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Design, optimization and application of synthetic carbon-negative

phototrophic community
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Abstract: The extensive consumption of fossil oil and the rapid accumulation of greenhouse gas emissions have
caused long-term changes in the global climate and environment, sparking widespread interest in society for CO,
bioconversion technologies as a means to address energy transition and climate change. As a new-generation
biorefinery platform based on synthetic biology, the synthetic phototrophic community comprises closely cooperating

phototrophic and heterotrophic microorganisms. This community is capable of efficiently converting light energy
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directly into biomass and a variety of chemicals through mutualistic metabolic division of labor among community
members. Synthetic phototrophic community is one of the potential ways to achieve sustainable carbon-negative
biomanufacturing, and has attracted widespread attention attributed to its advantages in applicability and robustness. In
recent years, with the rapid development of systems biology and synthetic biotechnology, a variety of research efforts
have been applied to the design and optimization of synthetic phototrophic communities, achieving stable progress and
promoting the understanding of phototrophic community production. In this review, we briefly introduced an overview
of the advances and current status of synthetic phototrophic community, including mutualistic mechanisms related to
element, energy, and information flow. Subsequently, the unique advantages of phototrophic community were outlined.
Meanwhile, recent systems biology approaches of phototrophic community were summarized, such as integrative
analysis of multi-omics data, genome-scale metabolic modelling, flux balance analysis and community performance
predictive algorithms. We also focused on the design and optimization strategies, such as chassis upgrading,
immobilization/compartmentalization techniques, and enhanced internal multilayer regulation of synthetic phototrophic
community, as well as the progress of their applications in various fields. Furthermore, we analyzed and discussed the
constraints and challenges for the further deployment of synthetic phototrophic community on a larger scale, ranging
from photosynthetic carbon production rate, intermediate organic matter selection, external predator invasion, to light
distribution under high density cultivation. Finally, the future research strategies and engineering directions of synthetic
phototrophic community encompassing semiconductor biohybrids, fine regulation of interspecies interaction and multi-
omics community model construction were proposed. We conclude by providing a perspective on the future application

scenarios of synthetic phototrophic communities in biochemistry, biomedicine, bioremediation and bioagriculture.

Synthetic phototrophic community

u Phototroph Heterotroph

Integrated multi-omics Metabolic modeling Chassis upgrading Immobilization  Quorum sensing

Keywords: synthetic biology; phototrophic communities; carbon-negative biosynthesis; CO, utilization; systems

biology; quorum sensing
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Fig. 1 Element, energy and information flow of phototrophic community
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models), TR T 4 4B 75 & S I AR KT 2R
AU 7= 5 DL S AU ) 2 38 5 53 A 55 o 1B Y AR
U 7R, WA AT T K-12 B N T & R
VAR TR ARG F7 3L R A T BR . A 3 B Sl A B AR
A 2 I S5 2H Bt o A Ve AT R 1R AT T 3RAIE
WESE T RL BTSSR aT g BRb 2 4h, G
RS 0 RO 1A R BT (8] a4 2 IR R i A %
SR, SRAN T BOEEAE R, MESERAL 3Rk 1S
TR 27% KA . A B RO G R TE

FRAlt 7 — AR O E TR S A T AR AL S B ]
R AR KRR R RIHESE, K ov A FR-F R4
() FR) ELAE o0 4 ik B AR ) 4

FET R, gt Il I it — B T kB DL —
BB B bR N THEVE . Lloyd 25 Y70 36T [A] i % &
A 0 R PR 2 3k ) R T 5E R T  BCRE v R 6
AU A R B RRAE, 1R TH T RITZRRE
FrOR AR BETE I B, TSI T 3 R IR B K B
PRI H HBETE M . FLYCOP J5 7% U/ % COMETS
BB SEAS R S R AL S, TR R
HUE TR HI R NN, IREILZARW =8
ol &L R IR A AL O H AR AT LA AR B VR
5 FE P Thommes 45 ™) F & T — AN AR AE
e, i E SRR I R Xy T, AW ERA K
G TR ARG PR Akt A P v 4 4t P B S B . Karkaria
S D g 2 B NN TR DT R PR, T
TEET U ENL B BB E A B R AR
Z LAERAZ R 8 N —H R G H 30 A4 i ik 5 A5 th
Ko EENBHE YRR IS A A K, IR AR
RUGEHE, FEME ALY RIS o ik R g AR
FeE BEVE (0 B KT REME . IXAS TAE AR IE o 4 H
J G A T R A U v J ) S S ) AR R A P s
DL 42 ) B T8 AR R B S 8, TEUAE M AR S
FeH B BB B . Sakkos %5 MY JE TN
% (individual-based modeling, IbM) ) NUFEB
HEZL, ) < 30 H 4 A 2 1 FH ™ e 40 K SR R
PCC 7942 LK W #F 1 W 4 B N 1% & v 158
R, R I RE N 43 WA KT SR 7R R AR ) B AR RS K
S MURE ¥ 1 I e 3 28 A2 A L B A I 45 2N
T 33— 2 1) 725 1) B v 0 B B [l A B o, B
RIMHEIEMFER . YIaEY R 55K B
5 R AR AR o 1) 5 2 B L RO A G B S 4
RN EA RN T &R ERAL T i
JA RS

3 AR S M

HAT, Jeikah & i g a2 M
TA YRR, KRS A Al ) A
Y (K3, 21D, FRAETGRKLERE., BB
K STy B A BRI 1. NTIOCERE R
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Fig. 4 Various strategies to improve the performance of synthetic phototrophic community
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R1 BT AFRRFEWME G B
Table 1 Synthetic consortia consisting of phototroph/heterotroph pairs

H IR A ST v R Bk &/ R /(mg/L) A mg/(L-d)] B CEk
S. elongatus PCC 7942 S. cerevisiae T fRkA K — — [102]
S. elongatus PCC 7942 A. vinelandii b PHB <40 <8 [103]
S. elongatus PCC 7942 H. boliviensis it PHB ERL! 283 [25]
S. elongatus PCC 7942 R. glutinis T U 19 g 1T 1R 39 1.2 [82]
S. elongatus PCC 7942 P. putida TN PHA 156 9.8 [104]
S. elongatus PCC 7942 S. cerevisiae TN fedA K — - [105]
S. elongatus PCC 7942 E. coli il PHB <1 <0.15 [105]
S. elongatus PCC 7942 B. subtilis HEbE o-TE ¥ =L A A5 [105]
S. elongatus PCC 7942 P, putida TEbE PHA ; [%f# 2,4-DNT 5.1 5.1 [83]
S. elongatus PCC 7942 P. putida HEbE HMF #4k5 FDCA £1750 #1250 [106]
S. elongatus PCC 7942 E. coli HEWE R - - [96]
S. elongatus PCC 7942 Y. lipolytica TRE A etk - - [96]
S. elongatus PCC 7942 B. subtilis TEbE Ak — — [96]
S. elongatus PCC 7942 E. coli b IR 400 15.4 [87]
S. elongatus PCC 7942 P. putida TRE A PHA 393 42.1 [24]
S. elongatus PCC 7942 E. coli T bE LN 1.2 0.6 [84]
S. elongatus PCC 7942 E. coli HEbE I 0.051 0.026 [84]
S. elongatus PCC 7942 E. coli HEbE Rt A& — - [27]
S. elongatus PCC 7942 V. natriegens HEbE FLER 313.3 52.2 [28]
S. elongatus PCC 7942 V. natriegens HEVE 2,3- T ZE 137.3 229 [28]
S. elongatus PCC 7942 V. natriegens JE X7 EIR 24.7 4.1 [28]
S. elongatus PCC 7942 V. natriegens HEvE HEE 9.1 1.5 [28]
S. elongatus PCC 7942 A. nidulans b Neosartoricin B 0.2 0.05 [107]
S. elongatus PCC 7942 E. coli T KT 2TT K — — [108]
S. elongatus PCC 7942 E. coli T VC i 52 350 — — [101]
S. elongatus PCC 7942 E. coli T B BN T H AT R — — [78]
S. elongatus UTEX 2973 E. coli HEbE 3-FREEN IR 68.3 9.8 [26]
S. elongatus UTEX 2973 P, putida HEbE KARWE R 7500 1250 [29]
S. elongatus UTEX 2973 Y. lipolytica il B-#A% b & 1300 260 [29]
Synechococcus sp. WH7803 R. pomeroyi KA A K — — [109]
Synechococcus sp. PCC 7002 S. putrefaciens WA TW) fRik K — — [110]
Synechococcus sp. PCC 7002 M. alcaliphilum Y65 T7=%) FH bt B it — — [111]
T. elongates PKRUAC-SCTE542 E. coli HEbE Vi 1.5 0.74 [84]
T. elongates PKRUAC-SCTE542 E. coli TEbE R 0.027 0.013 [84]
T. elongatus BP-1 M. ruber HAETE (SRS — — [112]
Nostoc sp. PCC 6720 A. nidulans HETE) Rt K — — [113]
Nostoc sp. PCC 7413 A. niger HEr=) [ridase S - - [114]
Nostocaceae sp. SAB-B866 P. cypripedii Dl uaat] R K — - [115]
Nostocaceae sp. SAB-B866 P. putida HE=) R =k YIEN S — - [115]
S. hyalinum K NIETAEY) BT K AL B — - [116]
P, keutzingium WEHEERMAEY GEY SR Kb 89.9 14.9 [117]
T. obliquus 1S2 V. paradoxus HE =) JR K A HE — — [118]
Chlorella sp. GY-H4 S. cerevisiae G RO 2130 710 [119]
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3.1 BFEHREESHK

