J. Lake Sci. (4176 #+5) , 2023, 35(3): 766-779
DOI 10. 18307,/2023. 0301
© 2023 by Journal of Lake Sciences

EREAGRARLNFES S FIRENERRHE

o R A ke E R E R FaR, AR
(1 B R A Rk 22 Bt , Rl 226019)
(27T BRI B A PR H , jil 226007 )
(3 EREABEK A A P58 BT, I 430072)
BRI EIRE S TR, Ll 200438)

B OE R YRR XOTE A0 B  HEBK R B RS AE R L S B2 R, — EOR E AP . B
R EHOKE R R EEE IR, R AR R A 5 HO A AF RIS DS . SR80, K IK P R RAFEZ R, A
[l 25 SR R R W A K AR A (s i LA W25 28 e IJH:,Tﬁ%ﬁ‘@w‘ﬁ%?ﬁfﬂ%ﬁ&ﬁlﬂ%KIﬂﬁ}@ﬁk?ﬁ‘ﬂrﬂ%ﬂ
SRS , XA PR BE K AR R AU A R S A SCTE B B AL RER AR 5 IR RE RS D& L T30 BRIk A
MU Be CO, RIS 0G4 F I A B HARAE £ 3R B S At , X 5 e [R] 4k S b A F B & (NO3 \NO; (NH; JRZE I
Ny ) W95 T HLE SRR EA T T3, B4 T B A MOE A Bk VRURI AL AR & 50 28 SO AL R4 T IR BT Aok
JET5 1w, LAFESI %5 ) B TR ABIESE o

SRR WA AR AL ; BRI s i ok e

Progress on photosynthetic nitrogen assimilation and its regulatory mechanisms in cya-
nobacteria

Yang Xiaolong', Liu Lihua®, Bi Yonghong’* , Wang Xun', Dong Wei', Deng Zifa' & Wang Shoubing*
(1: School of Life Sciences, Nantong University, Nantong 226019, P.R.China)

(2. Jiangsu Siyuan Environmental Remediation & Restoration Co., Ltd., Nantong 226007, P.R.China)

(3. Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan 430072, P.R.China)

(4. Department of Environmental Science and Engineering, Fudan University, Shanghai 200438, P.R.China)

Abstract: The biological characteristics and competitive predominance of cyanobacteria, as well as the formation and maintenance
mechanism of cyanobacteria blooms, have aroused continuous interests among researchers. As an important nutrient for cyanobacte-
rial growth, the assimilation of nitrogen is intimately coupled with the photosynthesis. However, nitrogen exists in various chemical
forms in water, which affect the cyanobacterial growth and the formation of blooms in distinct ways. To delve into the formation
mechanism of cyanobacterial blooms, it is important to understand the cyanobacterial photosynthetic feature as well as the mecha-
nism and strategy by which the nitrogen of different forms are assimilated into cyanobacteria. This paper reviewed the processes and
characteristics of photosynthesis in cyanobacteria, such as light energy capture and excitation energy transfer, primary photosynthet-
ic reaction, CO, concentrating mechanism and assimilation. Then, it illustrated the transport and assimilation of different nitrogen
forms (NO3, NO3, NH}, urea and N, ), the regulation of these processes, as well as the mechanisms by which cells coordinate
and regulate the carbon/nitrogen metabolism. The paper also summarized the latest research advances in cyanobacterial blooms and
suggested on the content and direction of further research.
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FELE 1402 Chla 1 Chl.b 1) LHCI( light harvesting complex 1) 5 LHCII( light harvesting complex 1) K 4>+
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Tk, MUEEHEAL T R CEREE T SRR TR e TV 983043 51 5 PSIT A PST 455 815 e =t A -0
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Fig.1 Photosynthesis process in cyanobacteria (modified from Yang et al''*)
i3 IRERBEEREL T, Nostoc sp. ISC101 [f) APC | PE (PC ) & B34, M 5 26 8 4 B M H e 100 &
B Pseudanabaena J&AVFZ WM PE 5 PC HES B OH 1A 5t £ BEFREE G0 R (9 7 (7] T 42 2 2k
AR G PE FRikBEsE  AELOET PC A am , M H I H ML ( complementary chromatic acclimation ,
CCA)
1.3 ¥ R R FNE FfEi#

