#3648 HW G ERES Vol. 36, No. 9
202449 H Chinese Bulletin of Life Sciences Sep., 2024

DOI: 10.13376/j.cbls/20240143
XERS: 1004-0374(2024)09-1141-08

WRE, HMHPRET (HTERLERE)ARAR, HEAFIF, Mt
VTR A NF AT KA. BEREFFRFEROREL, BRGHERATH
PRI RAREAT . GAE Y BHFZRAAVARI T KRIKFED SR
54 MFR, JE Science. Nature Communications. Nature Chemical Biology-
PNAS. Plant Cell. Molecular Plant. Cell Reports 5 5 K31 F) & & 4 3 90 & & o
FETERDERFLOFFEFANGCMA LT LER R IMA, FTEAMDFRIHES
BISRAMM I sk, TEAYIRFLAMRESAFTSEN. TEHLE
ERHEA N . 121E (K FIR) 3 E£%, vAR Journal of Integrative Plant Biology-
Journal of Genetics and Genomics. Seed Biology. Modern Agriculture. New Crops
Fo (HEMAETRFIR) FFRPN %L,

MR =S BRI R ER

AR, HRERE*
(B B T TSR =, AEE 100093)

W FE IYEKIEKRMNE, BV WIS A anE SR AR FE G R AR O AL R A HbER AR
TRALRER . MR KAE M RTH B REROCRE T SRRSO RE LR B 1L, £ E/ER
ANATECER A 7o DR, B SRR AR A ORI R SR A TE R RO B L. REVRFEAL LA
T o M BR AR A A 1) B AR ST 05 . SR ER 1) EE B R O OB BT R TR A I A A S T,
R RE G BT 2 E MR . A SRAE RS KE T, SE R EENREES K
FHOEMAEH, &R MRS S ENIRE ST . 21 JLHERERTT, BTAS SR A R
PWENLHE T ENATAR, FE (D) MR EREEEE LR 5 ) MR R BHE 5 1ER 5 (3) 40
% I E e% o IX BRI A0 40 BIAE T SRR AR SRR S A RAZ 2 18] 4 MR PN =N AN R R 2 1] 2 T
TN T MR RGNS SRR YA BOE— N A AR, SR Lol G
BERARESRHEAEEZ L., B RAZGERZ A5 55U R R AR SR 5%, Al U 04T e
TR SRR AEYIA B X PP EEIR NI T AR A FRATTRE % 75 AR A R R F A 7

KB OGEIEH s HERGHW ; WES . KEBHES

FESES . Q945.11  CHEFRERD : A

Advances in the regulation mechanism of chlorophyll synthesis
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Abstract: Plants, algae, and photosynthetic bacteria convert light into chemical energy through photosynthesis,
providing energy for life on Earth. Photosynthetic pigments such as chlorophyll and carotenoids absorb light energy
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to drive electron transport, and are essential for photosynthesis. Therefore, studying the regulatory mechanism of
chlorophyll biosynthesis is crucial to promoting photosynthesis efficiency, addressing the food and energy crises,
and improving the Earth's ecological environment. The importance of chlorophyll and the potential oxidative stress
of photosensitive precursors necessitate precise regulation of chlorophyll synthesis at multiple levels. Light plays a
crucial role as the primary environmental signal, while internal signals such as hormones and chloroplast retrograde
signals are also essential in chlorophyll synthesis and chloroplast development. After decades of research, we now
have a more comprehensive understanding of the regulatory mechanism of chlorophyll synthesis, including the
regulation of chlorophyll metabolic enzyme activity, the role of chloroplast retrograde signals, and the
transcriptional regulation in the nucleus. These studies have revealed the regulatory mechanism of chlorophyll
synthesis at three distinct spatial levels: within chloroplasts, between chloroplasts and nuclei, and within nuclei
Chlorophyll biosynthesis is an exciting field that holds significant implications for plant biology, agriculture,
synthetic biology, and even modern medicine. By employing comprehensive multi-omics approaches alongside

cutting-edge technologies and interdisciplinary methods, we can gain a more holistic understanding of chlorophyll

H36%:

biosynthesis. This deeper insight will enable us to harness its potential.