HIR R A BN RGRMERIE, N4EE%
JRE T A AU A T ) SR 308 4 o ) A R IR A
R G AU G T R ok AR A N 7
WA E E R R, TR E SR RRE R
GWVEAEBEEE Y BT BN
BRE . SRAAERSE, W20 0 55 R 2R AR
HIB . AR IRAE BN . B IR TR BUL, HI
U B PR I A 235 ) 145 L B v O B [ 2 R
MBI TReARE, WA M T AT
GREERME. HHEMEEZ . Mz, 1R
Ve WK TR R T A R MR I PA B SR A )
A PP TR JE A A 2 RAR B 2R
SIS Z A M A, DA [R] 09 B AR £ D A [ Bk
R, RICEAT . [ RRE ) S AR A E ek
P2 ER. HErg o s E A
£E U 9% (Synechocystis sp.) PCC 6803, ff I
(Anabaena sp.) PCC 7120 SEK#: PCC 7002, 4f
IR EREE PCC 7942 FI4H K B BREE UTEX 2973 45

JEAZ WE ¥ A AR O S0 B e ) R N T
HARBEE I EEA P 4 . Ducat % " K KA AT B T
B2 PR E 4H SRR BE PCC 7942 th R ERIL, 4
A0 A VRV ARG I R, SRE T 36.1 mg/(L-hD Y
REWE W e, R B AR 80%. MR, &
EHEARTE S R G R M R & &
AR T R AR R R, B SO W A B AR 7 K
e, it —L 3R RFAEAEKBE /. Lin
2 U2 S S 7RG R BRI UTEX 2973 Hh ik 34 b
iz ® A, fEREHE & Ei8 1.9 g/L. Ducat 55 1
R T HH AT G A R R IR 4 K B BR G AN R B B
(Saccharomyces cerevisiae) H i 11 N 1.6 7% fll 2B
YIRETE , WP AESE 1 2> W B0 E R T LAAE DN 3¢
FE 7 TR A A KB ) T I BORA S, IR SE
TNIHECE ARSI AT AT M. DL g
fith, 1% BAKE P HE AR 5 3 i T A
CRIGFFBE . BRI R BF SR R 28 AT D JL85 9%,
AR RSN, ST PHB AIVE K B
ARG R

A TR BRI UTEX 2973 J2 # K JL I 6 o
HIBE G ISR AT B RIFI 52 6 I ik, 5 A

WABEM, EmAEKEERR, A KRBAN
1.9h, BHEBERMEWETEH . K FKRE
UTEX 2973 FE K40 K/ A 2.7 Mbp, = SEAREA 2
FOH LI DNA #8277 5000 Btk 2 4, Li%s ™
¥ pilN 3 K5 N1 K R BREE UTEX 2973, i B 7
AT LS EL H AR B Ah . Tan 55 " R 4 8 T R ERTE
UTEX 2973 4 2k K 20 76 [l 1) 4808 % st 4h 7 A
N 5 G S s DL R AR TR s i A B e T
fiho Zhang %5 ' R T HI AT 43 306 1R B 400 K SR BR R
UTEX 2973 Fll 7= 3- 52 3 74 & 11 K 11 +F B 2L A 1) e
GAEIRETE, ET dNAFS T 4 68.29 mg/L [ 3-
FRIENIR . Zhao 55 ) ¥4 7= FEKE 4H K SR BR ¥ UTEX
2973 FlE R AL HE (0 7= B-H 25 IS 2R A A8 i S G
BELL K 77 RARWE (0% (indigoidine) 3% 545 5 i
W AT S R, BER TR B-IHE bR RA
W R Bk R 7.5 g/LA1.3 g/l

3.2 BRFEKRRIEESL

BOEK SRR R A AR E L . WO
IXZh & R I B . RERE R HAT4 R Z BT
JeE R H R E R EE Y, XA R R
P 6 250 B [FIAG R T RERE O BE 70, TTF 2 TRE I
PRIEASBE R AR FI H BERE . R W] DLIE I 75 4k &
BANASINBEAE RS Cinvertase) K J3E 0 7K fif A 71 %) b
AR, AR I A o RS R 7 A T BRI
RIS, — 58 3 1 3 fe 0% (1 22 o 0 110 A 7 0 23k
FENTLEREE T A 2R EIELT,
FEFRAE L 2 2 LAR DY SRR OFEE 75 2% A1
TREW PE AR @ AT v RO FH A A T Bk K
EY: @— &M #hith, LLEE W5 6e 8 £ 58
BEMTA W EZ I OXHAEAH
—EM 71, BEWEMOCEIERT BETEE S

— i R T R S TR AR, R AR
RN o B LR R R B R AR TCVEAR S E M, Lowe
S5 38 1L R WE AR Csc A AIREHEZE L CseB 1R R AR
R (0 R S R, A L R A LR B AR A ik
PR, R T el R A TR R R R
SR B TR R T R AL O S A R, S
BT M CO, B B F2E R Wi IR s (PHA) WIAEM S
BN FEAEME S T, AR EEACE SR
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BRI AL ) TR A R VR e s R e RN CO, P4 i
WS g 2,4- 3 R, [FIRTFLE PHAME N
IR/

Gy — A 505K W W) 2 B Ik 2 o B VR T oK
ST IR Liss ™ KR T i 5 A R
BEDE MR (0 S s 700k R, R BLHL b 36 20 W% B e
% 5 AN D0 AR 3k 4 A S 2 B b Y R B B v i)
WA R, MR IE AN A K, R
T 1) S TR R R B e A R A I
Cui 55 ™ #y g 7 TR 08 v A TR K W A o L 1 %
WHR, TR T I CO, B 206 A 57 1% W
A=, Li%s P Bk I T — A s AR A R
B A EETE, PR T R A R PR A K T A
B ZH AR . T M IR AT R M B b i 3
i, EAKEE. BERERIA . AR VR
M2 S TREEGR, AERENERE
ANFI IR AR o T8 R TE S 7R Ak Ak 7R N S
ANAR 2,3-T 2. WNETKR. BORE4HMT
BV A 845, 454 TREEERIISZHL T COo, b
RNE R 2 S B4, 255, @t a gt
FEAE T T H bR PE S AR IR 22.27~606.59 kg CO,,
A S I T 42 3 1 CO, 377 LA % i B B 42 5t 1 22
7o % AR MR IR S SRk A 7 B 2R L BeK CO,HE 1k
N PGB AL 2, A A B AR ) 3 7 ol
S ORI A, Bh s e AL, R R IR BN &k
TETE 03 BT R AT RESETT R S 4L 18T 1) S 2% o

3.3 BIEEEN/XERES

N TG & VR R 15 57 2% A1 75 22 () IS e sty il
HEZRERAARE IR LR, BELRSER
K, USEHLBEANRROHRAK. FHE, K
I 3K S R P A IE 1 S B8 R 1 S R R B IR O
PR BEAL, R R A Ty s B 2 R
IR B TR 2% A

BB A S 1) 0, L ] 5 e/ X 28 A S O B T
X B A RV 1K) S BB SRS, D T
T REVE I AL 5 e %S T DA A [F) (13 7 7
RS IE WA T, (e IR BT AT
Ir AT e B OGRS £ R A K B 2 T T RE A
FEE R, B, EHPErFET, B