SatEe  m Y — R PSIT RIS BOGAF N W R A 5 B, 2 HOGAERMAZ.O. B 1 PR, £
Rt R PSIT NI R R4 J5 , PSIL it 3 0 F BRSO S B A, AT A Tl R St 5 R
(Chl™ ) T LR & [0l B 325 (Chl) ITEH B lORE ™ o IR BR R 5 PSIT RN H 085 P I B Py,
RS IR TS Pe 3 S IR, PSIL P74 52 & 14 ( oxygen-evolving complex, OEC) Z4i# H,0 y=4: 0, .e” flI
H, KAl 505 o T8 f# AT Thermosynechococcus elongatus ) PSIT = 4E 554 | % ¥ & PSIT BAfk 22— £
W HELH R B AR AR 1 52 A A . PSIT SRS 24 20 AR TR Y 2R 3, A4 2 N BLEE T 4 (Phe) (2 4
K MEAT0,.Q, AEIMLZE Fe™ 44 Mn™ 34 €11 4> COY s HCO, 452 | s\ o &
LSS TOHEERSRE, Hrh,2 AR 4R E 245G 8 1 CP43(PsbC) Al CP47(PsbB) 7R 4 4F PSIL NFRK
LRGRE T RIFVER; 5340 2 AR A 1, D1(PsbA) Al D2(PsbD) 225 TOGG FHI St #2 . 7 PSIT Y
TEE G RE S, 200 D1 2R 2 B O M Wom & R DI PR LURAIE PSIT R Zh BE TR
o 3 MIMEMRRE [ PsbO PsbU 1 PsbV (W FRANMI 53 ¢550) , DL AN ZE 6559 B3 F s, BAT
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WTHES S T oL TAEE AR S AL, EATAT R4 OEC %32 A A AL i JE 4L 23 O S, o rE 1,0 43I A1
A OEC F4 5 (Mn, CaOy ) UK H' O, B ANE th B oh i e R AR B B EAE A o 35w PSIT7E4H p 1 He
BRI T T AL EAAEY T, PsbP (PsbQ FANER [ KL A7 7E W rh gk PsbU T PsbV TR
R, 45 LHCIT &5 PSIT A% X380 A1 649 PsbW E 676 15 bR 2 B0 0 BUAR, HRTIE R & g o 5
R PSIT 76 AT A2 5 (B G5 1 A9 22 B R — 3% vl A7 AE e Dh e 7 M A AR [l o

7 R TR (PSIT-PQ—Cythf—>Pe—PSI>Fd—FNR—NADP™ ) J& Fr A7 6453 A WA A 32 2 L 1A%
IR R WA, B Z 884, A7 7 PGRS/PGRLI 4§ 3k NDH A 5 ) 35 X i F 1% 3 4 (cyclic
electron flow,CEF) ,{H PGRS/PGRLI 45 CEF 75 M ez s ™ o BORMZ RS R, CEF k&
AW g —Fp T BB AL, AN TR 5 IR (KR S e A B, SRR R S a2
i, BT XTI B AT D o X TEFRA TR A 5 AR B EDE , A1 & X M. aeruginosa FACHB-905 7 T ik
R EEIA T PSIT G, NDH 4 1% 128 PSI 1) CEF 9l 3 145 , LIFER RAOGRE™ . AT, H i
TR 4 1 SO R 7 2 A ey oy g PR 5 Ak I 0 Bh Y o

ML A T 2 2 D EE M LIRS 5, 4352 Cyth/ Bl PSL, Cythef FHZ 5L RETE PSIL 5 PSI
V] (R 5 B LA 3o S A DG I PO B Iz iy il 2, D15 35 ML P9 NADPH 5 ATP [ L 3], S S0E RS 95 0] 74 5
TR, ATP (4 BAR IR S 1> 0 PST A EEINRENIL Sy Pe NADP $&{it— A~y T4 (L3R I 2k 1k, 5
PSIL A EAE I # 7 —~ M H,0 F| NADP™ () Z R e T4 3 4 , il 1 5 F AU Rkt BRI R e 0y . RIRl T
SR AR Y AR N A AE G PSS RIE S, 15 38 PSI A — SRR FN AR R , 38 Lo 515 i P BH 5 —F sl 5 1 ik
BERIAAT 0 PST A SRR K (0 -4 A% PSIT IR A B 4%, T. elongatus 3T J5F- 73 $E 3 2.5 1
PSI =25V fi M B I, PST 575 PsaA ~ PsaF Psal ~ PsaM  PsaX 28 12 75 (4 0 3L 0 127 AN F (255
96 4~ Chl 431 22 DKW 8 N E /YT 4 DMEFS T .3 A [4Fe-4S ] T#E 2 AIHGERERA 14 Ca™) ™,
Ho B BK B IS PsaA il PsaB 4 T — A5 BEAY F 06 PsaA/B 3RAK, 7€ PsaA/B SCHEEA ALY Th
C2 SRS _E 254 Chla BYBAIR(A,) A Chl.a 4SE) B R ——I 7 0 (38 Py LA ST i 2, FL R 21
S PSEFE R Progo 5 Pego 8 E , Pogo AR Ji HL AV 30 L B 538, i 7= A JE 405 10 1) 40 T 38 Ji Fi A3 4 38 I
NADP", BtAh, A KR T PSI AP KL R 50, PsaF (Psal \Psa) \PsaK  Psal. & —38 /N7 FEAE4E 5 PSI P
HRL R RGN FE PRSI . IREFEHISAEY PSI A PSIT 3 N 3BT 6 5 65 48 b B R LAY —
FREIARCIE W NG . AR, A 3 T Anabaena sp. PCCT120 (6 R G 45 M & B, PSI 23 5 PBSs 41
AR TR A, TR A R P 2 PEEE BT, (LR i AR 28
1.4 CO, MBI 5k 4

