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Abstract: Due to the sharply increased greenhouse gas (GHG) emissions, there is an urgent need to transit from the
traditional 'take-make-dispose' economy to a sustainable economy with ecological balances through circular green
technologies such as biorefineries. Based on the source of the feedstocks, existing biorefineries can be classified into
three types: starch-based first-generation biorefinery, cellulosic biomass-based second-generation biorefinery, and

carbon dioxide (CO,)-based third-generation biorefinery. Compared to the first- and second-generation biorefineries,
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the third-generation biorefinery will not only significantly reduce the GHG emissions but also have no issues on food
and water security. However, one of the major challenges in establishing the third-generation biorefinery is the design
and engineering of microbial cell factories capable of efficiently utilizing CO, for the production of chemicals, fuels,
and materials. In the past decades, a variety of CO, fixation pathways have been discovered in naturally occurring CO,
fixation microorganisms (autotrophs) such as microalgae, cyanobacteria, and acetogens, and significant progress has
been made in engineering these autotrophs to extend the product portfolio or improve the carbon fixation efficiencies.
Recently, some of these CO, fixation pathways were successfully incorporated into heterotrophic microorganisms
commonly used as microbial cell factories such as Escherichia coli and Pichia pastoris. In this review, we will first
introduce both the naturally occurring and artificially designed CO, fixation pathways, and then discuss the application
of synthetic biology strategies and tools for engineering autotrophs and heterotrophs to convert CO, into a variety of

industrially important compounds. Finally, we will briefly comment on the prospects of CO,-based biorefinery and the

relevant scientific opportunities and challenges.
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Fig.1 The global average concentration of carbon dioxide and temperature in the atmosphere (1880—2020)

(The histogram shows the global average temperature of the year, and the curve shows the concentration of carbon dioxide in the at-

mosphere. The data came from the National Oceanic and Atmospheric Administration of USA ™)
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& JNERSE (Chlorella sorokiniana) 25 7= 3%
=, MK E (Dunaliella salina) 7= % b
=T EANER T TEREBEDERE T
BEA R e . B, Radakovits &8 X = £ #5 45
#  (Phaeodactylum tricornutum) 3 fig 5 ) A5 Wi BR
Moy AT B WTE, SR T LR IR IS AR B AR 5
T Xin S I N A T EAS TR I
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TR ERGE AR RS &, EHEES
VE N PR A 5 56 5 ™7, Pourmir 25 44 KL R ik 761 B4
(Neurospora crassa) R AR I J57 B 3 N 3K A A 8
SCHL T ORBERERAE RS Y, Laversen S A RIET
SKURE T TR RN IR B IR A S RS - i Ak
A A, R AR R, S
FEARMRA, Wik 83K7C ™ JEFK &
WM ERAEA.,

AR, & AR O B B A AT T
FE A0 VA0 A B U AR Bk B R R [ e 2k 28 ) A
7¢ £ # £ /£ CBB i ¥ ) RuBisCO B . il &1,
Wei %5 & 3 — A 7T 9 4% RuBisCO i (¥ 1 92 K
nRCA, H7E T BR P rp 0k w] o3 OB & 203,
35 e T I ER EE 46% I AE W B R 32% HIAE K
HOR Y SeRGEHRM G R, KA MR RA
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JIH e EEE PO R A EB R EGE . 4
U1, De Mooij 5 ! F1 Shin %5 ) 43 51 3 1ok ek /) 3
A A BN 3 /N BREE O R R R = T 10%
65% MG RERI I % Wang S5 M T e R E A
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Tab.1 Synthetic biology strategies in designing and engineering CO,-fixation pathways
R tH R R R Eiiipa Ay EE PN
U | IR EY)
1% RuBisCO fiff T BR PEE T AR EE 46% I AR 32% AR K% 2017 [58]
(Nannochloropsis oceanica)
AR R E DY AR P TN RERE 15 T 10% G AR H % 2014 [59]
(Chlamydomonas reinhardtii)
BMEE R E A NER B TN REE L 15 T 65% BB RERIFH % 2016 [60]
(Chlorella vulgaris)
143234 RuBisCO 1, JifL 75 FETE52% BB R R 2016 [61]
SBPase, FBA, TK (Synechocystis sp. PCC 6803)
RuBisCO i T.F8 i o 5 T 55% ot f sk 2015 [31]
(Synechocystis sp. PCC 6803)
HP/HB &% TR ER B IR BT, FIH CO, 4277 3- 5 L A R 2013 [62]
(Pyrococcus furiosus)
SINEAE RS %R 4 3 LA CO, 1 M — B Y5 ANt R A itk — e i 2012 [57]
(Ralstonia eutropha) SRR A7 S TR 3-F -1 T B
UG 5 IR
I\ 3- BRI R IH I KEGF B (E. coli) 93 450 3-F2 B TR A TE K AT B vh ik, R0 2013 [63]
UE T 2B i
SN A = R TR G IR KIGH BI(E. coli) TE R B 2 IE 7 38 IR 1 = 3R TR AIG BA L3 5 T ok 2018 [64]
BRI 7
G JFE M 2B A BB KT RI(E. coli) SEHL T MFRERAN CO, & i H &R A 24 2 1% 2018 [47]
i i CBB M 73 i 1% i TP 7 3 CO, TENRRIEZ — 177 2 2013/2017  [65-66]
(Saccharomyces cerevisiae)
51 N CBB i 3 K A B AR KIGHFRI(E. coli) FIH CO, G L T R 35% A i 2016 [67]
0] 245 2 3 NS Ak
I CBBAEHR Bod@ NivEdEtl  KIGHFFIRI(E. coli) FI ] CO,AE Dy Ml — ikl FH Y R AR Dy M — g 2R U 2019 [68]
M« E IR A
FINI E AR B [FfL BE 7R B (Pichia pastoris) FIFH CO, A g Mk — B 5 FH HH AR Dy i — B 8 SR U 2019 [69]
% K CBB G it eI K

