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Abstract: Cyanobacteria evolved oxygenic photosynthesis approximately 2.5 billion years ago, which has gradually
changed the composition of the atmosphere since then. In order to cope with rising greenhouse gas emission and severe
environmental pollution, microalgae, important in carbon sequestration via photosynthesis in the ecosystem, has

attracted growing attention. Although microalgae can outcompete terrestrial higher plants in terms of photosynthetic
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rate and solar energy conversion efficiency, the potentials of microalgal photosynthesis have not been materialized yet.
In this paper, we reviewed the progress in modifications of microalgal photosynthesis and its related pathways. The
employed approaches include modifications of light-harvesting antenna, manipulations of the expression levels of the
key enzymes in Calvin-Benson-Bassham cycle, construction of photorespiratory bypass, as well as the engineering of
carbon-concentrating mechanism to increase the photosynthetic efficiency in microalgae. The bottlenecks in the
employed approaches have also been discussed. To further improve the photosynthetic capacity of microalgae, it is
necessary to screen new components with higher photosynthetic performance from other species, especially the ones
adapted to extreme conditions. Transcription factors and microRNAs may also play important roles in regulating
photosynthetic efficiency and biomass accumulation of microalgae. While the construction of alternative carbon-
fixation pathways and photorespiratory bypass can accelerate carbon fixation, the introduction of synthetic pathways,
by which photosynthetic end-products can be consumed at a higher rate, can mitigate the sink limitation on
photosynthesis. The development of synthetic biology provides unprecedented opportunities to generate microalgae
species with higher energy conversion and carbon fixation rate, more resistance to photodamage but less production of
reactive oxygen species. This paper proposes to construct high-efficiency engineering strains for carbon-sequestration
by selection of optimal chassis, elucidation of regulatory mechanisms of carbon fixation, introduction of exogenous
metabolic pathways and modifications of endogenous metabolic network. It can be expected that the further
improvement of the carbon-sequestration ability of microalgae will effectively reduce carbon emissions and make

substantial contributions to the achievement of China's goals for carbon sequestration.

Approaches employed in previous studies

«% Strategies for future studies
Manipulations of the
expression of enzymes in CBB

1. Rubisco
2. SBPase
3. FBPase

Truncated light-harvesting antenna

Broaden absorption spectrum

« Discovery of new
photosynthetic components

1. Chld and Chl f

2. Cytochrome b,f
3. Phytocyanin

4. Xanthophyll cycle
5.

Light
reactions

E

Construction of
photorespiration bypass

+ Construction alternative carbon
fixation and end-product
consumption pathways

+¢ Transcription factor and microRNA Modifications of carbon-

concentrating mechanism

@ Selection of microalgal chassis

@ Elucidation of regulatory mechanisms of carbon fixation

@ Introduction of exogenous metabolic pathways and
modifications of endogenous metabolic network

High-efficiency engineering strains for carbon sequestration

Keywords: microalgae; biological carbon sequestration; synthetic biology; photosynthesis; light-harvesting antenna;

Rubisco; carbon-concentrating mechanism
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Fig.1 Strategies for modifications of light-dependent reactions in microalgal photosynthesis
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Fig. 2 Strategies for modifications of light-independent reactions in microalgal photosynthesis
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WEH IR AE YR (R R (Chloroflexus
aurantiacus) W3- 5N (3-hydroxypropionate)
] Bk ik 4 B A A R B o T AR ) —— SR
(glyoxylate) X —HFri, WHITFATHONERFT
KEHME, BREGCHFEE TR T %5
R EREIR S . S5 ARG RDGRF ORI L, Bk
E AR BONH,, 11 92T CO, i ik
. HARFHUREH ERMLFRAERENZES,
{EAEE AN 7 AE AL AR 3R, 3 D i O I
AR 7Bk %