AR 4 B oA 1) BE MR IS S B A i ok, kAT e
T B TR AKCRE R RE v e . XCE RIS
BRI — PRk . Weiss 55 0 i i 95 B2 -0 I 34
BePE ARG R BRI PCC 7942, JR¥H 5 RARA
PR BERL R AR PHB B 35 A 48 7 £h 5 i T A 8 3
Fe Ak Ao TR TR SR BR8] E AL, —
75 T8 I PR ARG, B T LR W R
RN S R RS U e sl Wk S UNG o NI 30
RAR K J o) 1 By R R 2R B4k, S — T
¥ E IR R SRR RAT TYE LR, A
Bl 106 7 77 A2 ) S FL 72 ) PHB e B0 R0 1%
R REMRAL G SE B T 28.3 mg/(L-d) {] PHB 4 7=
(RZARZERPHB 5 B A RTEHP31%), JFA£E
AL FH P A 3 A5 0 a8 s 0 O D0 T IR BT A U sk AR
YINAZ, FEEE 5 AN A N RE AT & . BR
TR EFRMAEY, KRFEMEDIT N A
G2 WA MR, 5 FRMAEDK Y ENE
PGB B WA S S R e AR, O
HBE B A B A ™ P R RUAR J7 4 3 58 B Use 3K
Zhao %5 P 44 i FRAUAE W) BB PR 1 B SR AE M U
PR K B, 57 B ) SR PR UTEX 2973 3%
Bar, OER O R AR EARER 15~
22 . Wang %5 =7 i FH R OR 20 0 58 SRR B 1
e R KA E . P RE . A = R AT
(Corynebacterium glutamicum) « 40 5 Bk 34 45 =
T R B B 2 S RSE 400 pm e A5 ) IR B
FLAT IR G5 AL SE I, 1 AN [R] AR A B2 A= ) e A 1) 1)
IR E, MRV R EANE B #
RENS 58 BU& R0 & T V& 1R AT e 2L 35 RRS 1
P, T S I Al R ) AR A2 AR o) TR
il e TN A A 0 TR R ik R T 3 2R T R AR 22 BUR
I8 IR E TR 0T R Y A AN AR 7 E AN T )

3.4 R AAEHERREREESIHER

BAGAFERE RN TOCAE R AN ENZ—,
i [ B R ON BT AT DS B Dy R X )
BIAR U B gk 2D o 8 A7 20 U5 A0 5 110 () B 3 i G
EEPE. Smith 55 VR EEREA KRR SR 6
[ & (Azotobacter vinelandii) FL¥57%, ST
PHB M R . Z&RGH, K5 BREE R %
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R SR AL RE AR IR, RR €0 ] U D 4K R BR
FEAEE LA, TR BN AT AT A HURR ISR AL
BRI T M EA S A . Yu 2 Y
F g 7 i 4E M7 PCC 6803 Ay [l R A HL . VA B 20 4%
M #  (Rhodopseudomonas palustris) N & &5
o LA ZF AT RO B BOBEEL =R A BETE
FIB N F R - R EILRYRS R THE,
9 T 69% F130% & BB Pt ATP Al NADPH fi
R, BZy-HRER - 2IRS T 104%.

T A4 3R LA SR THE VR R A D) 119 L AF 22 AL A1
BT HARSHERE, Bt RSNHTA
THE RS . Alnahhas 25 U #it & T —Fh
WU RN B RS0, v DO AR (QS) 4%
36 RIS E BN R I BB R Lk, RE
T B )R S g Y IS FH T B A U N I e R IR
BMERE S BARUL, N7 8 &
MRS, EFHAEERBITFES 3TN THA
ANFE BT, I E T “HFET M <A
B o XA R A0 S = AN B AN R 2R 3R A
— /N AHL & %8 (RhIIEL CinD, — AN 40 ) K]
¥ (Lacl-11 8¢ RbsR-L) 1 — 4> % o 4k % W -7
(sfCFP B sffyfp) . 4 “FH " HWENME “H A7
B W B FR T C14-HSLIE 54 T /5, “H M
Bk R T %A P KT RbsR-L (R ik, T
WY HOWRIEENR (FCFP) FRhI (&% H &
C4-HSL & i l) . Uk, M ILR 70, 4L
BEREZMEKTETEZHQSES 7T, mAKM
HEBADEEAEMQSE S . U MR, (Ex
e T R Z A3 (majority wins patterns)
R M 2D A 2 (minority wins patterns) P Flt XU
BRI R G0, RE AR L 4 B o 1 L A 1
PR R, SRR AR A R,
717 T b4 R AE W o AT A B B I N
Kong %5 "™ QI T 6 MR G &R, RMRE MK
RINE MR H R, AR, W3
har . AR SRR . XUETRE A RERE A
) A P B A Bl A, FLRRAE b 98 78 10 A8 ERE vk
SE o BEFUREA, SRUE T B bR VR T 4 R IR S AL T
R = S I N TR K S = v LU 7/ A S S
ARG, il — DY R DR AL 2 8 B VA Bh A IR
Ko X TAEE R 7 AR BAE FH SCE P i i) 40 218

KA, NEPMBITE BT N &AL, JFRMm TR
SRR NS A RIT NG EES RS
Kylilis 55 "1 G577 R RYRE AR RS R AR B dle e, B
T ZRh FEATAE FIRA S S AR AR, R,
TR T — R LA AETEIE A, T4 B AL 53R
W B, WA T OE RSN & R VE BT
Kim 55 " W 7 R WA IER AR RS (—
AMERG — AN RRED X TR, RILHAE
A TR 2 RIE BB K TS 5 70 3 1SR 88 I ] B T
DASE 3 PR R0k 1 [R) A0 I S 4R . BE S E AE T
ORBLE B B OB IR 2% S OB Y Ok
S A% 1] % ATBOK Ja) 845 5 7 e 22 Gt SEBLIN 8] — 22
YRR OCHE, R B — G N 23 R AR O
ARG E N BEFT R 1A A L 7 A
0 2% 35 T BV Bl [ R 4% K S0, DR R
BB IR AL TR E U B . Rk, BEARIER N
ARG By DN THEE RN IO AR
Vi, JE LR R 4 A BLTE 2 R HE VR
P

3.5 HRATTXSEHEFYIEFIINGES

N L6 & v AT DU 3 2 1 73 Tk b
P R AR A, e BEACE B A AT R S, A
M fe VERT 73 etk B 2% W IFAT 2 BURIHE 55 11
JeEREVE TR R A R L], R
Y. Liss s M SR AR R R, 2
B G TTOIHERR < P R A R RIS ) S RORT B 24
PRIk B IR G, SR T P A4 A f S~ 1
BT Ry TR EILR IR, BRI 7 1.91%.
R WAL TR LA R, R
X2 AR YRR A, R Y
(PR e 24 7 R A AT LR

NG #E BRI T T2 &
YOI & R, AR L W 52 B VF 2 [ A R R BR
i e BN, e i AR E RSN CO, RS
T3 BR (AR A e & SR BUHE R R K, [
I 5 2L OE & S BOCBUR I M. 55— A4
A A P9 YRk B RT RE T B0 W IR T
. FREIXTHZHEED, HERNMAREE
FE I, TE A Bk BT AE 2 8 BIAR £ 1A
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A BN B AR R L CBUE RN AR B
A=, Lids 7l B A A RN, RO SRR
53 Dy Tk ] 5 A5 HROR AR Lk 20 P A A R, i
Jed AR E T R I AR S, RS A
[F F8 K P AT T AR A A B 4, Je e B4 BV 7
XA LER . RER RS Y LA H
M. HEERFERAANRE W ZWTTE RSEH
TR CO, B & e AR A e & & s i UL
BRI = B A 7 s H00%E T O A RETR B0
Y.

4 Pk

B EMEDS R FRMAEDMAEG RN T E
BV, e At CO, AR mE &Y. N L
HEREER T AR R AEYWLS, FFiE
Tk RS GR TR) ) A WL AZ U I AR T R A AR e A VR
7, HAREFRZMEMAERNE, ARSI E8H
KV G R, BAARE TR R 5
2 T AEBAEY Y TR KRGV ST B R4
Fw7w, ERCHZ NN TG TR BRI 25
ik, HUE T B ER . AT, H R R
RHUAEE A 7= S R A AR THI WG 5 15 2 BR 1, R ZE R T
2T AT

MSEES ERE L W T #EA TR, R
BB VAL AR AU, A 2 5 1Y,
ETUAZR, EEERANEL T (¥R P
AIS R B AD, Tk A = iR i Aa e A1 kL i
EE Y. KZHREY) . B, . sha
#F i@ i Calvin-Benson-Bassham 7§ £ [CBB 1i§ ¥&
(CBB cycle), FRR/RCAEH (Calvin cycle) 5L
I JE B T BE PR G 3R (reductive pentose phosphate
cycle) 1 #EAT CO, [# 52 ™. CBB 13 LABOK L&
YKz, SRR IKHE &R 5 V) L. CBB g
HH PRI AZ AU T A PR G P 2 A% R B -1, 5- IR R Ak
A (RuBisCO), F & MiAEM 3 4 CO, [ &
PR o 3R H M, TR EVHFE 9 4> 1 ATP A
6 4> T8 JR AL A B NADPH,  Xif B % [ B A 7 22
Hi 24 6T IR0 U IR AL, X TR ERAEY
ME, H5HE%RFMAEY SR X 5 E T HXT
R FE I AR . fEN TR ARER T, RIE

AP B IE . BE VR 78 AW T B 7R AR R
(B A AR, 4 B ) AR KRR PR A 7 2
O . SR AT N A TR 1
wEERE. B, NTLHREBREKRZ LS
(P4 JE BRE PCC 7942 % 0 H 7R W bk, K FH BT R
P AR T O R ) R B SR B VR 1 R =
HVBR SO, /N v 7 TR P A ol 2 22 5
AR T BB #E . Wlodarczyk 55 1
il T —FOB B R EKEE (Synechococcus sp.) PCC
11901, FEBRKFEE PCC 11901 1 LLIE T F 4R 4k 52 ik
DNA [ %, 5 E S S8inmRE, 2982 h,
A Ea LR P33 o/l (YU T E). FBRE PCC
119071 A& 7= 25 Bg i e = = 1.5 /L, 54 0usE
IR = B Y, TR a E i
— P RR B AR ).