Key words: photosynthesis; chlorophyll synthesis; light signal; retrograde signal
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Mg ) ATAE THEY) 3R UL SO EMm
e BEIFEADY), WZRR SRR 7 4R
IAFEAE, HAEGEE G Re 3k DL A g &A% i
SRR REEEEEH. LEME PR EaER
WeAR A a3k, a5 A 7 TR AR i
M4E R, HEEEMIRNER ", Hgx
AMUEEHRFICEER T B2, [FRAERRA
R R DL R AR R RE, fE Rl T, Pradb.
PUARRE o &5 BT IR A I8 1) Tl g 5 8 FH 1 IE A
Pz E M E A B H T A R R B
2R RSB ILAEAE 5 MR, Jpll 4R 3 a. 4R
by MEEER ¢ (B el 2 fled), Mgk d K
gk £, g, M40K (Heme), PHP ML ER
LSO GR350k B T DU i AU a2 o 4R 3R
H RO — AT B AR E R, A S- J RO
Pk P& (5-aminolevuinic acid, 5-ALA) & 8. Vdntk
ng LR AR 7 . SRR A O UL K S R
IRPYANER Sy, FHSCHE R fe Ho gt i) opl s s
& 25 R B ARG 2 081 JLM, RAIR S
1K G e 0 T ) A A v M DL R TR L A — L BAR I
Bofle WRIEAT NMIBETE, BTN AR SR 6 oS R
HAEAE = A RBR T 2 (1) 5-ALA & U2 BA
Y it g A T 30 2% PR PRI B8R . Q) MR R 54L&
AR RREAEE TR SR XNE PR
75 (3) 7 e MO HE B0 1) 5 - S 25 TR I 4 10 Tl
(light-dependent pchlide oxidoreductase, LPOR) J& #¥
FHEYI SRR A R T DR U,

UTEEAR, B N A IS Sk ER A RO R B 7T
372 RE. (1) B2 MW -tRNA i85 5 (Glu-tRNA
reductase, GIuTR) &L & ik -tRNA if J7 1% 5-ALA
PRI, MR SRamNREDSE. BA
Wt 70 @A 7 L ES T GIuTR 5 45 & & & GBP
(GIuTR binding protein). Flu (fluorescent in blue
light) (=2 &YKL, 78 7 GBP LLJZ Flu X
GIuTR 3 M i 22 1 F U0 (2) il A i S
SRR TR TG AL JFHF LPOR K B IS A F 20 J &
Z R W (protochlorophyllide, Pchlide) 7E )% 8 25 14
BLAR Y- 43 Z RS (chlorophyllide, Chlide), &)t
By By SRR . N A FE2H 53 0l
fif AT 1 ¥ ¥ LPOR i 544 L) J2 LPOR-NADPH %5
HBamE AL, 7 17 POR MR AL S M 1)
fE I ALEE U7 (3) GUN4 (genome uncoupled 4) &
H /& 862 5 B (magnesium chelatase, MgCh) 1/ % .
3, @I 45 A R Y JE Ik ik IX (protoporphyrin IX,
Proto IX) 5 7= #%8E JE M IFR IX (Mg-protoporphyrin IX,
Mg-Proto IX) #i#% MgCh 1%, LM SRR G R0
XD B WEREAN SR, 3B A
CrGUN4 "] 44 Heme 43 SCARH =R 23 (bilins),
233 MgCh % P % 4k #5 MgCh {f 1k V. 3 CHLH1 1)
e, WEHRE R RET MY,
TR TR 1R D' 1 P ARORSE RE PR AT D6 UB BB I)
o HEERT, (HSEAMSER o & IEIT
R o I TR FE 3k 2 AR s T
2% 3% ¢ & B 4 i 24 [l CHLC (Chl ¢ synthase),
FEARMT T CHLC RO LA B,
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2.1 [ORRgRIE <R (HRIEAVET)

BT NAE 2 AR B 1k 0 42 07 T A T v
ZHERE, JUHRVEREACHIEE GIuTR, B2 & i
MgCh 4% 7.3 GUN4 LA J POR "2, Ji A 50 &
I, MORF2 (multiple organellar RNA editing factor 2) £/l
MORF9 5 GUN4 HAREfi: GUN4 EEAFRER, BIA
& #6 T GUN4 1) 75 201 #% MgCh i £ . [7] B,
P74 7% MORF2 Fl MORF9 b #% iiF 5 H. 45 Holdase
W, fERANE RO 22 PORB 45, 4ERF POR &
& P, Ak, PCDS (programmed cell death 8) 5[/
M A UEE HEMC. CHLD LLJ PORC HAE, thi
TR ClpCl BAE, Wi R &l . 15
— RS2, 1% [ Bernhard Grimm i35 25 i/ 46 45 B
57— RV TR, RI . cpSRP43 (chloroplast
signal recognition particle 43) 1 cpSRP54 %} GluTR.
GUN4 & [ i e M B R4 1R A B2 5 s 128
&K 1) BCMs (balance of chlorophyll metabolism)
5 GUN4 B AR B2 & Wi P #E I 203K & i
Y Rp it SR G RS B S T s i 4 30 SR
FC2 #% il 55 il it 5 FLU-POR-GIuTR & & 44 1 1)
POR F {4l GluTR & .