WERF L5 Y, 35 BT Gy Wik I& 4%, B R IR SC-AAS £R-E2 VD 147 2R ( calvin-benson-bassham cycle,
CBB) . CO,43FERZHIME 1,5- B2 LR ( Rubisco ) AL T~ 5 A% HAWE-1,5- 8% #R (RuBP) ¥2 1k A A 3-W%
i HAMmR (3PG) , B Jm X257 3PG i J5 A RuBP R4, LA 3-B IR M A 0K OHLBR A% . (BRI IR] CO, ¥k
FEN, WEEERE SR W TR /N5 Cof W, 3 5 06 5 T 0 A8 1) e AR TE LB 32 e vk 4R AL A
Ko FHBLAZY 419 wmol/L YRR, CO, M, /KA COL M EEA Ry 5~25 wmol/L, i #:2E Rubisco Xt CO, i 3%
A3k 250 wmol/L™ 2 T i & Rubisco Xt CO, MYTER, Wi 5 C MW —HE, 7L EATA: H T HEIR Y
FRBEIE B LA ——CO, MWL (AR CCM) 7 o 3 i 4% b TR LB % 128 2 45, i 3 7T (il HR A b Rubisco
BALBEIEPEJE I CO, MR BEHEFHZY 1000 £, BT, EFEREPR A T 5 MORFEM IR 2 R4, Hd,2
Ty NDH & & /K2 11 W5 NDH-1, Fl NDH-L # 5 (1 CO, %518 R 45, 7 AW CO, T 5478 4 HCO, A Rt ARk
b HE 3 A4 Bk BCT1( XUFK Cmp #5382 2 45) (BicA 1 ShtA 3 RS (1 # iy HCO, iz R 4%, ol B 5%
iz HCOTHE AR AR (P 2) ™, U P 77 76 K B T ISF 6 ( CA) |, i A BRI HCOS 7 CA i 4k T 5625
CO, , J5#% Rubisco [E5E . (HIFARPIAT 15 SRR FEAE 5 BOCHLER 528 R 40, 16 A [ B0 15 38 Tk P ok 28 38
RGHIAFAE R BER LA KR 225 . Sandrini 277 X T 20 4~ M. aeruginosa FEFR ) CCM FEH 51, &
BT BRI A 2 4 CO R 5E (AA 12 N H R B BicA 5 ShiA ¥43i5 R4, # CCM (i 552 5
FERS IR, COM 3z e th 25 OB P 0 B3 100 BE A28, DR G BB 1 Na™/H B B 5 is R el B, Ol
RPN 25 Tk i . XT Synechocystis sp. PCC 6803 Wl %% k75, 3 45 % K 7 CyAbrB2  NdhR ( CemR) 01
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CmpR #2555 T COM By#E sEJEEs S 5 CyAbrB2 5@ 456 empABCD ,sbtAB 5% ndhF3/ndhD3/cupA F:H
B3 3%, IE R4 CCM BL . NdhR T CmpR 83K A LysR K&, 52 /N TR B IR £, 7EAR CO, &4 T
CmpR 2 F L ML CO, MMk, CmpR 2 cmp FH\ T 095 FWHEE N F, cmp B9\ F A% T ABC -
CmpABCD $#32E 1™ . CmpR 5 emp B\ 7454 X800 3 A HE J1 52 RuBP A 2-B5 % £ BERR (2-PG) )
P NdhR U EE S5 COM HLE A0 145, 78 2-0G 5 NADP™ (B[R] T, i it CO, HAT 15 5 F 7 i)
NDH-I, \BCT1 ,ShtA JoHLRRFET R G B i ek

Hill, DA 22 E VN, R CCM 2 HUK B LIRS R RN 5 1, CCM el 5 H7E 5 HAth
TRIEAE X R 3 4 b RS R BRI BT CO, YRR I Ah, CCM iy 5 AN B R 58
X} CO, W2E AT ANIE] i 8 v 3 3 AN (6] %) 981 7 20 Sl R 1 B IR Sl R B 5 ) LR 236, LS N 2R
B Ak K (9 TCHLER AT FIIPE AR AL o 78X Anabaena sp. PCCT120 FHe#i 58 B , CyAbrB2 25 T 41
S ML BB L R . Onf 251 ¥E Synechocystis sp. PCC6803 FIF5E & B, CyAbrB2 3£ 2 5 % Ak
SRR, AP B 32 NicA #5550 A0 AU RIAL L 3255, 0 urtd .amil ginB sigk Fl nrt #2490\ F, CCM 1E32 75 Rubi-
sco MEALACRFIDGA BRI R, 20 % Rubisco BRI AR /D, A1 E AT 4