2.4 BRGNS

5 C,EWAE, KZH MM C HYBA ik
W 45 Ml %) (carbon-concentrating mechanism,
CCM) BRI 7K A B 855 s B ¥ CO, I B Y0 1R
¥ Rubisco # % 1 76 32 B & b, 0 3 A% ok R
Rubisco F ZEAF{E T M A E A+ ™, @it
CCM 1] L Rubisco % P4 #0057 F il CO, ¥k FiF 148 1)
IREE 19 1000 5 BL 7, B R BT B§  (carbonate
anhydrase, CA) &2 CCM HCHEN, foifiEfk

F % (Arabidopsis thaliana) 1l BHE Y FE T HCO; Fl CO, 2 8] ) v 308 i 4k 7 o B2 1) CCM i
0, y,0,
Carbohydrates Glycolate |
f : Glyoxylate |
''''''' 0. 2-phosphoglycolate :
: 4GDH
NADH «7 _
¥ Glycine
Glyoxylate i
CBB ! ; co,
Ribulose-1,5-bisphosphate :
] /GeL | NAD*
Rubisco / ~
sarboxylase) S '
. MR ;/u " Tartronic semialdehyde i NH,
3-phosphoglycerate «”‘4"‘\ N;\U'-"?{TSR Serine
'COIZ- i |
o Glyconie Hydroxy-Pyruvate |
NADH
Peroxisome ! Mitochondria

B3 JenPiR i AR R AR M e R S B A Ty 5

Fig.3 Photorespiratory and the construction of representative photorespiratory bypass'®’
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WAL, IR A CO, M BB, R4
CCM [ ZRIE KP4 s ) R A 5% 5 e i 2 il
s 25 COoRE, " RgFHCCM 1K
WL AR 15% CO, % fF &~ , /2K & PY-ZU1
(Chlorella PY-ZU1) " CA JLFAEL, K AH
CO,IRIE W m M2 T, CO,nT Ll B9 1
(1) 77 23 /£ Rubisco X CO, 1 73K it —B ok
W, FIH 1% CO, mI BA /N 3R 12 i 2 % 1) CO,,
M AN 75 a8 CCM 7, Wei 25 U7 i@ i RNA T
B AL AR P 40 5T CA (CA2) G PEFEMK
28%~35%, TERWECO, (5%) %1 F, #Hibk
TR T 40%; #—PAEARMEE. A
[F) S Y 1) s I 4 T IR s 7R SR B IE B, AE =Kk E CO,
(5%) &M FRAPRRIR RIRIGBIR B . 3Rk
CCM W iy — KB llF — MR A R #% 12 & B
(bicarbonate transporter) HIF bk, 7EANIE CO,%
R R HAEER RN ZES . BfEE AN
RN, ERE T IRIREMR i & A5
(Synechocystis sp. PCC6803) ¥ 4k tk 5 B 2 ¥k #H
Lo, ARKFFAYE RTINS, B SR
& CO, 25 TR AURR I A K 2 203 70 WiF Fi 4
RN, TEERECO%M T, i CCM & AT
RE $E 1o o 38 1) ] B R A AE ) B R R K P . Lin
S UV TEWI R INERE (C. vulgaris F1 C. sorokiniana)
S5 YR e R IR KR H AR AR R (Mesorhizobium
loti) H1CA. TR EIR, 15 1% CO, K ¥ %14
T, PRRE AR B A KB BT AR Rk S B
MEABAN CO, MR IR, Bk AERKZE T
B S T DL b g R0 22 S B A TR SR JE I
CCM JTH5%F CO, MR FE I B A (E B35 22 57 o

3 Wit/

B RCEY R DR BT B, XA
BEATAH Hirtti it BogE B EFT A K. B
Bk DN TRE e A5 AR W 2 22 B [ B 7 1) 44
R . & RCEDD I PRIE R, RO A 1R
IR s B e vk A 6 B i AR A AR
NATRE . AN T — BB LA TS 0t & 78
PRYZHE S TR0 L Bl A R v Ak Bk AR
AL DY 7 i 5K R