2.2 MRERIRESEEMFESHEZ BB
BT

WA TR ERAR, R E MIRRIRL %2
MRS, BN SR A A 1) - A A 32 1Y
= 5 MM IE 15 5 (anterograde signaling). 5 I [A]
I, SR SRR 5 R 4 B AZ A DG FE R Rk,
AT S HFRCA RS 5 (retrograde signaling)™*.
Chory 5258 25 38 i3 1 [m) it 4% 17 18 v b 31 s 45 5
¥ GUN1~GUNG6 (genome uncoupled 1~6), i 5 I
SRR RIHE 5 Y AR KR E AR LS ST
FERGT B A REAR T H S miE A hRE,
A U R AZ A R o HT AR SRR i &
AR A BIFE K F) A PhAPGS (photosynthesis-associated
plastid genes), Kt 41 i 4% 9w A % & AH ¢ 2 1 A 2R A
A PhANGS (photosynthesis-associated nuclear genes) ;
Horp, MoK A M < B B (H i HEMAI/FLU/
PPO1/GUNS/PORA/PORB/PORC % ) 3] J& - PhANGs
SEIH B, ORI R R, A R RS S A
Map R G ROL B R BOCE B 7SR D A T R,
Heme 7 A AR U P ——MH €8 22 0 6 AR 1 1) % 4 DA
L aEAE S EE P, b, Heme fENIRZ

HEAMG G ORMMULT AN AT, MEIT
M ELRA, MR BT Eae . R
EIERMEE Y. BEREAG dh B2 R T JL A
Heme ¥38 [ 1, (HIZ4 Jy IEAERE ) IL 18 A AH 5%
fi&, Kk Heme %36 [ 1515 5 BIVE R WL I ANTE
. GUNI &M GETR 2 REHE S, WiEg
fi¥% PRANGSs J£ R %35 P w5t & B, GUNI A
ATE I SRAR PR FE  SR AR R, TR i G4k
AR R A %38, M ClpD KM GRS MMEEEA
GIuTR. GBP % [ Jifi A3z . (H &, Hurxt+
GUNI & A AR A 5T A B e S, DRI
N T RS 5 WAL S AR AT . Ak, Rt
WFCEIR, ANFEIZEAL SO G 5 28 O Sk R
H, JKAE 0 DY L g % 0 7 OsGUN4/OsGUNS
WiTE PhAPGs ik, 2500k A5G 5 3% ™,
ITLEAE, ROS /31 R IGHE 5 E M Sk K G 5S4k
O T R R IZ T 5 R DR . S AR R A
ROS B : — 771, ROS (L £k 54 (10y))
TENEEHET, SRS T R BRI R,
JEFHRAE m A ML a5 4440 F ¢ 55— J5Ti, ROS
TEREENES ST, AEEMNEKRKE, W
TFRAR . i 72 Y eI AR B A R
SEABUE T, A O, S LR T N s B
L) ROS A2 . [FIR, [H4h 525 = 0 & B,
EX1/EX2 (Executerl/Executer2) /5 [ M &3 44 2 it
G AL R R A R Y flu FERAN pif]
pif3 RAZ PR AE B R A BT K& Ok BUR Y R
Pchlide, W% 54 K& '0,, It EX1/EX2
IR0 E S SRR T, SE AR RN
1 B, R LRI, <10, AR EX1 B [N
O, 55 MM ghEREMBEEZ, SEXHNT
WRKY's AH HLE % 4h i e g &