XFTRETE T B IR A ) R TR AR AR I A L
B, HETSZRHABZERE. BT R2H5R7M
AW TCVE R AR R RS, M OGOk B & B V& I
R EAR TRENE, E2ASEkEL R
3 H ROE A S e R g e T H . HoAth 7 7
1] 4 46 67 BB AR IR, nT DL EUARRE W oA TR 2
R B BRI i 6 A% B 1 v 1AL B KA S D
XN TAS RE AR U IR B HL 5k = A 0 R g TR
SR RRE TR BT, W P A
B R FCEUAS T BT 948, Zhang 55 M @ 2 4
FRCGWAL, BT T K IEEREE PCC 7942 1 &
A = VG B A%, 3 T R B R R R 2 B
MR glkl\ glk2, Z XA EHRA T A H KA
SRAL T BE 8 73 W6 61 % B 1K) AR B Mk, i —
A5 ek 20 Tl TR T ) W A AT I 2 TR pgm AR AL R IR 20
Bl , B a s Bk S /L, o ol Ak R
BRI 70% LA L.

FIEBIRARE R, RS B R R
g, R B ROGENOIE. £ AT
AL IR AR R, G TE T O R A
Gri ™, s, HAROO AR R B IE N R T
REmIpkik. LW =4 T, BFREMEME
Kol B — NS T R IR A, fEM AT
AR, AR R B R, HR
PR BRI R T — & K& G H
PP S FR A ) LSS OB R Y, B SR F TR A
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HEEIFVE ™, Aok T BT Qe AR, R 2l
AN ROAS 56 CLHERR IS YT RE . TAE S KB IR,
Rt PR, S R s R &
I 4K 28 AT RE & 2R A IR TS e 91 Kk I B R AR R OB
Bt U s b, RIS T e 20 e T BAk
DG G R [ 2 TF IR &, AN IR AE TS B B R B
F LS LHE— PO E R LA PR . A
B FC 3 o3 REBR AR, A P W A R PR T R R
B ORI R JC R R R I B IR AR AR AE
TP TSR BL T Hlis R . EAE 2 R A
Broridierh, N T RIS G, OEIUE AT A R
Tr NS 4 R A S L A R IR AR HEAT KR, AR RS
IR IR R AR B TR SRR A B, R AR R A B
B BUER. REEMEN . REREE. KHE
Z ALY BB AR S R 5 KK R T
Qe e IR e il RE S AR KR RE B S th N R 2
Vo3 B B A R, B N TS R
A S e, RN AR R A 5 DL AR
PP ERERET ARG P RENE W REL
EERY e ZmE ERATENE, Bl T
AR T — R R R g A e, AT RE
RNHIEFIRE -

o AR I & R P E R . I AO
SIS, BT BRI H R R 2 B A
254 e SR AR T AT e, 3 55 1 e RIS 430 2
Je B EH R, ERKFEAESZIIRSE . FR,
JEAERE TR ) BB AR R AR, HLA0 X AT
WOt BA &2 R E R RISl N, e
FEH: IR PO BER B AT REOUN B AR ), X
Se D K HE 2D T BUE K e R IR O
S NLAS IR FE RS e s A 5 0 A . 38R
1 SR I 2 i EL A e B R T AR O AR SR
LIRS TS WA NI SR WA N T S
3 A UG 77 4 1) A BOR 43P B A TR a2,
FRAER & 1% 5 MmOk 7B BBk e O T g
ooy W AR A e RE, TR O Z W T
B Y o SRR R S AR S5 SR E, CATE
WAV - IUMBANTRE G RGHE. 2T
KR B 25 1 e 30 4 25 75 T A 17 W 2R
Lin 55 "0 0 45 15 1 A0 2 I 2R I\ K M T 1 8 77
B, JE YA AR R 5 A TR R A R

s (CAS) GKBIE, KIZR A ALE GRS B
NI ATP 77 AR BRI AR A R 8.1 A, SRR
M 1.9 mg/LIFHE]12.1 mg/L, WEBH T iZ RS0
LW ). PisE N ik — i ) R AN 3 NG
AR HhE Rk Ae, AR 5 R A K T
BET . RSB MA NG K CS 9K 18,
BE— 0 5l NAE PP E AR 5 DL K O R, FE6 IR
A AT 13.09 g/L192,3-T . X T4
B9k AT R 28 &, Hu%E Y e e i gn i b
2 A sk, IR, I CO,
5 I o Hah . ek IERE B, WF 7 B R B
TR RPN SRR, FIHLERMNE T &
YR K UKL - W5 4 TR 00 A A R, RO 1 A A
W52 3] ¢ A5 s v [i] B B AT 4 49 K 0K R W5 248 T 1)
FEAEIR UG . eAh, 40K BURITE 525 nm P %
WO R, 5 AN B I RSO T T e ELAN, T DAY
FESE E 2R SR DG REH IR AR . @i W, 7ok
&M, SAilEHE A RMEL, REEREYE
WK T 10%, Hil/mEEK T 14.6%. #— P
FHE S BT 28 (STEM) 454 el (EDS)
SN, RGN UKL o A fE I R ZH BN, A
FIF 4 G A B AR A i i A% 3k . AT A
N SRR FE N T2 A R RERAE T 371 5K
i, et v WA VAR B S ) ke = B A R B K A6 S
HEBE B2 HE 7B B 5 ¥ . Liang &5 U 8 0 1k A1
(InP) 4K 2 5 1k 55 22 4R 5 35 0L BROIR & Bk 5
(Nostoc sphaeroides) 7%+, M5k 7 HICR S 1 Gk
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B, AR IR 4K = AKOK BH e R B 1 s R AL
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BRI, Rt Bl JI R RA AT 22—

N TR I RN TG B g ae
KR F R FIENE B FHA T H: — e
FEVR BRI R R G R, ISR BE I8 N I B8 4 Fh
5 B3, 7o M B AR A e i, 4T R
[P 5 M R R RS Al sh A A, @ B R
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SN T BRI RGEW S50, ROaFHAAR



1204

BREDF

£5%

T 38 K 1) 22 2H 22 o i B S ST A I Pk R
R, SRR N O A R A A N, T
i 2 A A BAE S T HE AT TR s, AN

W IL N 7 5t
i bR, LOed HIRWAEY S 7R MEY

HET RPN TG RER, CaESOEYLT.
EMEE . AR EE 2 DTS T — RIIR
M HERE . R, A VR B AR AL AR 1 A5 2 R
BRABETT, JFRR T KB AN B A,
N SEBRN T A FE T4 1) B R T RO A s A A
THHE, AR Dedt i md k. mx
KK ZHAMZARM TR 5, NTOGE R
Vi I T L R AR W iR R AT RS KR ALt AT
THRRNE A, Oyt £ S I AT 45 8 BB A 0 H )
FRALR T %

2 % X W

[1] CESTELLOS-BLANCO S, ZHANG H, KIM J M, et al.
Photosynthetic semiconductor biohybrids for solar-driven
biocatalysis[J]. Nature Catalysis, 2020, 3: 245-255.

[2] LIAO J C, MI L, PONTRELLI S, et al. Fuelling the future:
microbial engineering for the production of sustainable biofuels
[J]. Nature Reviews Microbiology, 2016, 14(5): 288-304.

[31 LIU Z H, WANG K, CHEN Y, et al. Third-generation
biorefineries as the means to produce fuels and chemicals from
CO,[J]. Nature Catalysis, 2020, 3: 274-288.

[4] CASE A E, ATSUMI S. Cyanobacterial chemical production
[J]. Journal of Biotechnology, 2016, 231: 106-114.

[S] GLEIZER S, BEN-NISSAN R, BAR-ON Y M, et al
Conversion of Escherichia coli to generate all biomass carbon
from CO,[J]. Cell, 2019, 179(6): 1255-1263.e12.

[6] VENKATA MOHAN S, MODESTRA J A, AMULYA K, et al.
A circular bioeconomy with biobased products from CO,
sequestration[J]. Trends in Biotechnology, 2016, 34(6):
506-519.