212 Hmi

WS40 B A2 5 — PRl EL T D B RE B R R AT
A, BEPEAK., BRFRM. 5T s
FE AR BT RRER AR ALK gE L], WAl
b I 2 B A4 T 48 i RuBisCO B R R 1) — A0 Bk
WRE (ML IR B 5 M 4 B AR i35 1000 1), a2k T
$& = CBB i R 1 [ B ik e B o W 4 B 1] LA A R vr
Z WIREAMEARE Y, BAREERR . TR A
Btz &% . B, Yunus ZE1E Synechocystis sp.
PCC 6803 Hid 31k 1 g 7 B 't i 32 g S 3L 1 e 4
I & ) 2 A . Xiong 25 7E Synechocystis
sp. PCC 6803 H1 5| N\ T K T Pseudomonas ] £, 4%

& il (ethyleneforming enzyme, EFE), [EE T

10% 1 AT T & O ™. Lee S5 i8I 51 A
LG AR UL S I R 5 i, {E Synechococcus
elongatus PCC 7942 1 IR SLHL 1 i -& IR Wi R .1
(fatty acid ethyl esters) ™, Oliver 26 7E S. elongatus
PCC 7942 HIENL T WA BHIRIT 46 11 2, 3- T - BE45
s g, PPEIA R T 2380 Y. Lai ¥
Clostridium f] CoA & 12 5| N\ S. elongatus PCC 7942
SERLT TR AA A Y e AT I K AT
PANEEST T “WEA B N2 M, RIS, elongatus
DL SR AT N B R B B T S PO TR (0 R SR = 4 B
M— R C,F S5 1% B P\ i ik ik 7 S.
elongatus 1 51 N 2K LG RO& 442 AN T & ot 40
HRER, SR TR I R
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bR 7 HARE N B, 2 s
LA H IR - & 0 Tk R B T
PG RE A BRI A L B AR A B [ E R DL
FARAL Hepialive . fESGRE R J7 10, Niirnberg 55
WA T IR TAEKN AR RAE S
Vi, WhE TAHRLR SRR f, R R I 4 R RO
BE R Y BB 35 e T Ak N 4R T B AR ALK,
Liang %5 #fi %€ | Synechocystis sp. PCC 6803 #' CBB
76 24 O B it 2 RuBisCO M 5t R BEBi b -1, 7- — 1%
I 1§ (sedoheptulose 1, 7-biphosphatase, SBPase) .
ROWE OB R ORE 40 (fructose-bisphosphate
aldolase, FBA) AIMd #% # % i (transketolase,
TK) VYR, $ 951X Lo i) 20k 1] LAFE Tt 52% 1
AYEBRRY, MBS, Liang 551 N O 4 &
£, EFBARIEME MY, 2™ ERA T
69% ' M4k, Durdo il & AR TAESIE T
RuBisCO i, #2755 1 Synechocystis sp. PCC 6803 1]
H A% BY; De Porcellinis 45 & I SBPase 1] 52 1
BB, RS TGN Y. SER, 4
XA AL B 7% B 7 ) R AR AR R R, B
FUN 51 3 B s Ak R L B SN AH 9K
AR T T A 98 I P R4k . Su ZEAE S.
elongatus PCC 7942 Hid ik | & 7140 K5 [ hspA
Hlosmotin, Z#AE R F R 7 HX SR &6,
1o h 5 2 P R T SZ Re g, A DLAE
AN B R IR Y. R IR I R I A 4
JHa f i 2R 1 B B2 AH 0% 2, Waditee-Sirisattha 25 K
Aphanothece halophytica W] 22 5 R ¥ F 3 #4672 1 5
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FET, LEMKNEMELEEERES TR
29 15 N ARk 8 s T 2 AR A2 4
PR R ey, @ — P aa 6 mEMS, sk
LA B oA FRR B N S Rk, A puEE . ik
[l B R
213 HKH

F 1w e — M R E B R Ay, g b R
P TR G A S [ B, RO 28 AR Bk AR 0
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HRIET adhE2 M fur AN, AT B B 5T

£922%""; Huang 55K — A U5 T BR & itk 8 % 5
N2 KRR B (C. ljungdahlii) 3 R4 384 %
ik, AIREESE1.01g/L TR "

e B IR A — BoE R A B g T kA (dn
. AL B AL O SkgteeE ", &k,
FIF HL RV IR B ) K B AR P AR, B AR LR
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ae ERATFEN B A, R AR T i ALK
JEIE AR, NI Haas 55 " 08 T — Fh A4S 8L
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AR b B B BRI T AR WA NF S di i T
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2 B e 2 A A R A e SE I — S A Bk
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AR A A Hbe U, A RE S TE R iR
EEENIR G AR, B 5 E e E AL
AN AR 2 R o SR IE AT — Le AR IE B FH g Fly
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TEIA GG AN, AT LE 70°C i TR — U0
FeA N 3-F2ETAIR Y Bk 22 1) o A T AR B AR
WEMRAT, K D9 55 = AR o A 0 o o 4 ) SR
BN AR
2,15 HAb

B RWEE  (Ralstonia eutropha) X % %5 B 1%
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s eI R AT iE T CBB R M b AT bl e Y. 5 K%
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