23 RESERERESHHRFZBHEIERGEMRZA
E)

JEI e B 1 S M S 5 8 M AR 4%
R E T REEABEREH . SRR, 6E
SHZMERESLRRETSREAR, BT T
R EMNS . oGS 5HERGESMIEEER
F BRI KT, (HEEE AV EH AR A Bt
A, ARG KT DL R H AR 7 T AT T — et 5T
HEFE,  Eb 0 & 5T 9T R B WS O 32 4k CRY2 v S
mRNA-m°A &Ml fads B wiEsis
¥ UK -F PIFs (photochrome interacting factors) 5 HY5
(elongated hypocotyl 5). JH 3% 2 W g (brassinolide,
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BR) 15 H1[ BZR1 (brassinazole-resistant 1) 5 BESI
(Bril-EMS-suppressor 1) PL & Z ¥ 15 5 # 1 EIN3
(ethylene insensitive 3) 545 % [ T B AE M R &
A 2R A, T 53— 2K B ok A T GLK1/GLK2
(golden-like 1/2). GATA LA J2 CGA1/GNL (cytokinin-
induced GATA1/GNC-like) W SZHL 1 XG5 5 BL AR
G2 MNIME SIS, JLHE GLKI/GLK2,
SR E A DL R SRR R B F Ok B P

JCAT 50 G 3 B 1) Y 458 4 0 AE o L PR g
ARG IR S . —J7 S R SRR
A5 T R RARAE G AF 5 7 ) 42 K5~ PIFs Al COP1
(constitutive photomorphogenic 1) 25 K EF &, i
MR GRS EREE T 57— TR EMT,
PIFs # 1 R 1k % fit, COP1 3 P 4% 't 52 14 #1 il,
i 615 5 1E 1A 4% B 7 HYS. FHY3/FARI (far-red
elongated hypocotyl 3/far-red-impaired response 1) 45
REMR, BumlUus s REE R, s aR
AR B KRN, pifg R R (R
PIF1, PIF3. PIF4 Fl PIF5) R34 DU AR i 56
R K i3 B TE, 3R PIFs 78 8% 5 /K1 1 458
MR A R B AR . 1, PIFs @it
L% B R) £ 89 F 7 2C 40 ) HEMAL. CHLH Al
GUN4 %57 MK ik, {2ik PORA 3iE ., LK,
1E B 2% 1F T, PIFs # [7] COPI {2 3t HYS [% fif,
BET 55 HYS X TPB 5L IR (4 sirs e A ), B
PIFs 1% CHLH. CAB %R A EE & (H)
HH 41 A% P9 B S B AL I AN L ), BA
8 55 Yt 5 H N BRM (Brahma). 25 2 B AL il
HDA15/HDA19 5/ Yot K TR iz 4 = A
UeAh, fEBWG T, #5:HT RVEL (Reveillel) E#%
455 PORA R ) TR Bt LRk, [RII 40 ] GSA2.
CHLH L\ Je CRDI ik, BTG2235 4
TEHAME T, R F HYS M SEEME 8RS
REE, HIREKS FHM SRS BEK. HYS
WEAIF ST B4k & CHLH LA J PORC %8R R 8 T
(X ) G-box Z5 eI AT IB0E He Rk, JFilid (|42 77
e HEMAL 335, i e gt g 4 . ik,
¥ 5k ¥ FHY3/FARI J@ It B #%: 45 & HEMBI J& 5]
T, VLKA GUN4 fl CHLH 53R ERIE, i
B AR bE S %0 T PIFs 5
HYS5 BXMAEE AR, 55002 DU g A 3 B e
SR, AR AR SR I TR AN i AR RO U o
( bttn Pehlide), [RIBSFRIE T W% f5 POR B4t v ik
WO, B OCIE .