[7] KASHYAP M, CHAKRABORTY S, KUMARI A, et al.
Strategies and challenges to enhance commercial viability of
algal biorefineries for biofuel production[J]. Bioresource
Technology, 2023, 387: 129551.

[8] AHIRWAR A, DAS S, DAS S, et al. Photosynthetic microbial
fuel cell for bioenergy and valuable production: a review of
circular bio-economy approach[J]. Algal Research, 2023, 70:
102973.

[91 ERDEM E, MALIHAN-YAP L, ASSIL-COMPANIONI L,

et al. Photobiocatalytic oxyfunctionalization with high reaction

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

rate  using a
Burkholderia metabolically

cyanobacteria[J]. ACS Catalysis, 2022, 12(1): 66-72.
MASCIA F, PEREIRA S B, PACHECO C C, et al. Light-

Baeyer-Villiger ~monooxygenase from

Xenovorans  in engineered

driven hydroxylation of testosterone by Synechocystis sp. PCC
6803 expressing the heterologous CYP450 monooxygenase
CYP110D1[J]. Green Chemistry, 2022, 24(16): 6156-6167.
TAN C L, TAO F, XU P. Direct carbon capture for the
production of high-performance biodegradable plastics by
cyanobacterial cell factories[J]. Green Chemistry, 2022, 24
(11): 4470-4483.

WANG Q K, YU Z Y, WEI D, et al. Mixotrophic Chlorella
pyrenoidosa as cell factory for ultrahigh-efficient removal of
ammonium from catalyzer wastewater with valuable algal
biomass short-time
Bioresource Technology, 2021, 333: 125151.
ZHU B J, WEI D, POHNERT G. The thermoacidophilic red

coproduction through acclimation[J].

alga Galdieria sulphuraria is a highly efficient cell factory for
ammonium recovery from ultrahigh-NH4" industrial effluent
with co-production of high-protein biomass by photo-
fermentation[J]. Chemical Engineering Journal, 2022, 438:
135598.

BAI W, RANAIVOARISOA T O, SINGH R, et al. n-Butanol
production TIE-1[J].

Communications Biology, 2021, 4(1): 1257.
LIM J, XIA Q Q, LV S Z, et al. Enhanced CO, capture for

by  Rhodopseudomonas  palustris

photosynthetic ~ lycopene  production in  engineered
Rhodopseudomonas palustris, a purple nonsulfur bacterium[J].
Green Chemistry, 2022, 24(19): 7500-7518.

DEMAY J, BERNARD C, REINHARDT A, et al. Natural
products from cyanobacteria: focus on beneficial activities[J].
Marine Drugs, 2019, 17(6): 320.

TAN C L, XU P, TAO F. Carbon-negative synthetic biology:
challenges and emerging trends of cyanobacterial technology
[J]. Trends in Biotechnology, 2022, 40(12): 1488-1502.
KNOOT C J, UNGERER J, WANGIKAR P P, et al
Cyanobacteria: promising biocatalysts for sustainable chemical
production[J]. Journal of Biological Chemistry, 2018, 293(14):
5044-5052.

OPEL F, SIEBERT N A, KLATT S, et al. Generation of
synthetic shuttle vectors enabling modular genetic engineering
of cyanobacteria[J]. ACS Synthetic Biology, 2022, 11(5): 1758-
1771.

DERUYCK B, THI NGUYEN K H, DECAESTECKER E, et
al. Modeling the impact of rotifer contamination on microalgal
production in open pond, photobioreactor and thin layer
cultivation systems[J]. Algal Research, 2019, 38: 101398.
STUART R K, MAYALI X, LEE J Z, et al. Cyanobacterial

reuse of extracellular organic carbon in microbial mats[J]. The



%5% www.synbioj.com

1205

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

ISME Journal, 2016, 10(5): 1240-1251.

SENEVIRATNE G, INDRASENA I K. Nitrogen fixation in
lichens is important for improved rock weathering[J]. Journal
of Biosciences, 2006, 31(5): 639-643.

ZUNIGA C, LI C T, YU G, et al. Environmental stimuli drive a
transition from cooperation to competition in synthetic
phototrophic communities[J]. Nature Microbiology, 2019, 4
(12): 2184-2191.
KRATZL F, KREMLING A, PFLUGER-GRAU K.
Streamlining of a synthetic co-culture towards an individually
controllable  one-pot

process for polyhydroxyalkanoate

production from light and CO,[J]. in Life
Sciences, 2022, 23(1): €2100156.

WEISS T L, YOUNG E J, DUCAT D C. A synthetic, light-

Engineering

driven consortium of cyanobacteria and heterotrophic bacteria
enables stable polyhydroxybutyrate production[J]. Metabolic
Engineering, 2017, 44: 236-245.

ZHANG L, CHEN L, DIAO J J, et al. Construction and
analysis of an artificial consortium based on the fast-growing
cyanobacterium Synechococcus elongatus UTEX 2973 to
produce the platform chemical 3-hydroxypropionic acid from
CO,[J]. Biotechnology for Biofuels, 2020, 13: 82.

WANG L, ZHANG X, TANG C W, et al. Engineering
consortia by polymeric microbial Nature
Communications, 2022, 13(1): 3879.

LI C F, WANG R Y, WANG J W, et al. A highly compatible

swarmbots[J].

phototrophic community for carbon-negative biosynthesis[J].
Angewandte Chemie International Edition, 2023, 62(2):
€202215013.

ZHAO R Y, SENGUPTA A, TAN A X, et al. Photobiological
production of high-value pigments via compartmentalized co-
cultures using Ca-alginate hydrogels[J]. Scientific Reports,
2022, 12(1): 22163.

SHU W S, HUANG L N. Microbial diversity in extreme
environments[J]. Nature Reviews Microbiology, 2022, 20(4):
219-235.

SCHIPPERS A, NERETIN L N, KALLMEYER J, et al.
Prokaryotic cells of the deep sub-seafloor biosphere identified
as living bacteria[J]. Nature, 2005, 433(7028): 861-864.
CASTENHOLZ R W. The effect of sulfide on the blue-green
algae of hot springs II. Yellowstone National Park[J].
Microbial Ecology, 1977, 3(2): 79-105.

THOMAS D N, DIECKMANN G S. Antarctic Sea ice: a
habitat for 2002, 295(5555):
641-644.

TANG Y Z, KOCH F, GOBLER C J. Most harmful algal

and B,

extremophiles[J]. Science,

bloom species are vitamin B, auxotrophs[J].

Proceedings of the National Academy of Sciences of the
United States of America, 2010, 107(48): 20756-20761.

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

XIONG Q, HU L X, LIU Y S, et al. Microalgae-based
technology for antibiotics removal: from mechanisms to
application of innovational hybrid systems[J]. Environment
International, 2021, 155: 106594.

KUMARI M, GHOSH P, SWATI, et al. Development of
artificial consortia of microalgae and bacteria for efficient
biodegradation and detoxification of lindane[J]. Bioresource
Technology Reports, 2020, 10: 100415.

MOHSENPOUR S F, HENNIGE S, WILLOUGHBY N, et al.
Integrating micro-algae into wastewater treatment: a review[J].
Science of the Total Environment, 2021, 752: 142168.
SANTOS C A, REIS A. Microalgal symbiosis in biotechnology
[J]. Applied Microbiology and Biotechnology, 2014, 98(13):
5839-5846.

PARK Y, JE K W, LEE K, et al. Growth promotion of
Chlorella ellipsoidea by co-inoculation with Brevundimonas
sp. isolated from the microalga[J]. Hydrobiologia, 2008, 598
(1): 219-228.

BUCHAN A, LECLEIR G R, GULVIK C A, et al. Master
recyclers: features and functions of bacteria associated with
phytoplankton blooms[J]. Nature Reviews Microbiology, 2014,
12(10): 686-698.

JAMES C C, BARTON A D, ALLEN L Z, et al. Influence of
nutrient supply on plankton microbiome biodiversity and
distribution in a coastal upwelling Nature
Communications, 2022, 13(1): 2448.

SEYMOUR J R, AMIN S A, RAINA J B, et al. Zooming in on

region[J].

the phycosphere: the ecological interface for phytoplankton-
bacteria relationships[J]. Nature Microbiology, 2017, 2: 17065.
MISHRA A, KAVITA K, JHA B. Characterization of
extracellular polymeric substances produced by micro-algae
Dunaliella salina[J]. Carbohydrate Polymers, 2011, 83(2):
852-857.

VAN OOSTENDE N, MOERDIJK-POORTVLIET T C W,
BOSCHKER H T S, et al. Release of dissolved carbohydrates
by Emiliania huxleyi and formation of transparent exopolymer
particles depend on algal life cycle and bacterial activity[J].
Environmental Microbiology, 2013, 15(5): 1514-1531.
WICKER R J, DANESHVAR E, KUMAR GUPTA A, et al.
Hybrid planktonic-biofilm cultivation of a Nordic mixed-
species photosynthetic consortium: a pilot study on carbon
Chemical

capture and nutrient

Journal, 2023, 471: 144585.

removal[J]. Engineering
COLE J J. Interactions between bacteria and algae in aquatic
ecosystems[J]. Annual Review of Ecology and Systematics,
1982, 13:291-314.