3.1 EiEMISSERTH

— AN RIS 3K a B F LR A RIDEEE
F X BEFIF 400~700 nm [ 0] W, T AE W 7% Rk
I H -2 2R d RS 3 £ 00 STzt 21 400l U7 1) 3 —
Wi T OLA R AT A e ra B B bk E d
F S 2% ) U G BOA AT R — A5 40 TE TG DG
REGHIBOERE ™o w43 £ Bl BRI 45 8 K
HAERERPE (Synechococcus sp. PCC 7002) H 1] 5
VRFRIKAUE B 73X M7 R RATHE B s 25 BUIE
W SR & ) g 3 ) LS BEBREE PS 1 455 IR
B8PS T X 4L (5700 nm) AW WCAE /1 ™. 1E
s oAt iR S e A R X ARy NI D (S
RUE AN A KRR o AEAUL T I I 2 0 R 4
R bf B &M% EE (Rieske FeS protein,
PetC), AIUMRmFEMMICRG N A 1 E&AES
MREKY, JFHEZRECRENM ] KET
ME, BrAdmENAEYE;, RER, AR
RS E SRR TR RIEEED R, [FH
I 22 B 2k B R A A 1 R IS AE B
bR A R L EEN 3,
I — M S W R, o 4EREA N TR
AAEZEH, Z5MBAEEARIER " £
PR I o IR A BCRTR T 3 A H ) Suaeda salsa 1]
JRAR W 2, AT DA e A R s UK AT i 0 5 B B
KGEETF RN, [FE DAL G .
5 TR B A W 0E B IR, O TR G T H AR 0
I FEAL A o0 B v T H 1 A 3ol 2R ) ik TR
TR UG T R WAH R E . sk, T EE
AW A S B i B B S 1 R B 42 R AR T e A
Juff. Chlorella ohadii 34t T H B G LRI Th e fd
HAT AAE VD B s v 6 B 26 AT N BRI SR BR
TN RE, WKL hRE RS, C ohadiiik
i ok AR B ATP 18 & 8 SR B (ATP-
dependent zinc metalloprotease, FtsH), fRif1&E
PO s R a1 B O T E B B AR S
IS4 F, FZE#: (Koliella antarctica) F)FH M
AN I B AT B R 0T PR AR A0 1) Ol R R A B

TE AN Z A A F R BT, NPQ 2
T ) HRAE 6452 405 1) — B OR AP L], {H NPQ 155 3
AR 5t A7 76 B 2 B AR XK, A 02 A R ot R
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RS BNHER R Al e sl B o 72, X —
A3 2 7 SLoe gk FA0E . Rk, $EE NPQ A
it Z g N Ry e — T DU AR DA R
AP E R P, Kromdijk 25 P @ i 78 fH 5
I R IB U EE IF PsbS. LB A R OK B R MR NPQ
PIfAsh; WRER LA R TR, BUKMEYD
R 15%, WEH By s R suE e A ER .
AR E R AT R P BARTE T NPQ
R R A 2 5 K> A 22 57, 60 LHCSR A
LHCX 73 71| 7E 23 8 A1 ek 5 NPQ 1 7% F) 3 28 v 2 5
TR, AHIXA 2 AT DA S 5 58 s MR
it 16 7T A 1)~ o0 3 s A R A O Ik R B
RN .. 520 % EERE AR BT
NPQ ¥ #H 5 3 KA [H , Leonelli % 7 JF & T K AT
BT 5 T B I R e R 48, n] DAy AT NPQ
MIRHOCHER,  FFX 4 AUl ER 2 A0 5 i b SR 2
DR G A R I ZE RLEAT T DI RR S IE

