increases the number and size of chloroplasts in the fruit and is regulating

chlorophyll synthesis
R MAGLKI YRR G R B A R P 3L EE gl RASRI SR R R A [121]

M. domestica

FH A CcGLKI?2

Citrus CcGLK15
MYB 3% K7 LY AdMYB7
MYB transcription  Actinidia
factor delicios

T MaMYB60

Musa acuminata

A7 CrMYB33
Citrus reticulata

NAC ¥ [ T &2 ChNACI
NAC transcription  Cerasus humilis
factor Wk LeNAC002
Litchi chinensis
Sonn.
bHLH#3HF  #iHG CchHLHG66
bHLH transcription Citrus CchHLH35
factor
SR PbrbHLHs
Pyrus
bretschneideri
APRR2# AT &K CmAPRR?2
APRR?2 transcription Cucumis melo L.
factor
ERF # A1 R MAERF17
ERF transcription M. domestica
factor
iierd CitERF6
Citrus
ABF ¥ 3:[H 7 i VVERF17
ABF transcription  Vitis vinifera
factor
Aux/IAA TN F LcABF1/2/3
Aux/IAA transcription L. chinensis
factor Sonn.
B MalAAl7-

Musa acuminata like

MdAGLK]1 restores the chloroplast defect phenotype of g/k mutants such as fruit chloroplast
dysplasia and leaf yellowing.

Rk SR 3 A B A DGR IR CHLD (I , (R k-4 35 [122]
They promote the expression of CHLb, a gene related to chlorophyll synthesis, and pro-

mote chlorophyll synthesis

{23t SGRI1 KK IR 4225, RIS SR 2B il [123]
AdMYB7 promotes up-regulation of SGRI expression to degrade chlorophyll and nega-

tively regulates chlorophyll synthesis

BTG R A RACHTEE D (CCOHORIE SIS R I B A o [124]
MaMYBG60 activates the expression of the chlorophyll catabolic gene (CCG) and pro-
motes chlorophyll degradation.

0 ER R EG (CrCLED W3R, IR 203 106 A [28]
CrMYB33 inhibits the transcription of chlorophyllase (CrCLH) and positively regulates
chlorophyll synthesis.

FEm AR R A B IPRY AR T [125]
ChNAC increases chlorophyll content and enhances fruit stress resistance.
WOE LeSGR N LeMYB- 1 335, R S R JH R Ml & & e [126]

LcNACO02 activates the expression of LeSGR and LeMYB- 1, degrades chlorophyll and
increases anthocyanin content.

O - 4 2 PR AR AR 2 R Kl CeNYC\ CePAOCcRCCR . CeSGR HIZI5 , InidE M 4425 [127-128]
FeEfik o

Activate the expression of chlorophyll degradation- related genes CcNYC, CcPAO,
CcRCCR, and CcSGR to accelerate chlorophyll degradation.

RILTH et R R B 1 B R ST R RE A i [129]
PbrbHLHs elevates expression promotes chlorophyll synthesis and improves fruit re-
sistance to drought and cold stresses.

CmAPRR2 3K Tt R Bz LR SR AR B0, 72 4 3 £ R IE S A [130]
Elevated expression of CmAPRR?2 gives dark green stripes to melon skin and is a positive
regulator of chlorophyll synthesis.

GEL 5K AR PPH NYC H R BT, (R 43 25 B it [131]
MdAERF17 binds to the promoters of the chlorophyll degradation genes PPH and
NYC'to promote chlorophyll degradation.

W& CitNYC CitCLH  CitPPH %5 M 4 3% MR MR B Rk , M 4 R 5 [132]
CitERF6 activates the expression of chlorophyll-degrading genes such as CiNYC, Cit-

CLH, and CitPPH to negatively regulate chlorophyll synthesis.

544 K [ 3L | NOL .PPH.PAO Rl RCCR 283k , i 4 K AR 2 . [133]
VvERF17 induces the expression of chlorophyll degrading genes NOL, PPH, PAO and
RCCR and inhibits chlorophyll accumulation.

AT T 2K AR PR 2 IS N JJE 3 Tl WEEH R, U R R

GEE SR AR BRI PAOSGR I 3 B F oo, Bl HRak, St e 8. [115]
They can bind to the promoter elements of the chlorophyll-degrading genes PAO and

SGR, activates their expression, and negatively regulates chlorophyll accumulation.

A Wi M MaldA17-like 323k , AN f -4 3 B R L K] NOL W SGR BIZRIS , 1IE [134]
PRI S A

Cold stress inhibits MalAA17-like expression and indirectly inhibits the expression of chlo-
rophyll degradation genes NOL and SGR, which positively regulate chlorophyll synthesis

1 (CItETR I~ CitEIN2  CitEIL1 F1l CitERF2) 2 5 K] 1) AR A 2R K R, R TG, e E SRR
FEIK A B HE 4 2 PR AA ™, T LED A ' AL HE I i DRl P TR o i 2 AR O N o AR
FLIRBLIN 2R B CAO g 3[R 1) v ek, 400 SR sz iy BB 2R HY S PIFs 25860 )37 K1 (K /E F AL
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M2 3R B I Z 0 I8 2 — N IR INRIX (proto-
porphyrin IX, Proto IXD [} & B, B 22 & B 86
LB 1% N\ Proto IXHH HEBN 4 R 1 & B, & @
BT AR R AR [ FEE . Song
SUNBIETT T BRER SR AT R A et e as B B VVIRT 1Y
SR RIE S, RILIRTI HUR RAGIR 4 R & &
BECTE AR Tk 5 MgCL I 55 Mg™ %
B H PpMGT X JHEE R FE B[, IRt P4 xt 7h
J5 Mg B W USRI FE T S e i S I AR
BT X SR TR B TR s R AR SR E AR
R R AR .

AR ZR A FEE I R 4R L S TR I 2k T sh A
ST I SR 3R 1 B A A S [N R B SR S B L AR
RS . 2 2 (2 3 SR SRR SR AN s A A% A
BONTIZ B ANEBER  AME B B R0 5 4 R P
FE IR () 33k , 38 X ERFs 1 5= 26 4 55 [R] 7 it 1 32 1
o RS F R AR R TE v R R 2R
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