ZITNIK M, SUNTA U, GODIC TORKAR K, et al. The study
of interactions and removal efficiency of Escherichia coli in

raw blackwater treated by microalgae Chlorella vulgaris[J].



1206

BREDF

£5%

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Journal of Cleaner Production, 2019, 238: 117865.

FOSTER R A, KUYPERS M M M, VAGNER T, et al.
Nitrogen fixation and transfer
cyanobacterial symbioses[J]. The ISME Journal, 2011, 5(9):
1484-1493.

THOMPSON A W, FOSTER R A, KRUPKE A, et al

in open ocean diatom-

Unicellular cyanobacterium symbiotic with a single-celled
eukaryotic alga[J]. Science, 2012, 337(6101): 1546-1550.
SYLVAN J B, DORTCH Q, NELSON D M, et al. Phosphorus
limits phytoplankton growth on the Louisiana shelf during the
period of hypoxia formation[J]. Environmental Science &
Technology, 2006, 40(24): 7548-7553.

CARRION O, LI C Y, PENG M, et al. DMSOP-cleaving
enzymes are diverse and widely distributed in marine
microorganisms[J]. Nature Microbiology, 2023, 8(12): 2326-
2337.

BRINKHOFF T, BACH G, HEIDORN T, et al. Antibiotic
production by a Roseobacter clade-affiliated species from the
German Wadden Sea and its antagonistic effects on indigenous
isolates[J]. Applied and Environmental Microbiology, 2004, 70
(4): 2560-2565.

SEYEDSAYAMDOST M R, CARR G, KOLTER R, et al.
Roseobacticides: small molecule modulators of an algal-
bacterial symbiosis[J]. Journal of the American Chemical
Society, 2011, 133(45): 18343-18349.

LIU H L, ZHOU Y Y, XIAO W J, et al. Shifting nutrient-
mediated interactions between algae and bacteria in a
microcosm: evidence from alkaline phosphatase assay[J].
Microbiological Research, 2012, 167(5): 292-298.

GURUNG T B, URABE J, NAKANISHI M. Regulation of the
relationship between phytoplankton Scenedesmus acutus and
heterotrophic bacteria by the balance of light and nutrients[J].
Aquatic Microbial Ecology, 1999, 17: 27-35.

LIU L, HALL G, CHAMPAGNE P. Effects of environmental
factors on the disinfection performance of a wastewater
stabilization pond operated in a temperate climate[J]. Water,
2015, 8(1): 5.

VASKER B, BEN-ZION M, KINEL-TAHAN Y, et al
Computerized optimization of microalgal photosynthesis and
growth[J]. Applied Phycology, 2021, 2(1): 22-30.

CHO K H, WOLNY J, KASE J A, et al. Interactions of E. coli
with algae and aquatic vegetation in natural waters[J]. Water
Research, 2022, 209: 117952.

CROFT M T, LAWRENCE A D, RAUX-DEERY E, et al.
Algae acquire vitamin B,, through a symbiotic relationship
with bacteria[J]. Nature, 2005, 438(7064): 90-93.

AMIN S A, GREEN D H, HART M C, et al. Photolysis of iron-
siderophore chelates promotes bacterial-algal mutualism[J].

Proceedings of the National Academy of Sciences of the

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

[72]

(73]

United States of America, 2009, 106(40): 17071-17076.
DURHAM B P, SHARMA S, LUO H W, et al. Cryptic carbon
and sulfur cycling between surface ocean plankton[J].
Proceedings of the National Academy of Sciences of the
United States of America, 2015, 112(2): 453-457.

PAERL R W, BOUGET F Y, LOZANO J C, et al. Use of
plankton-derived vitamin B, precursors, especially thiazole-
related precursor, by key marine picoeukaryotic phytoplankton
[J]. The ISME Journal, 2017, 11(3): 753-765.

TORTELL P D, MALDONADO M T, GRANGER J, et al.
Marine bacteria and biogeochemical cycling of iron in the
oceans[J]. FEMS Microbiology Ecology, 1999, 29(1): 1-11.
YAO S, LYU S, AN Y, et al. Microalgae-bacteria symbiosis in
microalgal growth and biofuel production: a review[J]. Journal
of Applied Microbiology, 2019, 126(2): 359-368.
HOPKINSON B M, MOREL F M M. The role of siderophores
in iron acquisition by photosynthetic marine microorganisms
[J]. BioMetals, 2009, 22(4): 659-669.

RAINA J B, LAMBERT B S, PARKS D H, et al. Chemotaxis
shapes the microscale organization of the ocean’s microbiome
[J]. Nature, 2022, 605(7908): 132-138.

CHEN S S, CHEN J, ZHANG L L, et al
Biophotoelectrochemical ~ process dead
microalgae and live bacteria[J]. The ISME Journal, 2023, 17
(5): 712-719.

MUKHERIJEE S, BASSLER B L. Bacterial quorum sensing in

co-driven by

complex and dynamically changing environments[J]. Nature
Reviews Microbiology, 2019, 17(6): 371-382.

FEDERLE M J. Autoinducer-2-based chemical communication
in bacteria: complexities of interspecies signaling[M/OL]/
COLLIN M, SCHUCH R. Contributions to microbiology:
bacterial sensing and signaling. Basel: Karger, 2009, 16: 18-32
[2023-12-01]. https://doi.org/10.1159/isbn.978-3-8055-9133-1.
ZHOU J, LYU Y H, RICHLEN M, et al. Quorum sensing is a
language of chemical signals and plays an ecological role in
algal-bacterial interactions[J]. Critical Reviews in Plant
Sciences, 2016, 35(2): 81-105.

JI XY, IANG M Q, ZHANG J B, et al. The interactions of
algae-bacteria symbiotic system and its effects on nutrients
removal from synthetic wastewater[J]. Bioresource Technology,
2018, 247: 44-50.

ZHOU D D, ZHANG C F, FU L, et al. Responses of the
microalga Chlorophyta sp. to bacterial quorum sensing

molecules (N-acylhomoserine lactones): aromatic protein-

induced self-aggregation[J]. Environmental Science &

Technology, 2017, 51(6): 3490-3498.
PAPENFORT K, BASSLER B L. Quorum sensing signal-
in Gram-negative Nature

response bacteria[J].

Reviews Microbiology, 2016, 14(9): 576-588.

systems



%5% www.synbioj.com

1207

[74]

[75]

[76]

[77]

[78]

[79]

[80]

(81]

[82]

[83]

(84]

[85]

[86]

CHOI H, MASCUCH S J, VILLA F A, et al. Honaucins A-C,

potent inhibitors of inflammation and bacterial quorum

sensing: derivatives  and
relationships[J]. Chemistry & Biology, 2012, 19(5): 589-598.
BORGES A, SIMOES M. Quorum sensing inhibition by
marine bacteria[J]. Marine Drugs, 2019, 17(7): 427.

ZHANG B, LI W, GUO Y, et al. Microalgal-bacterial

synthetic structure-activity

consortia: from interspecies interactions to biotechnological
applications[J]. Renewable and Sustainable Energy Reviews,
2020, 118: 109563.

KANAGASABHAPATHY M, YAMAZAKI G, ISHIDA A,
et al. Presence of quorum-sensing inhibitor-like compounds
from bacteria isolated from the brown alga Colpomenia sinuosa
[J]. Letters in Applied Microbiology, 2009, 49(5): 573-579.
KOKARAKIS E J, RILLEMA R, DUCAT D C, et al
Developing cyanobacterial quorum sensing toolkits: toward
interspecies coordination
communities[J]. ACS Synthetic Biology, 2023, 12(1): 265-276.
RIQUELME C E, ISHIDA Y. Chemotaxis of bacteria to

in mixed autotroph/heterotroph

extracellular products of marine bloom algae[J]. The Journal of
General and Applied Microbiology, 1988, 34(5): 417-423.

LI X J, CAT F S, LUAN T G, et al. Pyrene metabolites by
bacterium enhancing cell division of green alga Selenastrum
capricornutum[J]. Science of the Total Environment, 2019,
689:287-294.

ALLEN A E, DUPONT C L, OBORNIK M, et al. Evolution
and metabolic significance of the urea cycle in photosynthetic
diatoms[J]. Nature, 2011, 473(7346): 203-207.