W98 kWL, ¥ A Galdieria partita Fl
Cyanidium caldarium Rubisco [f] CO,/O, i %] 4 57+ M
53 59l /& % 2% Rubisco ) 2.4 (5 /1 2.5 f5, AAHREM
BALEE R 7 PE ¥ Haslam 5 P77 45 7 76 M0 RIS
T (25 °C) AN[FYFN Rubisco 15 57 14 R %L1 2%
b, [RIREIE B ¥ VE 21 3 Rubisco CO,/O, K5 7 1 i 3%
T AR R SRR Y i Rubisco i 7 1 S5 R
BIEZNHK, BRI, Rubisco Ff 57 1%
5 . Rubisco [45F 5 14 FR A S B T8 26 38 7 5 A
FHG, W VE 2035 DRI 2% (53 1 308 Hh ) Rubisco EE
SR SR AT TR 1) Rubisco B A B iy 4 57
P U8, 7E R H 41 Rubisco i 72 7 75 EyE = 142,
Rubisco F3E PEAL 23 7T e 5 W IR BE R =M 4 &
) FE 1, AR X O 75 2 Rubisco W0 i
BT Rubisco B #| K7 ¥, Loganathan 25 M
UE B L3 Cyanidioschyzon merolae F Wi~ chbX &
Y (1 7= ) B 53 JE % Rubisco WG B . A 1 7E B B
JTHREE RIVERN, 2R =Kk CO, &
MR (CO,FEIBHA10% LL D) M4, Arbl
PRFFEE = AL B3 % ) Rubisco. B 1Y) AT
AW Z 1 1 2 Rubisco, 7EHARIEH L&
AW A R BT A R 28 2 (1 Rubisco N
Zhang %5 " LU T 7 BPOAS [R] R B ) Rubisco ¥ 1
RILE AL HUE FR AR L AR 4H T 1) Rubisco 246 2%

KRB (Synechococcus sp. PCC7002) Rubisco
1 50% LA L

3.2 EEEEXSERNEREFM microRNA

TF B 5 H br 5 3 2h 7 A8 o4&
ThEEsE, @R CEOSEHNHED RNA KA
W AR R R E, PRI TR £ T DL
B AR R BRI TF ', 540t 53 R g 1) 7
AL, R TF AR AE T o] BLR 2 — R 51 5 ]
MR IE . BRI 5% B 7 BpMYB106 171 57 i 4
Z A A AR AL BE TR b A G IR 1 Rk K, TE
MR b i % 78 BpMYB106 A] BL 3 9 56 & 4 F A A4
K D (5 B T B Do R e R T ik S
HAE A ORI TR AL T L2, Bilan Yo 55 U Jdsd
f FH TRAP 1 ARACNE 537, Tl T #L /g 77 of
iR EER I TE, X8R — 5258560 TF I
AEdT F T 3EA . TF (mEmBP-1) A LA S5 & 1F
PGB T 4G, &m0t E1EH MR
(1R IB K, FE KA it Rk KoK 1) s R
mEmBP-1 A] DL & Z 42 S0 A E 2 (30%) A
BHIFER (29%); AL R EIR, mEmBP-11it
FIB AR e A A &AW B A O 5 ] [ B
A R R KRG R R R A K GOLDEN2-LIKE
(GLK) TF, AETA] DL 7K e i A4 9 it = R AT
e, FE gkt RS E,
L5 B 22 A A 6 IR AR A0 R0 i o 264 T I e 4
WaEJe Ry R e BR T IR A AR
TF, 5T IHFFCREE R B T A& 75 H 2 7%
(1) TF. bR 7K 8 rp (0 NRP1 A] DUSR 5 7 Ah 8 9% 7K
FE 6 & A AR & K- . Tokutsu 55 1 K&
AR 38 Y CONSTANS %% 3[R 1 FZ #% 3 Kl 7 Ys
(NF-Ys) PFEAE DGR LA . MicroRNA 72 ¥
AW — 2 N R ) B EE RNA, — B 20~24
ANZAFER, T R R L R (1) mRINA 1 42 # JE [R]
RIE MY BERR L, fEKFEH I R IE — AR AT
] microRNA (miR408) W LA Z $2& mK a6
TERAR =& IRARS IS8, miR408 it
U R AR IR 2R SRR R (R E K, S e T A
FACEFRADEAER Y. B S M FLE 2 A )
1IE B 3 2% 78 miR408 1T LAA R L 4 1 2B K Ak
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GAER s 0 Wit Rk miR408 #4540 Pk 1) it 4
R E IR SGEER IR &O6EE AR
BRI RGBT A R Y B, fER
Fr 336 A& 7F B A 28 1) TF A microRNA & # — 25
P m AR A & R A MO8