2 EEMAE R EMLAFE

W AN B 25 8 2 A AL AR (B R AR A A A i B S0 A Ve FIAR I ™ L SEA Ve =R
1 ATP \NADPH AR A 552 K Rt R IR (L RE SRR IR 7, HOGME H,0 7725 (1 HY T8 I 15 I B 766
JERE E AR RS E N Ess ARSI, S A AL M Fd B2 LA NOL/NOS IR JEC NH
R o — L AL A 1 mol NOSIRJF R NHy , 75 BLIMAER [ H,0 4=k i 8 A~ e ™ . Fd AIBRIF fL
1770 2B 2-0G) ts 2 P 5 15 R s 5 3 e —— 3 -8 N  Glu-Cln) PR, [
I, FACHH S ik R Z M AFAEE X ATP NADPH Flef A4 b4 .

2.1 3¢ NO;/NO; E L.

WA 2 R, BREE Y NOL/NO, A B4 M 1) NOL/NO, 5212485 11 Nit 2 NO, #iz 11 Cyn il £3h
BEIEAANE . 25 78 Fd HOBEE R R S i (NR) A Fd AR 1 A i £ St il (NIR) 4L T NOSJEJ5
WA 5k NO, A NH R JR A A4 NHL FHEA Glu-Gln R 3R A2 SE Rt , LI HLEUE bl it e

H i & LAY NOS/NO; I 15 A ABC BI-NrtABCD (37K W5 35 ) Fl NrtP ( BRI VEWE 3 ) MiRh2E i
EATHFR A NOS/NOSEVERE , ¥)8 T il 58 NOJ 5 NOS AU R MER & 17 . 78 NitABCD %t NO3/NO;
AT ATP Se ST ATP 4568 1 ND 256, 76 H,0 247 4 1 T3 13K T, Nt #952 & A= 728
Ak, (200 M B RS 45 A A NrtA 2551 NOS/NO IR i 125 B A 1 Nt B 38 38 #E A BT, M 58 1 NOS/
NO; K552 NrtABCD % HUBTE nird $24E F (nirA-nrtABCD-narB) /1 , {H7E ToH B (A (1) 5 3% ( Gloeobacter vi-
olaceus ) 1 Synechocystis J& W5 ¥ ( 41 Synechocystis sp. PCC6803) H nirA 5 nrtABCD-narB WERRFE ) SEAEk
TV LT B L R 24H A (4N Trichodesmium erythraeum , Synechococcus sp. WH8102) & ¥ T NO;/NO, iy 55—
MNP R NrtP! 7 B4 H N ABCD B 5 BRI E A F7 (K 249 15 pmol/L) BAG 4401 F B W)
NRT2 ¥z B FFFE . NetP WAFTE T S A M B RS b, (H B AT T 8% NitP #%32 NO,/NO, 11y
LI ARTEAE o Ak NetABCD 5 1 SRR Bh % 12 2R 11 ABC B-CynABD (RURF S VERE iZ 2R 11, 7T A%
iz NO; ) \HCO: #4158 11 Fil ABC H-CmpABCD HE[RJ 41 T —MFA RER AR o Siliix 4 & 05
H 2545 T NR A1 NIR, FKA17E M. aeruginosa FACHB-905 1 [l 5% Hh % 81, NOS 3535 F 4l empABCD |
ndhF3/ndhD3 FEPH A HORIE T I8 . Ik 23k, NOS/NO; (532 5 HCO; 4 iz 2 [ o] fig 1 77 18
1P

Wi NR I NIR #4481 Fd /50 BT, (B NR B Z54 R [ F 400 7K 9 ) NADH-NR FIAH ) | ELPE A
NI% NAD(P)H-NR, 7EXF Synechococcus sp. PCC6803 ) NR 5y fitrvh, BRI & 1 [ 4Fe-4S ] FiF it
1A Mo i PR 1-2H B 10 2 P, TG I S 7 30 2 S B v ARG S8 R0 T3 (4 SURE 8 g 2 AE 0 NIR Wy 14>
[4Fe-4S]JEFHEFN 1 ML R AN, g2k A Fd s{ s R AL HE [ (FId) 1Y e, FAD , FMN  NADH 5§
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Fig.2 Photosynthetic nitrogen assimilation in cyanobacteria ( modified from Yang et al'®’)

NADPH A fig FHAE H oy b, (ER R4 b i NIR 2540 22 5% R K. HOR NIR [y nird B0 % 6%, (H7E
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