LI T T, LT C T, BUTLER K, et al. Mimicking lichens:
incorporation of yeast strains together with sucrose-secreting
cyanobacteria improves survival, growth, ROS removal, and
lipid production in a stable mutualistic co-culture production
platform[J]. Biotechnology for Biofuels, 2017, 10: 55.
FEDESON D T, SAAKE P, CALERO P, et al
Biotransformation of 2,4-dinitrotoluene in a phototrophic co-
culture of engineered Synechococcus
Pseudomonas putida[J]. Microbial Biotechnology, 2020, 13(4):
997-1011.

CUI Y X, RASUL F, JIANG Y, et al. Construction of an

elongatus  and

artificial consortium of Escherichia coli and cyanobacteria for
clean indirect production of volatile platform hydrocarbons
from CO,[J]. Frontiers in Microbiology, 2022, 13: 965968.
KRATZL F, URBAN M, PANDHAL J, et al. Pseudomonas
putida as saviour for troubled Synechococcus elongatus in a
synthetic co-culture-interaction studies based on a multi-
OMICs approach[J]. Communications Biology, 2024, 7: 452.
P L, KRBT, a5 . N TR E R ShL b fbT b
L 5 8 Sk FR (D). 2B T RE 4R, 2022, 38(2): 460-477.
GUO T H, SONG X Y, CHEN L, et al. Using OMICS

(87]

[88]

(89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

technologies to analyze the mechanisms of synthetic microbial

co-culture systems: a review[J]. Chinese Journal of
Biotechnology, 2022, 38(2): 460-477.

LIU H, CAO Y J, GUO ], et al. Study on the isoprene-
producing co-culture system of Synechococcus elongates-
Escherichia coli through omics analysis[J]. Microbial Cell
Factories, 2021, 20(1): 6.

NAIR S, ZHANG Z H, LI H M, et al. Inherent tendency of
Synechococcus and heterotrophic bacteria for mutualism on
long-term coexistence despite environmental interference[J].
Science Advances, 2022, 8(39): eabf4792.

ZHANG Z H, NAIR S, TANG L L, et al. Long-term survival
of Synechococcus and heterotrophic bacteria without external
nutrient supply after changes in their relationship from
antagonism to mutualism[J]. mBio, 2021, 12(4): e0161421.

MA JJ, GUO T H, REN M J, et al. Cross-feeding between
cyanobacterium Synechococcus and Escherichia coli in an
artificial autotrophic-heterotrophic coculture system revealed
by integrated omics analysis[J].
and Bioproducts, 2022, 15(1): 69.
LIU H, XIAN M, CAO Y J, et al. Omics integration for in-

Biotechnology for Biofuels

depth understanding of the low-carbon co-culture platform
system of Chlorella coli[J]. Algal
Research, 2023, 75: 103252.

BECKER S A, FEIST A M, MO M L, et al. Quantitative

vulgaris-Escherichia

prediction of cellular metabolism with constraint-based
models: the COBRA Toolbox[J]. Nature Protocols, 2007, 2(3):
727-738.

KUMAR M, JI B Y, ZENGLER K, et al. Modelling
approaches  for Nature
Microbiology, 2019, 4(8): 1253-1267.

ANTONAKOUDIS A, BARBOSA R, KOTIDIS P, et al. The

studying the microbiome[J].

era of big data: genome-scale modelling meets machine
learning[J]. and Structural
Journal, 2020, 18: 3287-3300.

CHIU H C, LEVY R, BORENSTEIN E. Emergent

Computational Biotechnology

biosynthetic capacity in simple microbial communities[J].
PLoS Computational Biology, 2014, 10(7): €1003695.
ZUNIGA C, LI T T, GUARNIERI M T, et al. Synthetic
microbial communities of heterotrophs and phototrophs
facilitate sustainable growth[J]. Nature Communications, 2020,
11(1): 3803.

LLOYD C J, KING Z A, SANDBERG T E, et al. The genetic
basis for adaptation of model-designed syntrophic co-cultures
[J]. PLoS Computational Biology, 2019, 15(3): €1006213.
GARCIA-JIMENEZ B, GARCIA J L, NOGALES J. FLYCOP:
metabolic modeling-based analysis and engineering microbial
communities[J]. Bioinformatics, 2018, 34(17): 1954-1963.

THOMMES M, WANG T Y, ZHAO Q, et al. Designing



1208

BREDF

£5%

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

metabolic division of labor in microbial communities[J].
mSystems, 2019, 4(2): ¢00263-18.

KARKARIA B D, FEDOREC A J H, BARNES C P
Automated design of synthetic microbial communities[J].
Nature Communications, 2021, 12(1): 672.

SAKKOS J K, SANTOS-MERINO M, KOKARAKIS E J,
et al. Predicting partner fitness based on spatial structuring in a
light-driven microbial community[J]. PLoS Computational
Biology, 2023, 19(5): e1011045.

DUCAT D C, AVELAR-RIVAS J A, WAY J C, et al. Rerouting
carbon flux to enhance photosynthetic productivity[J]. Applied
and Environmental Microbiology, 2012, 78(8): 2660-2668.
SMITH M J, FRANCIS M B. A designed 4. vinelandii-S.
elongatus coculture for chemical photoproduction from air,
water, phosphate, and trace metals[J]. ACS Synthetic Biology,
2016, 5(9): 955-961.

LOWE H, HOBMEIER K, MOOS M, et al. Photoautotrophic
production of polyhydroxyalkanoates in a synthetic mixed
culture of Synechococcus elongatus cscB and Pseudomonas
putida cscAB[J]. Biotechnology for Biofuels, 2017, 10: 190.
HAYS S G, YAN L L W, SILVER P A, et al. Synthetic
photosynthetic interactions

consortia  define leading to

robustness and photoproduction[J]. Journal
Engineering, 2017, 11: 4.

LIN TY, WEN R C, SHEN C R, et al. Biotransformation of

of Biological

5-hydroxymethylfurfural to 2,5-furandicarboxylic acid by a
syntrophic consortium of engineered Synechococcus elongatus
and Pseudomonas putida[J]. Biotechnology Journal, 2020, 15
(6): €1900357.
FENG J, LI J W, LIU D X,

et al. Generation and

comprehensive analysis of  Synechococcus  elongatus-

Aspergillus  nidulans  co-culture system for polyketide
production[J]. Biotechnology for Biofuels and Bioproducts,
2023, 16(1): 32.

SINGH A K, DUCAT D C. Generation of stable, light-driven
co-cultures of cyanobacteria with heterotrophic microbes[M/
OL]/ZURBRIGGEN M D. Methods in molecular biology:
plant synthetic biology. New York: Humana, 2022, 2379: 277-
291[2023-12-01]. https://link. springer. com/protocol/10.1007/
978-1-0716-1791-5_16.

CHRISTIE-OLEZA J A, SOUSONI D, LLOYD M, et al.
Nutrient recycling facilitates long-term stability of marine
microbial  phototroph-heterotroph Nature
Microbiology, 2017, 2: 17100.

BELIAEV A S, ROMINE M F, SERRES M, et al. Inference of

interactions[J].

interactions in cyanobacterial-heterotrophic co-cultures via
transcriptome sequencing[J]. The ISME Journal, 2014, 8(11):
2243-2255.

HILL E A, CHRISLER W B, BELIAEV A S, et al. A flexible

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

microbial co-culture platform for simultaneous utilization of

methane and carbon dioxide from gas feedstocks[J].
Bioresource Technology, 2017, 228: 250-256.

BERNSTEIN H C, MCCLURE R S, THIEL V, et al. Indirect
interspecies regulation: transcriptional and physiological
responses of a Cyanobacterium to heterotrophic partnership[J].
mSystems, 2017, 2(2): e00181-16.

JIANG L Q, LI T T, JENKINS 1J, et al. Evidence for a
mutualistic relationship between the cyanobacteria Nostoc and
fungi different Applied
Microbiology and Biotechnology, 2020, 104(14): 6413-6426.

LITT, JIANG L Q, HU Y F, et al. Creating a synthetic lichen:

Aspergilli  in environments[J].

mutualistic ~ co-culture  of  fungi and  extracellular
polysaccharide-secreting cyanobacterium Nostoc PCC 7413[J].
Algal Research, 2020, 45: 101755.

TORIBIO A J, SUAREZ-ESTRELLA F, JURADO M M, et al.
Design and validation of cyanobacteria-rhizobacteria consortia
for tomato seedlings growth promotion[J]. Scientific Reports,
2022, 12(1): 13150.

WU L, QUAN L H, DENG Z K, et al. Performance of a
biocrust cyanobacteria-indigenous bacteria (BCIB) co-culture
system for nutrient capture and transfer in municipal
wastewater[J]. The Science of the Total Environment, 2023,
888: 164236.

MOHAMMED AL NUAIMI M, JAVED M A, EL-TARABILY
K A, et al. Biohydrogen production of a halophytic
cyanobacteria Phormidium keutzingium and activated sludge
co-culture using different carbon substrates and saline
concentrations[J]. Energy Conversion and Management: X,
2023, 20: 100487.