3.3 tEHMINASERER

% 3| H A% Rubisco BU&E BUIF I BUR AR, @
G AT B AETIE A T I [ B A1
FHE RS . HIRCBB 2 HAR A P i 32
() B A, AR IFAS R ME— 1 [ Bk, £ E
TR HILA oAl S AN R ER A I8 R LA A
&1% (reductive acetyl-coenzyme A pathway). I8 5 fF
BIRIEIA (reductive citric acid cycle). - JRIR/4-F25E
TG (dicarboxylate/4-hydroxybutyrate cycle)
3-FR LN IR/A-F2 5 T IRYEI  (3-hydroxypropionate/4-
hydroxybutyrate cycle) Hl & % A R X 7§ ¥ (3-

) [113-114] A¢x [115]
=7

hydroxypropionate bi-cycle - Bar-Even
A 5000 /> CL 0 A A6 B o FL A, I T A R
BT ESR T 45t CBB P 2~3 5 19 Al [ B
WAL AFRFRACEG RIS J) R R ORI, B AR
B B R 2 AL (phosphoenolpyruvate carboxylase)
ELA AR R S 0 1 R TS ML R R o A
WA 8 3 A7 32 EOUR R s T AT I T AR A g A Dy L o
ME— PR AR U BARTE IR A 40 B A BOX S 0E
158 I R 4 ] Bk Ty e 3 T s AR 22 Pk AR, 5 9 9 B Ak
WA R T AT R fEAEME
Synechocystis PCC 6803 i 3 1 1ol 2 M B P I iR 2
G AT ARG S A TR m bR AR K T B
NN 2 L TR R BUAJE A0 OB AR, BT & g
S5 BIEW, 5HAMEmEAHEEESEE
FEA U, Shih 55 U DLR B T R RUAE BA N
filt, FEWHE PR 7RI SRS, AMESE N T CO,
MY RE 77, [FIET 3G 58 T CO,FIMR I RE J1. an it
AUHT I [ R AR e IR, A ' I I S g U 2
R AR, T RS AR T R R B OCE
L) v K] SRR 1 25 i ' T MR S0 56 1 Ak 8 D' I S
AR A RS SN E . Kebeish 45 Y @il
G AR T, W E. coli LEETR 4 RIS 1R 5

B N ITH, SEIL T P A BEAE SR )
RiL, ME T — DA SR XK e
TR G IROR AR SO B A W 20 A W
PR B A FERE M NADPH, A =4 NH,, Jf
HAE AR CO,, BAFT CO, B B FIH ;
Fa T, FARRROUIP IR R 2 RS, e ER
MAYEMRREZER . - mIEDH 3N
T2 i & (glycolate dehydrogenase, GDH). Z [
R I 7% 2 B8 (glyoxylate carboligase, GCL) Fl il
£ 1% 30 IR (tartronic semialdehyde reductase s
TSR) S, #E5 RIRIEALTE G 16 I L
P, AR RN T 50% LA "7, Shen % MY
Mg T — A A B 2205 3 N 7K A 4 g 1Y) ik 4%
i34 Rubisco /NI HEHIE ik 3 NI Sk, i
BT B SR ARG R SR s B A A
R, KR T EAR G & A R
Fro AT I 51N AT PR B AL B R FEAR . A
P2 A NH, H 5 A F T [l CO, WGP S #%,  [RIAE
SRRV BRI AT R

HLIE 19t 428 60 - 4K, Boussingault $2 H i
IWHNEERZE— AR, BT 2634,
[l B} 52 6 & 28 P2 R FH AL 0 IR s . Tk
A2 A 8 AR RS B T
A, HE I FNE IR R N AR BR R T Sk Ik
FEORIE TOGRER = R A, WoG& FAL = Y1
ST RAE T AN [F] 3 A2 B I 43 e IR~ 6 AR
Yo A KAV R e B BB Y ki %
(BT 70U % B A v SE R R s b, IR S
FE R FH 25 2 5 B0 ik 8 3 AN B AR O S /R H AR
IR, XM BB R CICBRE” M 7 T
HR R R YRR IR A, AT DU AR R CIC TR
il 7 %A 4 A L AE Y. 48] 40 Abramson
oy ki 3 a4l K R BK B (Synechococcus
elongatus PCC 7942) 1£ 241 Jfil 51 vh #1 B8 K & i H
T o S V5 A K B A AR R R A AT
BERE T HEAMOGEERSE. Bk, FHDE
A AE F U] % )RR AL MR O S R R
it e -3-BE D MR &4, S Wi #E
HAR, AR SR AR AR
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3.4 SREKRIERIESE