WERAE SRR R A U R AR H 32 BRI
X I S AR B K% 0 7 5k R F GLK1/GLK2. GATA
P M CGAT/GNL 45yl 42 4 FH DL R H 5 52
/8] (3¢ X H E. GLK1/GLK2, GNC. GNL/CGAI
PL J% GATA15. GATA16. GATA17 Fil GATA17L 4
B R IE BB GUN4. CHLH F CHLM “5 LK 3
ik, IERAEA SR A, X T R T SR
R DR G 3 A U A 1R B A U 4 i B0,
MRS BR I SRR G, — TR SRR
BZR1 UL K BZR2/BES1 BHE:ANH] GATA2. GATA4 Lk
N GLK1/2 5% ™ . % —7J51H, BZRI1/BESI 5 PIF4
HAE, 4] GLK1/GLK2 V) J 43 % & % 3 (Rl 3%
ik Pl gk 4, W&~ COPI {i& i #f B2 b T2 =X 1Y
BZR1 (AEWEMEIEI) BEME, (et im PR AERER 1k
BZR1 75 B R AR . JnEE Wi R,
615 5 F HYS 5 BZR1 HAE 3 k) H oh g U7,
LRI, J6F HYS f212F BR A Bl BIN2 i
FasE e, HIFS BR XG0 R B msER "™, &
BIRFFLE D, Ot F BIN2 3@ 23 GLKI Mg 1k %
EH kR E ", Jf H BPG4 (Brz-insensitive-pale
green 4 (bpg4)) Wi . BR F1G{5 5, it 5 GLKI
TR A SEE B, R AT, GABES
fi ) R F DELLA 51, —J7 T B4ZR i POR ZEH
kLA EAR R, MHEYRFEE ST POR B
P 7 S PIFs EAE ARk L AR, MR FR
Xt GNCIGNL [y sscmil ®. BB b 20515 5
Sk Al EIN3/EILL B 4% 45 & )3 8+ {2 i PORA
PORB %35, 5 PIFs W[4 8 K & . [FIR,
EIN3 & F #0605 5% « COP1 78 IS 441 N i
EBF1/2 (EIN3-binding F-box 1/2) {i& # EIN3 & 1 f4
€, PHYB N7EX T2 EBF1/2 5 EIN3 HAE{E ik
FCRR MR O, eAh, Auxin {5 55 S0 B b 5 SR
[Xl-F ARF (auxin response factor) DL f CK {5 544 5
I8 4% 7 1) B-type ARRS (4rabidopsis response regulators)
SR SRR T H S S GLKI. CAB %53 B3 1,
PRI R R, (R R AR T gk
HRGEEEERME SRS, HdZmaRMHER
T REFI A S E C T AR, FH4ER
[t TSRS RNIAEEREE, RE LR
SKE, ITEREAE RS, EEA. &
B B A MG S RS s R S R TR
RIS T 2ot g, KT s %
fESEREIE R T, el CsSMADS3. MaMYB60 %%,
Nt iR R S R E T E BRSSP,
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BE & NATTRS 28 25 A R LR R N IR 5T
AR 22 35 Ry YR A2 L A A 328 T A E o

WHFEARIL, BR T VYRR A S g b )=,
A o ) LAt A I R A, B 3 BETR IR
T -5'- BEIR (PAP) LA A R G W B R I8 & R o 18] 7 )
MECPP 4%, #2543 [ BiE 5 MBS S
LA S IR E R, F 2 1K LA A S5 7 20 R )
TERNLEIEAE4E P R G KF, EARA
AR B gk R & i ACE B GSA-AT. CHLIL
CHLH.POR.DVR %35 B AT JEAE TR BR AL £ 1%,
Rz w78 s, RN IRZ EAFER
AL B M, RING Y E3 72 3 % #2 5 SP1. CDC48
H AR, PUB4 &I S/ 3 SRR Bl S 4k 9 2
FURZ ZALBE AR U g 3 R et
SRAR R PE D REMORL T I SRAR IR 25 I Ak i R Ak, 12
S TR AR Tt R B P St A A TR A i R R DR 9 B 1) 2
Orf2971 Z 5 HE H i M E 1], 4Ermtaeik
Fads U, [, REFA LR R LT R @ T
TOC ( M2k A1 E i e iz 1 ) F TIC (246 N
I b iE 1 ) BT R RE &Y, Wik T —
ELUCRIIS, e SR AT 4 i g 2 1 e is )
IR 3 I AP B T T B 1 46 2 iy 11T
Ak, i E 2 1 TRX (redox-active thioredoxins)
5 NTRC (NADPH dependent thioredoxin reductase
O) M SR JE R B —H MBS T 0 S- WA
FAk (S-nitrosylation) &1 2 [ 5 & B ARG & R
R R A G 45 S A S AE I SR AR DG b s 5 i A2
ok ¥ AR, K f#E OsTRX 5 OsMORFs
B AR 2844 RNA iR R0, BEm a2 g ik
KE M. GLK1/GLK2 ¥ K 176 -4 i R B v
e EE, RE B C, #Y £ K GLK 1E C,
KGR IE AW SALA S, fREKREREE R
A R, AR C, YRR BiE C; IR T
AR AL T 52 1,

FRUE TR L CHT B RN I 78 K 22 9 24 2 Hdls
BURFBIER 7T, AE R XSG 45 77 2 3 B HL
AF M. MBS SIERME. JBES 5
FAE T A B EAE R 4% DL S i SR AR A 72 4 5 2
H% 3 sy R 4% 22 1) R DR IR T 32 0 e A AT A Oy, A
AT AT AR, 24 KEARRE . B4
JH W 48 S R IT 9T T BOR AR FT X e AL ) F1 2
FT R EAER R, X T 5 R 2 O B A A S

EEM AR EEZ L.
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