PERERA I A, ABINANDAN S, PANNEERSELVAN L, et al.
Co-culturing of microalgae and bacteria in real wastewaters
alters indigenous bacterial communities enhancing effluent
bioremediation[J]. Algal Research, 2022, 64: 102705.

GAO H, WANG H X, ZHANG Y Q, et al. Design and
optimization of artificial light-driven microbial consortia for
the sustainable growth and biosynthesis of 2-phenylethanol[J].
Chemical Engineering Journal, 2023, 466: 143050.

RUFFING A M, KALLAS T. Editorial:
the green E. coli[J].
Biotechnology, 2016, 4: 7.

HU Q, SOMMERFELD M, JARVIS E, et al. Microalgal

biofuel

cyanobacteria:

Frontiers in Bioengineering and

triacylglycerols as feedstocks for production:
perspectives and advances[J]. The Plant Journal, 2008, 54(4):
621-639.

LIN P C, ZHANG F Z, PAKRASI H B. Enhanced production
of sucrose in the fast-growing cyanobacterium Synechococcus
elongatus UTEX 2973[J]. Scientific Reports, 2020, 10(1): 390.

YU J J, LIBERTON M, CLIFTEN P F, et al. Synechococcus



%5% www.synbioj.com

1209

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

elongatus UTEX 2973, a fast growing cyanobacterial chassis
for biosynthesis using light and CO,[J]. Scientific Reports,
2015, 5: 8132.

LIS B, SUN T, XU C X, et al. Development and optimization
of genetic toolboxes for a fast-growing cyanobacterium
Synechococcus UTEX  2973[J]. Metabolic
Engineering, 2018, 48: 163-174.

TAN X M, HOU S W, SONG K, et al. The primary

elongatus

transcriptome  of  the  fast-growing  Cyanobacterium
Synechococcus elongatus UTEX 2973[J]. Biotechnology for
Biofuels, 2018, 11: 218.

LOWE H, SCHMAUDER L, HOBMEIER K, et al. Metabolic
engineering to expand the substrate spectrum of Pseudomonas
putida toward sucrose[J]. Microbiology Open, 2017, 6(4):
¢00473.

LIUJZ, WUY H, WU C X, et al. Advanced nutrient removal
from surface water by a consortium of attached microalgae and
bacteria: a review[J]. Bioresource Technology, 2017, 241:
1127-1137.

YU W, ZENG Y, WANG Z H, et al. Solar-powered multi-
organism symbiont mimic system for beyond natural synthesis
of polypeptides from CO, and N,[J]. Science Advances, 2023, 9
(11): eadf6772.

ALNAHHAS R N, SADEGHPOUR M, CHEN Y, et al.
Majority sensing in synthetic microbial consortia[J]. Nature
Communications, 2020, 11(1): 3659.

KONG W T, MELDGIN D R, COLLINS J J, et al. Designing
microbial consortia with defined social interactions[J]. Nature
Chemical Biology, 2018, 14(8): 821-829.

KYLILIS N, TUZA Z A, STAN G B, et al. Tools for
engineering coordinated system behaviour in synthetic
microbial consortia[J].
2677.

KIM J K, CHEN Y, HIRNING A J, et al. Long-range temporal

Nature Communications, 2018, 9(1):

coordination of gene expression in
consortia[J]. Nature Chemical Biology, 2019, 15(11): 1102-
1109.

ROELL G W, ZHA J, CARR R R, et al. Engineering microbial

synthetic microbial

consortia by division of labor[J]. Microbial Cell Factories,
2019, 18(1): 35.

LI Z H, WANG X N, ZHANG H R. Balancing the non-linear
rosmarinic acid biosynthetic pathway by modular co-culture
engineering[J]. Metabolic Engineering, 2019, 54: 1-11.

WANG X, LIU W, XIN C P, et al. Enhanced limonene
production in cyanobacteria reveals photosynthesis limitations
[J]. Proceedings of the National Academy of Sciences of the
United States of America, 2016, 113(50): 14225-14230.
RICHARDSON K N, BLACK W B, LI H. Aldehyde
crude and whole cell-based

production in lysate-

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

biotransformation using a noncanonical redox cofactor system
[J]. ACS Catalysis, 2020, 10(15): 8898-8903.

LI CF YIN L J, WANG J W, et al. Light-driven biosynthesis
of volatile, unstable and photosensitive chemicals from CO,[J].
Nature Synthesis, 2023, 2: 960-971.

WANG H, ZHANG W, CHEN L, et al. The contamination and
control of biological pollutants in mass cultivation of
microalgae[J]. Bioresource Technology, 2013, 128: 745-750.
FUCHS G. Alternative pathways of carbon dioxide fixation:
insights into the early evolution of life?[J]. Annual Review of
Microbiology, 2011, 65: 631-658.

KUMAR M, SUNDARAM S, GNANSOUNOU E, et al
Carbon dioxide capture, storage and production of biofuel and
biomaterials by bacteria: a review[J]. Bioresource Technology,
2018, 247: 1059-1068.

WELODARCZYK A, SELAO T T, NORLING B, et al. Newly
sp. PCC 11901 is

high biomass

discovered Synechococcus a robust

cyanobacterial ~ strain  for production[J].

Communications Biology, 2020, 3(1): 215.
ZHANG S S, SUN J H, FENG D D, et al. Unlocking the
potentials of cyanobacterial

photosynthesis  for directly

converting  carbon  dioxide into Nature

Communications, 2023, 14(1): 3425.
ZHU Z, JIANG J H, FA Y. Overcoming the biological

glucose[J].

contamination in microalgae and cyanobacteria

biofuel

mass
cultivations  for
Molecules, 2020, 25(22): 5220.

FON SING S, ISDEPSKY A, BOROWITZKA M A, et al.

photosynthetic production[J].

Pilot-scale continuous recycling of growth medium for the
mass culture of a halotolerant Tetraselmis sp. in raceway ponds
under increasing salinity: a novel protocol for commercial
microalgal biomass production[J]. Bioresource Technology,
2014, 161: 47-54.

BACELLAR MENDES L B, VERMELHO A B. Allelopathy
as a potential strategy to improve microalgae cultivation[J].
Biotechnology for Biofuels, 2013, 6(1): 152.

SINGH J S, KUMAR A, RAI A N, et al. Cyanobacteria: a
precious  bio-resource in agriculture, ecosystem, and
environmental
2016, 7: 529.

SELAO T T, WLODARCZYK A, NIXON P J, et al. Growth

sustainability[J]. Frontiers in Microbiology,

and selection of the cyanobacterium Synechococcus sp. PCC
7002 using alternative nitrogen and phosphorus sources[J].
Metabolic Engineering, 2019, 54: 255-263.

GIFUNI I, POLLIO A, SAFI C, et al. Current bottlenecks and
challenges
Biotechnology, 2019, 37(3): 242-252.

HOBISCH M, SPASIC J, MALIHAN-YAP L, et al. Internal

of the microalgal biorefinery[J]. Trends in

illumination to overcome the cell density limitation in the



1210

BREDF

£5%

[150]

[151]

[152]

[153]

[154]

[155]

scale-up of whole-cell photobiocatalysis[J]. ChemSusChem,
2021, 14(15): 3219-3225.

PRABHA S, VIJAY A K, PAUL R R, et al. Cyanobacterial
biorefinery: towards economic feasibility through the
maximum valorization of biomass[J]. Science of the Total
Environment, 2022, 814: 152795.

JODLBAUER J, ROHR T, SPADIUT O, et al. Biocatalysis in
green and blue: cyanobacteria[J]. Trends in Biotechnology,
2021, 39(9): 875-889.

LIN Y L, SHI J Y, FENG W, et al. Periplasmic
biomineralization for semi-artificial photosynthesis[J]. Science
Advances, 2023, 9(29): eadg5858.

PI S S, YANG W J, FENG W, et al. Solar-driven waste-to-
chemical conversion by wastewater-derived semiconductor
biohybrids[J]. Nature Sustainability, 2023, 6: 1673-1684.

HU Q S, HU H T, CUI L, et al. Ultrafast electron transfer in
Au-cyanobacteria hybrid for solar to chemical production[J].
ACS Energy Letters, 2023, 8(1): 677-684.

LIANG J, CHEN Z, YIN P Q, et al. Efficient semi-artificial
photosynthesis of ethylene by a self-assembled InP-

cyanobacterial biohybrid system[J]. ChemSusChem, 2023, 16
(20): €202300773.

BIWAEE: iR (1987—), 5, Bl ¥
BRI BT A A
o NTOGE e ; 2 MU % ; 7Bk
Ga7/FEg R

E-mail: tearroad@sjtu.edu.cn

AN

FE—1EE: AR (2000—), F, i
WA, BT AN TR B AN
AWM T) it Sk,

E-mail: zhenghtjames@sjtu.edu.cn