ZICEE IR, T R R R LA R R,
SR o R A TREAR” R ERAR R A . H
NHEA ) AR B, TR RO R &R G0 R K s AR
AR COMREE, TR 1 A8 [l B J7 TH K3 5K
MFER, s — bl B TREME R AEY
775 B 16 A 8 &R Gk 47 S8 808 % 42
B, AT IE B AR ) RO ) v R B CO, B
IREE . v ] B R R 1 A 2 R DAME SRS v =
WA (D BB EE BRI, B TR AHIA
HEPPPE LR 58 AN BT A1y B A A, mT DUE S 15 AR
(EEAL AR B B LG N 22 438) (177 U0 i CO, IR
JRECAN R CO, M BE AT B A 5 [ Bk R0 26 1 e P
RALKR . (2 HF 7T [ B AR 1 R R AL o 0 B AR
RS RAR R AT CO, B A5 5 R . B sk
microRNA ZH 2255 5387, 420 07 346 42 il ok 78 e 20K [
WEIFH R IhAE L, 4% microRNA. TF K il i &%
Z 50N CO,HIE Sl g . (3) oy [ R o s A<t
R G .l RO A R S E
I BOR Be AR AL AR B NPQ FF 3 Xt
AR IR PT ST GRIEFEERD Figs, Xt
MEEs BRI EE SRS Ttk T MuE
At . X8 CBB 753 A CCM AH ¢ i 2 47 iids B
FIF N I microRNA B¢ TF 5 5 /> ¢ 8 4 42 i 4C 1
A AT RS, A AN S B AR W iR A 1
E T RV S T RS, EAEAMT CO, [EH 2
I PE N A = S 2 sy B =557 co Y ]
L ] B R

gr bRk, @R R g SN L RE
FIFCRER R . i CBB I3 F1 CCM DA % 1 7
TR S % 55 TF BOW O OE & R AR SuE MR AL,
CEHs T2 HEWITOIER R, (H R AR
WG T S Y R R A B RO A 1R B AR 1
& R AL, 3 BURCGEE [ Bk T e Ok 7R o KA
W RGE ot AT R L H S F
IR, BT LA R B SIU0 B BR ), SIS
I s B 2 8] R e P 4T . e S E R BR T 32 6%

B, B PERERR AR, XU A
I R AE 40 i 7K P b 50 O AR AR SR AR & 42
ek . BEE & MCED AR PRIE R e, 9 DARGE
PE & [ BR S AL AR, L ) 3 iy T ok el
TRERRBEE 13k Ath . A & A 7 ik A & )
CAFR S 40 b PR 1), B2 T B RO BE A 2 A [
B S B v IRPUIG R 5 DL 7 A 5 A 3 1 2L
JeEAE R ARG e A SCHR 3 I [ B A O 1
G ] B A ) R A AL T T DR ol ] G
SEACUE B I BT OB T 5, MEE RN A CO,
WL TRE MR . TR E P ) CO, — T T RE %
A7 BB AR TR i B T RERHE H AR 1 - H
SEHL s I — U7 T RE W K FRE AR AT Bl A 7 A
ERAT IR R 2R W 5 RT LAAE D 22 b s B I AEL 2E 0 3
VEVI BT AT R ok . PR, Rl e T B AR
PR FR) ¥ T A S AN (B AT DA B N2 X i = AR B
Thid,  [RVI 0 22 g I 52 5K 1 RE YR AR B e AL A
A HEEE

2 % X W
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